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Abstract. The fluctuation in the intensity, which is quantified by the scintillation index, is evaluated for cross
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1 Introduction

Intensity fluctuations in turbulence are affected by many fac-
tors, such as the wavelength of operation, link length, the
magnitude of the variations of the refractive index, link configu-
ration, the sizes and the number of the optical detectors, and the
optical field profiles of the light sources employed. Numerous
results are reported in this area for the last several decades. In
this paper, since we focus ourselves on the effect of cross beams
on the scintillation index, as the references, we will mention
only the beam effects on the scintillations. In this respect,
the effects of various beam types on the scintillation index
are investigated in atmospheric turbulence, some of which
can be found in Refs. 1-10. Some of these results are summa-
rized in the review paper.'' Regarding the cross beams, which is
the subject of this paper, we have lately reported their propa-
gation aspects'> and the scintillations in Kolmogorov'® and
non-Kolmogorov'* atmospheric turbulence.

On the other hand, optical wireless communication is
becoming quite popular in underwater/oceanic medium.'>~!”
Water degrades the light properties due to the presence of vari-
ous constituents in water. These result in scattering and
absorption in the optical received signal, thus causing extra
loss of optical power. Additionally, the random variations
in the refractive index of water, mainly because of the fluctu-
ations in the salinity and temperature, cause the received inten-
sity to fluctuate, which degrades the performance of optical
wireless communication links operating in underwater/oce-
anic medium. Turbulent behavior of water and its effects
on signals can be found in detail in literature.'®!” In a similar
manner as in the atmosphere, the effects of various beam types
on the scintillation index are also scrutinized in underwater/
oceanic turbulence.?’>*

In this paper, we have evaluated the scintillation index at
the receiver plane of cross beams propagating in underwater/
oceanic turbulence. Our motivation is to understand whether
the use of different beam types, such as the cross beam as in
this paper, will help to improve the optical wireless commu-
nication link performance operating in an underwater/
oceanic environment.

*Address all correspondence to: Yahya Baykal, E-mail: y.baykal @cankaya.edu
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2 Formulation

In this paper, the results are obtained based on our theoretical
analysis. We intend to do the corresponding experiments in
our future work. In Fig. 1, the configuration used in our theo-
retical analysis is shown. In fact, the experimental setup will
be the same except that the cross beam, turbulent medium,
and the point detector will be replaced by spatial light modu-
lator (SLM) generating the cross beam with plano—convex
lens in front of the SLM, water tank in which turbulence
will be generated and small aperture avalanche photo
diode operating at 0.532 um, respectively.

In collimated cross beams, the optical field at the source
plane is given by'?

2
U, = ZAJ- exp[—0.5(a;7 5% + a3 )s3)], (1)
=1

where (s,, s,) are the transverse x and y coordinates at the
source plane, A; is the amplitude of the j’th Gaussian
beam, j = 1,2, a,,; and a,,; are the source sizes in the x-
and y-directions. From Eq. (1), it is seen that the cross
beam is composed of two asymmetrical Gaussian beams
that are perpendicular to each other. One of the two asym-
metrical Gaussian beams is wider along the x-axis and the
other Gaussian beam is wider along the y-axis.

By the use of Rytov method, we have previously
formulated® for the general type beams, the log-amplitude
correlation function B, (L) in turbulence at the link length of
L, which is used to find the scintillation index m? of cross
beams at the receiver plane after the cross beam propagates
in weak atmospheric turbulence.'*'* In weak turbulence, it is
known?® that the scintillation index can be reasonably
approximated by 4B, (L). The formula for the scintillation
index of cross beam in weak atmospheric turbulence pro-
vided in Refs. 13 and 14 is expressed below, this time for
the underwater/oceanic weak turbulence. We note that the
structure of the scintillation index formula for the under-
water/oceanic weak turbulence is the same as the formula
for the atmospheric weak turbulence'*!'* except that the spec-
tral density of the index of refraction fluctuations valid for
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Fig. 1 Configuration of the turbulent underwater link.

