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Abstract
Underwater optical wireless communication systems offer a promising alternative to traditional
acoustic methods for achieving high data rate transmission. However, the propagation of optical
waves in underwater environments is severely impacted by oceanic turbulence, leading to
intensity fluctuations and consequent performance degradation. In this work, we employ a laser
beam array to model transmit spatial diversity for suppressing these fluctuations. The model
uses annular-shaped lasers at the transmitter as a representation of beam shaping for turbulence
mitigation, with a point detector assumed at the receiver. Through the use of the
Huygens–Fresnel principle, we derive two key optical parameters: the average received intensity
and the average of the intensity squared. We subsequently determine the scintillation index for
this model. Our findings demonstrate reductions in scintillation under varying system
parameters. For instance, increasing the number of beams in the array, the ring radius, and the
secondary field amplitude of the annular beam leads to a lower scintillation index.

Keywords: annular beam array, oceanic turbulence, optical beam shaping,
optical wave propagation, scintillation index

1. Introduction

Underwater optical wireless communication (UOWC) is an
innovative technology offering high-bandwidth, high-data-
rate, and secure communication between underwater ter-
minals, overcoming the constraints of traditional acoustic
methods. With these advantages, future technologies such
as machine-to-machine communication, high-volume remote
computing, and the internet of things are expected to incor-
porate UOWC systems, capable of supporting thousands of
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mobile end-users and exceptionally high data rates. This
expected advancement, however, will bring forth substan-
tial challenges and necessitate the development of innovative
strategies to mitigate the degrading effects of the underwater
medium [1, 2].

There are three main degrading effects that hinder
light propagation underwater: absorption, scattering, and
oceanic turbulence. Absorption and scattering are primar-
ily wavelength-dependent and can be mitigated by using
the transparent wavelength ranges in seawater, such as the
blue and green portions of the electromagnetic spectrum
[3]. The studies have provided detailed insights into how
visible light beams are affected by absorption and scatter-
ing in pure water [4]. In detail, chlorophyll concentration
is the primary factor responsible for attenuation losses in
the underwater environment [5]. The absorption and scat-
tering of light by suspended particles and dissolved sub-
stances in underwater reduces the signal strength, resulting

1 © 2025 The Author(s). Published by IOP Publishing Ltd
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in weaker signals and shorter transmission distances. On the
other hand, oceanic turbulence occurs due to temperature
and salinity fluctuations, which cause intensity fluctuations
in the propagating beam, as well as beam spreading and
wandering.

There are techniques to mitigate the effects of oceanic tur-
bulence, such as spatial diversity, beam shaping, aperture aver-
aging, the use of intelligent reflecting surfaces, and partially
coherent beams. Among these, this study investigates trans-
mit spatial diversity, achieved by employing multiple spa-
tially separated laser beams at the transmitter, along with
the laser beam shaping method. The spatial diversity at the
transmitter, known as multiple-input single-output (MISO),
plays an important role in reducing the scintillation and
overcoming the limitations of transmitted optical power [6].
Additionally, transmit diversity helps to minimize pointing
errors [6]. Beam shaping is also recognized as a turbu-
lence mitigation tool, achieved by modifying the light beam
using optical lenses or spatial light modulators. In practice,
UOWC systems typically rely on commercial laser beamswith
Gaussian-shaped optical field distributions. Transforming the
laser beam into non-Gaussian shapes, such as annular, vortex,
or flat-topped profiles, can enhance its resistance to oceanic
turbulence [7]. Moreover, aperture averaging is another tech-
nique employed in UOWC systems. This approach involves
enlarging the receiver aperture to smooth the distorted wave-
front and improve the received signal-to-noise ratio (SNR)
[8]. Additionally, the use of intelligent reflecting surfaces
in UOWC systems is widely adopted. These surfaces con-
sist of programmable elements that can reflect incident sig-
nals in a controlled manner to enhance communication per-
formance. For example, when light strikes these surfaces,
its amplitude can be enhanced, and its phase can be adjus-
ted, which enhances signal quality and increases the com-
munication range underwater [9]. Lastly, the partial coher-
ent beam is formed by deforming the beam’s coherence with
a diffuser, which helps reduce scintillation at the receiver.
However, the increased beam spreading may cause a reduction
in the received intensity [10, 11]. All of the aforementioned
methods offer certain advantages for reducing scintillation and
improving the received power; however, in some underwater
scenarios, their implementation in a UOWC system is chal-
lenging due to system complexity, the dynamic nature of the
aquatic environment, and high cost. In this paper, we focus
on combining transmit spatial diversity and beam shaping,
as both are widely recognized techniques for turbulence mit-
igation and can be conveniently modeled analytically using
the annular beam array source formula. Notably, employing
these twomethods together results in a lower scintillation com-
pared to using either method alone for a specific set of system
parameters.

