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Highlights
« This paper focuses on aperture averaged scintillation of Gaussian beam in strong oceanic turbulence.
» Modified Rytov theory is employed in our study to predict scintillation.
- Scintillation values of modified Rytov theory are compared with that of conventional Rytov theory.

Avrticle Info Abstract

Oceanic turbulence caused by salinity and temperature fluctuations underwater affects the
characteristics of a transmit laser beam resulting in turbulence-induced intensity fluctuations (i.e.,
scintillation) at the receiver. Oceanic optical wireless communication (OOWC) systems employ
a receiver lens of aperture to focus the collected light onto a photodetector. This way, aperture
averaging takes place and the scintillation on the detector is reduced. Using the modified Rytov
theory, aperture averaged scintillation of the Gaussian beam passing through strong oceanic
turbulence is examined in this study. Effects of Gaussian beam parameters and the turbulence
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parameters on the aperture averaged scintillation and the aperture averaging factor are illustrated.
The scintillation behaviors of the limiting cases of a spherical wave and a plane wave are also
reported. Results show that aperture averaged scintillation decreases with increasing the size of
the receiver aperture for any turbulence level. The effect of Gaussian size on the aperture averaged

Scintillation scintillation varies depends on the turbulence level. It is also shown that there is a close match

between the point scintillation index values obtained from the modified Rytov theory and the
conventional Rytov theory in low levels of turbulence.

1. INTRODUCTION

Oceanic optical wireless communication (OOWC) systems employ optical laser beams to transmit
information-bearing signals with a huge data rate and therefore become a powerful alternative to acoustical
system counterparts [1, 2]. However, the performance of OOWC systems is deteriorated by the oceanic
turbulence causing the irradiance of the information-bearing optical signal to fluctuate, thus resulting in
serious errors in the received data. The fluctuations in irradiance of optical signal, also known as
scintillation or fading, is quantified by the scintillation index [3]. More recently, there has been a surge of
interest in exploring the scintillation index of OOWC links because the scintillation may be used as a
performance criterion and gives an indication of OOWC link performance [4-10]. In this regard,
scintillation indexes of Gaussian beam and its limiting forms, i.e., plane and spherical waves, are
investigated with the help of the conventional Rytov theory valid under weak irradiance fluctuations [4-6].
With the extension of the conventional Rytov theory, the modified Rytov theory is introduced: in this way
the scintillation indexes of the plane and the spherical waves for strong intensity fluctuations are analyzed
[7]. Since bit-error-rate (BER) characterizing the quality of the communication link depends on evaluating
the scintillation index, BER together with the scintillation index investigation has attracted a lot of attention
for researchers of OOWC systems [11-16].

*e-mail: muhsin.gokce@tedu.edu.tr


http://dergipark.gov.tr/gujs
https://orcid.org/0000-0003-4465-1983

101 Muhsin Caner GOKCE/ GU J Sci, 34 (1): 100-110 (2021)

The turbulence-induced scintillation is mitigated by an effective technique called aperture averaging. The
basic idea behind this technique is that a lens of receiver aperture is utilized at the receiver to focus the
collected light onto a photodetector. This way, the fluctuations in the received intensity is averaged which
provides substantial loss in the higher frequency component of the fluctuated intensity on the detector area
which in turn result in reduced scintillation. In the literature, aperture averaged scintillation of the Gaussian
beam and that of its limiting forms are analyzed in weak oceanic turbulence [17, 18]. The spherical wave-
aperture averaged scintillation in strong oceanic turbulence is further reported in [19] where the modified
Rytov theory is employed. Also, a closed-form expression of the aperture averaged scintillation for the
Gaussian beam wave is derived for weak non-Kolmogorov maritime atmospheric medium and the error
performance of the system is examined by the derived scintillation formula [20]. The derived formula has
also offered a convenience for numerical calculations.

In this study, by considering a Gaussian beam passing through an oceanic turbulence and a finite aperture
at the receiver, we evaluate the aperture averaged scintillation. Since we adopt the modified Rytov theory,
findings presented in this work are valid in weak and strong turbulence levels. It should be noted that
spherical wave-aperture averaged scintillation was previously reported with the help of the modified Rytov
theory [19] where structure constant [21] is utilized. However in this study, the modified Rytov together
with the Nikishov’s turbulence spectrum model [22] is used to examine the aperture averaged scintillation
of a Gaussian beam. It should also be noted that the Gaussian beam-aperture averaged scintillation in strong
oceanic turbulence was utilized in the earlier studies to analyze the performance of OOWC system
employing different modulation techniques [23, 24]. However, investigation of the Gaussian beam
scintillation index in strong oceanic turbulence was not reported which is essential for OOWC system
designers. To best our knowledge, under various oceanic turbulence scenarios, the behavior of aperture
averaged scintillation of a Gaussian beam has not yet elaborately been investigated.

