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Abstract—This paper presents a comprehensive performance
study for the underwater optical wireless communication
(UOWCs) channel, accounting for the effects of attenuation,
turbulence, pointing errors, and fluctuations in the angle-of-
arrival (AOA), modeled by the Beer-Lambert model, the Fisher-
Snedecor F turbulence, Hoyt, and Rayleigh distributions, re-
spectively. Considering the stochastic nature of UOWC, closed-
form expressions for outage probability, average bit-error-rate
(BER), and ergodic capacity are derived. The results revealed
that increasing the field-of-view (FoV) reduces the impact of
AOA fluctuations. Asymmetric two-dimensional beam misalign-
ment exhibits better outage probability performance compared
to symmetric misalignment. Furthermore, heterodyne detection
consistently outperforms direct detection. When employing het-
erodyne detection, M-quadrature amplitude modulation (M-
QAM) achieves superior BER performance. Additionally, as
absorption increases with longer wavelengths, BER performance
deteriorates. Narrower beamwidths improve ergodic capacity by
enhancing received signal power.

Index Terms—Underwater wireless optical communication,
Turbulence, Absorption, Attenuation, Jerlov water, Angle-of-
arrival fluctuations, Pointing error.

I. INTRODUCTION

HE next generation of telecommunication networks de-

mands comprehensive 3-dimensional coverage, encom-
passing terrestrial, aerial, space, and ocean domains [1]. While
the majority of current telecommunication development con-
centrates on terrestrial applications, it is becoming essential
to extend network provision to cover ocean and underwater
environments. Underwater communication is crucial for the
safety of divers, autonomous underwater vehicles (AUVs) and
remote monitoring of the ocean environment. Additionally,
the growing presence of underwater infrastructure, including
surveying and monitoring activities, underscores the need for
robust communication channels between these systems and
their control bases [2]. In comparison to terrestrial com-
munications that aim to minimize interference and optimize
the allocation of radio resources, underwater optical wireless
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communication (UOWC) network objectives are to improve
transmission capacity, latency, resource sharing, and energy
efficiency to enhance the resilience and scalability of un-
derwater services, including communication, sensing, control,
computing, and localization [3].

The characteristics of the UOWC medium significantly
differ from over-the-air transmission. Due to very high ab-
sorption, the radio frequency is unsuitable for UOWC. Despite
low absorption and hence wider coverage, acoustic communi-
cation offers lower bandwidth (less kHz range), high latency
and Doppler spread [4]. This limits its capacity to support
underwater applications that demand significantly higher data
rates ranging from a few to tens of Mbps [5]. Thus, UOWC
has emerged as an alternative to providing high-speed wireless
communication [4], [6].

The UOWC channel is very dynamic and offers significant
challenges to communication. More specifically, the UOWC
is subject to absorption, scattering, beam divergence and
strong turbulence [7]-[9]. Because of the highly dynamic
environment and various interdependent conditions, modelling
the UOWC channel is different and hence, there are several
attempts to accurately predict the channel and estimate its
capacity. The UOWC depends on various factors such as point-
ing error, attenuation due to absorption and scattering, and
turbulence. Moreover, orientation deviations of the receiver
cause changes in the angle-of-arrival (AOA), which in turn
leads to fluctuations in the signal-to-noise ratio (SNR) and
severely impair the system reliability [10]. The impact of AOA
fluctuations-induced fading on UOWC systems has not been
well examined in the literature and it has only been studied
for FSO systems such as [10] and references therein, where
their effect has been modeled using the Rayleigh distribution.

The work in [11] relied on a combination of Monte
Carlo simulation and multiple phase screen approaches to
produce a simulation-based comprehensive UOWC channel
model that considered the impact of absorption, scattering, and
turbulence effects. The results revealed that turbulence has a
50% contribution to the the channel impulse response (CIR)
peak. Depending upon the strength of the turbulence, various
statistical models are adopted for the study of the performance
of UOWC such as the Lognormal [12], Generalized Gamma
[1], Weibull, and Gamma-Gamma distributions [13], [14] (see
[15] for the detailed review on UOWC turbulence and its
effect on communication). The work in [16] established a
channel model that considered the absorption and multiple
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scattering due to multiple-size bubbles at different positions
and densities. The results showed that the power attenuation
and scattering increase as the size and density of the bubbles
increase. Similarly, the work in [17] modelled the absorption
and scattering due to different bubble density, chlorophyll,
and suspended particle concentration at different depths of
an oblique-range UOWC channel. The study showed that
the transmittance varies significantly at different depths and
decreases with different trends. Similarly, although the Beer-
Lambert law is the most widely used method for estimating
attenuation [18], [19], it is not fully accurate for highly
scattering media such as UOWC. Several experimental and
simulation studies, such as [20]-[24], have demonstrated that
the scattering process alters photon propagation directions,
causing both temporal and spatial dispersions and hence Beer-
Lambert law only offers approximate channel attenuation.
The exact nature of these dispersions depends on various
factors, such as the field of view (FoV), alignment, and the
concentration of scattering particles [20] and overestimate loss
in highly scattering media [24]. Furthermore, in addition to the
typical noise experienced by communication channels, UOWC
channels encounter additional scattering noise introduced by
the scattering medium [25] and solar radiation-induced noise
in shallow water [21]. The solar radiation-induced noise level
depends on factors such as receiver technology, water depth,
and transceiver orientation (e.g., a receiver pointed upwards
towards the sun experiences higher solar noise levels compared
to one pointed towards the horizon).

