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ABSTRACT: Based on Rytov method, on-axis scintillation index of laser communication link in a weak
oceanic medium is formulated for collimated annular beam. Employing these obtained scintillation
values, average bit error rate (<BER>) is evaluated where the intensity has log-normal distribution.

Scintillation indices of collimated annular beams are found for fixed primary source size ¢t , varying

Sl 7
annular beam thickness, propagation distance L, source size «, the rate of dissipation of the mean
squared temperature );, non-dimensional parameter representing the relative strength of temperature

and salinity fluctuation W. <BER> versus the source size and the average signal to noise <SNR> found
for the collimated annular beams are exhibited for various rate of dissipation of turbulent kinetic energy

per unit mass of fluid & and source sizes . At the stated link lengths, as secondary source size of

annular beam equals to zero, that is, for Gaussian beam, <BER> will offer more advantages.
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Halkasal Hiizmenin Zayif Okyanussal Tiirbiilansta Bit Hata Oran1

OZ: Rytov yontemine dayali olarak zayif bir okyanussal ortamdaki lazer iletisim baglantisimin eksen
tizerine 1pildama indeksi, paralellestirilmis halka hiizmesi i¢in formiile edilmistir. Elde edilen bu
degerler kullanilarak, ortalama bit hata orani (<BER>), log-normal dagilimli olarak degerlendirilmistir.

Paralellestirilmig halkali hiizmelerin 1pldama indeksleri; sabit birincil kaynak boyutu o , defisen
dairesel hiizme kalinligi, yayilma mesafesi L, kaynak boyutu @, ortalama karesel sicakligin dagilma

orani1 Y, , sicaklik ve tuzluluk dalgalanmasinin goreli kuvvetini temsil eden boyutsuz parametresi W

i¢in bulunur. Paralellestirilmis halka hiizmesi i¢in kayanak biiytiikliigii ve ortalama sinyal giiriiltii oran
(<SNR>)’" na gore <BER>, birim kiitle akiskani ve kaynak boyutlari i¢in tiirbiilans kinetik enerjinin gesitli
dagilim oram i¢in sergilenmektedir. Belirtilen iletisim baglantisinda, halkasal hiizmelerin ikincil kaynak
boyutu sifira esit oldugunda, yani Gaussian hiizmesi oldugunda, <BER> daha fazla avantaj
saglayacaktir.

Anahtar Kelimeler : Okyanussal tiirbiilans, Okyanus optigi, Optiksel haberlesme, 1pildama, BER

INTRODUCTION

Optical communications in underwater channels have fluctuations in the intensity measured by the
scintillation index. This affects the behaviour of the <BER> which is one of the most important
performance criteria in the link design. Some studies concerning the scintillation index of laser beams

DOI: 10.15317/Scitech.2017.87



Ber Of Annular Beams In Weak Oceanic Turbulence 263

show how much the fluctuations in the intensity, measured by the scintillation index, impress the optical
communication in not only weak turbulence but also in strong turbulence. Also the types of beam model
effect the scintillations, hence the <BER> at the receiver (Tatarski, 1961; Ishimaru, 1978, Andrews et al.,
2001; Andrews et al., 2005; Arpali and Baykal, 2009; Arpali et al.,2008; Vetelino et al., 2007; Sandalidis et
al., 2008; Tyson et al., 2005; Namazi et al., 2007; Gergekcioglu et al., 2010; Gergekcioglu and Baykal, 2013;
Gergekcioglu and Baykal, 2013; Gergekcioglu et al., 2010; Gergekcioglu and Baykal, 2011; Gergekcioglu et
al., 2010). Studies involving scintillation index of annular beams have revealed important results at the
atmospheric channel (Gergekcioglu et al., 2010; Gergekcioglu and Baykal.,, 2013; Gergekcioglu and
Baykal, 2013; Gergekcioglu et al., 2010; Gergekcioglu and Baykal, 2011; Gergekcioglu et al., 2010).