the underwater/oceanic turbulence replaces the spectral den-
sity of the index of refraction fluctuations valid for the
atmospheric turbulence. Thus, the scintillation index at the
receiver plane of the cross beams in weak underwater/oce-
anic turbulence is given as'>!*

2— 4B (

—4nRe{/ dz/ KdK/ do[M,(z.x.0)

- Moo, 9)]<I>,,(K)}, ®)

where Re denotes the real part, z is the parameter indicating
the distance, k = ke’ is the spatial frequency vector,

(1 ri s )
) kaij

expq %21 (z = L)k

- H_iLCOS
l
2 kaw

k= |k| = (k2 +«2)'/? and @ are the amplitude and the
phase of the spatial frequency, with &, =k cos 6,
K, =k sin 0, d*« = dk,dx, = kdxdf, and @, (k) is the
spectral density of the index of refraction fluctuations in
underwater/oceanic turbulence, which is given by*’

@, (k) = 0.388 x 1078131131 4 2.35(kn)*/?]

X
X —g (w2e 410 4 @=Asd — Dype=Arsd), 3)
w

where X7 is the rate of dissipation of mean-squared temper-
ature, ¢ is the rate of dissipation of kinetic energy per unit mass
of fluid, 7 is the Kolmogorov microscale, known as the inner
scale, w is a unitless parameter, which is the ratio of temper-
ature to salinity contributions to the refractive index spectrum.
w = —5 defines temperature-dominated underwater turbu-
lence, whereas w = 0 defines salinity-dominated underwater
turbulence. Here, Ag = 1.9 X 1074, A; =1.863x1072, A;g=
9.41x1073, and &(k,n)=8.284(xn)*3+12.978(kn)>. The
other entities in Eq. (2) are defined as M (z,x,0) = N(z,x,0)
N(z.—x.0)/[D(L)D(L)], M(z.x.0) = N(z.x.0)N"(z.x.0)/
(D)D)} D(L) = 353, A1+ 1)1+ )

N(n,x,0) = -
j=1 .

1 — (1

\/( o ka?)q) (

1 is the wavelength, and i = (=1)%3.

We note that the scintillation index in general depends on the
bandwidth of the optical beam employed in the wireless optical
communication link operating in underwater medium. As
shown for atmospheric turbulence, this dependence is in the
form of reduction of the scintillations as the bandwidth
inceases.”®* However, this reduction is negligibly small in
weak atmospheric turbulence.”?° This is because the band-
width, even at very high data rate transmission, is very
much smaller than the optical carrier frequency, which
means that the communications optical signal practically acts
like a monochromatic beam in weak turbulence. Bandwidth
becomes effective only in very strong turbulence.” Our analysis
in this paper is for a monochromatic beam in weakly turbulent
underwater medium, i.e., no bandwidth of optical communica-
tion link in underwater is considered. Bandwidth effects on the
scintillations are not examined in underwater turbulence and
will be the topic of our future work. Making use of the results
from Refs. 28 and 29, taking into account that the bandwidth is
very much smaller than the optical carrier frequency and weak
underwater turbulence is examined, our results presented in this
paper practically will not be effected by the bandwidth.

3 Results and Discussions

In the figures provided in this section, AF, = a,; /a,, and
AF, = a,y, /ay,, are defined as the asymmetry factors of the
first and the second asymmetrical Gaussian beam that
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compose the cross beam. Figures 2—4 are plotted at fixed
underwater turbulence parameters to show the variations
of the scintillation index of cross beams versus a,; /(AL)'/?,
i.e., the source size in the x-direction of the first Gaussian
beam that forms the cross beam, normalized by the
Fresnel zone. In Figs. 5-7, the scintillation indices are plot-
ted versus the ratio of temperature to salinity contributions to
the refractive index spectrum w, the rate of dissipation of
mean-squared temperature X7, and the rate of dissipation
of kinetic energy per unit mass of fluid e, respectively. In
Figs. 5-7, for simplicity, the source size in the x-direction