This study will be useful for designers of OOWC system employing Gaussian beam and operating in strong
oceanic turbulence.

2. MATERIAL METHOD
2.1. Power Spectrum of Oceanic Turbulence

Under the assumption of isotropic and homogeneous oceanic water, the model for refractive index
fluctuations in the turbulent ocean is defined by [22]

(OR (K‘) =0.388x10 s V32 (1+ 2.35k V2o )%(mze_m +e 0 - ZwefATs‘s). (@)
Here, &(x,17)=8.284x"ve™® +12.978x*v*?e ¥, A  =9.41x10°, A, =1.9x10*, A =1.863x107, @
is the ratio of temperature to salinity contributions to the refractive index spectrum (unitless), X, is the
rate of dissipation of mean-squared temperature (Kz/s ), € is the rate of dissipation of kinetic energy per
unit mass of fluid (m?/s®), v=7,"¢"® is the kinematic viscosity (m?/s), # being the Kolmogorov
microscale length. It should be noted that the measurement values of @ can vary in the interval [-5, 0]. The
values of w— —5 corresponds to temperature induced optical turbulence where the values of @ — 0

corresponds to salinity induced optical turbulence modelling the strong turbulence regime [25].
Furthermore, X, takes values from 107° K?/s in the deep ocean to 10 K?/s near water surface. From

deep water to surface water (i.e., from light to dense turbulence level), & ranges from 107 m2/ s® to

10" m?/s®. 7 is typically chosen as 7 =1 mm in a region near the ocean surface. We also note that the
specified values belonging to the different layers of ocean are measured by the refractometer [26].
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2.2. Point Scintillation in Weak Oceanic Turbulence

In weak oceanic turbulence, the variance of irradiance fluctuations (i.e., scintillation index) is found by the
conventional Rytov theory. The scintillation index of the Gaussian beam wave on the axis o is defined
by [27, 28]

1w 2 2 2
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where k =27/4 is wavenumber, A is wavelength, L is link distance, £=1-z/L is the normalized

distance parameter, z is distance parameter, x is the spatial frequency, @, (K) is the power spectrum of

refractive index fluctuations of the oceanic medium given in Equation (1), A1=Ao/(®§+A§),

A =L/(ka), a, being the Gaussian beam source size, ®, =1-L/F,, F, is the focal length. Here, we
note that on-axis Gaussian beam scintillation index o reduces to plane wave scintillation index (i.e., Rytov

variance) o> when ©, =1 and A, =0 and reduces to spherical wave scintillation index when ®, =0 and
A, =0.

2.3. Aperture Averaged Scintillation in Strong Oceanic Turbulence

The conventional Rytov theory (valid for weak fluctuations, Equation (2)), is extended to investigate the
weak-to-strong fluctuations with the help of large-scale and small-scale log-irradiance variances. At the
receiver, the normalized variance of power fluctuations, also known as aperture averaged scintillation
index, of the Gaussian beam wave after passing through a receiver lens of circular aperture diameter D is
defined by the extended Rytov theory [27, 28]

o} (D)=exp| ony (D)+opy (D) |-1. 3)

Here, o}, (D) and o}, (D) denote the large-scale and small-scale log-irradiance variances and are given
by Equations (4) and (5), respectively [28].

2
049 2ot 52
Q. +A, ) °

oy (D)= TR 4)
0-4(2_@1)(0'5/O'R )12/7

1 1= 1-
(QG+A1)(3—2®l+5®f)

57 +0.56(1+0,) oy

where, Q; =16L/kD?, ®, =1-0,, ©, =0, /(0] + A}), o3 and o denote on-axis scintillation index of
the Gaussian beam wave, and the plane wave in weak oceanic turbulence, respectively. The small-scale log
irradiance variance o, (D) in Equation (3) is defined by [28]
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2.4. Aperture Averaging Factor
The aperture averaging factor (AAF) indicating how much intensity fluctuations are reduced by a circular
aperture of diameter D compared with a point aperture is defined by [29]

_o%(D)
Mooy

(6)

Here, af(D) represents the normalized variance of signal intensity fluctuations (aperture averaged

scintillation) for a finite aperture receiver with diameter D and o7 (O) denotes the scintillation index on the
axis for an infinitesimally small aperture (D ~0). We note that the aperture averaged scintillation index
detected by a circular aperture a,z(D) takes values less than the scintillation index detected by a

infinitesimally small aperture 0,2(0). Thus, AAF approaches zero when effective aperture averaging
occurs.