The propagation of various kind of laser beams used in wireless optical links in underwater
channels will cause intensity fluctuations, also affect the performance of optical communication link
(Kumar et al., 2011; Lu et al., 2006; Korotkova et al., 2012; Baykal, 2015; Yousefi et al., 2015; Yi et al., 2015;
Gokee et al., 2016; Baykal, 2016; Cheng et al., 2016; Peng et al., 2017, Nikishov and Nikishov, 2000;
Gergekcioglu, 2014; Ata and Baykal, 2014). Especially, the scintillation indices of optical plane and
spherical and Gaussian beams propagating in underwater turbulent media are researched by using the
Rytov method (Gergekcioglu, 2014; Ata and Baykal, 2014).

In this study, thanks to utilizing the spatial power spectrum of the refractive index of atmospheric
media and developed on-axis scintillations in the weak atmospheric optical horizontal links, with the
spatial power spectrum of the refractive index of homogeneous and isotropic oceanic water, collimated
annular beams propagating in underwater turbulent media are analyzed and the scintillations and
<BER> are evaluated in horizontal oceanic optics links by using the Rytov method. Scintillation index of
collimated annular beams at changing features for propagation distance and source size is shown.
Furthermore, scintillation index and <BER> versus <SNR> are found by using the log-normal distributed
intensity for the collimated annular beams versus the for non-dimensional ratio of the relative strength

of temperature and salinity fluctuations W, various source sizes &, the rate of dissipation of the mean

squared temperature J; and the rate of dissipation of turbulent kinetic energy per unit mass of fluid & .

FORMULATION

The on-axis scintillation index M* of annular beams in ocean turbulence (Gercekcioglu and Baykal,
2011) with the spatial power spectrum of the refractive index of homogeneous and isotropic oceanic

water represented by @ (K) for k¥ >0 is represented as (Lu et al., 2006; Nikishov and Nikishov, 2000),

m? =4z RG{Id77i§1<d1<2_(|jd¢[TAi (77,1<,¢)+TA2 (U,K,¢)](Dn (1()} (1)

where Re(.) is to the real part of the argument, 77 is the variable showing the length along the
propagation axis, L is the propagation distance of the link, Kexp(i¢) is the two dimensional spatial

frequency in polar coordinates, K is the magnitude, I" () is the Gamma function,
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where, the rate of the dissipation of the mean squared refractive index fluctuation is

2
Xn = A Xr (W—l) / WZ, X7 is the rate of dissipation of the mean squared temperature taking values
for smaller & close in the range from 102 K?/s to 1010 K?/s, p is the Obukhov—Corrsin constant
whose value is taken as 0.72, & is the rate of dissipation of turbulent kinetic energy per unit mass of
fluid, the non-dimensional constant Q is a free parameter to be determined by comparison with

1/4
experiment where its value is taken as 2.35, and 77, = (V3 le ) is the Kolmogorov microscale, V being

the kinematic viscosity, W is non-dimensional representing the relative strength of temperature and
salinity fluctuations, which in the ocean waters can vary between -5 and 0, & =1 when the quantity of

eddy thermal diffusivity equals to the quantity of diffusion of the salt, PI; and Pr; represent the
Prandtl numbers for temperature and salinity respectively, where Pr,=7 and Prg=700, and the

refractive index is expressed as a function of temperature and salinity fluctuation, A=2.6x10"1/deg is
a constant.

The expressions in the integrand of Eq. (1) are

Ty (7.5,6) =—k*D(L)” A* (L+iaL) " exp| i (L—n)k™ (1+ian)(1+ial) ' &* | (3)
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Ty (k) =K D) AX (1410l ) (1L

X eXp {—O.Si (L—m)k™ [(1+ i) (1+ iocL)_l —(1— ia*n)(l— ia*L)l} K‘2} (4)
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where D(L) = A(1+ ICXL) and the annular beam incident field at the source plane is given as
2

U s =ug §,,8, = ZA exp[— 0.5ke;s? — 0.5kg, 55 }, these examples of annular beam expressed
=1

by §= §,,S, is the transverse coordinate at the source plane, S,,S, representing the x and y

components, A, is in general the complex amplitude of the source field, A =—A, =1, *is the complex

. 05 .
conjugate, i = —1, k =27/ A is the wave number, A is the wavelength, &, =1/ ka3 + j/F,

a, and F, are the Gaussian source size and focusing parameter of the symmetrical primary beam.

