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Abstract

:

Based on the extended Huygens–Fresnel principle and the power spectrum of anisotropic oceanic turbulence, the analytical expressions of the average intensity and coherence properties of an off-axis hollow Gaussian-Schell model (OAHGSM) vortex beam propagating through anisotropic oceanic turbulence were derived. The effects of turbulent ocean and beam characteristic parameters on the evolution properties of the OAHGSM vortex beam were analyzed in detail. Our numerical simulation results showed that the OAHGSM vortex beam with a larger position factor is more focusable. Meanwhile, the OAHGSM vortex beam eventually evolves into a Gaussian-like beam after propagating through the anisotropic oceanic turbulent channel. The speed of this process can be accelerated by the decrease of the hollow order, topological charge, beam width, and transverse coherence width of the beam. The results also indicated that the normalized average intensity spreads more greatly and the spectral degree of coherence decays more rapidly for the smaller dissipation rate of the kinetic energy per unit mass of fluid, the smaller anisotropic coefficient, the smaller inner scale factor, the larger dissipation rate of the mean-squared temperature, and the higher temperature–salinity contribution ratio.
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1. Introduction


With the rise and development of underwater wireless optical communication and ocean remote sensing and imaging applications, more and more attention has been paid to the optical beams’ properties, such as the degree of coherence, the degree of polarization, the effective beam widths, and the average intensity of various kinds of laser beams propagating through a turbulent ocean environment [1,2,3,4,5,6,7,8,9,10,11].



Owing to the extensive applications of the partially coherent beam and vortex beam carrying orbital angular momentum [12,13,14,15,16,17,18,19,20,21] in optical communication, the studies related to the typically partially coherent Gaussian-Schell model (GSM) vortex beam have aroused extensive research interests [22,23,24,25,26,27]. For instance, Wang et al. investigated the focusing properties of a GSM vortex beam [22], and Liu et al. studied the generation and propagation of an electromagnetic GSM vortex beam through a paraxial ABCD optical system [23]. The propagation of the multi-Gaussian-Schell model (MGSM) vortex beam through a stigmatic ABCD optical system [24] and isotropic random media [25] and the influence of the uniaxial crystal on partially coherent MGSM vortex beams [26] have been analyzed, respectively.



On the other hand, most beams are off-axis in the practical case, so it is of practical significance to study the propagation properties of off-axis beams [28,29,30,31,32,33,34]. For example, Zheng investigated the Fourier transform for a partially coherent off-axis Gaussian Schell model (OAGSM) beam [28]. Cai et al. worked on the propagation of an OAGSM beam through atmospheric turbulence [29]. The propagation properties of an off-axis hollow vortex Gaussian beam [30,31,32] in free space, off-axis MGSM hollow vortex beams in free space, and isotropic oceanic turbulence [33] have also been investigated in detail.



Recently, Song et al. studied the propagation of an autofocusing OAHGSM vortex beam through atmospheric turbulence [34]. Compared with atmospheric turbulence, the mechanism of the influence of oceanic turbulence on beam propagation is fundamentally different. In the study of the turbulence effect of optical wave propagation, the impact of the refractive index fluctuation of turbulent media is the key point, which for atmospheric turbulence mainly depends on the temperature change, while that for oceanic turbulence arises from the variation of temperature and salinity [35]. Meanwhile, there exists a low loss window at the blue-green band of oceanic turbulence [36], which is distinct from that at the optical waves of atmospheric turbulence. Additionally, oceanic turbulence will be anisotropic due to the Earth’s rotation [21]; the strength of atmospheric turbulence can be described by the refractive index structure constant [37], while that of anisotropic oceanic turbulence is more complicated, which is characterized by the comprehensive effect of various oceanic turbulence parameters [27].



Due to the significant difference between atmospheric and oceanic turbulence on the propagation of optical waves, together with the increasing demand for underwater wireless optical communication, it is very interesting to investigate the propagation of an OAHGSM vortex beam in the turbulent ocean environment. However, to the best of our knowledge, the propagation properties of an OAHGSM vortex beam passing through anisotropic oceanic turbulence have not been explored. In this paper, we study the average intensity and coherence properties of an OAHGSM vortex beam in anisotropic oceanic turbulence, investigate how the beam parameters affect these properties, and analyze the dependence of the anisotropic oceanic turbulence effect on turbulent medium parameters to explore how anisotropic oceanic turbulence affects the propagation of an OAHGSM vortex beam in it.



The contribution of this paper is that we investigated the propagation properties of the OAHGSM vortex beam in anisotropic oceanic turbulence, where anisotropic oceanic turbulence is closer to the actual seawater environment than isotropic oceanic turbulence. Hence, the work enriches the research work on underwater communication channel modeling, and the results are helpful for the design and application of underwater wireless optical communication. In addition, the results in the paper show that the OAHGSM vortex beam is more affected by anisotropic oceanic turbulence when the beam parameters (N, M,  σ ,   ω 0  ) are smaller, the turbulence parameters  ε ,  ζ ,  η  are smaller, and the turbulence parameters   χ t  ,  ϖ  are bigger, which provides the parameter setup strategy for the OAHGSM vortex beam in underwater wireless optical communication systems.