Several theoretical, simulation and practical investigations
aimed to establish the transmission capacity of UOWC. As
expected, the data transmission rate depends on various factors
such as turbulence strength, modulation schemes and avail-
able SNR. Li et al analysed the capacity of optical wireless
communication (OWC) links under weak turbulence regimes
characterised by Lognormal distribution with pointing error
[26]. The study concluded that the scintillation induced by the
inner scale has more impact on the capacity than the pointing
error variance. Similarly, in [12], a Monte Carlo simulation-
based channel capacity estimation was conducted under Log-
normal distribution turbulence model. The study concluded
that practical modelling of the UOWC channel must combine
the effect of turbulence, absorption and scattering. Lognormal
distribution was considered to model the oceanic turbulence in
[27] along with Rayleigh distributed radial displacement that
causes pointing errors and Beer-Lambert path loss. The authors
in [28] have analyzed the bit-error-rate (BER) performance
of UOWC systems using on-off keying (OOK) modulation
and operating under the intensity modulation direct detection
(IM/DD) technique. In this analysis, turbulence-induced fading
is modeled by the Weibull distribution, while the pointing error
effect is characterized by the modified Rayleigh distribution.
Similarly, a recent study [29] that investigated the secrecy out-
age probability (SOP) of UOWC systems considered Weibull
distribution to model the salinity-induced ocean turbulence
considering its good fit to experimental measurements under
practical conditions. In addition to the impact of turbulence,
the study considered a modified Rayleigh distribution to model
the impact of pointing error, geometry spread and scattering.

The results of the study emphasized the dominant effect of
scattering on the system. Several studies developed analytical
expressions for the ergodic capacity and error performance of
UOWC with transmitter or/and receiver spatial diversities [30],
[31], [32]. These studies concluded that the diversity scheme
can improve channel capacity; however, a careful trade-off is
necessary for optimizing performance and complexity.

The previous investigations provided a thorough under-
standing of the impact of various individual phenomena,
and to a limited extent their combined effects, on UOWC
performance. However, the literature lacks comprehensive
study that combines the impact of adverse channel effects,
including turbulence, pointing error, AOA, and attenuation
impairments on the performance of UOWC, while accounting
for different detection types and making realistic assumptions
that reflect practical UOWC channel conditions. Therefore, the
contributions of this work are multifold:

— To the best of the authors’ knowledge, this is the
first study that comprehensively derives the statistics of
UOWC channels, considering the combined effects of
turbulence, AOA fluctuations, attenuation, and pointing
errors, under both heterodyne and IM/DD detection tech-
niques.

— The Hoyt distribution, which allows for distinct devia-
tions in both horizontal and vertical directions, is used to
characterize the pointing error.

— The Rayleigh distribution is used to model the AOA
fluctuations, and we take into account the impact of FoV
variation in our analysis.

— The turbulence-induced fading is assumed to follow the
F distribution that fits experimental data better under
all turbulence conditions compared to the Lognormal
and Gamma-Gamma models. In addition, its PDF is
mathematically simpler, making it attractive from a per-
formance analysis point of view.

— The study derives novel and unified expressions for the
fundamental performance metrics of the UOWC system.
These measures include the outage probability, ergodic
capacity and the average BER for various modulation
techniques such as IM/DD OOK and M-ary phase shift
keying (M-PSK) as well as M-ary quadrature amplitude
modulation (M-QAM) when heterodyne technique is used
at the receiver. The obtained results take into account the
effects of beam misalignments, aperture diameter, source
wavelength, FoV, laser beam waist, and the type of water
based on the chlorophyll concentration.

— At high SNR, highly accurate asymptotic results for the
outage probability, the average BER, and the ergodic
capacity are presented using simple functions.

Similar to other studies on channel capacity [10], [12], [14],
[26], [27], [29], certain transceiver device constraints, such
as the bandwidth of the laser and photodiode and temporal
dispersion, are not included in the analysis. While these
parameters are crucial for the practical design of UOWC
systems to maximize data rates, the aim of this paper is to
provide a theoretical framework for determining the maximum
capacity. This analysis can then be used to design practical
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systems that achieve the theoretical maximum.

The remainder of the paper is structured as follows. Section
II presents the system and channel models. In Section III, we
derive the statistics of the UOWC channel under the combi-
nation of multiple adverse channel effects. The performance
metrics of the UOWC system employing either IM/DD or
heterodyne methods are also provided in Section III with
the ergodic capacity result obtained in Section IV followed
by the asymptotic results at high signal-to-noise-ratio (SNR)
in Section V. The numerical and simulation results are then
shown in Section V, and the conclusions are given in Section
VL

II. SYSTEM AND CHANNEL MODELS
A. System Model

Fig. 1: An UOWC link between an AUV and a remotely operated vehicle
(ROV), integral components of the internet of underwater things (IoUT)
network. The network also includes other components such as positioning
node (PN), transponder, submarine and AUV glider. A solar-powered gateway
buoy can collect data.

Fig. 1 illustrates a UOWC link between an AUV and a
remotely operated vehicle (ROV), integral components of the
internet of underwater things (IoUT) network. The network
also includes other components such as positioning node
(PNs), transponder, submarine and AUV glider. A solar-
powered gateway buoy collects the data. Additionally, this
scenario depicts an optical beam transmitted from the AUV
to the ROV through the water medium. The beam’s trans-
mission is influenced by various factors, including attenua-
tion, turbulence, AOA fluctuations, and pointing errors, which
significantly impact the system’s performance. Turbulence in
the underwater medium induces random fluctuations in the
intensity and phase of the optical signal, leading to signal
distortion and performance degradation. Additionally, pointing
errors caused by misalignment between the transmitter and
receiver result in misdirected optical beams and reduced signal
strength. To accurately characterize the UOWC channel, a
comprehensive model incorporating the effects of the interplay
between these factors is vital to evaluate the performance of
UOWC systems measured by the BER, outage probability
and channel capacity. An insight into the behaviour of the
channel devises strategies to mitigate their adverse effects,
thereby enhancing the reliability and performance of UOWC
systems. The following section investigates the channel model,

accounting for the challenging environmental conditions in
underwater environments.