x10°
cg 2 X =107"°K%s, n=1mm, £= 10" m%s’, w=-0.1 { 7
~ |[A =05 A =05 e
[3) 1 2
215 : [L=40m, A =0.532 um|
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E ) -=-Cross beam, AF1=2_0, AF2=1/2
G 1Y Cross beam, AF,=5/2, AF,=2/5
0.5
0 15 =2 25 3
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Fig. 2 Scintillation index in underwater turbulence versus the normal-
ized source size of cross beams with individual beams having asym-
metry factors, which are inverse of each other.
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Fig. 3 Scintillation index versus the normalized source size of asym-
metrical Gaussian beams in underwater turbulence.
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Fig. 4 Scintillation index in underwater turbulence versus the normal-
ized source size of cross beams with individual beams having inde-
pendent asymmetry factors.
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Fig. 5 Scintillation index in underwater turbulence versus w of cross
beams with individual beams having asymmetry factors, which are
inverse of each other.
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Fig. 6 Scintillation index in underwater turbulence versus X of cross
beams with individual beams having asymmetry factors, which are
inverse of each other.
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Fig. 7 Scintillation index in underwater turbulence versus ¢ of cross
beams with individual beams having asymmetry factors, which are
inverse of each other.

of the first Gaussian beam is shown by ay, i.e., a;, = a.
Also, in all the figures, except in Fig. 3, the amplitudes of
both beams composing the cross beams are taken to be A; =
A, = 0.5 whereas in Figs. 3, since single asymmetrical
beams are examined, the amplitude of the single asymmet-
rical beam is taken as A = 1, and since there is no second
beam the amplitude of the second beam is zero. In all the
figures, other relevant underwater turbulence parameters
are shown in the legends of these figures.

In Fig. 2, the cross beams are structured such that the sin-
gle beams composing the cross beam have asymmetry fac-
tors that are inverse of each other, i.e., AF; = 1/AF,.
Naturally, taking AF; = AF, = 1, cross beam field becomes
the Gaussian beam. Figure 2 shows that, at the chosen under-
water turbulence parameters, increasing the source size, first
decreases the scintillations, after reaching a minimum, the
scintillations start to increase and eventually the scintillations
stay at a fixed value for large size sources, i.e., when the
source approaches a plane wave. It is also observed from
Fig. 2 that at a fixed relatively large source size, the cross
beams attain larger scintillation values as compared to the
Gaussian beam, the ones with larger asymmetry factors hav-
ing larger intensity fluctuations. This can be attributed to the
fact that cross beams having two asymmetrical Gaussian
beams will have larger beam wander as compared to single
Gaussian beam. This explanation is supported by the find-
ings in Ref. 30 where root mean square beam wander is
evaluated in atmospheric turbulence and for most source
sizes, the quantitative values of the beam wander of asym-
metrical Gaussian beam are found to be larger than the beam
wander of symmetrical Gaussian beam.*° Being one of the
factors influencing the intensity fluctuations, larger beam
wander will cause the cross beams to have larger scintilla-
tions. In Fig. 3, single asymmetrical beam scintillations
are examined in underwater turbulence. We note that the
underwater medium characteristics in Fig. 3 are chosen
the same as in Fig. 2. It is observed that the scintillation
behavior of the single asymmetrical beams is the same as
the scintillation behavior of the cross beams. At sufficiently
large source sizes, more asymmetrical beams seem to have
larger intensity fluctuations in underwater medium. With the
same medium parameters, Fig. 2 is replotted in Fig. 4 by
using cross beams with asymmetry factors of each individual
beam independent of each other. Again, the trend of the scin-
tillations of cross beams with asymmetry factors of each
individual beam independent of each other that are provided
in Fig. 4 are similar to the trend of the scintillations of cross

November 2016 « Vol. 55(11)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 03/07/2017 Terms of Use: http://spiedigitallibrary.or g/ss/ter msofuse.aspx



