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Abstract—In underwater environment, wireless signal propa-
gation is very challenging, and strongly affected by absorption-
and scattering-induced attenuation losses. Optical wireless com-
munications (OWC), due to huge bandwidths, can provide high
data rates and medium propagation ranges, representing a viable
technology for underwater scenarios. There are several statistical
distributions that model the effect of underwater turbulence on
OWC, and how to model the underwater OWC (UOWC) channel
with higher accuracy is still a topic to investigate. In this paper,
we investigate the use of intelligent reflecting surfaces (IRSs)
for enhancing performance in underwater OWC systems. In this
regard, we present a unified channel model for UOWC, working
both for heterodyne and intensity modulated/direct detection
(IM/DD) schemes. The analytical expressions of average bit-error-
rate (BER), outage probability, and channel capacity are derived
including the combined effect of (i) attenuation, (if) turbulence,
(iii) pointing error, and (iv) angle-of-arrival (AOA) fluctuations
to ensure the comprehensive characterization of underwater
optical wireless communication channel. To make the analysis
and results more realistic, the practical scenarios and parameters
are considered. The probability density function (PDF) and
the cumulative distribution function (CDF) of the underwater
OWC channel are obtained analytically. Simulation results are
presented for various parameters of underwater channel and
communication systems. It is observed that the application of IRS
remains as an important tool in terms of mitigating the overall
fading effect caused by the combination of previous phenomena
in underwater wireless channel. Also, the benefits of heterodyne
detection over IM/DD is evinced.

Index Terms—Intelligent reflecting surface (IRS), optical wire-
less channel, underwater optical wireless communication.

I. INTRODUCTION

PPLICATION of intelligent reflecting surfaces (IRSs)

has become a prominent candidate in terms of im-
proving the performance of wireless communication systems
particularly in fifth-generation (5G) and sixth-generation (6G)
communication networks. Due to its re-configurable structure,
energy conservation, and cost efficiency, the IRS application
brings significant benefits such as implementation flexibility,
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easy deployment, utilization of the green wireless communi-
cation technology, and compatibility with the existing wireless
communication networks.

Various studies have been devoted to characterizing the
impact of IRS implementation on radio frequency (RF) com-
munication. In [1], Liaskos et al. studied the IRS concept
by using meta-surfaces capable of reflecting electromagnetic
waves and surface units mounted in such a way so as to
ensure the statistical independence of each reflected wave.
It was shown that software controllable meta-surfaces have
exceptional performance enhancement potential in wireless
environments. In [2], Wu and Zhang presented an overview
of IRS technology including application, hardware architec-
ture, beam-forming design, trade-off between existing tech-
nologies, and new signal models. The integration of re-
configurable meta-surfaces into wireless networks, practical
challenges and limitations, algorithms and protocols in smart
radio environments, possible artificial intelligence (Al)-based
re-configurable meta-surfaces and interaction with the future
6G networks were discussed by Di Renzo er al in [3].
The variations of the performance of wireless communication
systems with the IRS application were also studied in various
studies [4]-[8] according to different aspects. In [4] and [5],
the IRS-based transmission was examined for wireless com-
munication and a mathematical framework was constructed for
bit-error-rate (BER) and symbol error rate (SER) for different
modulated wireless communication systems. The benefit of
IRS usage was shown, as well as the received signal-to-noise-
ratio (SNR) boosts with the IRS application, thus making the
communication reliable at low-SNR values. Karasik et al. [6]
illustrated that besides the SNR maximizing IRS configuration,
information encoding scheme at the transmitter also affects the
channel capacity. In [7] Di Renzo et al. showed the superiority
of sufficiently large IRSs over relay-assisted communication
systems, as well as IRS reduction in implementation com-
plexity. Another benefit of IRS application is the coverage
extension that was investigated by Yang er al. in [8], by
comparing with the relaying systems and direct transmission
links.

Besides RF communications, the use of IRS for free space
optical (FSO) communications has also attracted attention
and has been analyzed in various studies. In [9], existing
optical IRS technologies were investigated and the potential
role of IRS application to overcome the line-of-sight (LoS)
limitation was analyzed depending on mirror-based and meta-
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surface-based technologies. Using a mirror-based IRS system
in [10], the outage performance of an FSO system was
calculated for both lognormal and Gamma-Gamma distributed
turbulence channel including geometric and misalignment
losses and attenuation. Another study [11] was carried out to
indicate the influence of IRS on the performance of wireless
communication systems operating in JF—distributed fading
channel in terms of outage probability (OP) and average BER,
including path loss and pointing errors. A novel geometric and
misalignment loss (GML) model has been adopted by Sipani
et al. in [12], in order to mitigate the effect of pointing error
by means of IRS-aided FSO links.

All above mentioned mostly-theoretical studies revealed that
IRS can improve the performance of both the FSO and the
RF wireless communication systems significantly, and detailed
further investigations are needed to have more comprehensive
and more accurate characterization of IRS-aided wireless
communication systems.

A. Related works

Due to rapidly growing number of applications in underwa-
ter medium from different industries, huge demand for noise
immune, secure, high data rate and reliable communication
has emerged and underwater optical wireless communication
(UOWC) remains as the main solution to meet these require-
ments, while traditional acoustic communication is insufficient
with very low data rate. However, optical beam is prone to be
affected from underwater environment severely that limits the
effective range of UOWC to several tens of meters. Several
studies have investigated the closed-form expression for the
average channel capacity of UOWC systems. In [13] Xu et al.
exploit the Malaga fading model and its dependence on the
link distance, the wavelength, the receiving aperture diameter,
and other factors. Liu et al. [14] characterized an UOWC
channel with both scattering/absorption and optical turbulence.

Based on the limitations caused by the chaotic nature of the
underwater environment, the use of IRS should be evaluated
the most for performance enhancement, as well as aperture
averaging, adaptive optics correction, spatial diversity and
power increase.

Although there are many studies available on the perfor-
mance analysis of optical wireless communication (OWC)
with IRS implementation in the atmospheric communication
channel [9], there are not many studies on UOWC yet.
In [15], both OP and average BER of hybrid UOWC/RF
from underwater to terrestrial link were studied. However, IRS
was implemented between terrestrial relay and FSO commu-
nication system, not in underwater medium. The general ap-
proach for IRS in underwater medium, IRS deployment types
(i.e., stationary and/or floating), IRS-equipped autonomous
underwater vehicles (AUVs) and challenges were evaluated
by Kisseleff et al. in [16] for different scenarios. In [17],
Naik and Chung examined the OP, average BER and channel
capacity including the underwater turbulence (with Nikishov’s
power spectrum), pointing error, and attenuation, which are
modeled by Gamma-Gamma, Rayleigh and Beer-Lambert
distributions, respectively. The Gamma-Gamma distribution

has been adopted also in [18] to model a simple closed-form
expression for the impulse response of UOWC links. Another
study has been performed to analyze the influence of IRS on
the performance of UOWC systems including the combined
effect of turbulence, attenuation and pointing errors, [19]. Still
on practical parameters of the underwater medium that can
be encountered in the earth basins, the underwater turbulence
power spectrum was selected as Oceanic Turbulence Optical
Power Spectrum (OTOPS) model by Yao et al. in [20]. The
authors also modeled the IRS-aided wireless communication
channel by log-normal distribution, and the outage perfor-
mance was presented for different water types. In [21], Lam
et al. considered a realistic underwater scenario including the
oceanic propagation loss, the oceanic turbulence, and pointing
errors induced by IRS vibrations, while authors assumed that
the IRS is installed under buoy or ships. The outcomes of
this study reveal that the vibration of an IRS-installed under
buoy/ship severely impacts the system outage performance.
Recently, in [22], the benefit of IRS application has been ana-
lyzed for an exponential Weibull distributed channel together
with the higher order beam usage including the effects of
turbulence, pointing error and attenuation. The Weibull model
has been adopted in [23] to characterize the fading of salinity
in UOWC channels, and has shown an excellent match with
the measured data under different channel conditions.