B. Channel Model

Assuming that an optical signal propagates through an F
turbulence distributed fading channel along with the effects of
attenuation, pointing error and AOA fluctuations, the received
signal can be written as

y =nhx +n, €))]

where 7 is the optical-electrical conversion coefficient, x is
the transmitted signal, n is the additive white Gaussian noise
(AWGN) incorporating the transmitted signal having zero
mean and variance o2 = N, and h is the combined channel
state that is defined as

h = halhathplhaf’ (2)

where hqi, hat, hpr and b,y denote the effects of attenuation,
turbulence, pointing error and AOA fluctuations, respectively.
Depending on the applied detection type, the instantaneous
SNR v can be expressed by [28], [33]

(nh)"

TEIN 3
where » = 1 and r = 2 correspond to heterodyne detection
and IM/DD schemes, respectively.

1) Attenuation: The underwater medium causes strong at-
tenuation of the optical beam due to absorption and scattering.
According to Beer-Lambert law, the attenuation in underwater
medium can be expressed by [18], [19]

har = exp [-A(N)L], “)

where the attenuation coefficient A()) is strongly dependent
on the wavelength A\ and the link length L. The attenuation
coefficient A(A) = a(\)+b(A) comprises the absorption a(\)
and scattering b(\). Several empirical and theoretical analyzes
showed that the blue-green regions of visible light spectrum
expose lowest absorption effect comparing with other regions
and the chlorophyll concentration is the main determining
factor for the attenuation coefficients [18], [19], [34]. The
attenuation coefficient due to absorption can be expressed as
(18]

a(A) = aw(X) + ac(A) + ar(N) + ap(N), 3)

where a,,(\) in 1/m is the absorption coefficient of pure water
and empirically calculated for different waveleg%gg samples

in pure water in [19], aq(N) = a2()) (%)

denotes
the absorption coefficient of the chlorophyll, a’()\) gives the
specific absorption coefficient of the chlorophyll, C.. in mg/m?
is the total concentration of the chlorophyll, C? = 1 mg/m?
is the chlorophyll concentration, af(\) = a$Cexp(—ks))
represents the absorption coefficient of fulvic acid, a(} =
35.959 m?/mg is the specific absorption of fulvic acid, Cy =
1.74098C. exp [0'128%70 } reflects the concentration of fulvic
acid in mg/m®, ky = 2989 ¢, (\) = a)C) exp(—kyN) is
the absorption coefficient of humic acid, a) = 18.828 m?/mg
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represents the specific absorption of humic acid, C;, =

0.19334C, exp | & 123430 } is the concentration of humic acid

_ 0.01105 01105

in mg/m®, kj, p—

The scattering coefficient b(\) in underwater is also defined
as [18], [34]

b(A) = bw(A) + DE(N)Cs + b (N, (6)

where b, (A\) = 0.005826 (400)4'322 denotes the scattering

coefficient of pure water [19], b2()\) = 1.151302 (400)1'7
states the scattering due to small particles, bY(A) =
0.3411 (400)0'3 shows the scattering due to large par-

ticles, Cs = 0.01739C, exp [%‘2100] and C; =
0.76284C, exp | “05092C= |

2) Turbulence: The JF distribution provides a better fit to
experimental data under weak to strong turbulence condi-
tions compared to other models like Lognormal and Gamma-
Gamma. Additionally, from a performance analysis perspec-
tive, the JF distribution is more appealing because it has
a simpler mathematical form in terms of basic elementary
functions [35]. Assuming that the UOWC channel is driven
by the F distribution, the probability density function (PDF)
of the channel can be written as [35]

a® (b—1)" ha !
B(a,b)(ahgs + b — 1)att’

where ¢ = ——3+——, b= ————, and B(:,-) denotes
exp(o7, x)—1 exp(o?,y)—1

the Beta function [36, Eq. (8. 384/1)] Here, o2y and o2,

represent the log variances indicating the effect of large

and small turbulent scales, respectively. Their expressions are

provided as follows [37]

fhat (hat) = hat >0 @)

2
Qg—A
049 (fezar) o3,

‘712 X =
n 7/6°
1 0.4(2-61)(op/or)*?/" 0.56(14+01) /
(Qa+A1) (% %6 )6/7 a§12/5
®)
5/6
0.510% (1+069057°)

2 _

Olny =

1+ [1.20 (or/op)'?® +0.830 12/5} /(Qc + Ay)
©)

where Q¢ = 2L/kWE is the spot radius of the collecting
lens, W is the radius of the Gaussian lens and Wé = Dé /8,
Ay = Ao/(©3 + A32) is the Fresnel ratio of Gaussian beam
at receiver, Ag = 2L/kW02, Wy is the beam radius, Oy =
1 — L/F, is the beam curvature parameter at the transmitter,
Fy is the phase front radius of curvature, ©; = 1 — O is
the complementary parameter, ©; = O¢/(0% + AZ) is the
beam curvature parameter at receiver. Note that the large-
and small-scale turbulence effects, given in (8) and (9), are
theoretically derived for atmospheric fluctuations using the
Kolmogorov turbulence model. Since these expressions have
not yet been validated for UOWC scenarios, and due to the
lack of alternative validated models, we adopt these equations

for our calculations [33], [38], [39]. In (8) and (9), 0% and 0%
are the Rytov variances of plane and Gaussian beam waves
and they are found in [40] and [41] in analytical form for
underwater medium as