The literature extensively examines the performance of
transmit diversity techniques in OWC systems operating in
underwater environments. In [12], a closed-form expression
for the ergodic capacity of MISO UOWC systems is derived,
and the effects of spatial repetition coding and transmit laser

selection onMISOUOWCperformance are discussed. In [13],
the error probability of a spatial diversity UOWC system over
a log-normal turbulence channel is derived, considering the
effects of absorption, scattering, and oceanic turbulence, and
the theoretical findings are validated through numerical simu-
lations. In [14], the scintillation index and SNR of parallel and
tilted MISO UOWC systems employing aperture averaging
are analyzed by using wave optics simulation method. The
findings indicate that increasing the number of laser beams
reduces scintillation and improves the SNR. The study also
emphasizes the advantages of tilted beams compared to par-
allel beams. In [15], the effect of convergent beam array on
reducing the scintillation index and beam spreading between
misaligned transceivers has been reported by multistep wave
optics simulation. The authors in [16] reported that, by adjust-
ing the pointing directions of each individual beam using
reflectors, they aimed to reduce path loss and scintillation, as
well as to minimize the impact of pointing errors. The study
provides a detailed analysis of pointing errors, path loss, scin-
tillation index, and bit-error rate (BER). In [17], a laser array
beam is used at the transmitter, and the scintillation index
and BER at the detector are reported. The laser array beam
is also utilized in free-space optical links to examine trans-
mit diversity [18, 19]. In [20], the BER performance of a
single-input multiple-output UOWC system employing on-off
keying modulation, optical pre-amplification, and equal gain
combining are reported under the effects of a log-normal tur-
bulence channel. Spatial diversity can be employed at both
the transmitter and receiver, forming a multiple-input mul-
tiple output (MIMO) system. In [21], an analytical expres-
sion for the outage performance of MIMO UOWC systems
is presented using the Meijer-G function. The study examines
the effects of underwater turbulence, pointing errors, attenu-
ation, and angle-of-arrival fluctuations on the outage perform-
ance. Furthermore, Jamali et al [22] analyzed the exact and
upper bound BER performance of a MIMO UOWC system,
considering the effects of absorption, scattering, and under-
water oceanic turbulence. Additionally, Jamali et al analyze
underwater visible light communication performance, utiliz-
ing spatial diversity and detection techniques to reduce fading
and intersymbol interference [23]. Finally, in [24], Jiang et al
study DC-biased optical orthogonal frequency division mul-
tiplexing visible light communication with spatial diversity in
turbulence. They derive and validate bit error rate BER expres-
sions and show that spatial diversity helps reduce fading and
improves system design.

In this paper, we analyze a MISO UOWC system that util-
izes an annular laser beam array at the transmitter and a point
detector at the receiver. The propagation of optical waves from
the annular beam array, influenced by oceanic turbulence, is
examined using the Huygens–Fresnel principle. To compute
the scintillation index at the detector, we first derive a closed-
form expression for the average intensity, followed by the
average of the squared intensity at the receiver. The scintil-
lation index is a crucial performance metric for UOWC sys-
tems, as it reflects fluctuations in the received signal intensity,
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leading to an increase in the BER. This study explores how
various system parameters, such as the number of annular laser
beams, ring radius, optical field amplitude, oceanic turbulence
characteristics, and laser wavelength, affect the scintillation
index.