Likewise, &, =1/ ka?, + j/F,, a,, and F, are the Gaussian source size and focusing parameter of

the symmetrical secondary beam, thickness is defined as difference between primary and secondary
source (Gergekcioglu et al., 2010).
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Substituting Egs. (3), (4) and the spatial power spectrum of refractive index fluctuation given in Eq. (2)
into Eq. (1), performing the integration over K and ¥/, the on-axis scintillation index of annular beams

in weak oceanic turbulence is found which is expressed as,

m* =87k’ Re{|D(L)|2 AA (1+iaLl)” (1—ia*L)_lJL.d77(EA1 +Fy,)

0
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The <BER> is given by Eq. (3) of [4] as

<BER >= o.5j p, (u)erfc(< SNR > 27*u )du (10)
0

where erfc(.) is the complementary error function, P, (U) is identified in weak oceanic turbulence as

the probability density function of the intensity with U >0 as [4],

p, (u)= mle_”u exp{—o.Sm2[In(u)+0.5m2]2}. (11)

For the collimated annular beams at the origin of the receiver in a weakly turbulent ocean., the <BER> is
found by using m? given in Eq. (5) inserted into P, (u) given in Eq. (11) which in turn is substituted
into Eq. (10).

RESULTS AND DISCUSSIONS

In this section, the results are obtained by utilizing the derived formulations in section 2
which are valid in oceanic weak turbulence. As taken in my article published in 2014, it is noted

that 1 =155 um and x,=10° K?s™" are chosen. While Figs.1, 2, 3, 4 and 5 indicate the
scintillation indices versus the propagation distance L, source size «,, rate of dissipation of the

mean squared temperature y; and the ratio of temperature and salinity fluctuations w,

respectively, Figs. 6, 7 and 8 indicate the variations of <BER> versus the primary source size

a, atvarious thickness, versus <SNR> for fixed primary source size ¢, =1cm and a, =2cm

, respectively.
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Figure 1. Scintillation index versus propagation distance L for collimated annular beams at fixed

Scintillation index ( m2)

primary source size (

o, =1CmM) and various thickness.
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Figure 2. Scintillation index versus primary source size &, for collimated annular beams at various

thickness.
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Figure 3. Scintillation index versus the rate of dissipation of the mean squared temperature ¥, for

collimated annular beams at fixed primary source size (¢, = 2 CM) and various thickness.
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Figure 4. Scintillation index versus the rate of dissipation of the mean squared temperature ¥, for

collimated annular beams at fixed primary source size (¢, =1 CM) and various thickness.
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Figure 7. <BER> versus <SNR> for collimated annular beams at fixed primary source size (¢, =1 Cm),

various thickness, and various rate of dissipation of turbulent kinetic energy per unit mass of fluid & .
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Figure 8. <BER> versus <SNR> for collimated annular beams at fixed primary source size (&= 2 CM),

various thickness, and various rate of dissipation of turbulent kinetic energy per unit mass of fluid & .
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Scintillation index versus propagation distance L for collimated annular beams at o, = 2cm,
7:=10% K?*s™, &= 10"and various thickness is depicted in Fig.1. As thickness increases, scintillation
indices decreases until a,, equals to zero, i.e, Gaussian beam case. In Fig. 2, scintillation index versus the

primary source size &, for collimated annular beams at various thickness is drawn for propagation
distance L=40m, 7,=10° K’s™" and &= 107 and is seen that the lowest scintillation indices are at
o, = 0 cm. Fig. 3 and 4 show the scintillation index versus the rate of dissipation of the mean squared
temperature y; for collimated annular beams at fixed primary source sizes of &, = 2cm and
o, = 1cm, respectively. Figs. 3 and 4 are drawn at various thickness at the propagation distance

L=40m, x= 10® K% and £=10". As the thickness decreases, scintillation indices increase.