2.9625k7/SL1/6 B, (A% X1 + B%xs + 2ABXTS)

2
ORr c1/3
(10)
o 20.9845K7/SLY/S By (A%xr + B?xs + 2ABx7s)
9B = 21/3
5/6 6 -5 11 17 , 3
x Re |:25/6112F1 (6, F, F, (@1 + All)) — 8A§)/6:| s

(1)

where the wavenumber k = 27 /X, By = 0.72, xr is the
temperature dissipation rate, x5 = d,.x7/H? is the ensemble-
averaged variance for salinity dissipation rate, d, is the eddy
diffusivity ratio and it is defined in [42], H is the temperature-
salinity gradient ratio, xrs = 0.5(1 + d,)xr/H is the
ensemble-averaged variance for the co-spectrum dissipation
rate, oFp(.) is the hypergeometric function, A and B are
the linear coefficients depending on the average temperature
(T), average salinity concentration (S) and e is the energy
dissipation rate. There are various practical parameters used to
characterize the Oceanic Turbulence Optical Power Spectrum
(OTOPS) model that is utilized for the calculation of Rytov
variances of both plane and Gaussian beam waves. The details
and formulations for the parameters of underwater medium are
presented in [43], [44].

3) Pointing error: One of the models used to describe
the pointing error is the Hoyt distribution. Since it permits
to observe the asymmetric behaviour (i.e., different beam
misalignments in horizontal and vertical directions) of the
beam misalignment, we use the Hoyt distribution in this study,
which is defined in polar coordinates as [45]

de, (Td7 )

ra (w)} (12)

Td
2rqpo? P {_ 202
where 74 is the radial displacement at the receiver detector,
qg = 0,/os in (0,1] shows the ratio of horizontal and
vertical misalignments, o, and o, are the beam deviations
in orthogonal s = r4 cos(p), z = rysin(p) directions, and

§(p) = [1— (1 —qF) cos® @] /i (13)

The integral form representation of the pointing error is found
in [45] as

ol (14)

2 hﬂs -1
775 pl

hpl) = / 2 do

(o) ’
2Tqy J Ag ¥

where the related parameters are expressed as 75 = 0.5w, /0,

We = wpr/v/merf(v)/(2ve—?), wy is the beamwaist, erf(.) is

error function, v = \/mr2/2/wy, ro = D¢ /2 is the receiver

aperture radius and Ay = erf*(v).

4) AOA Fluctuations: According to the Rayleigh distribu-
tion, the PDF of the random variable 6, that denotes the
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deviation can be expressed as [10]

04 93
= —exp|—%
08 P 203 ’

where o3 stands for the variance of .

fou(0a) (15)

III. PROBABILISTIC ANALYSIS

Analytical derivations for the PDF, the cumulative dis-
tribution function (CDF), and the moments for the SNR
are presented in this section. Furthermore, we obtain exact
expressions for the UWOC channel’s ergodic capacity, average
BER, and outage probability (OP), which are valid for both
detection types.

A. PDF of the Channel State

Defining h.g as hag = haihathas, then the PDF of hyq
conditioned on @, can be represented as

! ha
fhag|0d (h‘a!]) = / halh fhpl‘ad <h hat) fhat( U«t)dhat?
) (16)

where A, = m and the PDF of h, given the

deviation angle 6, can be deduced from (14) as

2&(p)—1
hgl it

2
s
Finiou(hpt) = /
hpl|9d( Pl) 27rqH_ (AU Cosgd)ngg(‘f’

+dep. (17)

Following the procedures detailed in Appendix-A, the PDF of
the UOWC channel is found to be

)

2’/TqHA0 al(b*l) ( F )
/G

2
+ exp ( {)FOV) o(h),

2
20

fu(h) =

—b, n2E(p)
a—1,12¢(p) —

]dw

(18)

b—l Ao al

where Oroy refers to the FoV, o is the standard deviation
of the pointing error, G;”q"() represents the MeijerG function
[36, Eq. (9.301)], and ¢(.) stands for the dirac Delta function.

B. Unified PDF of the SNR

Taking into account various types of detection at the re-
ceiver, this section investigates the statistical properties of
the electrical SNR of UOWC links using the F turbulence
model under the influence of AOA fluctuations and generalized
pointing errors. Specifically, the type of the receiver detection
determines how the electrical SNR is calculated as

v =7h", (19)

with the IM/DD technique represented by r = 2, and the
heterodyne technique by r = 1, and 7 stands for the average
SNR of the UOWC link. In order to prevent fading from either

attenuating or amplifying the average transmitted power, we
assume that E[h] = 1, where E[-] denotes the expectation
operator. Utilizing (18) and the random variable transformation
in (19) along with [36, Eq. (9.31.5)], we derive a unified
analytical expression for the SNR PDF of an UOWC link that
takes heterodyne and IM/DD detection types into account. This
expression is given by

2 07
2 |1 exp (%)

2mqurT (a)I'(b)y

/G DA <)

() =

1—b,1+n%(p)
0, 72E(9) ]d“”

1 1
1 v B 92

+ — l 6 l exp —&2‘/ . (20)

Yy \7 Y 205

C. CDF and Moments of the SNR
The CDF of the SNR can be obtained from
v
£ = [ (0 @)
0

By following the derivation steps outlined in Appendix-B, we
express the CDF of ~ as

i [1-exn ()]
2quT'(a)T'(b)

4
/G b—l AOhal <)
cea ()0 (1))

where U(-) denotes the Heaviside step function.