The organization of this paper is as follows. Firstly, we derive the analytical formula of the strength of anisotropic oceanic turbulence, analyze the influence of various parameters on the turbulence effect, and derive the analytical formulas for the average intensity, as well as the spectral degree of coherence of the OAHGSM vortex beam. Secondly, we numerically explore the effect of different beam and turbulent ocean characteristic parameters on the average intensity and the spectral degree of coherence of the OAHGSM vortex beam in detail. Then, we discuss the results. Finally, we summarize the paper.




2. Theoretical Analysis


In the Cartesian coordinate system, the amplitude of an off-axis hollow beam at the source plane   z = 0   takes the form [33,34]:


  E  (  ρ 0  , 0 )  =  Ω 0    [   (  x 0  −  A x  )  2  +   (  y 0  −  A y  )  2  ]  N    [  (  x 0  −  A x  )  + i  (  y 0  −  A y  )  ]  M  exp  ( −    x  0  2  +  y  0  2    ω  0  2   )   



(1)




where   x 0  ,   y 0   are the Cartesian components of the arbitrary position vector   ρ 0  , which is located at the plane z;   Ω 0   is a constant;   ω 0   is related to the width of the Gaussian beam;   (  A x  ,  A y  )   is the position of the hollow and vortex factor; N and M denote the hollow order and topological charge, respectively.



Based on the unified theory of coherence and polarization [38], the cross-spectral density (CSD) function of an OAHGSM vortex beam, generated by anisotropic Gaussian-Schell model sources, emerging from two spatial positions   ρ 10   and   ρ 20   in the source plane, can be written as [34,39]:


     W (  ρ 10  ,  ρ 20  , 0 )     =  Ω 0    [   (  x 10  −  A x  )  2  +   (  y 10  −  A y  )  2  ]  N    [  (  x 10  −  A x  )  + i  (  y 10  −  A y  )  ]  M  exp  ( −    x  10  2  +  y  10  2    ω  0  2   )           ×  Ω 0    [   (  x 20  −  A x  )  2  +   (  y 20  −  A y  )  2  ]  N    [  (  x 20  −  A x  )  − i  (  y 20  −  A y  )  ]  M  exp  ( −    x  20  2  +  y  20  2    ω  0  2   )           × exp  [ −    (  x 10  −  x 20  )  2   2  σ 2    ]  exp  [ −    (  y 10  −  y 20  )  2   2  σ 2    ]      



(2)




where  σ  characterizes the transverse coherence width.



When the beam propagates through ocean water, the cumulative effect of the refractive index fluctuation of anisotropic oceanic turbulence can be regarded as a pure complex phase perturbation on the vortex beam [13,40]. With the extended Huygens–Fresnel principle, the CSD function of an OAHGSM vortex beam at any point in the half space z > 0 of the turbulent ocean channel under the paraxial approximation can be derived as [5,7,11,34]:


     W (  ρ 1  ,  ρ 2   , z )      =   k 2   4  π 2   z 2     ∫  − ∞   + ∞    ∫  − ∞   + ∞    ∫  − ∞   + ∞    ∫  − ∞   + ∞   W  (  ρ 10  ,  ρ 20  , 0 )  exp  [ −   i k   2 z     (  ρ 1  −  ρ 10  )  2  +   i k   2 z     (  ρ 2  −  ρ 20  )  2  ]           × < exp  [ Ψ  (  ρ 10  ,  ρ 1  )  +  Ψ *   (  ρ 20  ,  ρ 2  )  ]  > d  ρ 10  d  ρ 20           =   k 2   4  π 2   z 2     ∫  − ∞   + ∞    ∫  − ∞   + ∞    ∫  − ∞   + ∞    ∫  − ∞   + ∞   W  (  ρ 10  ,  ρ 20  , 0 )  exp  [ −   i k   2 z     (  ρ 1  −  ρ 10  )  2  +   i k   2 z     (  ρ 2  −  ρ 20  )  2  ]           × exp  −    π 2   k 2  z  3   ∫  0  ∞   κ 3   Φ n   ( κ )  d κ  [   (  ρ 10  −  ρ 20  )  2  +  (  ρ 10  −  ρ 20  )   (  ρ 1  −  ρ 2  )  +   (  ρ 1  −  ρ 2  )  2  ]   d  ρ 10  d  ρ 20           =   k 2   4  π 2   z 2     ∫  − ∞   + ∞    ∫  − ∞   + ∞    ∫  − ∞   + ∞    ∫  − ∞   + ∞   W  (  ρ 10  ,  ρ 20  , 0 )  exp  [ −   i k   2 z     (  ρ 1  −  ρ 10  )  2  +   i k   2 z     (  ρ 2  −  ρ 20  )  2  ]           × exp  [ −     (  ρ 10  −  ρ 20  )  2  +  (  ρ 10  −  ρ 20  )   (  ρ 1  −  ρ 2  )  +   (  ρ 1  −  ρ 2  )  2    Λ 2   ]  d  ρ 10   ρ 20      