2. Formulation

2.1. System model

We investigate an underwater optical communication system
that incorporates multiple annular laser sources at the trans-
mitter and a point detector situated horizontally at a distance
of L meters from the transmitter. Additionally, as the optical
beam propagates through oceanic turbulence, wave distortions
occur, leading to scintillation. A visual representation of our
proposed model is shown in figure 1

The transmitter in our proposed systemmodel is mathemat-
ically represented by the optical field expression of an annular
beam array, which is

uN (s) =
N∑
n=1

A1 exp

{
− 1
2α2

s1

[
s2x + s2y − 2r0(sx cosθn

+sy sinθn− 0.5r0)]

}
−A2 exp

{
− 1
2α2

s2

[
s2x + s2y − 2r0(sx cosθn

+sy sinθn− 0.5r0)
]}

. (1)

Here, the array consists of N annular beams, each with
a primary (outer) source size αs1 and a secondary (inner)
source size αs2. A1 and A2 represent the field amplitudes
of outer and inner beams, respectively, in volts per meter
(Vm−1), s= (sx,sy) is the transmitter plane spatial coordin-
ates. Furthermore, the annular beams are positioned on a ring
with radius r0, and each beam’s location is determined by the
angle θn = 2π(n− 1)/N. We can reformulate (1) to derive a
single expression as follows

uNs (s) =
N∑
n=1

2∑
n1=1

An1 exp

{
− 1
2α2

sn1

[
s2x + s2y − 2r0(sx cosθn

+sy sinθn− 0.5r0)
]}

. (2)

We utilize (2) to simplify the evaluation of the average of
the intensity squared provided in (19).

2.2. Equivalent structure constant for oceanic turbulence

In this section, we represent the equivalent structure constant
in terms of oceanic turbulence parameters by applying the
method outlined in [25]. Baykal suggested that by equating
the spherical wave scintillation index solutions in the bound-
ary layers of oceanic and atmospheric turbulence, the equival-
ent structure constant can be derived using parameters from

Figure 1. System model for underwater optical wireless
communication.

underwater oceanic turbulence. This enables us to calculate
the scintillation index of the annular beam array in underwa-
ter environments using our previously developed mathemat-
ical model, which is based on the Huygens–Fresnel principle.
Thus, the equivalent structure constant for oceanic turbulence
is given by [25]

C2
n = 16π2k−7/6L−11/6Re

{ˆ L

0
dς
ˆ ∞

0
κdκ

×
[
E(ς,κ,L)E(ς,−κ,L)+ |E(ς,κ,L) |2

]
Φn (κ)

}
,

(3)

where k= 2π/λ is the wavenumber, λ is the wavelength, L
is the propagation distance, κ is the magnitude of the spatial
frequency, the functionE(.) and the Nikishov’ power spectrum
of oceanic turbulence Φn(κ) are given respectively,

E(ς,κ,L) = jkexp

[
−0.5jς (L− ς)κ2

kL

]
, (4)

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

]
× χT

ω2

(
ω2e−ATδ + e−ASδ − 2ωe−ATSδ

)
, (5)

where j =
√
−1, ϵ is the rate of dissipation of kinetic energy

per unit mass of fluid, η is the Kolmogorov microscale (inner
scale), χT is the rate of dissipation of mean-squared temper-
ature, ω is the ratio of temperature to salinity contributions to
the refractive index spectrum, AT = 1.863× 10−2, δ(κ,η) =
8.284(κη)4/3 + 12.978(κη)2, AS = 1.9× 10−4, ATS = 9.41×
10−3. It is important to note that the equivalent structure con-
stant provided in (3) has no dependence on height and is only
applicable to horizontal underwater links.

2.3. Optical field distribution at the receiver plane

We use the Huygens–Fresnel principle in order to obtain the
optical field at the receiver. As stated in [2], the Huygens–
Fresnel integral describes the optical field after passing

3



J. Opt. 27 (2025) 095603 E Erdoğdu et al

through a turbulent ocean

uN (p,L) =
kexp( jkL)

2π jL

ˆ ∞

−∞

ˆ ∞

−∞
uN (s)

× exp

{
jk
2L

[
(sx− px)

2
+(sy− py)

2
]}

× exp [ψ (s,p)] dsx dsy. (6)

where p= (px,py) is the receiver plane spatial coordinate,
ψ(s,p) signifies the random complex phase of a spherical wave
while it moves from the source point to the receiver point.