Moreover, the n-th moments of ~ for both types of de-
tection techniques can be obtained in exact closed-form as
demonstrated in Appendix-C as follows

n?T(a+mn)L(b—rn) (1 — exp < QF(;%V ))

(@) (4

o {(b - 1)thal} " -,

S(y) =

3=

a,726(), 0

1,1-b,1+12(p )] "

(22)

E[y"] =

+ T’/l) (n2 4+ rn)
(23)
a

Notably, as the subsequent section will show, this formula
is very useful in getting asymptotic results for the ergodic
capacity at high SNR range.

IV. EXACT ANALYSIS

A. Outage Probability Analysis

By utilizing the definition of the OP as P, = P.(y <
Vth) = Fy(7tn), where 41, represents the threshold SNR, the
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expression for the OP develops as

2
w2 [1 e (% )|
Pout —

2mqu T (a)T'(b)
1
/G b—le al (T) .
+ exp ( 95003‘/) .
B. Average BER Analysis

A unified expression for the average BER that encompasses
various modulation schemes can be formulated as [14]

i:/F P aey) fy(7)dv,

k=17

a,13¢(), 0

b, 1+ 72 )]d@

(24)

)

25
) (25)
where all related parameters for different types of detection
and modulation schemes are listed in Table I. By employing
the derivations provided in Appendix-D, we derive the unified
average BER for UOWC channels as shown by (26), where

Ak, u) = ¢ “Zl,...,iuﬂj’l.

C. Ergodic Capacity Analysis
According to [46], the ergodic capacity can be expressed as

TLEI(l+e7) = / (1 + e fy(dy, @)
0

where ¢, is the constant having the values of ¢c; = 1 and ¢; =
e/(2m) for heterodyne (i.e. » = 1) and IM/DD (i.e. r = 2)

schemes, respectively. In line with the derivations provided in
Appendix-E, we can derive a unified expression for the ergodic
capacity as represented by (28).

V. HIGH SNR ANALYSIS

In this section, we present asymptotic expressions for key
performance metrics of the UWOC link, including the OP, the
average BER, and the ergodic capacity in the high SNR range,
represented by simple functions. These expressions accurately
converge to the exact results in the high SNR regime and are
particularly valuable for determining the diversity order of the
system.

A. Outage Probability

Using analysis given in [47] to replace the MeijerG function
in (24) with its equivalent FoxH function and applying [48,
Eq. (1.8.4)] with some simplifications, the asymptotic expres-
sion of the OP in (24) can be derived at high SNR values
as

s P e ()

351 2mquT(a)
2oy
“mGz%) >
where
T(a+b) ( a )
T, = , 30
LSRR - \ - DAk ) OO

_ Ta—n26(0))T (b +n2é(p)) a n26(p)
e ((b1A0 al> ’

nz&() )
(31)

TABLE I: Average BER Parameters for Different Modulation Schemes

Modulation Scheme | Detection Type | 5 | p | qk \ Ty
BPSK 1 1 / 2 1 1
M-PSK Heterodyne max(loZgz 7 1/2 sin2 (2m—1)7r 10g2 M | max (%7 1)
1 1 3(2m— 1) Vv
OOK IM/DD 1 12 172 1
n2roth=2 [1 — exp ( —gf" )]
Pe — 0
(2m)" quT(a)T'(b)
b),1,1—p, A(r, 1—|—77 (p) N0

S r a ' Ar, 1 —
X / Gér;;érﬂrl [( 1> | ’ ’
l;ﬂ_ ’ (b — 1)A0}Lal (qkﬁ) r A(T7 a)

do +

0%ov
oo ( 207

) (26)

(7“ n2é(v)) ;0

eF()V

)| F
20§ Q22+l

o 1]27’a+b 2 [1fexp(

O T @ W @)

—T

a
2r+2,2r+2 N
l((b — 1) Aoha (¢;7)" )

"|A@1—b),0,1, A 1+n 5( )
A(r,0), A (rn2E(9) 0 ]d@'

(28)
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@:{“,”35("’)}.

T r

(32)

It is worth noting that the asymptotic expression of the
OP presented in (29) involves only the summation of basic
elementary functions, unlike the exact OP expression for-
mulated using the MeijerG function in (24). This simplified
result is significantly more analytically tractable, offering high
accuracy and perfect convergence to the exact result at high
SNR range. Furthermore, exploiting this simplified expression
enables the straightforward derivation of the diversity order
for the UOWC system as follows

Gq = min (a 7’35(@)) .
r

r

(33)

B. Average BER

By employing integration by parts, the expression for the
average BER in (25) can be rearranged and formulated in
terms of the CDF of v as

0P & T
P =__k P=Le= 0T (~)dry. 34
2F(p) k:10/,y € 7(7) ’y ( )

Now, in the high SNR domain, a simpler mathematical expres-
sion for the average BER may be obtained, which is consistent
with the asymptotic analysis of the outage probability. This
is accomplished by substituting the high SNR OP expression
obtained from (29) into (34), applying [36, Eq. (31326/2)], and
employing the variable transformation ¢ = (/%)™ as outlined
below

9?«“ OV ™
()] Feronay,
‘551 dmquT(a)T(H)T(p) J = T (@)

10 OFov
+ 5 exp( 208 .

(35)

C. Ergodic Capacity

Asymptotically, at high average SNR, the ergodic capacity
in (28) can be approximated using the first derivative of the
moments of v as [49]

= IE[y"]
C ~ In(c,
F>1 n(er) + on

(36)

n:O.

