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Fig. 1 Schematics of different vortex beams. (a) Single vortex beam; (b) radial array vortex beams; (c) rectangular array vortex beams
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Fig. 2 Ocean turbulence random phase screen obtained with different methods. (a) Power spectrum inversion method; (b) subharmonic

compensation method
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Fig. 6 Beam width contrast of the array vortex beams and the single vortex beam. (a) Variation of beam width with temperature salinity
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Fig. 7 Scintillation index contrast of the array vortex beams and the single vortex beam. (a) Variation of scintillation index with

temperature salinity contribution ratio; (b) variation of scintillation index with transmission distance; (¢) variation of scintillation

index with turbulent flow energy dissipation rate; (d) variation of scintillation index with mean square temperature dissipation rate

4 = i

268 R FH AR AL B vk A 00 T B O, ME Y T SRR R
€ ' B A V9 i A P A B R DG s S A A o A, IR X
ol B %) i T O TR FRIT B 8 E ' SR A T I B O v B A%
FEPEVEAT T RUE I e T A% 5 B B FOK R it S
BOS AL Re e R 2 g o 45 3R 0 AR 1 I,
ERALHIE T, JCie /K T it i 2 5y, 290 e ot
TR EE R IR T T A 20 10 TE G R 5 A 5 1 i I
PREE At 1Y A5 i B TR, = 00 e I oY R B 4 R
/N 5 E AT B S A% R PRI E O R TR R 4R BN
A 84 2 i JE ' BB DN R 8 B 5 X4 A IR S A R R,
¥ 371 3ok T e SR O B L AR B R o SR AR R B, R TR Y
HEF 7 X P EOR TR B SRR R R S Ak .
R IE , o] AR 48 52 PR 75 2355 5 508 1 S 450, 78 SE B
KTy A% iy 1) ) B AR A5 58 8 9 Y A i, AT A R T
SR KT O B A

(1]

(2]

(3]

(4]

0806001-8

& * X #
Kaushal H, Kaddoum G. Underwater optical wireless
communication[J]. IEEE Access, 2016, 4: 1518-1547.
TRESE, MRE RN AR ORERE 4 2 T G AT TE K 5 oL E
T ZRGREEMT]. JeE 224, 2023, 44(6): 0601008.
Ding G X, Du X, Du H, et al. The impact of unstable stratified
ocean turbulence on Hermitian Gauss optical communication
systems[J]. Acta Optica Sinica, 2023, 44(6): 0601008.
S, BRE, M 2R B R O 04 0 SRS S 8 B 5 (T
AR, 2022, 42(4): 0426001.
Wu R, Chen J, Fu G K. Experimental study of multi-mode high-
order vortex beam wander[J]. Acta Optica Sinica, 2022, 42(4):
0426001.
Duocastella M, Arnold C B. Bessel and annular beams for
materials processing[J]. Laser & Photonics Reviews, 2012, 6(5):
607-621.
REOGIE, BB, 22k, A L TBUREE B L o 2R -5 76 R 5
Oy T oK - 9T 0 R B B o B A O R DL WOt 5Ot H
iR, 2023, 61(5): 0507001.
Xiong G Y, Tang A, Lan B, et al. The position mapping
relationship for converting a Laguerre Gaussian beam array into a
Hermitian Gaussian beam array based on a tilted lens[J]. Laser &.
Optoelectronics Progress, 2023, 61(5): 0507001.



(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Fang 1., Dan Z, Liu C B, et al. Influence of non-Kolmogorov
atmospheric turbulence on scintillation of Gaussian array beams[J].
Infrared and Laser Engineering, 2016, 45(7): 0711001.

Ji X L, Eyyuboglu H T, Baykal Y. Influence of turbulence on the
effective radius of curvature of radial Gaussian array beams[J].
Optics Express, 2010, 18(7): 6922-6928.

Tang H, Ou B, Luo B, et al. Average spreading of a radial
Gaussian beam array in non-Kolmogorov turbulence[J]. Journal of
the Optical Society of America A, 2011, 28(6): 1016-1021.

Fan T Y. Laser beam combining for high-power, high-radiance
sources[J]. TEEE Journal of Selected Topics
Electronics, 2005, 11(3): 567-577.

Ma Y X, Wang X L., Leng J Y, et al. Coherent beam combination

in  Quantum

of 1.08 kW fiber amplifier array using single frequency dithering
technique[J]. Optics Letters, 2011, 36(6): 951-953.

R, B, AN SC. AU AE T 26 % R 4 B
AME I AAE[T]. L2244, 2004, 24(8): 1020-1024.

Ma D T, Wei J B, Zhuang Z W. Performance evaluation and
channel modeling of multiple-beam propagation for atmospheric
laser communication[J]. Acta Optica Sinica, 2004, 24(8): 1020-
1024.