To the best of authors’ knowledge, any study has not
been reported that includes the combination of multiple at-
tenuation and propagation phenomena such as absorption-
and scattering-induced attenuation, turbulence, pointing error,
and angle-of-arrival (AOA) fluctuations together with different
detection schemes. We notice that the most relevant study to
our analysis may be the analysis in [17]. However, our paper
remains different according to the following items:

e In [17], the direct UOWC and IRS-assisted links are
modeled by Gamma and Gamma-Gamma distributions,
respectively, while we use the Gamma-Gamma distribu-
tion for both links.

o Authors in [17] use Nikishov’s power spectrum model
for turbulence parameters’ calculations, while we use
the OTOPS model utilizing the practical temperature and
salinity concentration of underwater medium.

« Both studies use the Beer-Lambert’s law to find the
attenuation coefficient. However, we also find the absorp-
tion and scattering coefficients based on empirical model
using chlorophyll concentration and wavelength.

o The study in [17] uses the Rayleigh model for pointing
error, while we use the Hoyt distribution that permits
asymmetric pointing error.

« Finally, the work in [17] does not take into account the
AOA fluctuations, while our study covers the effect of
AOA fluctuations with Rayleigh distribution.

The characterization of the combined effect of the aforemen-
tioned phenomena is relevant to get high approximation of
underwater channel model with realistic parameters.

B. Main contributions

Motivated by the necessity of further and more comprehen-
sive investigation of IRS application, we aim to investigate
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the use of IRS for UOWC system under different joint
attenuation factors. In order to mitigate the wireless commu-
nication channel effects, we investigate the outage, average
BER and channel capacity performances of a UOWC system.
The following items represent the main contributions of this
paper, and are utilized to make our study as comprehensive as
possible with realistic parameters:

o Section II-B, we investigate the combined effects of
almost all possible phenomena that can be encountered
in underwater medium such as underwater turbulence,
pointing error, absorption- and scattering-induced attenu-
ation loss, and AOA fluctuations for the modeling of an
IRS-aided UOWC channel. The underwater turbulence
spectrum is modeled by recently introduced OTOPS
model that permits to use the practical values of average
temperature and average salinity concentration.

o In Section III, we derive the unified channel probability
density function (PDF) and cumulative density function
(CDF) of SNR expressions that reduce to both intensity
modulation direct detection (IM/DD) and heterodyne de-
tection cases. The analytical expressions for both channel
PDF and CDF are obtained depending on the Meijer-G
function.

o In Section IV, the SNR-dependent OP, the average BER,
and the channel capacity are derived in analytical ex-
pressions. The effects of the IRS element number and
the reflection coefficients of surfaces are included in the
PDF, CDF, OP, the average BER, as well as the channel
capacity expressions.

« In Section V, the asymptotic approximations of OP and
average BER for high SNR regime are obtained.

o In Section VI, the comparison of the performance
achieved with heterodyne to those obtained with IM/DD
detection scheme is carried out in terms of OP, the av-
erage BER, and achievable capacity, for different system
and IRS parameters. The accuracy of the obtained results
is verified with the Monte Carlo (MC) simulations.

This paper is organized as follows. The system and channel
model for the proposed UOWC scenario is given in Section II,
together with the model of the IRS-aided UOWC link. The
unified channel PDF and CDF are illustrated in Sections III.
From the expression of the CDF for the instantaneous SNR, the
analytical derivations of OP, average BER and ergodic channel
capacity are given in Sections IV. The asymptotic analysis of
both OP and average BER is performed in Section V. The
assessment of the proposed UOWC unified channel model is
carried out through simulation results and related discussions
in Section VI, while the concluding remarks are given in
Section VII. The details of all derivations are finally given
in dedicated Appendices.

II. SYSTEM AND CHANNEL MODELS
A. System Model

The system model for IRS-aided UOWC system is repre-
sented in Fig. 1. A transmitter AUV and a receiver one are
initially connected through an horizontal communication LoS
link, but in case of blockages the IRS unit is deployed to

-
\ME;P

Tx AUV

1”, LoS

blockage

Fig. 1: System model for the IRS-aided UOWC system. A Tx AUV is in
LoS with a Rx AUV (black link), but in case of blockages a NLoS link is
established through the IRS unit (red links). The IRS is tethered to the boat.
We also assume all the devices are at the same quote from the water surface,
and then the communication links are horizontal.

redirect the signal from Tx AUV to Rx AUV, forming a
non-line-of-sight (NLoS) link. The IRS includes A number
of passive reflecting elements (with N' > 1,€ NT), each of
them reflects the incident optical wave by adjusting the phase
and amplitude with the help of a controller. The reflection
coefficient of each IRS is 8, (i.e., 5 € [0,1]). Notice that
all the devices in the underwater scenario are assumed laying
at the same quote hg [m] from the water surface, so that the
communication links are horizontal.

The optical beam propagates in the underwater environ-
ment by exposure to the effects of absorption and scattering-
dependent attenuation, turbulence, pointing error, and AOA
fluctuations. The attenuation is calculated by using Beer-
Lambert law. The underwater turbulence is modeled by re-
cently introduced OTOPS model, and turbulent channel is
assumed to have a Gamma-Gamma distribution. To see the
effect of pointing error with different sizes in horizontal and
vertical directions, we adopted the Hoyt distribution. Also, the
beam deviations due to AOA fluctuations are obtained by using
the Rayleigh model.

B. Channel Model

Including the combined effects of attenuation h,;, pointing
error hyy, turbulence hy:, and AOA fluctuations h,, the total
effective channel (i.e., h) can be written as

h = halhathplhaf- (1)

A short description of each component is provided as follows.

1) Absorption and Scattering: The attenuation h,; in un-
derwater environment is usually the result of absorption and
scattering, and strongly dependent on the wavelength of the
optical beam, while absorption remains as the most dominant
attenuating factor. The Beer-Lambert law describes the atten-
uation as

hai = exp|—c(A) - L], 2)

where c()\) is the attenuation coefficient, A [nm] is the
beam wavelength, and L [m] is the wireless link length.
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The attenuation coefficient can be written as the sum of
absorption and scattering-induced attenuation coefficients as
c¢(A\) = a(\) + b()N). Specifically, the absorption coefficient
a()\) is calculated by [24] as

0.602
o) + a0 (5 )

Ce
+ 62.6038C, exp {0.12327 (C’Oﬂ exp(—kgA) (3)

C

a(A) =

+ 3.6402C, exp [0.12343 (gg)] exp(—kpA),
where a,,(\) [m~!] is the absorption coefficient of pure water
and it is empirically obtained in [25] for optically and chem-
ically pure water, a’()) is the specific absorption coefficient
of chlorophyll, C, [mg/m?3] is the total concentration of the
chlorophyll, C% = 1 [mg/m]? is the chlorophyll concentration,
ks = 0.0189 [nm™'], and kp, = 0.01105 [nm~']. Waters are
usually classified according to their chlorophyll concentrations
and a widely used classification considers the following water
types [26] ie., Jerlov-I with C, = 0.03 [mg/mg], Jerlov-1A
with C. = 0.1 [mg/m3], Jerlov-IB with C. = 0.4 [mg/m?],
Jerlov-1I with C, = 1.25 [mg/m?], and Jerlov-III with C, =
3 [mg/m?3].