When Figs.3 and 4 are compared in terms of the scintillation indices at two different source size, smaller
source size value has better scintillation indices values.

Scintillation indices are plotted in Fig. 5 versus the ratio of temperature and salinity fluctuations, W

for collimated annular beams at &y =2 CM for fixed primary source size and various thicknesses. The
propagation distance is L= 40 m, y;=10®° K’ and &= 10". Increasing values w cause a rise in
scintillations. In Fig. 6, <BER> is depicted versus the primary source size ¢ at various thickness values

at propagation distance L=40m, y,=10° K?s!, £=10? and <SNR>=10 dB. <BER> is found to
have much smaller values when annular beam approaches the Gaussian beam. Figs. 7 and 8 indicate

<BER> versus <SNR> for various thickness and & values for fixed primary source sizes of &, = lcm

and (Zsl: 2cm, respectively. For the Gaussian beam, <BER> is found not to change at various & .

However, for the annular beam, small source size yields much lower <BER>. It is also observed that
when ¢ is larger,<BER> increases.

CONCLUSION

In this study, based on the temperature and salinity spatial power spectrum of underwater
fluctuations, on-axis scintillation index of annular beam is derived analytically for horizontal optics
communication links in a weak oceanic turbulence by utilizing Rytov solution, and <BER> with log-
normal intensity distribution is examined. The results of the on-axis scintillation index of annular beam
for horizontal optics communication link in weak oceanic turbulence are found to be similar to the
previously obtained results for horizontal optics communication links in weak atmospheric turbulence.
Our results show that as compared to collimated annular beam, annular beam yields much bigger
scintillations at short distances, unlike long distances as in other articles (Namazi et al., 2007;
Gergekcioglu et al., 2010; Gergekcioglu and Baykal, 2013; Gergekcioglu and Baykal, 2013; Gergekcioglu et
al., 2010; Gergekcioglu and Baykal, 2011). Propagation distance is taken shorter than the distances in
atmospheric links because strong oceanic turbulence can occur at short distances (Lu et al., 2006). As the
annular beam thickness decreases, the scintillation index, and naturally <BER> as well increase.
Gaussian beams are found to be favorable when compared to annular beams at the stated distances.

For collimated annular beam in a weak oceanic medium, the figure, including scintillation indices
versus propagation distance, shows that as secondary source size increases, scintillation index increases
at constant, primary source size, rate of dissipation of turbulent kinetic energy per unit mass of fluid,
and rate of dissipation of the mean squared temperature. Again, at constant, stated propagation
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distance, rate of dissipation of turbulent kinetic energy per unit mass of fluid, and rate of dissipation of
the mean squared temperature, when scintillation index and <BER> at fixed <SNR> versus source size is
depicted, as secondary source size increases in proportional to the primary source size, scintillation
index grows up. But, thinner annular beam has more advantages after a certain value without zero
secondary source size. Just as the growth in the rate of dissipation of the mean squared temperature
increases scintillation index at fixed, the stated propagation distance, primary source size, and the rate of
dissipation of turbulent kinetic energy per unit mass of fluid, the growth in the ratio of temperature and
salinity fluctuations increases scintillation index, and the growth in the rate of dissipation of the mean
squared temperature increases scintillation index at fixed, the stated propagation distance, primary
source size, the rate of dissipation of turbulent kinetic energy per unit mass of fluid. At certain values for
the propagation distance, primary source size, and the rate of dissipation of the mean squared
temperature, for the smaller value of the rate of dissipation of turbulent kinetic energy per unit mass of
fluid and chancing <SNR>, annular beam has more disadvantage than Gaussian beam. However,
derived formulation analytically is more important for horizontal optics communication link. The results
yielded in this paper can be used in the analysis of wireless optical communication links employed in
ocean.
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