Gu Y L, Gbur G. Scintillation of Airy beam arrays in atmospheric
turbulence[J]. Optics Letters, 2010, 35(20): 3456-3458.

Pan P P, Zhang B, Qiao N, et al. Characteristics of scintillations
and bit error rate of partially coherent rectangular array beams
in turbulence[J]. Optics Communications, 2011, 284(4): 1019-
1025.

Yuan Y S, Cai Y J. Scintillation index of a flat-topped beam array
in a weakly turbulent atmosphere[J]. Journal of Optics, 2011, 13
(12): 125701.

A, AR SO, R i TR G RTE i UK U RO R R
(U] 6324, 2016, 36(3): 0301002.

Ge X L, Wang B'Y, Guo C S. Beam broadening of vortex beams
propagating in turbulent atmosphere[J]. Acta Optica Sinica, 2016,
36(3): 0301002.

FEO5 A, XU, 4 . 3E Kolmogorov A i Uit % =5 19 42 571 )
FOGSRINERIY 0 [T]. 2D 5 HOE TR, 2016, 45(7): 0711001.
Lu F, Zhao D, Liu C B, et al. Influence of non-Kolmogorov
atmospheric turbulence on scintillation of Gaussian array beams[J].
Infrared and Laser Engineering, 2016, 45(7): 0711001.

Yousefi M, Kashani F D, Golmohammady S, et al. Scintillation
and bit error rate analysis of a phase-locked partially coherent flat-
topped array laser beam in oceanic turbulence[J]. Journal of the
Optical Society of America A, 2017, 34(12): 2126-2137.

R, Y A R LR A AL T I 8 O SR I i I A A%
R PELT]. a2, 2018, 38(6): 0601004.

Niu CJ, Lu F, Han X E. Propagation properties of Gaussian array
beams transmitted in oceanic turbulence simulated by phase screen
method[J]. Acta Optica Sinica, 2018, 38(6): 0601004.

Wen W, Jin Y, Hu M J, et al. Beam wander of coherent and
partially coherent Airy beam arrays in a turbulent atmosphere[J].
Optics Communications, 2018, 415: 48-55.

Liu Y X, Zhang K N, Chen Z Y, et al. Scintillation index of
double vortex beams in turbulent atmosphere[J]. Optik, 2019,
181: 571-574.

[21]

(22]

[23]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

0806001-9

#5514 £ 8HI/2024 £ 4 B/ E# N

Luo C K,
rectangular vortex beam array through atmospheric turbulence[J].
Optik, 2020, 218: 164913.

Willner A, Zhao Z, Liu C, et al. Perspectives on advances in

Lu F, Han X E. Propagation and evolution of

high-capacity, free-space communications using multiplexing of
orbital-angular-momentum beams[J]. APL Photonics, 2021, 6(3):
030901.

AL . T 0 Ay OGS AR (D] VE 4 7L TR
KA, 2022.

Nan J H. Research on optical communication based on orbital
angular momentum[D]. Xi’an: Xidian University, 2022.

Li Y, Zhang Y X, Zhu Y.
stratification turbulence with outer scale and scintillation index of
Gaussian-beam wave[J]. Optics Express, 2019, 27(5): 7656-7672.
S, ER, BIMG, &5 . D S5 B S it Bl BILAT A BT SR A
TER TSI B4R, 2014, 63(10): 104217,

Cai D M, Wang K, Jia P, et al. Sampling methods of power

Oceanic spectrum of unstable

spectral density method simulating atmospheric turbulence phase
screen[J]. Acta Physica Sinica, 2014, 63(10): 104217.

MR R, BRIk 3 T i I B BILAR 2 R SR [T]. Jle 7 2 4R, 2017,
37(12): 1201001.

Yang T X, Zhao S M. Random phase screen model of ocean
turbulence[J]. Acta Optica Sinica, 2017, 37(12): 1201001.
McGlamery B L. Computer simulation studies of compensation of
turbulence degraded images[J]. Proceedings of SPIE, 1976, 0074:
225-233.

SR, B, AR, AR RS NN R R 7 UG
T i AR B B4 7 3k [1/OL] O 2% i+ 1-6(2023-06-05].
http: /kns. cnki. net/kems/detail/50.1085. tn. 20230421.0933.010.
html.

Wu P F, Wei Y, Tan Z K, et al. Progressive NXN-type
sampling method for simulating subharmonic ocean turbulence
phase screen[J/OL]. Journal of Laser: 1-6[2023-06-05]. http://kns.
cnki.net/kems/detail/50.1085.tn.20230421.0933.010.html.

Luo C K, Han X E. Evolution and beam spreading of arbitrary
order vortex beam propagating in atmospheric turbulence[J]. Optics
Communications, 2020, 460: 124888.