Also, in Eq. (2) the scattering coefficient b(\) is given
in [24] by

b(\) = 0.005826(400/\)*322
+0.02(400/\)"7C, exp[0.11631(C./C?)]
+0.2602(400/\)°-3C.. exp[0.03092(C../C?)].

“4)

It should be noted that the scattering-induced effect can be
considered as random variable. In [27], the scattering-induced
fading was modeled by Gamma distribution. However, since
there are limitations related to distance and water types, we
adopt the use of the traditional deterministic scattering model
that is verified experimentally.

2) Underwater Turbulence: The PDF of Gamma-Gamma
distributed turbulence channel h,; is expressed as [28]

(a+p8) 5
fhat(hat)zzr(?f))r(;)h;twll(a_ﬂ (2 aﬁhat), (5)

where h,; > 0, K,(-) is the modified Bessel function with
order a, a = [exp(of, ) —1]7%, and 8 = [exp(od,y-) — 1] 71
The oZ, y and o7y indicate the effects of large and small
turbulent scales and they are calculated respectively by [28,
pp-352]

o2 . 0.490%
InX — 7/6° (6)
[140.56(1 + ©1)0"]
and
0.5102
Ty = £ (7

5/6°
(1+06955"°)

where 0% is the Rytov variance of the Gaussian beam, whose
expression is given in Appendix A, ©; = 0 /(02% + A2) [m]
as the beam curvature parameter at the receiver, with ©g as

the parameter of beam curvature at the transmitter, Ag =
2L/kW§E, Wy [m] is the beam radius, ©g = 1 — L/Fy is the
parameter of beam curvature at the transmitter, and Fy [m] is
the curvature’s phase front radius. Notice that in order to model
the wireless optical propagation in a realistic underwater
environment, we use the OTOPS model, as it exploits the
practical values of the water parameters. In Appendix A we
show that the Rytov variance of the Gaussian beam is affected
by the average temperature, the average salinity of the water,
and the co-spectra.
Since we are using IRS application, assuming that we have
a number of N surfaces, then the sum of Gamma-Gamma
random variables can be expressed by a new Gamma-Gamma
random variable [29] and the PDF takes the form of
(s +65s)

: (ast8s) 4
2(%°) © ha” .y
fha,t (h(lt) - F(as)F(ﬁs) K, <2 Nhat)
®)

where v = o, — 5, with as and 55 expressed respectively as

(—0.127 — 0.95c — 0.005873)
(14 0.00124c + 0.988) ’

BSZNB-

3) Pointing error: The PDF of pointing error with asym-
metrical deviations —different in vertical and horizontal
directions— is given in polar coordinates by Hoyt distribution
as [30]

as=Na+ (N —1)

€))

(10)

r%(p)
T 3 = - 3 11
Jreo(r: @) 2rqpo? p[ 202 ] (n
where qg = 0./0s,€ (0,1], with o, and o, as the beam
deviations in orthogonal s = rcos(p) and z = rsin(yp)
directions, respectively, and £(¢) is given as
€(p) = [1= (1 - qf) cos® o] /g3 (12)

Using Eqgs. (11) and (12), the PDF of misalignment is found
in integral form in [30] by

T ni(p)-1
hpl

7]2
fhpl(hpl) = 2’/TqH /

—T

do, 0<hy <Ay (13)

Ag?ﬁ(#’)

where 7, = w./(205), with w, = wy\/v/merf(0)/(20e=¢°),
and wy, as the beamwaist. Also, erf(+) is the error function, o =
v/ %, r, [m] is the receiver aperture radius, Dg = 2 X1, [m]
is the receiver aperture diameter, and Ay = erf?(p).

4) AOA Fluctuations: In underwater environment, as well
as atmospheric medium, AOA fluctuations often result from
a large number of turbulent eddies and random perturba-
tions [31]. For a circular receiver aperture, the fraction of the
power onto the photodetector follows Airy pattern consisting
of main-lobe and side-lobes. It was shown in [32] that almost
all the power of the Airy pattern (e.g., > 99%) is included
in the circle with radius of 25\ and the main-lobe width
is approximately equal to 2.4\, and both values are much
smaller than the size of photodetector radius. The power loss
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due to AOA fluctuations hqy, which can also be called to
link interruption parameter (since link is interrupted when
AOA fluctuations of optical beam fall outside the field-of-view
(FoV)), will take discrete values “1”” and “0” indicating that the
received optical beam is inside the FoV or not, respectively.
The effect of side-lobes remains small and does not yield
an error therefore, ignoring the side-lobes effect, the link
interruption parameter can be expressed by [33]

1
haf =

where 0 is the incidence angle relative to the receiver axis that
shows the random orientation deviations at the receiver plane.
Following Eq. (14), we can utilize the PDF of random variable
04, showing the AOA fluctuations, expressed by Rayleigh
distribution i.e., [33]

0q 62
fuu(0s) = S exp (=% ).

0 0

if 04 <0rov

: (14)
if 04> 0rov,

(15)
where 64 > 0 and 02 represents the variance of 6.

C. Signal Model for IRS-Aided UOWC Link

A signal sent from the transmitting AUV, and reflected
from the IRS, will reach the receiver AUV with the following
expression [5]

N .
¥y= [Z hlﬁ'rnejenh2

n=1

T+ no, (16)

where z is the transmitted signal, h; = g,e 7%~ is the path
gain for the first link connecting the Tx AUV to the n-th IRS
element (where g, refers to the amplitude of the link gain and
¢y, is the phase shift of the transmitted signal from the Tx
AUV impinging the n-th IRS element), and hy = u,e 7¥»
indicates the path gain for the second link connecting the n-th
IRS element to the Rx AUV (where u,, refers to the amplitude
of the link gain and ¢,, is the phase shift of the transmitted
signal from the n-th IRS element to the Rx AUV), §,.,, € [0,1]
is the reflection coefficient of the n-th reflecting element of
the IRS (with n = 1,...,N), 6,, € [0,27] is the phase shift
caused by the n-th reflecting element, and nq is the additive
white Gaussian noise (AWGN) with zero mean and variance
o2. By setting 0,, = ¢,, + ¢, in order to maximize the SNR,
the received signal becomes

N
Yy= Z gnﬁrnunx + no.

n=1

a7)

Assuming that all the reflecting elements of the IRSs are
identical with same reflection coefficient i.e., 5,,, = [3,-, in case
of heterodyne detection scheme the instantaneous electrical
SNR will take the form of

N
v = (Z h”,> B,.P;o?,
n=1

where P; is the average transmitted electrical power. Eq. (18)
leads the instantaneous SNR as v = 7Fh/E[h], where 7 is
the average SNR defined as ¥ = E[h]f3,P; /o2 for heterodyne

(18)

detection, and h = Zﬁle hy, is the combined total effective
channel (where h,, is the attenuation of the n-th effective
channel and it can be expressed by h, = hqai, hat, Ppi, Pay,
according to the channel model given in Eq. (1)), with
hy, = gnuy. On the other hand, using IM/DD scheme, the

instantaneous SNR becomes

N 2
Y= <Z hn) /3;2’])752/03’

n=1

(19)

that yields the instantaneous SNR as ~ = 7h?/E[h?],
where 7 = E[h?|32P? /o2 is the average SNR for IM/DD
detection. Finally, combining Eq. (18) and (19), and unifying
the power-dependent expressions of the average SNR i.e.,
5 = E[h"|BLP] /o2, the unified instantaneous SNR can be
written by

Y= Th " )

(20)

where 7 = 1 and r» = 2 correspond to heterodyne and IM/DD
detection schemes, respectively. Without loss of generality,
we have normalized the expected value E[A"] to unity which
allows us to focus on the effects of other parameters without
the added complexity of channel gain variability.