2.4. Optical intensity distribution at the receiver plane

The intensity of an optical beam at the receiver plane can be
described as

⟨I(p,L)⟩= ⟨uN (p,L)uN∗ (p,L)⟩ , (7)

By substituting (6) into (7), we find

⟨I(p,z= L)⟩

=

(
k

2πL

)2 ∞̂

−∞

∞̂

−∞

∞̂

−∞

∞̂

−∞

ds21ds
2
2

× uN (s1)uN∗ (s2)exp
{
ik
2L

[
(p− s1)

2 − (p− s2)
2
]}

×⟨exp [ψ (s1,p)]exp [ψ
∗ (s2,p)]⟩ (8)

where the last term representing the ensemble average < . >,
i.e. long time average is defined as

⟨exp [ψ (s1,p)]exp [ψ
∗ (s2,p)]⟩= exp

[
−1
2
D(s1,s2)

]
, (9)

whereD(s1,s2) represents the wave structure function with the
transverse coordinates of the source. The approximate form of
the wave structure function is given by

D(s1,s2) =
2
ρ20

(s1 − s2)
2
. (10)

After substituting (9) and (10) into (8), the resulting
received intensity expression is expressed as

⟨I(p,z= L)⟩=
(

k
2πL

)2 ∞̂

−∞

∞̂

−∞

∞̂

−∞

∞̂

−∞

ds21ds
2
2

× uN (s1)uN∗ (s2)

× exp

{
ik
2L

[
(p− s1)

2 − (p− s2)
2
]}

× exp

[
− 1
ρ20

(s1 − s2)
2
]

(11)

where ρ0 denotes the coherence length of a spherical wave
propagating within the turbulence. Here we need to evaluate

the integral in order to obtain a closed form expression. To
achieve this, we utilize the integral solution of 3.323.210 from
Gradshteyn and Ryzhik’s book [26]

∞̂

−∞

exp
(
−px2 ± qx

)
dx= exp

(
q2

4p2

)√
π

p
. (12)

By substituting (1) into (11) and repeatedly applying (12) to
solve (11), we derive the optical intensity of the annular beam
array on the axis at the receiver plane as follows

⟨I(p= 0,z= L)⟩= I1 − I2 − I3 + I4, (13)

I1 = A2
1 exp

(
− r20
α2
s1

)(
k

2πL

)2
π2

t21t
2
2

N∑
n=1

M∑
m=1

× exp

(
r20

4t22α
4
s1

)
exp

(
w2
1x+w2

1y

4t21

)
, (14)

I2 = A1A2 exp

(
− r20
2α2

s1

− r20
2α2

s2

)(
k

2πL

)2
π2

t23t
2
4

N∑
n=1

M∑
m=1

× exp

(
r20

4t24α
4
s2

)
exp

(
w2
3x+w2

3y

4t23

)
, (15)

I3 = A1A2 exp

(
− r20
2α2

s1

− r20
2α2

s2

)(
k

2πL

)2
π2

t22t
2
5

N∑
n=1

M∑
m=1

× exp

(
r20

4t22α
4
s1

)
exp

(
w2
5x+w2

5y

4t25

)
, (16)

I4 = A2
2 exp

(
− r20
α2
s2

)(
k

2πL

)2
π2

t27t
2
8

N∑
n=1

M∑
m=1

exp

(
r20

4t28α
4
s2

)

× exp

(
w2
7x+w2

7y

4t27

)
, (17)

where t21 =
1

2α2
s1
− ik

2 L + 1
ρ20

− 1
t22 ρ

4
0
, t22 =

1
2α2

s1
+ ik

2 L + 1
ρ20
, t23 =

1
2α2

s1
− ik

2 L + 1
ρ20

− 1
t24 ρ

4
0
, t24 =

1
2α2

s2
+ ik

2 L + 1
ρ20
, t25 =

1
2α2

s2
− ik

2 L +
1
ρ20

− 1
t22 ρ

4
0
, t27 =

1
2α2

s2
− ik

2 L + 1
ρ20

− 1
t28 ρ

4
0
, t28 =

1
2α2

s2
+ ik

2 L + 1
ρ20
,

w1x =
r0 cosθn
α2
s1

+ r0 cosθm
t22 α

2
s1 ρ

2
0
, w3x =

r0 cosθn
α2
s1

+ r0 cosθm
t24 α

2
s2 ρ

2
0
, w5x =

r0 cosθn
α2
s2

+ r0 cosθm
t22 α

2
s1 ρ

2
0
,w7x =

r0 cosθn
α2
s2

+ r0 cosθm
t28 α

2
s2 ρ

2
0
. Note thatw1y,w3y,

w5y, and w7y are obtained by replacing the cosine function in
w1x, w3x, w5x, and w7x with the sine function, respectively.