Therefore, at high SNR range, we can obtain an accurate
asymptotic result of the ergodic capacity by inserting (23) into
(36) and performing a few algebraic manipulations as follows

0rov
20(2)
(b— 1>thmi> C(ta)

a 2n?2

C ~ ln(c, 1-— —
Z n(c )—l—r( exp(

" (wa) ~ () +In (
37

where (+)
Eq. (8.360.1)].

denotes the Digamma (psi) function [36,

VI. RESULTS AND DISCUSSION

Using the parameters indicated in Table I, this section
examines how the key channel and system parameters affect
the performance of the UOWC system, in the presence of
turbulence, attenuation, AOA fluctuations, and pointing errors.
In addition, computer-based Monte Carlo simulations are pre-
sented and compared with the obtained analytical outcomes.
The accuracy of the proposed framework is confirmed since
there is an excellent match between all of the derived and
corresponding Monte Carlo Matlab simulated results over 107
realizations.

TABLE I: SYSTEM PARAMETERS

Parameter  Value H Parameter  Value
A 532 nm <T> 15 °C
<S> 20 ppt C. 0.03 g/m?
XT 1077 K?/s || € 107% m?/s3
H 2°ppt~! || o 1 x7r,
L 20 m qH 0.7
Fy 00 Dq, Wy 2 cm, 2 cm
“th 0 dB Wy 7 X1,
0o 12 mrad Orov 50 mrad
10° 0 6-00-3-69 7
107t E
2 F 1
;'_,5‘ - m
-§ L |
& 1077 E
g‘) r ]
g | | —O— Dg = 1mm B
o { | —2— Dg =1lcm |
_3 —4A— Dg =2cm
10 F| —— Dg =3cm E
F| —0— Dg =4cm B
| annnnen High SNR i
B % Simulation
1074 | |
20 30 40 50 60 70 80

7 (dB)

Fig. 2: Outage probability using IM/DD detection for various values of the
receiver aperture diameter D .

Fig. 2 depicts the outage probability performance when the
IM/DD technique is used at the receiver for different values of
the receiver aperture diameter Dg. The high SNR asymptotic
results are also included, and we can clearly see that they
coincide with the exact results at high SNR values, indicating
their precision and accuracy. It can also be observed from this
figure that the outage probability improves with an increase in
the receiver aperture diameter, as expected. An enhancement
in the outage probability is also observed with an increase of
the average SNR 7 up to 70 dB for all values of Ds. But when
7 exceeds 70 dB, the effect of the AOA fluctuations becomes
more pronounced and the outage probability does not improve
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even if the average SNR continues to increase. As clearly seen
from the figure, an outage probability floor is created as 7 gets
larger regardless of the value of Dg.

100 000D
107t E
£ 1072 E
: :
o [ 4
e —3
& 107° | —o— 09 = 25mrad E
[ = .
e || —=—o00= 20 mrad B
8 10-4 L —&— o9 = 15 mrad
| —— oo = 12 mrad E
| —o— oo = 10mrad y
1075 E wunenns High SNR E
F *  Simulation
\ \ ! ! !
20 30 40 50 60 70 80
7 (dB)

Fig. 3: Outage probability using IM/DD for various values of the beam
deviations oq.

Fig. 3 illustrates the effect of changing the random orienta-
tion deviation levels caused by AOA variations on the outage
performance. As this figure shows, the performance of the
UOWC link is evidently dependent on variations in the AOA.
More precisely, it is notable that an increase in the value of
oo corresponds to a higher outage probability, consequently
diminishing the performance of the UOWC link. Moreover,
we see here the same floor effect, with its level becoming
more noticeable as o increases. Furthermore, it is evident
that the asymptotic expression of the outage probability, de-
rived in (29), perfectly converges to the exact result in the
high SNR domain, proving the tightness of this asymptotic
approximation.

100 200000000, T 3
10-1 i
2 1072
B Eo  RNAR A A A A A A AN A A A A A
_‘é N
o F| —O— 0rov = 30mrad
%D [ | —o0— Opoy = 35mrad
5 10—4 || —&— Orov = 40mrad i
F| —— 0rov = 45mrad E
[ | —0— Opoy = 50mrad ]
10-5 |- Opoy = TOmrad N
= High SNR E
E *  Simulation E
1076 | 1 | I |
20 30 40 50 60 70 80

7 (dB)

Fig. 4: Outage probability using IM/DD for different values of the receiver
FoV.

The effect of the receiver FoV on the outage performance
under the IM/DD technique is shown in Fig. 4. We can

clearly see that the outage probability improves and the AOA
effects become less severe for increasing values of # oy . The
floor effect is shown here as well and it is evident that its
impact decreases significantly with increasing 0oy values.
For instance, the outage floor almost vanishes when a value
of 0oy = 70 mrad is employed. This can be explained by the
fact that higher 0oy values are related to wider receiver field-
of-view (FoV), which in turn leads to less impairments from
AOA variations. However, optimization is needed because
increasing the FoV settings will also increase the background
noise effect. Other results that are similar to the previous
figures can also be observed from Fig. 4, especially for the
high accuracy of the asymptotic expression of the outage
probability in the high SNR regime.

10V 202000008y T ‘

—O—qu =1

——qg = 0.8
—4A—qp = 0.1
....... High SNR
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10-1

Outage Probability
—
o
b

) -~ Heterodyne

10—3 E
104 ‘
20 30 40 50 60 70 80
7 (dB)

Fig. 5: Outage probability using IM/DD and heterodyne for different ratios
of vertical and horizontal beam deviations with g = 3 X 74.