Baykal: Cross-beam scintillations in underwater medium

beams with asymmetry factors that are inverse of each other,
which are provided in Fig. 2. The cross beams with larger
asymmetry factors exhibit larger scintillations in underwater
turbulence. Physical interpretation of this result is again
related to the fact that the scintillation index increases
with the increase in the beam wander, and the cross
beams having larger asymmetry factors will have larger
beam wander as compared to the cross beams having smaller
asymmetry factors. From Fig. 5, we arrive at the conclusion
that larger ratio of temperature to salinity contributions to the
refractive index spectrum w causes the intensity of the cross
beams to fluctuate more, and at the same w, cross beams hav-
ing larger asymmetry factors scintillate more. However, the
difference in the scintillation index values of cross beams
possessing different asymmetry factors is not substantial.
Figure 6 indicates that the effect of the rate of dissipation
of mean-squared temperature X7 on the scintillations is sim-
ilar to the effect of the ratio of temperature to salinity con-
tributions to the refractive index spectrum, w provided in
Fig. 5, i.e., larger rate of dissipation of mean-squared temper-
ature X7 causes the intensity of the cross beams to fluctuate
more, and at the same X7, cross beams having larger asym-
metry factors scintillate more. From Fig. 7, it is understood
that as the rate of dissipation of kinetic energy per unit mass
of fluid, e increases, the scintillation index becomes smaller
for all the cross beams, and this decrease is much sharper at
smaller e. At sufficiently large values of the rate of dissipa-
tion of kinetic energy per unit mass of fluid, for all the cross
beams, the scintillations tend to stay at a steady value in
underwater turbulence. Another observation from Fig. 7 is
that when the rate of dissipation of kinetic energy per unit
mass of fluid e is kept fixed, the cross beams with larger
asymmetry factors have larger intensity fluctuations.

One of the findings in this paper is that when the ratio of
the temperature to salinity contributions to the refractive
index spectrum “w” increases, the scintillations of cross
beams tend to increase, which is consistent with the results
presented in Figs. 2—4 and 6 and 7. In Figs. 24, w = —0.1
and the scintillation index is in the range from 5 x 107 to
2x1073. In Figs. 6 and 7, w = —1 and the scintillation index
is in the range from 2 x 1072 to 1.2 X 10~!. In Fig. 5, wis in
the range from —0.014 to —0.013 and the scintillation index
value varies from 8.2 X 1072 t0 9.6 X 1072, At the first glance
it can be thought that in Fig. 5, the scintillation index has
about the same value as that in Figs. 6 and 7, which corre-
sponds to w = —1. This could be thought to be inconsistent
with the claimed trend that when the ratio of the temperature
to salinity contributions to the refractive index spectrum
increases, the scintillations of cross beams tend to increase.
However, this thought is misleading because a fare compari-
son of the scintillation index values in Fig. 5 with the scin-
tillation index values in Figs. 6 and 7 can only be done under
the same link and turbulence parameters. This is not the case
in the comparison between the scintillation values in Figs. 5
and in Figs. 6 and 7. In Fig. 5, the source size is a, = 2 cm,
whereas in Figs. 6 and 7, the source size is a; = 0.5 cm.
Additionally, in Fig. 5, underwater parameters are
X7 = 10719 K?/sand e = 10~' m?/s3, where the horizontal
axis value of X in Fig. 6 is far above 1071 K?/s and the
horizontal axis value of ¢ in Fig. 7 is far below 10~' m?/s3,
therefore a fare comparison of scintillation values of Fig. 5
and Figs. 6 and 7 cannot be made. Under a fare comparison,
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the finding in this paper, which states that when the ratio of
the temperature to salinity contributions to the refractive
index spectrum “w” increases, the scintillations of cross
beams tend to increase, will always hold to be true.

4 Conclusion

The scintillation index of cross beams is evaluated after these
beams propagate in a weakly underwater turbulent medium.
It is found that as the source size of the cross beam (for suf-
ficiently large sized cross beams), the ratio of temperature to
salinity contributions to the refractive index spectrum w and
the rate of dissipation of mean-squared temperature X7
increase, the scintillations of cross beams in underwater
medium tend to increase. However, increase in the rate of
dissipation of kinetic energy per unit mass of fluid ¢
decreases the scintillations of cross beams in underwater
medium. Keeping all the source and turbulence parameters
fixed, cross beams possessing higher asymmetry factors have
larger intensity fluctuations.