2.5. Scintillation index

Scintillation refers to the fluctuations in the received intensity.
These fluctuations are measured by calculating the scintilla-
tion index, which is expressed as follows

m2 =

⟨
I2
⟩

⟨I⟩2
− 1, (18)
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To calculate the scintillation index of the annular beam
array, we require the received intensity <I>, which is already
provided in (13), along with <I 2 >, defined as follows [27]

⟨
I2 (L)

⟩
=

1

(λL)4

∞̂

−∞

∞̂

−∞

d2s1

∞̂

−∞

∞̂

−∞

d2s2

×
∞̂

−∞

∞̂

−∞

d2s3

∞̂

−∞

∞̂

−∞

d2s4

× uNs (s1)u
∗
Ns (s2)uNs (s3)u

∗
Ns (s4)

× exp

[
jk
2L

(
|s1|2 − |s2|2 + |s3|2 − |s4|2

)]
×F4 (s1,s2,s3,s4) , (19)

where F4(s1,s2,s3,s4) is the fourth-order spherical-wave
coherence function which is given by [27]

F4 (s1,s2,s3,s4)

= exp [2Bχ (s1 − s3)+ 2Bχ (s2 − s4)

− 1
2
Dψ (s1 − s2)−

1
2
Dψ (s1 − s4)−

1
2
Dψ (s2 − s3)

− 1
2
Dψ (s3 − s4)+

1
2
Dψ (s1 − s3)+

1
2
Dψ (s2 − s4)

+jDχS (s2 − s4)− jDχS (s1 − s3)] (20)

Here, Bχ (sr− sq) = σ2
χs −

1
2 (

1
ρ20

− 1
ρ2χ

)(sr− sq)
2 is the log

amplitude correlation function, Dψ(sr− sq) = 2ρ−0
2
(sr− sq)2

is the wave structure function, DχS(sr− sq) = ρχ
−2
S (sr− sq)2

is the log-amplitude and phase structure function, r= 1,2 and
q= 3,4 and σχ

2
s = 0.124k7/6C2

nL
11/6 is the spherical wave

log-amplitude variance and ρχ = (0.425C2
nk

13/6L5/6)−1/2,
ρχS = (0.114C2

nk
13/6L5/6)−1/2 is the coherence length of log-

amplitude and phase. It should be noted that σχ2s , ρχ, and ρχS
are well-established results from atmospheric turbulence the-
ory, derived using the Kolmogorov spectrum and the Rytov
approximation. By employing the equivalent structure con-
stant in calculating these parameters, we are able to directly
apply the existing formulations. Without the use of the equi-
valent structure constant, these parameters would instead need
to be derived from the Nikishov’s underwater turbulence spec-
trum or other spectral models. It should also be noted that the
wave structure function is valid in the range of l0 ≪ |sd| ≪√
λL, where l0 is the inner scale of turbulence, |sd| is the differ-

ence of the source transverse coordinates,
√
λL is the Fresnel

zone. By repeatedly applying (12), we have derived a solution
for (19), which is

⟨
I2 (p,L)

⟩
= exp

{
4σ2

χ s

} 1

(λL)4

N∑
n=1

×
M∑

m=1

O∑
o=1

U∑
u=1

2∑
n1=1

2∑
m1=1

2∑
o1=1

2∑
u1=1

An1Am1Ao1Au1

× exp

[
− r20

2

(
1
α2
sn1

+
1

α2
sm1

+
1
α2
so1

+
1
α2
su1

)]
I2xI

2
y

(21)

where

I2x =
π2

β1β2β3β4
exp

(
q21x
4β2

1

+
Y2x
4β2

2

)
exp

(
r20 cos

2 θu
4β2

4α
4
su1

)
× exp

[
r20
4β2

3

(
cos2 θo
α4
so1

+
cos2 θu
β4
4α

4
su1ρ

4
0

+ 2
cosθo cosθu
β2
4α

2
su1α

2
so1ρ

2
0

)]
,

(22)

I2y =
π2

β1β2β3β4
exp

(
q21y
4β2

1

+
Y2y
4β2

2

)
exp

(
r20 sin
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2
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2
0

)]
.