3. THE RESEARCH FINDINGS AND DISCUSSION

In this section, the effect of various oceanic turbulence levels (weak and strong) on the aperture averaged
scintillation index of a Gaussian beam is examined by evaluating Equation (3). We also examine the on-
axis scintillation index of the Gaussian beam for comparison. In all the evaluation that follow, the
wavelength of the laser source is set as 4 =532 nm, focal length F, is fixed to infinite F, =0 representing

a collimated Gaussian beam, and the Kolmogorov microscale length of oceanic turbulence =1 mm is

taken unless otherwise stated. Note that the limiting cases of the plane wave and the spherical wave
presented in Figure 1 are obtained by respectively setting a; — « and a; — 0 in Equation (3). D=0

represents the on-axis scintillation index of the optical wave. Also, o2 denoting the Rytov variance is used
to determine the strength of turbulence. Thus, o, <1 and o, >1 correspond to weak and strong turbulence

levels, respectively. The vertical dashed line drawn in Figures 1-4 represent the division between weak and
strong oceanic turbulence levels. We also note that the parameter o is obtained by inserting oy — o into

Equation (2).

In Figure 1, on-axis scintillation index versus the strength of turbulence or is illustrated for the plane,
spherical, and the Gaussian beam waves. The area right side of the dashed line (or > 1) is shaded to represent
the strong oceanic turbulence levels. With increasing link distance (i.e., L =[1:1:170] shown in Figure 1
mean that L starts at 1 meter, ends at 170 meters with a meter increment), the scintillation index increases
up to a peak value, called focusing regime, and then monotonically decreases toward a unity as the
parameter or increases without bound. The trend observed in Figure 1 matches with the known results for
strong atmospheric turbulent optical links [28]. It is interesting to note that in weak oceanic turbulence
levels (or < 1), the scintillation index values of the Gaussian beam lies between the scintillation index values
of the plane and the spherical waves. However, as the turbulence level is substantially increased (or >5),
the scintillation index of the Gaussian beam wave becomes larger than that of the plane and the spherical
waves.

In Figure 2, the on-axis scintillation index predicted by the conventional Rytov theory Equation (2) (valid
in weak oceanic turbulence) is compared with the on-axis scintillation index predicted by the extended
Rytov theory Equation (3) (valid in weak-to-strong oceanic turbulence). Similar to Figure 1, L starts at 1

meter, ends at 170 meters with three meters increments and we assume w=-1, X, =10"° K?/s,
£=10?m?/s*, p=1mm, D=0, 1=532nm, a, =1mm. It is observed that there is a close match

between the on axis scintillation index values obtained from o2 and &7 for a range of or < 1 indicating
that Equation (3) also gives a good prediction in weak oceanic turbulence.
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Figure 1. On-axis scintillation index of the Gaussian beam, spherical, and the plane wave o versus or.
The shaded area represents the strong turbulence levels
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Figure 2. Scintillation index versus strength of turbulence or for modified Rytov theory ov* and
conventional Rytov theory og®. The shaded area represents the strong turbulence levels

In Figure 3, we illustrate the effect of aperture averaging as a means of reducing the scintillation index. We
note that D=0 corresponds to scintillation on the axis. As seen from Figure 3, an increase in D provides a
substantial reduction in &® (D) for both weak and strong oceanic turbulence levels, but the reduction is
apparent in strong turbulence. The reduction in scintillation is because, fluctuations in the received intensity
are averaged after passing through the collecting lens of aperture which provides substantial loss in the
higher frequency component of the fluctuated intensity on the spatial plane (detector area).
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Figure 4 denotes the variation of the on-axis and the aperture averaged scintillation index versus the strength
of turbulence or for different laser source size as values. The main trends of both aperture sizes are similar,
within the range of 0<or < 2.7, the scintillation increases with an increase in the source size. However, this
behavior reverses when turbulence strength becomes or > 2.7. When the Gaussian beam propagates over a
long distance where the strength of turbulence or >12, the limiting characteristic of the plane wave is
obtained. Thus, the source size variations show no effect on /(D).
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Figure 3. 2(D) versus or for different receiver aperture diameters. The shaded area represents the
strong turbulence levels
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Figure 5 shows the aperture averaged scintillation index versus the laser source size as for different aperture
diameters D. As a benchmark, we illustrate the on-axis scintillation (D=0). The main trends belonging to
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different aperture sizes are similar. At a fixed aperture diameter, with increasing source size, o,*(D) initially
reduces toward the minimum level of scintillation occurring as = 1.6 mm, then increases, and eventually
approach saturation for the given set of system parameters. At a fixed source size, aperture averaged
scintillation decreases with increasing receiver aperture diameter. The trends observed in Figure 5 are
similar to Figure 7 of [18] where we investigated the aperture averaged scintillation of the Gaussian beam
in weak oceanic turbulence by conventional Rytov theory.
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Figure 6. (@) ai*(D) versus receiver aperture diameter D for different o values. (b) AAF versus receiver
aperture diameter for different w values. The fixed parameters are X, =10° K?/s, £=107m?/s*,