III. UNIFIED UOWC CHANNEL FUNCTION ANALYSIS

In Eq. (1), the term hgy represents the link interruptions
resulting from AOA fluctuations at the receiver plane [33] and
it behaves like a filter having values “1” and “0”. The angle of
the radial displacement vector between the optical beam axis
and the center of receiver plane i.e., the orientation deviation
04, results in pointing error loss on the beam intensity multi-
plied by cos fy. The angle 6, causes the conditioned PDF of
hpi as hyg,. Given that the attenuation h,; is deterministic,
while turbulence h,; and pointing error hy,; are probabilistic,
and also defining hoy = haihathpi, the PDF of hgg can be
conditioned over 6, i.e.,

fhagIBd(hag) :/fhag\ed,hat(hag)fhat(hat)dhat

[ frac(har) hag @D
= thplwd dhat,

l
where A; = hgy/(Aohgicosby). It is worth mentioning

how A; is obtained here. The validity range of %, becomes
[0, Ag cos 8,4] after conditioned on ;. Using the relationship

hag = haithathp, the upper bound h, can be written as
hy = hhl“hg - < Agcosby. Since Eq. (21) is over hy, the

lower bound of h,; can be taken out as h,; > M}%,
which we call A;. Also, since we define hog = haihathp for
mathematical analysis, it should be noted that fj,, |g,(hag)
does not include the effect of h,¢ that is used to build
the expression of the PDF of the total channel given in
Eq. (B.4). In Eq. (21), the conditional PDF f, |9, (hy1), with

Rag .
o = hpr, will be

n? hnlif(v)—l
hp) = — - dep.
fhpl 19 ( pl) 27TqH / (A() COS Gd)’ﬁf(‘ro) 7

—Tr

(22)
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Using the derivation steps given in Appendix B, the PDF of
the combined total effective channel will be obtained as

1w (“%2)] 7
) = T @aT Gy i/~d¢
30 [ asBsh | 1+ n2(p) Orov
x G1,3 (NAOhal T’eg( ) Oésyﬂs) +6(h) eXp( 20’0 ) ’
(23)

where G (-) and §(-) are the Meijer’s-G and Dirac-delta
functions, and 0oy is the FoV. The unified PDF of instan-
taneous SNR + can be found by using the relationships given

in Eq. (20) i.e.,
v\ |dh
Ol
which can be rewritten as

i [1-eo ()] 7
2rmquT (o)L (Bs)

—1,+3,0 asﬁs z % (25)
T GLB (NAOhal (’7) sg( ) a&ﬁs)

[0 e ().
ryrytTe [\ 204

Notice that Eq. (25) represents the analytical expression of
channel PDF, which changes in a closed-form in case of gz =
1. This consideration applies also to the analytical expressions
related to the BER, OP, and the channel capacity, derived in
the following section.

The CDF of the instantaneous SNR can be obtained by
using the following expression i.e.,

() = fn (24)

f(0) = ®

1+ n2E(e)

Y

F,0) = [ @)

0

(26)

which, after some derivations given in Appendix C, becomes

) @7
0

n? |1 — exp —QZ“TOS" 7
Filn) = mea(s)rws))] [ o

asﬁs 1,1+ 7735(‘»0)

x Gob [ = (7> i
2.4 <NAOhal 7 77?6(@)70‘57587

2 1
vesn (o) | (2)'].

where H(-) is the Heaviside function.

IV. PERFORMANCE METRIC DERIVATIONS

From the expression of the CDF of SNR, the outage proba-
bility OP, which is defined as the probability of instantaneous
SNR being lower than the defined threshold SNR, can be found
by

Py = PY(V < 'Yth,) = F’Y (Vth)- (28)

Substituting Eq. (27) into Eq. (28), the OP of IRS-aided
UOWC link will be in analytical form as

o) 7,

out = 2mquT (as)T(Bs) F
oo [ _sBs 3\ 7| 1,14 n2(p) (29)
2.4 NAOhal 7 7735(%0)»055,5&0
+ ex _e%ov
P 208 )

A unified BER expression that permits to evaluate different
types of modulation was obtained in [34]

(oo}
Ny

L(p, qiy) £+ (7)d, (30)

=17

where I'(a, b) is the upper incomplete Gamma function and the
parameters p, d,, n, and g; are given for different modulation
types in TABLE I, whose values come from [34]. Following
the derivations given in Appendix D, the average BER can be
found as

Ta3+65*2§£77§ [1 — exp (*0125’0\//20'8)]

P, = 2(277)7"qHF(O(s)F(5s)F(p)

s Na
[#%
e =1

3,2 L1—p, A(L+n2E(p) 1)
X Crizarn (Ar AGEE(S) 1, Ao 1), AR, 11,0
N0z 0Fov
T eXp( 202 )
(€29)
where A, = |« sﬁs/(Nthalr ql )] and A(y : x) =
y y+l “.7y+r*

Finally, according to [35], the unified expression for channel
capacity including both heterodyne and IM/DD detection
schemes can be written by

1

C2E
1n2

E [logs (1 + )] / (1 + &) fy(7)dv, (32)
0

where E[-] denotes the mean value, and ¢, = {1,5=} for
heterodyne (i.e., r = 1) and IM/DD (i.e., » = 2) detection
schemes, respectively. Based on derivations given in Ap-
pendix E, the ergodic channel capacity is found to be

a_ ras+ﬁs—2n§ [1 — exp ( FOV/QUO /d(p
S

In2(2m)" g (as)T
3r+2,1 0,1 A(1+77§§(<P) r)
X Crizires <A AmE(p) i 1), Aag 2 7), A(Bs : 7),0,0
(33)
where A, = [« éﬂs/(thalrQ./\/'cjﬁ%)]T and Ay : z) =
y y+l U =t
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TABLE I: Parameters in Eq. (30) for different modulation scheme, [34].

Modulation Scheme | Detection Type | p | bz | Ny | @
BPSK | | 1/2 | 1 | 1 | 1
M-PSK | Hewrodyne | 1/2 | gy | max (81) | sin? (2505 ) logy M
M-QAM | 12 | et (=) | 2 | B s,
00K | MDD | 1/2 | 1 o 1/2

V. ASYMPTOTIC ANALYSIS

Asymptotic expressions generally simplify complex math-
ematical formulations, making them more tractable, espe-
cially in high SNR conditions where exact expressions are
challenging to handle. They provide valuable insights into
the fundamental behavior and limitations of optical wireless
communication systems, helping to identify key factors that
dominate performance in high SNR regimes. Since achieving
a high SNR is crucial for reliable UOWC, we will give the
variation of the OP and the average BER performance in high
SNR regime by approximating the analytical solutions.

A. Outage Probability

According to the derivations given in Appendix F, the
asymptotic expansion of OP is found to be:

i 1 e (- ””)} .
Poutysn = 2qu T (as)T(Bs) / ZT dy
2
+ exp (—%;;) ,
0
(34)
where
1\ 126(®)
. Llas = mi&(@)T(Bs = n3€(0) [ asBsvin
n3& () NAoha ’
(35)
I'(Bs — o) asﬁs'yt%h -
Ty = 36
* T RE) — o) (M%m;) -9
1\ Bs
( ﬁ8> O‘Sﬂs')’t?ﬁ
Yo = 37
3 QG(TE&(@) - ﬂs) <NA0h(Ll ,
and
2
0; = {"Si(*”), 2, fi} (38)

B. Average BER

According to the procedures given in Appendix F, the
asymptotic expression of the average BER in high SNR regime

TABLE II: Parameters adopted in the simulation results.