(23)

Here β2
4 =

1
2α2

su1
+ jk
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− 1
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− j
ρ2χ S

, β2
3 =

1
2α2
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−
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2
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)2
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4
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1− R
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4

)
, R= 1

ρ2χ
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ρ2χ S
, q1x =

r0 cosθn
α2
sn1

+

r0 cosθu
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2
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2
0
+ Tr0 cosθo

β2
3α

2
so1

+ Tr0 cosθu
β2
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2
4α

2
su1ρ

2
0
+ XYx

2β2
2
, Yx =

r0 cosθm
α2
sm1

−
r0 cosθuR
β2
4α

2
su1

+ r0 cosθo
β2
3α

2
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2
0

(
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4

)
+
(
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4
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r0 cosθu

ρ40β
2
3β

2
4α

2
su1
. Note that

q1y and Yy are obtained by replacing the cosine function in
q1x and Yx with the sine function, respectively.

3. Numerical results

In this section, we have attempted to show howmultiple annu-
lar beams affect the reduction of scintillation. In the simula-
tions we presented, the laser sources are set to a wavelength of
λ= 0.532µm, unless stated otherwise. We present the scin-
tillation index of the single annular beam (N= 1) in all the
figures as a benchmark. For the single beam case, N= 1, we
set the ring radius to zero (r0 = 0) to emphasize the effects of
transmit diversity over a perfectly aligned single-input single-
output (SISO) UOWC system. It is important to note that since
our scintillation formulations are applicable in weak oceanic
turbulence, we aimed to meet the weak turbulence condition
σ2
R = 1.23C2

nk
7/6L11/6 < 1 in our simulations, using the equi-

valent structure constant derived in (3). We would also like
to point out that the transmitter source size and ring radius
were selected to be physically small in order to maintain the
validity range of the wave structure function. We can valid-
ate the correctness of our derived scintillation index formula
by setting the field amplitude of the secondary beam to zero,
A2 = 0, which corresponds to our previously reported results
in the literature [17].

In figure 2, we plot the scintillation of the annular beam
array versus the ratio of temperature to salinity contributions
to the refractive index spectrum ω. The scintillation index of
the annular beam for SISO case N= 1, r0 = 0 is also plotted as
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Figure 2. Scintillation index m2 versus the ratio of temperature to
salinity contributions to the refractive index spectrum ω for various
N values.

Figure 3. Scintillation index m2 versus ω for various ring radius r0
values.

a benchmark. It is found that as the parameter ω increases, an
increase in the scintillation index is observed. This is an expec-
ted result, as higher salinity levels lead to increased turbulence,
which in turn causes an increase in scintillation. It is clear that
the reduction in scintillation due to spatial diversity is achieved
by increasing the number of annular laser beams. This reduc-
tion becomes evident at higher levels of ω. In figure 3, the sys-
tem parameters are kept the same as in figure 2, except that the
number of beams is fixed at N= 3, while the ring radius r0 is
varied. We have observed that an increase in the ring radius r0
leads to a decrease in the scintillation index. The underlying
physical explanation for this trend is that as the ring radius r0
grows, the distance between the beams increases, causing each
beam to experience statistically different channels, which in
turn reduces scintillation.

In figure 4, the scintillation index is plotted against the
propagation distance for various values of N. As seen in
figure 4, the scintillation index increases with the increase in
the propagation distance L. It is clear that increasing the num-
ber of beams leads to a reduction in scintillation. In figure 5,
with the number of beams fixed at N= 2 and the ring radius of
the array r0 varied, we plot the scintillation index against the
propagation distance. We observe similar results as in figure 3,
where an increase in the ring radius leads to a decrease in the
scintillation index. We would like to highlight how the spa-
cing between the annular lasers affects the scintillation index
shown in figure 5.WhenN= 2 the two annular beams are posi-
tioned 180 degrees apart on the ring, resulting in the maximum

Figure 4. Scintillation index m2 versus propagation distance L for
various N values.

Figure 5. Scintillation index m2 versus propagation distance L for
various radius r0 values.

Figure 6. Scintillation index m2 versus propagation distance L for
various A2 values.

separation, with twice the ring radius directly representing this
distance. For N= 3 in our simulations, which are not included
in the paper, the scintillation index continues to decrease as the
ring radius increases; however, determining the exact distance
between the beams in this case requires additional effort.

In figure 6, we have compared the scintillation index beha-
vior of annular beam array and the Gaussian beam array.
Here we note that when A2 = 0, our scintillation formulation
in (18) reduces to laser array beam scintillation given in (8)
of [17]. This allows us to make a comparison. In figure 6
we find that the annular beam array performs better than the
Gaussian beam arrays in reducing scintillation up to a propaga-
tion distance of 110 meters; beyond this point, the Gaussian
beam array begins to outperform the annular beam arrays.