Our results in this paper can be helpful in determining the
performance characteristics of optical wireless communica-
tion systems operating in an underwater/oceanic medium
when cross beams are employed in the link design.

Acknowledgments

The author gratefully acknowledges the support provided by
the Cankaya University and Tiibitak, Project No. 113E589.

References

1. L. C. Andrews et al., “Theory of optical scintillation: Gaussian-beam
wave model,” Wave Random Media 11(3), 271-291 (2001).

2. Y. Baykal and H. T. Eyyuboglu, “Scintillation index of flat-topped
Gaussian beams,” Appl. Opt. 45(16), 3793-3797 (2006).

3. F.S. Vetelino and L. C. Andrews, “Annular Gaussian beams in turbulent
media,” Proc. SPIE 5160, 86-97 (2004).

4. H. Gergekcioglu and Y. Baykal, “Intensity fluctuations of flat-topped
beam in non-Kolmogorov weak turbulence,” J. Opt. Soc. Am. A
29(2), 169-173 (2012).

5. H. Gergekcioglu and Y. Baykal, “Annular beam scintillations in non-
Kolmogorov weak turbulence,” Appl. Phys. B 106(4), 933-937 (2012).

6. H. Chen et al., “Scintillation characteristics of annular beams propagat-
ing through atmospheric turbulence along a slanted path,” J. Opt. 17(8),
085605 (2015).

7. Y. Yuan et al., “Effect of spatial coherence on the scintillation properties
of a dark hollow beam in turbulent atmosphere,” Appl. Phys. B 110(4),
519-529 (2013).

8. H. Gergekcioglu and Y. Baykal, “Scintillation and BER for optimum
sinusoidal Gaussian beams in weak non-Kolmogorov turbulence,”
Opt. Commun. 320, 1-5 (2014).

9. Y. Baykal, “Scintillations of higher order laser beams in non-
Kolmogorov medium,” Opt. Lett. 39(7), 2160-2163 (2014).

10. Y. Baykal, “Multimode laser beam scintillations in non-Kolmogorov
turbulence,” IEEE J. Sel. Areas Commun. 33(9), 1883-1889 (2015).

11. Y. Baykal, H. T. Eyyuboglu, and Y. Cai, “Effect of beam types on the
scintillations: a review,” Proc. SPIE 7200, 720002 (2009).

12. Y. E. Yenice, H. T. Eyyuboglu, and Y. Baykal, “Propagation of cross
beams through atmospheric turbulence,” Proc. SPIE 6160, 61601D
(2006).

13. Y. Baykal, “Crossbeam intensity fluctuations in turbulence,” Opt. Eng.
53(5), 055105 (2014).

14. Y. Baykal, “Crossbeam scintillations in non-Kolmogorov medium,” J.
Opt. Soc. Am. A 31(10), 2198-2202 (2014).

15. S. Arnon, “Underwater optical wireless communication network,” Opt.
Eng. 49(1), 015001 (2010).

16. S. Arnon and D. Kedar, “Non-line-of-sight underwater optical wireless
communication network,” J. Opt. Soc. Am. A 26(3), 530-539 (2009).

17. F. Hanson and S. Radic, “High bandwidth underwater optical commu-
nication,” Appl. Opt. 47(2), 277-283 (2008).

18. S. A. Thorpe, The Turbulent Ocean, University Press, Cambridge
(2005).

19. S. A. Thorpe, An Introduction to Ocean Turbulence, University Press,
Cambridge (2007).

November 2016 « Vol. 55(11)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 03/07/2017 Terms of Use: http://spiedigitallibrary.or g/ss/ter msofuse.aspx