Symbol ‘ Value H Symbol ‘ Value
A 417 nm (T) 20°C
L 40 m (S) 30 ppt
Wo 1 mm H —0.2°C.ppt~!
Fy 00 qH 0.7
D¢ lcm Wh 5 X1,
Orov 70 mrad 0o 12 mrad
¥ 40dB Os 1Xrg
Ve 2dB C, 0.03 mg/m?®
£ 10~° m?/s3 N 10
XT 107°K?/s Br 0.8

can be obtained as
b8 (1 - exp (—0Foy /200)]
2(2m)"quT (as)T(Bs)T(p)

] 3 (1o ac 257 o (22

=1 j5=1
where A, = [asﬁs/(thalrqul%W%)], and b;, B; are defined
in Appendix F.

(39)

VI. RESULTS AND DISCUSSION

This section provides both analytical and asymptotic results
the OP, the average BER, and the ergodic channel capacity of
an IRS-aided UOWC system. Results have been carried out
both for heterodyne and IM/DD detection schemes, for various
parameters. The accuracy of the obtained results is verified by
using MC simulations with a set of [105,107] realizations.
The chosen environmental, beam and system parameters are
given in TABLE II, while any different parameters are given in
either figure captions or in the figures. Since violet-blue region
of the visible light spectrum presents the lowest absorption
effect (i.e., highest transmissivity) in underwater medium, the
wavelength of the optical beam is selected as A = 417nm.
While the optimum distance is around L ~ 10 — 20m,
we consider a longer distance as L = 40m to observe the
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Fig. 2: OP variation versus the number of IRS elements and different link
lengths, in case of (i) IM/DD (dashed lines) and (ii) heterodyne detection
schemes (solid lines). Circle markers refer to MC simulations.

benefit of IRS at challenging conditions. The energy and
temperature dissipation rates, the average temperature and
salinity concentrations are selected for their moderate levels
as ¢ = 107° m?/s3, xr = 107° K?/s, (T) = 20°C, and
(S) = 30 ppt, respectively, which represent typical values in
underwater medium [26]. To avoid the larger beam divergence,
Gaussian beam is selected to be collimated and narrow having
Wy = 1 mm radius. Chlorophyll concentration is selected for
the Jerlov-I water as C. = 0.03 mg/m® which corresponds
to the clear water. Due to the challenging nature of the
underwater medium, the required average SNR for optimum
performance metrics remains high therefore the average SNR
is chosen at high level as 7 = 40 dB.

We assume each element of the IRS is sufficiently large and
statistically independent to reflect the incoming optical signals
effectively. This assumption is based on typical practical de-
ployments where IRS sizes are designed to cover a significant
area for effective signal manipulation. In most recent works
it is assumed that the entire IRS is illuminated by the beam
of the transmitter. Indeed, due to the electrically-large size of
the IRS at optical frequencies, the reflected wave can often be
modeled as a narrow beam. However, as the optical intensity
of the transmitter increases, the beamwidth becomes narrower
and the footprint on the IRS becomes smaller. With increasing
intensity, the IRS area is only partly utilized, consequently
affecting the desired received intensity [36]. In [10], it was
expressed that the beam reflected by the IRS is a truncated
Gaussian beam, whose width depends on the angles of incident
and reflection and is confined to a truncation region, outside of
which the reflected optical power is negligible. The required
IRS size to avoid the beam truncation is dependent on the laser
beam size and the sways of platforms on which transmitter
and IRS are mounted. In case of beam truncation by the IRS
surface, the incident optical intensity residing beyond the IRS
area cannot be captured by the IRS, leading effectively to
intensity loss. A common assumption in the literature is an
IRS with dimensions of tens of cm or larger will be sufficient

1%

Fig. 3: OP variation versus the average SNR for different values of the number
of IRS elements, in case of (a) heterodyne and (b) IM/DD detection schemes.
Circle and square markers refer to MC simulations and asymptotic trend,
respectively.

to avoid beam truncation [10]. For larger IRSs, some parts of
the IRS are not illuminated with significant optical power, and
therefore, do not contribute to the received signal. To give a
practical example, assuming an IRS of 10 cmx10 cm size,
comprised of N' = 100 elements, then a single element (i.e.,
N = 1) means it has a size of 10~* m?.

Fig. 2 illustrates the achieved OP in case of an IRS-aided
UOWC system working in heterodyne (solid lines) and IM/DD
(dashed lines), versus the number of IRS elements and for
different link lengths. It is revealed that the performance of
the outage probability improves with the application of IRS,
and also increases with the number of IRS elements. While
the OPs for both heterodyne and IM/DD detections decrease
quickly until a certain value of IRS number, e.g., N ~ 50, then
the decrease of OP for both detection types becomes slower
with the increase of the number of IRS elements. It follows
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Fig. 4: OP variation versus the average SNR for different values of the beam
asymmetry ratio qp, in case of IM/DD and heterodyne detection schemes.
Circle and square markers refer to MC simulations and asymptotic trend,
respectively.

that the outage performance in case of heterodyne detection
outperforms those achieved with IM/DD detection scheme.
Furthermore, while the OP of longer distance takes higher
values, the UOWC system benefits from the IRS application
for all distances. Notice that in heterodyne detection the opti-
mal number of IRS elements to reach the outage probability
of 1076 for a link length of 50 m is N = 30, while N' = 12 is
the optimal value for a link length of 20 m. On the other side,
for IM/DD we cannot reach an outage probability of 1076
until A/ = 100 elements. However, considering an outage
probability of 10~ the optimal number of IRS elements for a
link length of 20 m is N = 60, while N' = 85 is the optimal
value for a link length of 30 m. Finally, from Fig. 2 we observe
the consistency between analytical and MC simulation results
that shows the accuracy of our derived results.

Fig. 3(a) and (b) depict the outage performance of an
IRS-assisted UOWC link depending on the average SNR for
various IRS element numbers, in case of heterodyne and
IM/DD schemes, respectively. The undeniable benefit of IRS
application can be seen. Using IM/DD detection scheme and
keeping the average SNR as 7 = 40dB, the OP takes the
values of ~ 7.5 x 1071, ~ 1.1 x 1072, ~ 4.4 x 10~* and
~ 1.2 x 10™* for the number of IRS elements N = 1,
N =10, N = 50 and N = 100, respectively. On the other
side, with heterodyne detection scheme, the OP is strongly
reduced till reaching ~ 4.23 x 107% at 5 = 50 dB for
N = 100. Notice also that with heterodyne detection, the
slope of the OP is faster than the curves obtained with IM/DD
for a fixed number of IRS elements. Heterodyne detection
benefits from the coherent detection process, which allows
for the effective filtering and amplification of the signal that
significantly reduce the impact of noise. The observed faster
slope for heterodyne detection compared to IM/DD is primar-
ily due to the enhanced sensitivity and superior noise rejection
capabilities of heterodyne systems. This characteristic leads

O@—
10 —uwp/re =5
—wp/Te =8
—uwp/re =10
wy/Tq = 15]]

0 20 40 60 80 100
7 [dB]
(@)
Op—e— ‘
10 - —wb/ra =5
—wy/Te =8
—uwp/re =10
of TR wp/rq = 15]
10 i ;
\
\
|
a4l R
10 -
[
|
|
0
[
|
|
\
-8 |
10
0 20 40 60 80 100
7 [dB]
(D)

Fig. 5: OP variation versus the average SNR for different values of the
beam waist wy, in case of (a) heterodyne and (b) IM/DD detection schemes.
Circle and square markers refer to MC simulations and asymptotic trend,
respectively.

to a more rapid improvement in signal quality as conditions
improve, thereby resulting in a faster decrease of the outage
probability. Finally, for 7 > 60 dB in case of heterodyne and
for N > 1 the OP shows a flat trend at ~ 4.1 x 10~8. Still on
the OP, Fig. 4 shows the trends of the OP depending on the
misalignment of the pointing error ¢z . For increasing values of
qm, the OP increases, maintaining the curves with heterodyne
always lower than those achieved with IM/DD. Both the MC
simulations and the asymptotic trend are in line with the OP
curves, then assessing their correct behavior.