PIVEZR i 30 PRIE P s HE O A A % 5 LT S Sl U [D . oY
%2 P TR R A, 2019.

Sun R D. Propagation of vortex beam and identification of orbital
angular momentum in turbulent environment[D]. Xi’an: Xidian
University, 2019.

Liu X H, Pu J X. Investigation on the scintillation reduction of
elliptical vortex beams propagating in atmospheric turbulence[J].
Optics Express, 2011, 19(27): 26444-26450.
Siegman A E. New developments in
Proceedings of SPIE, 1990, 1224: 2-14.

Yi X, Djordjevic T B. Power spectrum of refractive-index

laser resonators[J].

fluctuations in turbulent ocean and its effect on optical scintillation
[J]. Optics Express, 2018, 26(8): 10188-10202.

Zhu'Y B, Zhao D M, Du X Y. Propagation of stochastic Gaussian-
Schell model array beams in turbulent atmosphere[J]. Optics
Express, 2008, 16(22): 18437-18442.

Andrews L C, Phillips R L. Laser beam propagation through
random media[M]. Bellingham: SPIE Press, 2005.



#5514 £ 8HI/2024 £ 4 A/ E# N

Long-Distance Transmission of Vortex Beam Arrays in Unstable Stratified
Ocean

Wang Mingjun, Zhang Yan

School of Automation and Information Engineering, Xi'an University of Technology, Xi'an 710048, Shaanxi, China

Abstract

Objective The ocean is an important part of the Earth, covering 70% of the Earth’s surface. Therefore, marine optical
communication is an important field for researchers in optical communication technology. Vortex beams, which carry orbital angular
momentum (OAM), can be considered as a new degree of freedom. By leveraging the orthogonal and infinite properties of the OAM
mode, these beams can enhance the capacity and spectral efficiency of communication systems. Additionally, the array beam is
composed of several single beams with different arrangement modes. Previous studies have shown that the array beam not only
improves the transmission power but also suppresses the influence of turbulence on beam transmission. Therefore, researchers
developed linear, rectangular, and radially distributed laser arrays. Current research mainly focuses on array beam transmission in the
atmosphere, and there is a paucity of studies on transmission characteristics in the ocean. However, these methods are based on
Nikishov stable stratified sea spectra with an infinite outer scale, and there have been few studies on the drift characteristics and beam
propagation of array vortex beams. Therefore, this study aims to investigate the transmission characteristics of single vortex beams,
radial array vortex beams, and rectangular array vortex beams in an unstable stratified ocean considering external scales and analyze
the influence of distance on their light intensity and phase. The results of this study provide a theoretical foundation for the

development of underwater optical communication technologies.

Methods In marine media, refractive index fluctuations are controlled by temperature and salinity fluctuations. In this study, the
low-frequency components were superimposed on a phase screen simulated using the power spectrum inversion method to compensate
for the absence of low-frequency components. The field phase in the beam propagation path changes after the beam passes through
multiple random phase screens. The process of a beam passing through multiple random-phase screens was similar to beam
propagation in ocean turbulence. When the three vortex beams pass through the ocean turbulence, their light intensities dispersed.
Therefore, 500 sets of data were averaged after the three vortex beams passed through the phase screen. It is then calculated according

to the definitions of the beam drift, beam spread, and light intensity flicker.

Results and Discussions When the transmission distance is constant, the drift of the single vortex beam is the largest, and the
drifts of the two vortex beams are relatively small. Additionally, the larger the r, and &, of the array vortex beam, the smaller the drift.
When 2,=y,=6w,, r/=>6w,, the drift of the radial array vortex beam is greater than that of the rectangular array vortex beam. This is
because the sub-beams at the four corners of the rectangular array vortex beam are relatively far from the center [Fig. 5(b)].
Additionally, the beam width of the two arrays of vortex beams slowly with an increase in w,. The radius of the single vortex beam
decreases when it reaches a certain level and then begins to increase monotonically. When fixed, the outer scale of the turbulence
minimally impacts the beam widths of the three vortices [Fig. 6(e)].

Conclusions After the two arrays of vortex beams transmit for a certain distance, they no longer maintain the initial array
distribution, and the sub-beams affect each other and produce interference fringes. Under the same conditions, the drift of the single
vortex beam is larger and the beam width is smaller than those of the two array vortex beams. However, the drift of the radial array
vortex beam is larger and the beam width is smaller than those of the rectangular array vortex beams. The scintillation of the single
vortex beam is larger than those of the two array vortex beams, and that of the rectangular array vortex beam is larger than that of the

radial array vortex beam. At strong turbulence and long distances, the widths of the three vortex beams gradually decrease.

Key words optical communications; array vortex beams; scintillation index; turbulent phase screen; ocean turbulence; beam wander
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