http://dx.doi.org/10.1080/13616670109409785
http://dx.doi.org/10.1364/AO.45.003793
http://dx.doi.org/10.1117/12.507774
http://dx.doi.org/10.1364/JOSAA.29.000169
http://dx.doi.org/10.1007/s00340-012-4921-0
http://dx.doi.org/10.1088/2040-8978/17/8/085605
http://dx.doi.org/10.1007/s00340-012-5288-y
http://dx.doi.org/10.1016/j.optcom.2014.01.001
http://dx.doi.org/10.1364/OL.39.002160
http://dx.doi.org/10.1109/JSAC.2015.2432531
http://dx.doi.org/10.1117/12.811848
http://dx.doi.org/10.1117/12.675282
http://dx.doi.org/10.1117/1.OE.53.5.055105
http://dx.doi.org/10.1364/JOSAA.31.002198
http://dx.doi.org/10.1364/JOSAA.31.002198
http://dx.doi.org/10.1117/1.3280288
http://dx.doi.org/10.1117/1.3280288
http://dx.doi.org/10.1364/JOSAA.26.000530
http://dx.doi.org/10.1364/AO.47.000277

Baykal: Cross-beam scintillations in underwater medium

20. O. Korotkova, N. Farwell, and E. Shchepakina, “Light scintillation in 28. Y. Baykal, C. F. Ouyang, and M. A. Plonus, “Scintillation index for a
oceanic turbulence,” Waves Random Complex Medium 22(2), 260-266 temporally partially coherent spherical wave light source in weak tur-
(2012). bulence,” Radio Sci. 16(3), 343-345 (1981).

21. Y. Ata and Y. Baykal, “Scintillations of optical plane and spherical 29. Y. Baykal and M. A. Plonus, “Frequency averaging for beam waves in
waves in underwater turbulence,” J. Opt. Soc. Am. A 31(7), 1552— weak and very strong turbulence,” IEEE Trans. Antennas Propag.
1556 (2014). 30(4), 802—-805 (1982).

22. Y. Baykal, “Intensity fluctuations of multimode laser beams in under- 30. C.Z. Cil et al., “Beam wander characteristics of cos and cosh-Gaussian
water medium,” J. Opt. Soc. Am. A 32(4), 593-598 (2015). beams,” Appl. Phys. B 95(4), 763-771 (2009).

23. M. Yousefi et al., “Analyzing the propagation behavior of scintillation
index and bit error rate of a partially coherent flat-topped laser beam in . . ) L
oceanic turbulence,” J. Opt.pSOC. Aym, A 32(11), 1955_1992 (2015). Yahya Baykal .recglved his PhD. in tglecommunlpatlons from

24. Y. Baykal, “Higher order mode laser beam scintillations in oceanic Northwestern University, Evanston, lllinois, in 1982. He is a professor
medium,” Waves Random Complex Medium 26(1), 21-29 (2016). and the chairman at the Department of Electrical-Electronics

25. Y. Baykal, “Formulation of correlations for general-type beams in Engineering, Cankaya University, Ankara, Turkey. He is the author
atmospheric..turbulence,” J. Opt. Soc. Am. A 23(4), 889-893 (2006). of more than 130 journal papers. His current research interests

26. I\GI. Tﬁa(tarlfk(lib ‘g’la)ve Propagation in a Turbulent Medium, McGraw Hill, include optical wave propagation in atmospheric and underwater

ew Yor . ;

27. V. V.Nikishov and V. I. Nikishov, “Spectrum of turbulent fluctuations of media.
the sea-water refraction index,” Int. J. Fluid Mech. Res. 27(1), 82-98
(2000).

Optical Engineering 111612-5 November 2016 « Vol. 55(11)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 03/07/2017 Terms of Use: http://spiedigitallibrary.or g/ss/ter msofuse.aspx


http://dx.doi.org/10.1080/17455030.2012.656731
http://dx.doi.org/10.1364/JOSAA.31.001552
http://dx.doi.org/10.1364/JOSAA.32.000593
http://dx.doi.org/10.1364/JOSAA.32.001982
http://dx.doi.org/10.1080/17455030.2015.1099760
http://dx.doi.org/10.1364/JOSAA.23.000889
http://dx.doi.org/10.1615/InterJFluidMechRes.v27.i1
http://dx.doi.org/10.1029/RS016i003p00343
http://dx.doi.org/10.1109/TAP.1982.1142849
http://dx.doi.org/10.1007/s00340-009-3553-5