In Fig. 5, the effect of beam waist on the outage perfor-
mance of IRS-assisted UOWC system is plotted. It is observed
that UOWC system can benefit from beam waist up to a certain
level due to increased possibility of captured irradiance by



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. XX, NO. X, APRIL 2025 10

10°

1 10 20 30 40 50 60 70 80 90 100
N

Fig. 6: Variation of the average BER for IM/DD modulated UOWC system
versus the number of IRS elements, for different values of the reflection
coefficient ;.. Circle markers refer to MC simulations.

Fig. 7: Variation of the average BER versus the average SNR 7, for different
modulation schemes. Circle and square markers refer to MC simulations and
asymptotic trend, respectively.

the receiver. However, a further increase causes performance
degradations. Indeed, excessively large beams spread out too
much, resulting in reduced intensity and more significant
spreading losses at the receiver. The broader beam may
also encompass more environmental noise and interference,
reducing the overall signal quality and SNR. For example, in
Fig. 5(b) for 7 = 50 dB and IM/DD detection scheme, the OP
of IRS-assisted UOWC link decreases from ~ 1.4 x 1073 to
~ 2.1x107? with the increase of beam waist from wy, = 5X 1,
to wp, = 10 x r,. However, by further increasing the beam
waist to wp = 15 X r, it yields distorted performance with
OP ~ 1.4 x 1073 that is same with that of wj = 5 X rq. This
result shows that a certain level of beam waist may be useful
if it can be optimized. Similar consideration apply to Fig. 5(a)
for heterodyne detection, showing better performance than the

0.
10", —Jerlov — I
—Jerlov — TA
—Jerlov—IB
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10‘2 —Jerlov — 111
g
Q104
S
I e

10
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Fig. 8: Variation of the average BER for 8-phase shift keying (PSK) modulated
UOWC system versus the average SNR and for different Jerlov water types,
with a fixed link length i.e., L = 20 [m]. Circle and square markers refer to
MC simulations and asymptotic trend, respectively.

IM/DD case.

Fig. 6 focuses on the effects of both the number of IRS
elements and the reflectivity of the surfaces on the average
BER performance of IRS-assisted UOWC link for IM/DD
detection scheme. Mounting an IRS equipment including
N = 50 surfaces, the average BER takes the values of
~ 1.69x 1072 and ~ 9.56 x 10~° when the reflectivity of IRS
elements changes from /3, = 0.2 to 5, = 1. This implies that
the reflectivity of IRS elements in UOWC remains important
and maximizing the reflectivity through design techniques
and optimization algorithms will increase the efficiency of
IRS application for overcoming the challenges associated with
UOWC. Also, the higher the number of IRS elements the bet-
ter performance trend is seen in Fig. 6. We compare different
modulation and detection types in terms of their average BER
in Fig. 7. While heterodyne detection outperforms IM/DD
in all cases, the best average BER performance is obtained
for binary phase shift keying (BPSK) modulation type among
the selected modulation schemes. The average BER takes the
values of ~ 3.59 x 1072, ~ 9.85 x 1076, ~ 2.75 x 1076,
~ 2.14 x 1079 and ~ 7.58 x 10~ 7 for on-off keying (OOK),
16-PSK, 16-quadrature amplitude modulation (QAM), 8-PSK
and BPSK modulation schemes respectively when the average
SNR is fixed to 7 = 40 dB. Although the best performance is
obtained for BPSK modulation scheme the choice of the most
appropriate modulation scheme should be carefully considered
based on the implementability, the specific requirements, and
the constraints of the communication system.

The variation of the average BER of IRS-assisted UOWC
system using 8-PSK modulation scheme versus the average
SNR is plotted in Fig. 8 for different water types. Since waters
are classified according to their chlorophyll concentrations, the
smallest average BER value is obtained for the water whose
chlorophyll concentration is the lowest i.e., Jerlov-I with the
chlorophyll concentration C,. = 0.03 [mg/m®]. For 5 = 50 dB,
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Fig. 9: Variation of the average BER for a BPSK modulated UOWC system
versus the average SNR and for different beam misalignment values. Circle
and square markers refer to MC simulations and asymptotic trend, respec-
tively.

the values of average BER are ~ 6.5 x 1071, ~ 1.2 x 1071,
~ 1.88 x 107% ~ 6.03 x 107® and ~ 3.94 x 107% in
Jerlov-111, Jerlov-II, Jerlov-IB, Jerlov-IA, and Jerlov-I waters,
respectively. We observe the drastic performance destroying
effect due to the strong absorption and scattering in wa-
ters with higher chloropyll concentrations (i.e., Jerlov-II and
Jerlov-III waters). To see the effect of pointing error on the
performance of IRS assisted and BPSK modulated UOWC
systems, we present Fig. 9. It is observed that the pointing
error poses significant degradation to the performance of
UOWC systems. As the beam misalignment increases, there
is a notable decrease in the received irradiance strength and a
corresponding rise in the average BER. Keeping the average
SNR as 7 = 40 dB, the average BER jumps from ~ 2 x 108
to ~ 2.7 x 1072 when the beam misalignment rises from
0s = 1 X ry (blue line) to o5 = 5 X r, (magenta line). This
finding underscores the importance of maintaining the precise
beam alignment in underwater medium to avoid pointing error-
induced performance degradation.

To verify the importance of FoV, the average BER perfor-
mance of a 16-PSK modulated UOWC system is presented
in Fig. 10. We observe the average BER decreases with the
increase of the FoV, however the performance saturates and
maintains its constant values when the FoV exceeds a certain
value. For instance, the average BER keeps its fixed values
when Opoy 2 40 mrad and 0poy = 70mrad for N =1 and
N = 30 respectively. The benefit of using IRS is also seen
obviously in Fig. 10, where the average BER is reduced from
~ 1.4x1072 to ~ 1.19x 10~ with the increase of the number
of IRS elements from N =1 to N' = 30 for the fixed value
of 0roy = 70mrad, which means that it is not necessary to
enlarge the FoV too much to obtain the optimum performance,
instead the optimized value of FoV will be sufficient.

Fig. 11, Fig. 12 and Fig. 13 present the ergodic channel ca-
pacity of the IRS-assisted UOWC link for both heterodyne and
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Fig. 10: Variation of the average BER variation for 16-PSK modulated UOWC
system versus FoV and for different values of the IRS elements. Circle markers
refer to MC simulations.
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Fig. 11: Variation of the channel capacity versus the average SNR for different
number of the IRS elements, in case of (i) IM/DD (dashed lines) and
(ii) heterodyne detection schemes (solid lines). Circle markers refer to MC
simulations.