6
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Figure 7. Scintillation index m2 versus number of beamlets N for
various A2 values.

Figure 8. Scintillation index m2 versus the rate of dissipation of
kinetic energy per unit mass of fluid ϵ for various N values.

From figure 6, it is observed that increasing the field amp-
litude of the secondary beam in the annular array leads to
a reduction in scintillation for propagation distances below
L= 105 m, while for distances beyond L= 105 m, the scintil-
lation index increases significantly. Note that, in this study, the
annular beam array inherently represents both transmit spatial
diversity and beam shaping, whereas the Gaussian beam array
represents only transmit spatial diversity. As shown in figure 6,
combining these two approaches yields lower scintillation than
using spatial diversity method alone, up to L= 105 m.

In figure 7, the scintillation index versus number of beams
in the array is plotted for various A2 values. It is observed that
as the number of beams in the array increases, the scintilla-
tion index decreases. The scintillation index also decreases as
the field amplitude of the secondary source size A2 increases.
It is interesting to note that the annular beam array is better
than the Gaussian beam array for the reduction of scintilla-
tion. However, when considering a single beam N= 1, r0 = 0
the scintillation of the single Gaussian beam is better than that
of the single annular beam for the specified system paramet-
ers presented in figure 7. The physical reason for this behavior
is that a single annular beam diverges more than a Gaussian
beam. Consequently, both the average intensity and the aver-
age of intensity square decrease; however, since the scintilla-
tion index is determined by their ratio, it tends to increase due
to these variations.

In figure 8, we aimed to demonstrate the effect of the
oceanic turbulence parameter, specifically the rate of kinetic
energy dissipation per unit mass of fluid, ϵ, on the scintillation

Figure 9. Scintillation index m2versus the wavelength λ for various
N values.

Figure 10. Scintillation index m2 versus the rate of dissipation of
the mean squared temperature χT for various N values.

index for different numbers of beams. figure 8 shows that an
increase in ϵ leads to a decrease in scintillation. Additionally,
further reductions in scintillation are observedwith an increase
in the number of beams N in the array.

In figure 9, the scintillation index is shown as a function
of the source wavelength λ for various N values. It is appar-
ent in figure 9 that transmit diversity contributes to a decrease
in scintillation. Additionally, we observe that the scintillation
index decreases as the wavelength increases. Notably, vis-
ible wavelengths are employed in underwater optical com-
munications, with the blue-green region of the spectrum pre-
ferred because it experiences minimal absorption and scatter-
ing underwater. For this reason, we have chosen λ= 0.532 for
our simulation presented in this section.

Finally, in figure 10, we have plotted the scintillation index
against the underwater turbulence parameter, specifically the
rate of dissipation of the mean squared temperature χT, for
different values of N. It is observed that as χT increases, the
scintillation index also increases. At a fixed χT value, the low-
est scintillation index is seen when the number of beams in the
array is chosen as N= 3.

4. Conclusion

In this paper, we have developed formulas to calculate the scin-
tillation index of the annular beam array in underwater turbu-
lence. To do this, we expressed the effective structure constant
in terms of underwater turbulence parameters, referring to it

7
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as the equivalent structure constant. Utilizing the Huygens–
Fresnel principle, we first derived the average intensity along
the axis at the receiver and then calculated the average of
the square of the intensity along the same axis. Finally, we
used these two quantities to evaluate the scintillation index,
which is presented in the numerical results section. It should
be noted that our results are limited to the weak fluctuations.
For this reason, we aimed to meet the weak turbulence condi-
tion σ2

R = 1.23C2
nk

7/6L11/6 < 1 in our simulations.
In the study, we observed that as the number of annu-

lar beams, ring radius, inner beam amplitude, wavelength,
and the rate of kinetic energy dissipation per unit mass of
fluid increase, the scintillation index decreases. Conversely,
the scintillation index increases when the ratio of temperat-
ure to salinity contributions to the refractive index spectrum,
propagation distance, and rate of dissipation of mean squared
temperature rise. Additionally, the annular beam array outper-
forms the Gaussian beam array in terms of scintillation index
up to 110m.

The findings in this paper will assist system designers in
understanding how beam shaping and spatial diversity impact
the scintillation performance of an UOWC system operating
under weak oceanic turbulence.
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