In Fig. 5, the outage probability of the UOWC link using
both heterodyne and IM/DD schemes is plotted, for various gz
values with o5 = 3 X r,. It can be inferred from Fig. 5 that
when the beam orientation deviation exhibits asymmetrical
behavior, the UOWC communication system performs better
regardless of the detection method used at the receiver. For
instance, when horizontal and vertical orientation deviations
are equal (g = 1), the outage probability for an average
SNR 7 = 50 dB is P,,; = 1.8210~!, but when the ratio of
horizontal to vertical beam deviations becomes gy = 0.1, the
outage probability drops to P,,; = 6.79 x 10~2 for IM/DD
scheme. While heterodyne detection has gained popularity due
to its greater sensitivity and ability to better mitigate turbulence
effects, compared to the IM/DD technique, it is more complex
to implement coherent receivers. Most UOWC systems rely on
the direct detection technique because of its simplicity, ease of
deployment, and greater robustness to synchronization errors
[50].

The average BER using IM/DD OOK modulation scheme
for different Jerlov water types is presented in Fig. 6. De-
pending on the concentration of chlorophyll, different types of
water have been classified as pure water, water type I, water
type 1A, water type IB, and water type II, with the values
of the chlorophyll concentration being C, = 0.005 mg/m?,
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C, = 0.O3mg/m3, C, = O.lmg/m3, C, = 0.4mg/m3, and
C, = 1.25 mg/m>, respectively [51]. We can clearly observe
from this figure that reducing the chlorophyll concentration
level results in better BER performance. This phenomenon is
attributed to the strong dependence of the absorption effect
on chlorophyll concentration (C.); the lower the value of C,
the less attenuation occurs due to absorption. Similar to the
analysis of outage probability, we observe the same floor effect
at high SNR.

100 ¢ E
¢ E|
107 E
o | |
@ 1072 | E
Q = .
50 F 3
g g :
é’ | | —O— Pure Water i
103 | Water Type 1 |
| | —a— Water Type 1A e
I | —o— Water Type 1B 1
| | —o— Water Type 11 |
1074 F . :
F| * Simulation
C I |
0 20 40 60 80
7 (dB)

Fig. 6: Average BER for OOK using IM/DD technique for different Jerlov
water types.
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Fig. 7: Average BER for different modulation schemes using heterodyne
detection technique for o5 = 3 X 4.

The average BER performance for modulation schemes
including 64-phase shift keying (PSK), 64-quadrature am-
plitude modulation (QAM), 16-PSK, 16-QAM, 8-PSK, and
binary PSK, employing heterodyne detection technique is
depicted in Fig. 7. As expected when the modulation order
(M) exceeds 4,QAM outperforms M-PSK, and binary phase
shift keying (BPSK) modulation provides the best performance
when compared to the modulation schemes that have been
presented. Furthermore, similar trends to those observed in

the outage analysis, particularly regarding the BER floor and
the tightness of the asymptotic expression obtained in (35) at
high SNR, are noticeable in the figure.
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£| * Simulation <
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Fig. 8: Average BER for OOK using different values of the normalized beam
deviation o /rq.

Fig. 8 presents the average BER for OOK using different
normalized jitter values for the horizontal displacement o /7,
along with the asymptotic results at high SNR. This figure
clearly illustrates how the average BER deteriorates in the
presence of severe pointing errors, as anticipated. As the
value of the normalized jitter variance increases, the effect
of pointing errors become more pronounced and worsens the
BER performance.

\ \
100 || —0— 16-PSK .
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Fig. 9: Average BER using heterodyne detection versus the wavelength A for
BPSK, 8-PSK, and 16-PSK modulations with s = 3 X r4 and 7 = 40 dB.

In Fig. 9, the average BER for 16-PSK, 8-PSK, and BPSK
heterodyne modulation schemes is plotted versus the wave-
length of the source, A for pure water. As can be observed,
the absorption effect significantly increases as the source
wavelength increases, which results in a considerable reduction
in the BER performance of the UOWC link. In addition, the
strong dependence of the absorption effect on the source’s
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wavelength completely aligns with the experimental findings
reported in [19]. More specifically, the absorption has the
smallest effect on blue wavelengths and the highest effect on
red wavelengths in the visible spectrum, as clearly shown in
this figure.

—O— wp/ra =T
wy/ra = 10 Heterodyn
151 —A— wp/Tq =13
....... High SNR
Simulation

10

Ergodic Capacity (Bits/Sec/Hz)

0%
80

7 (dB)

Fig. 10: Ergodic capacity for different values of the normalized beam waist
wy/Tq.

Fig. 10 presents the ergodic capacity performance under
IM/DD and heterodyne detection schemes, considering differ-
ent values of the normalized beam waist wy/r,. As clearly
seen from this figure, utilizing a narrow beamwidth results in
an improvement in the ergodic capacity performance due to
the increased received signal power, regardless of the detection
method employed at the receiver. Nevertheless, as mentioned
in [52], a narrow beamwidth can make it simple for the
transmitter to move from the line-of-sight (LoS) toward the
receiver, which will accentuate the misalignment effect and
cause a communication outage, under IM/DD or heterodyne
methods. Fig. 10 also illustrates the asymptotic results of the
ergodic capacity derived in (37) using the moments-based
approach. As observed, there is a perfect match between the
exact results and the high-SNR results, demonstrating the
accuracy of the asymptotic analysis.

VII. CONCLUSION

The performance of an UOWC system that accounts for
AOA fluctuations, pointing errors, attenuation, and turbulence
has been examined in this paper in terms of the average
BER, the outage probability, and the ergodic capacity when
the optical link operates using either IM/DD or heterodyne
techniques. Analytical and high SNR asymptotic formulas
for these performance measures have been provided. The
analytical and simulation results that have been presented
clearly show how the UOWC system performance is affected
by turbulence, attenuation, pointing errors, and AOA fluctua-
tions. Results have demonstrated that increasing the receiver
aperture diameter or the receiver FoV can lead to a significant
improvement in performance of the UOWC link. Furthermore,
pointing errors can severely impair performance, especially

when the beam misalignment is asymmetrical. In addition,
our results clearly demonstrated the detrimental impacts of
the AOA fluctuations, particularly at high values of the beam
deviation. It was also found that Jerlov water II, which has
the highest concentration of chlorophyll, caused the greatest
performance decline as a result of strong absorption effects.
In all system settings, heterodyne method performs better than
IM/DD, and coherent M-PSK modulation schemes outperform
M-QAM modulation techniques.