IM/DD detection schemes depending on various parameters.
In Fig. 11, keeping the average SNR at y = 60 dB, for IM/DD
detection scheme the ergodic channel capacity varies from
C = 4 [bits/s/Hz] to C ~ 13.64 [bits/s/Hz] with the increase
of the number of IRS elements from N = 1 to N/ = 20,
respectively. The effect of random orientation deviation result-
ing from AOA fluctuations on the ergodic channel capacity
is given in Fig. 12. Applying heterodyne detection scheme
and for ppoy = 20 mrad, the increase in the orientation
deviation from oy = 8 mrad to o9 = 15 mrad yields to the
ergodic channel capacity reduction from C ~ 9.27 [bits/s/Hz]
to C =~ 5.71 [bits/s/Hz], respectively. Also, increasing the FoV
angle, the channel capacity reaches its maximum value after
~ 40 mrad, which is then maintained constant.
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Fig. 12: Variation of the channel capacity versus the FoV for different AOA
deviation, in case of (i) IM/DD (dashed lines) and (ii) heterodyne detection
schemes (solid lines). Circle markers refer to MC simulations.

Finally, the variation of ergodic channel capacity depending
on optical beam wavelength in different Jerlov water types is
indicated in Fig. 13. The channel capacity takes its lowest val-
ues in Jerlov-1I type water, which has the highest chlorophyll
concentration. The channel capacity maintains almost at the
0 level in Jerlov-II type water for IM/DD detection scheme
in all visible spectrum. Since the attenuation coefficient in
underwater is strongly dependent on the wavelength [25],
as well as the chlorophyll concentration, the violet, blue
and green regions of the visible spectrum yield the highest
channel capacity in which the absorption effect remains less
when compared to other regions (e.g., yellow, orange and
red). For instance, using the heterodyne detection scheme
and A = 420 [nm], the ergodic channel capacity remains
at higher levels in Jerlov waters (I, IA, IB and II) as C =
10.76 [bits/s/Hz], C ~ 9.91 [bits/s/Hz], C ~ 6.53 [bits/s/Hz]
and C ~ 0.17 [bits/s/Hz] respectively.

VII. CONCLUSIONS

IRS are becoming a remarkable alternative to provide re-
liable communication in underwater medium in case of lack
of LoS connectivity. In this study, the performance of an IRS-
assisted UOWC system is investigated in terms of OP, average
BER and ergodic channel capacity, under the assumption
of multiple attenuation losses such as underwater optical
turbulence, pointing error, and AOA fluctuations. A unified
channel model is derived, working both in case of heterodyne
and IM/DD mode. The analytical expressions of the channel
PDF and CDF are obtained, from which we derived the
analytical expressions of the average BER, OP and the ergodic
channel capacity. Furthermore, we derived the asymptotic
expressions of the average BER and OP. From the achieved
results, it is observed first the superiority of heterodyne over
IM/DD, and then that implementing IRS-aided UOWC links
with a sufficient number of metasurfaces causes a significant
improvement in the performance, especially for increasing

12 ; ; —Jerlov — I
I I |—Jerlov — ITA
: : —Jerlov — IB
10 gre—eo—0- 0009 0 Jerlov — IT

[e2]

C' [bits/s/Hz]
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Fig. 13: Variation of the channel capacity versus wavelength for different
Jerlov water types and a fixed link length (i.e., L = 20 [m]), in case of
(i) IM/DD (dashed lines) and (ii) heterodyne detection schemes (solid lines).
Circle markers refer to MC simulations.

values of the reflectivity factor. Results show also that the
performance of an IRS-assisted UOWC system benefits from
asymmetrical (when vertical and horizontal deviations are
different) beam deviations rather than symmetrical case. The
effect of beam waist is shown to be beneficial for IRS-assisted
UOWC system up to a certain level since the probability of
received irradiance falling onto photodetector increases. It is
also confirmed that keeping the SNR as high as possible is
crucial for underwater optical communications and the IRS
application together with the higher SNR sharply improves
the performance in different water types. The performance of
the IRS-aided UOWC link in case of different water types is
presented, showing variable trends for different wavelengths.
Of course, the trade-off between the number of IRS elements
and the associated computational cost should be defined to
optimize the system performance. Finally, as future work, we
could investigate other modulations such as the pulse position
modulation (PPM), as alternative to IM/DD. Specifically,
variable-weight multiple PPM (vw-MPPM) [37] is expected
to provide good performance thanks to its relation to the
minimum Euclidean distance among codewords.

APPENDIX A
RYTOV VARIANCES

The Rytov variance of Gaussian beam that is also scintilla-
tion index in weak turbulence regime is given in [28, pp.263]
as

1 0

242
0% :87r2k2L/d§/n<I>n(n) exp <A1L]:€>
0 (A.1)

0
X {1 — cos {L;jf(l —@15)} }d/{,

where ¢ is the normalized distance parameter, ~ is the magni-
tude of the spatial wave number, k = 27/ is the wavenumber,
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and Ay = Ao/(©3 + A3) is the Gaussian beam’s Fresnel
ratio at the receiver. According to OTOPS turbulence power
spectrum model [20], the ®,,(x) is given by

P, (k) =A’®p + B*dgs + 2ABD g, (A.2)
where A = W and B = % are the linear

coefficients depending on the average temperature (7') and the
average salinity concentration (S), according to n(T', S, A) that
is the refractive index of the underwater medium. Also, @,
g and g denote the temperature, salinity, and co-spectra,
respectively, which are given by

—1/3,.—11/3. .
i) = 2T TG 4“ X114 2161 (1) 061 002
™

718.18(/-177)0‘550?‘04] exp [7174.9(/-@77)20?‘96} ,

with ¢ € {T,S, TS}, 8o = 0.72, ¢ is the energy dissipation
rate, Y is the temperature dissipation rate, x5 = d,x7/H?>
and xrs = 0.5(1 + d,)xr/H are the dissipation rates for
salinity and co-spectrum, respectively. Also, d,. is the eddy
diffusivity ratio, H is the temperature-salinity gradient ratio,
and the ¢; parameters are expressed as

cr = 0.0724/38, P71
s = 0.072%/35,8 1
5 =0.072Y/38 £x+5e
where P, and S, are the Prandtl and Schmidt numbers,

respectively. The eddy diffusivity ratio that is used for yg
and xrg calculation is [38]

(A3)

, (A4)

R, +R%5 (R, - 1), R,>1,
d, = § 1.85R, — 0.85, 05<R,<1, (A)S)
0.15R,, R, < 0.5,
where R, |H|ar/Bs is the density ratio, ap is the

thermal expansion coefficient, and g is the saline contraction
coefficient. The OTOPS is a comprehensive model with many
parameters working behind it. We will not go into details here
due to page limitations, but it would be helpful for the readers
to refer to the references [20] and [39] for further details.

APPENDIX B
CHANNEL PDF DERIVATIONS

Inserting Egs. (8) and (22) into Eq. (21), we have

5. (as;rﬁs)
2 <" ) A n2&(p)—1
fh |6 (hag) ns / hag df
ol QWQHF(O‘8>F(65) (AOhal Cosed)nsg(%)
[, o B
(s B5) 200V 1 s
X /hat 2 m:¢(¢) K(Jts—ﬁs <2 Nhat> dhat'
A
(B.1)

Using the conversion K, (z) = 1G(2)8
Eq.(14)] and then applying [41,

L
4

a/2, —a/22 (40,
Eq.(07.34.21.0085.01)]

to take h, dependent integral then applying [41,
Eq.(07.34.17.0011.01)] for simplification, Eq. (B.1) becomes
271
P
ha — s Tag
fhagwd( g) QWQHF(QS)F(ﬂs)

B.2
sﬂehag ( )

3,0 (O FYOF
% /G1’3 (Nthal cos 0y

—T

1+ n2¢(p) )
n2&(p), o, Bs de.