n=1lmm, ag=1mm, L=70m, 2=532nm



107 Muhsin Caner GOKCE/ GU J Sci, 34 (1): 100-110 (2021)

16/ — X_=10°K%s | ©, — X_=10"°K?%
(a) T ® ¢ (b) T °
14/ - X, = 10 K?%/s - X_=10%K?s
0.8 T —
12! e X = 5x107 KZ/s| Ve X =5x107 Ks
— v
_ -7 2 o N, _ -7 2
.l X, =107 Ks | S 06 \.\‘“ X, =107 Krs
b ."
a
e 04"
0.2+
O ‘ : ‘ III-...- O ‘ ‘ ‘ ‘
0 2 4 6 8 10 0 2 4 6 8 10
D (mm) D (mm)

Figure 7. (a) o*(D) versus receiver aperture diameter D for different X7 values. (b) AAF versus receiver
aperture diameter for different Xr values. The fixed parameters are ®=-1 £=102m?/s®, n=1mm,

as=1mm, L=70m, 2=532nm
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Figure 8. (a) a*(D) versus receiver aperture diameter D for different n values. (b) AAF versus receiver
aperture diameter for different n values. The fixed parameters are ®=-1, X, =10° K?/s,

£=10?m?/s®, ag=1mm, L=70m, 1=532nm

In Figures 6-9, we illustrate the variations of aperture averaged scintillation index (a) and the aperture
averaging factor (b) versus receiver aperture diameter for different turbulent ocean parameters w, Xr, #, and
. Note that AAF is the ratio of aperture averaged scintillation to the on-axis scintillation and helps us to
understand how a receiver lens of aperture effectively average the intensity fluctuations compared to the
point detector. The aperture averaged scintillation detected by a finite aperture receiver always takes values
less than the on-axis scintillation detected by a point aperture and the difference between the two
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scintillation index values increases as the aperture diameter and the turbulence level increase which in turn
result in a decrease in AAF values. For this reason, the small values of AAF, especially in the vicinity of
zero, represent the effectively averaged (reduced)-intensity fluctuations, and this is the intended result
which we want to reach. It is observed from Figures 6-9 that an increase in w, Xt, and # causes ¢*(D) to
increase and makes AAF to decrease. However, as the rate of dissipation of kinetic energy per unit mass of
fluid ¢ increases, o°(D) decreases, and AAF increases. The effect of Kolmogorov microscale length #
variations on AAF and ¢/%(D) is seen to be less compared to e, Xr, and ¢ variations. It is understood from
the figures that the effectiveness of aperture averaging starts to increase when the turbulence level increases.
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Figure 9. (a) o:*(D) versus receiver aperture diameter D for different & values. (b) AAF versus receiver
aperture diameter for different ¢ values. The fixed parameters are ®=-1, X, =10° K?/s, 7=1mm,

as=1mm, L=70m, 2=532nm

4. RESULTS

In weak to strong oceanic turbulence regime, we have examined the on-axis and the aperture averaged
scintillation of the Gaussian beam. The scintillation index of the Gaussian beam obtained from the modified
Rytov theory is compared with the scintillation index of the Gaussian beam obtained from the conventional
Rytov theory. We observed that there is a close match between the on-axis scintillation index values
obtained from the conventional Rytov and the modified Rytov theories under weak oceanic turbulence.
This comparison shows that the validity of the conventional Rytov theory is restricted to or<1. The findings
in this paper also show that with the increase of turbulence level, the aperture averaged scintillation
increases up to a peak index value in focusing regime and then monotonically decreases. A decrease in the
aperture averaged scintillation and AAF is always observed when the receiver aperture diameter is
increased. It is also found that a reduction in aperture averaged scintillation is observed when w, Xr, and #
decrease or when ¢ increase. In strong oceanic turbulence, after a certain value of or is reached, aperture
averaged scintillation decreases with an increase in the source size. However, aperture averaged
scintillation decreases with a decrease in the source size in weak oceanic turbulence. Furthermore, at a fixed
turbulence level and aperture diameter, with the increase of source size, the aperture averaged scintillation
decreases toward the minimum level, then increases, and eventually saturated. AAF values obtained in
strong turbulence levels are less than AAF values obtained in weak turbulence levels. Thus, we concluded
that the effectiveness of aperture averaging begins to increase with increasing turbulence levels.



109

Muhsin Caner GOKCE/ GU J Sci, 34 (1): 100-110 (2021)

Experimental works or computer simulations are required to prove that the aperture averaged scintillation
index calculated by the modified Rytov theory in strong oceanic turbulence confirms measurements.

The findings in this study will help designers of the OOWC system understand the influence of strong
turbulence on the Gaussian beam-aperture averaged scintillation.
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