APPENDIX A
CHANNEL PDF DERIVATIONS

By inserting (7) and (17) into (16), we obtain

n2a®(b—1)" |
27qpB(a,b) /(

2 -1
hggg(‘/’)

hag) =
fhll!?‘ed( v g) AOhal Cosed)"]zg(‘»a)

—T

T pemiEe)-1
x / o a+b
(ahat + b— 1)

dhar dip. (A1)

z

Utilizing [36, Eq. (3.194/2)], [53, Eq. (8.4.49.14)], and [36,
Eq. (9.31.5)], (A.1) transforms to

2
an;
hag) =
Shagl6a(hag) 21qp (b — 1) Aghgy cos 04T (a)T'(b)
T 2,1 ahag _b7 T/?f(@)
. /Gz!z [(b - 1)A0hal COS 0(1 a— 17”35(@) -1 v

(A.2)
Now, the PDF of the channel can be determined by employing

Orov oo
f(h) = / Fronro, (W) fou (0a)A0 + 6(h) [ fo,(60)dBa.
0 Orov

(A.3)
Substituting (15) and (A.2) into (A.3), we get

T 2
fulh) = ar: e (55 )
LA 27qp (b — 1) Aghu (@)L (b)od . cos 0y
—m 0
2,1 ah —b, 77.?5(90)
x Gz (b—1)Aghg; cos By |a —1,n2E(p) — 1 dba dip

T 6 62
+ 5(}7,) ) exp | — ) ded. (A4)
og 20
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Using the small angle approximation, i.e., cosfy ~ 1, and
applying Eqs. (3.381/8) and (3.381/9) of [36], the PDF of the
fading channel can be found as given in (18).

APPENDIX B
CHANNEL CDF DERIVATIONS

Upon substituting the unified PDF of the SNR from (20)
into (21), we have
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() = 27qrrL (@)D (D)
/ I\ 1= b1+ 26(0)
—12,1 a AT =0, T+
XO/ G [(b—l)thal (7) a, 126(¢) ]dtd@
0oy 1 / 11 v
+exp | — 902 — [ tv76 — dt. (B.1)
0 Ty ) Y

Changing variables as z = (t/i)l/ " for the last integral in
(B.1) and then taking the integration accordingly will result in
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2qprT (a)T'(b)

—T
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2 T
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where U(-) represents the Heaviside step function. Now, to
solve the t-dependent integral in (B.2), we perform a change of
variables, setting x = t1/7 and then apply [53, Eq. (2.24.1/2)]
which leads to the CDF expression given in (28).

a,n2€()

(B.2)

APPENDIX C
MOMENTS DERIVATIONS

The moments can be obtained by inserting (20) into its

definition E[y f ~™ f~ () dv. This substitution yields
7] [1 —eXp gf"
Ely"] = ° J/u/
2rmqul(a
L= bo ()
« G2 (V) dyd
22| (b= 1D Aohar \7 anile) |7
exp (_%ov) i B
+f”°/w+” K [(7) ]dv. (C.1)
Ty ) v

By employing the variable transformation = = (v /7)1/ " and

the property [ &(z)f(z)dz = f(0), the second integral in
0

(C.1) simplifies to 0. Through the change of variable z = t!/”
and application of [53, Eq. (2.24.2/1)], the moments can be
written as
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By substituting (13) into (C.2) and performing some algebraic
manipulations, we can easily derive the expression for the
moments in (23).

APPENDIX D
AVERAGE BER DERIVATIONS

Inserting the unified PDF expression given in (20) into (25),

we get
/Z/ p’QkV
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For the last integral in (D.1), we first change variables as
(o)

t = (v/9)'/" then we utilize the relationship [ 0(z)f(z)dz =
0

£(0), resulting in
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To address the y-dependent integral in (D.2), we express the
incomplete upper Gamma function in terms of the MeijerG
function according to [54, Eq. (06.06.26.0005.01)] then we
utilize [53, Eq. (2.24.1/1)], yielding the unified average BER
expression as given in (26).

APPENDIX E
CHANNEL CAPACITY DERIVATIONS

Inserting the PDF of the SNR in (20) into (27), the equation
of the ergodic capacity equation becomes

" P‘eXP ) //m + )
N 2rrqul(a
= b1+ 2ep)
X G2 (V) @ gy a
<b—1>A hat \7 a,72E(¢) T
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0
(E.1)

By employing the change of variable t = (y/7)"/", the second
integral in (D.1) evaluates to 0. According to [55, Eq. (11)],
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the logarithmic term in (E.]) can be represented with the

relationship In(1 + z) = G 1 (1) then, (E.1) becomes
2 F()V
— s [1 fexp 1.1
— —1 )
€= 2rrquTl(a) // Gal |ery 1,0
1
, "1 =0, 1+ n2(p)
x G2 | <7> PN gy de.
22 (b—1)Agha \ ¥ a,n2¢(p) fhad
(E.2)

Finally, employing [53, Eq. (2.24.1/1)] and performing some

algebraic manipulations,

we arrive at the unified ergodic

capacity equation for the underwater wireless optical channel,
as presented in (28).
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