Then, the PDF of the combined total effective channel can be
calculated by using

o0

fuh) = / ot i 9 (1) o, (64)d6.

0

(B.3)

Since h, ¢ takes the discrete values of “1” and “0” as given in
Eq. (14), the PDF of the total channel state can be expressed
in two parts as

Orov
fu(h) = Shagloa(h) fo,(0a)d0q + 6(h fo.(04)d0q,
0/ 9F[v

(B.4)

where the first and second terms reflect the effects of AOA
within and outside of the receiver’s FoV, respectively [42],
d(+) is the impulse function and §(h) accounts for any possible
non-zero contributions in case of h,y ~ 0. On substituting
Egs. (15) and (B.2)) into Eq. (B.4), we obtain:

nah”!
2mquT(as)T(Bs)

asﬁs
/G (J\/Ao ha1 cos By

Orov

0y —24 T o0, -4
v / V4 =228 49, + 5(1) / b4 =223 4,
99 )
0

Orov

fu(h) =

1+ n2¢(p) )d

n2E(), s, B (B.5)

Using small angle approximation i.e., cosf; =~ 1, and then
applying [43, Eq.(3.381-8)] to the first 8,; dependent integral,
and then applying [43, Eq.(3.381-9)] to the second 6, depen-
dent integral in Eq. (B.5), the PDF of the effective channel
will be obtained as given in Eq. (23).

APPENDIX C
CHANNEL CDF DERIVATIONS

Inserting Eq. (25) into Eq. (26), we have
f o

nZ [1 —exp (—0%0y /207)]
r2mqu T (as)T(Bs)

Fv('}’) =

~
></ —1G30

aB(x/7)"
NAO al

1+ n?&(w)] dz

n2é(p), o, 8
(C.1)
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Converting variables as t = z+ and applying [40, Eq. (26)] for
7,, and moreover, applying variable conversion as t = (x/ 7)
for 7, will yield the CDF of instantaneous SNR as given in
Eq. (27).

APPENDIX D
AVERAGE BER DERIVATIONS

Inserting the unified channel PDF in Eq. (25) into Eq. (30)

Fov/200 / i
S

6,m2 [1 —exp (—

P =
N rdngpl (as)T(
1+ 12¢(0) }
X La)GYS [ A s d
/7 (- ar7) 13 |: U?f(@)»as,ﬂs
0 (D.1)
ng X
bz exp (— FOV/2JO L'(p, QI’Y
20 (p) -t Oy
7’7 =17
Iy
1
where A, = 289" and A, = (’y/i)% For Z,, changing
NthaL’YT

variable as # = (y/7)+ and using fo (2)f(z)dz = f(0)

for 4(.) function, Eq. (D.1) becomes

02

p o Gana ~Taw du} [1 - exp (“Ohoy /200)]
° 2I(p) rdrqy T (as)T(Bs)T(p)
L®.av) 1+77€(s0)
X/dwlz;o/ {A 2(p mwj dv
s

(D.2)

According to [41, Eq.(06.06.26.0005.01)], the upper incom-
plete Gamma function in Eq. (D.2) can be written in terms

of Meijer-G function as I'(p,qiy) = Glg (qyy‘ol ) In-

serting this expression into Eq. (D.2) and then applying [41,
Eq.(07.34.21.0013.01)], the average BER expression including
both heterodyne and IM/DD detection schemes can be found
as given in Eq. (31).

APPENDIX E
CHANNEL CAPACITY DERIVATIONS

By inserting the unified channel PDF expressed in Eq. (25)
into Eq. (32), we get
[

14+ n2(p)
n2E(p )as,ﬁs]d

7 nZ [1—exp (=030 /203)]
r2In2mquT (as)T(Bs)

oo

></lnl—i—cr'y |:Aa

2 o0
+ige (200 ) [0 58 )0,

7’7?'}/1_ r

(=)

(E.1)

Zs

To solve integral Zg in Eq. (E.1), changing variables as x =
(v/7)* and then using the IS 8(x) f(x) = f(0) for Dirac
delta function will yield Zg = 0 and Eq. (E.1) becomes

9%0\//203)} [
r21In2mquT (as)T(Bs) /dgo

7ln 1+crv |:Ab 1§_(|_7§ i( )ﬁ}d’y. (E.2)

X

0

Is

According to [40, Eq.(11)], the logarithmic term in integral Zs
of Eq. (E.2) can be expressed through Meijer-G function as

1,1
In(1+ ) = Gy’ (Cw 1 0)

Inserting Eq. (E.3) into Eq. (E.2), then using [41,
Eq.(07.34.21.0013.01)] with tedious calculations, the ergodic
channel capacity for UOWC link can be obtained as given in
Eq. (33).

(E.3)

APPENDIX F
ASYMPTOTIC DERIVATIONS

A. Outage Probability

According to [44, pp.9], a relationship between H-and
Meijer-G function is given as

m,n (alac)7 (apvc) l m,n Liay, y Ap
Hpa (z (01,C), ..., (b, C) =t *° b, ..., b
(F1)

Then, the OP in Eq. (29) can be expressed by

2 [1—exp (<03oy/203)] [
P e A
e | B | (L), (4 (), )

20| 7 Aghary = | (26(2). 1), (a5, 1), (B0 1), (0, 1)

+ exp <— 92FOV> .
203

It is shown in [45, pp.19] that the asymptotic expansion of
H-function can be obtained by

(F2)

.
while h;‘ coefficients are
I B T ~ Qg
Ir (bz b; m) Ir (1 a; +b; ﬁj)
Bt — i Z#J
i 5] a; 4 Bi .
‘7H I (CLZ‘ — bjE) _7H T (1 — bz‘ + b]E)
1=n+1 1=m-+1
(F.4)

Applying Egs. (F.4) and (F.3) to Eq. (F.2), the asymptotic
expansion of OP is obtained as given in Eq. (34).
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,ras-&-ﬁs—?’émng [1 — exp (—e%ov/QU(%)]
2(2m)"quT (as)L(Bs)I(p)

()]s

P, =

37,2
X H.U5 5011

AGRER) 1),

B. Average BER

Using Eq. (F.1), Eq. (31) can be written as given in
Eq. (F.5). Then, using the following structure

(@i, )1

Hy" |2 [ (bi, B

] Zh*A’% A, =0, (E6)

1
where A, = [aﬁ/(thQZTQJ\/'q[W%)}, according to Eq. (F.5)
it can be seen that the parameters in Eq. (F.6) are expressed
as

a1,a2,...,0,42 =1,1—p, ... A(l —|—77§§(<p) :r), (E7)
bi,ba, ... b3y = A(nif(gp) ), Alas :r),A(Bs : 1),...,0,
(E.8)
1
al?"')a’l’+2:ﬁl7"-aﬁ3r+l:;7 (F9)
and
2
Hf(b =b;) [T (1 —ai+b;)
i=1 =1
T ) F.10
hj _Tr+2 3r+1 : ( )
[[1T(a;=b;) IT T(1—bi+by)
i=3 i=3r+1

Following the above aforementioned equations, the asymptotic
expansion of average BER is found as given in Eq. (39).
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