(3)




where   k = 2 π / λ   denotes the wave number and  λ  is the wavelength.  Ψ  is the complex phase perturbation of a spherical wave propagating through anisotropic oceanic turbulence, and ∗ denotes the complex conjugate.   < · >   denotes averaging over the ensemble of anisotropic turbulent ocean, and:


  Λ =   [  k 2  z  Λ 0  ]   − 1 / 2    



(4)






      Λ 0  =  π 2  / 3  ∫  0  ∞   κ 3   Φ n   ( κ )  d κ     



(5)







 Λ  refers to the spatial coherent radius of the spherical wave propagating in a turbulent ocean;   Λ 0   denotes the strength of the oceanic turbulence [27];    Φ n   ( κ )    is the spatial power spectrum of the refractive index of anisotropic ocean turbulence, which can be expressed as [21]:


   Φ n   ( κ )  = 0.388 ×  10  − 8    χ t   ζ 2   ε  − 1 / 3    κ  − 11 / 3    [ 1 + 2.35   ( κ η )   2 / 3   ]  × ϕ  ( κ , ϖ )   



(6)




where   ϕ  ( κ , ϖ )  = e x p  ( −  A T  θ )  +  ϖ  − 2   e x p  ( −  A S  θ )  − 2  ϖ  − 1   e x p  ( −  A  T S   θ )   ,    A T  = 1.863 ×  10  − 2    ,    A S  = 1.9 ×  10  − 4    ,    A  T S   = 9.41 ×  10  − 3    ,   θ = 8.284   ( κ η )   4 / 3   + 12.978   ( κ η )  2   .  ε  is the dissipation rate of the kinetic energy per unit mass of fluid ranging from   10  − 10    m    2  /  s    − 3    to   10  − 1    m    2  /  s    − 3   .   χ t   is the dissipation rate of the mean-squared temperature in the range of   10  − 10    K    2  /  s to   10  − 4    K   2  /s.  ϖ  is the temperature–salinity contribution ratio varying from −5 to 0, where −5 and 0 correspond to dominating temperature-driven and salinity-driven turbulence.  ζ  is the anisotropic coefficient of anisotropic oceanic turbulence, and    Φ n   ( κ )    reduces to the spatial power spectrum of the refractive index of isotropic ocean turbulence for   ζ = 1  .  η  is the inner scale factor of a turbulent ocean, taking values in the range from   6 ×  10  − 5     m to   10  − 2    m.



Combining Equation (6) with Equation (5), the analytical expression of   Λ 0   can be derived as:


   Λ 0  = 8.705 ×  10  − 8     ( ε η )   − 1 / 3    ζ  − 2    χ t   ( 1 − 2.605  ϖ  − 1   + 7.007  ϖ  − 2   )   



(7)







When the optical beam propagates in seawater, the influence of the turbulence effect on the evolution behavior is closely related to the strength of the turbulence, which is controlled by various turbulence parameters. Based on Equation (7), we illustrate the strength of anisotropic oceanic turbulence   Λ 0   versus the anisotropic coefficient  ζ  for different dissipation rates of the kinetic energy per unit mass of fluid  ε , dissipation rates of the mean-squared temperature   χ t  , the inner scale factor  η , and the temperature–salinity contribution ratio  ϖ  in Figure 1. As shown in Figure 1,   Λ 0   decreases with the increase of  ε ,  η , and  ζ  and the decrease of   χ t   and  ϖ , which provides theoretical support for the study of the specific influence of various turbulent ocean parameters on the propagation of the OAHGSM vortex beam in seawater below.



Combining Equation (7) with Equations (2)–(4) and following a similar process as in [34], we can derive the CSD function of the OAHGSM vortex beam passing through anisotropic oceanic turbulence as:


     W (  ρ 1  ,  ρ 2  , z )     =   k 2   4  π 2   z 2    exp  [ −   i k   2 z    (  x  1  2  +  y  1  2  )  +   i k   2 z    (  x  2  2  +  y  2  2  )  ]  exp  [ −     (  x 1  −  x 2  )  2  +   (  y 1  −  y 2  )  2    Λ 2   ]           ×  Ω 0  exp  ( −   A  x  2   ω  0  2   −   A  y  2   ω  0  2   )   ∑   n 1  = 0  N    N !    n 1  !  ( N −  n 1  )  !    ∑   m 1  = 0  M    M !  i  m 1      m 1  !  ( M −  m 1  )  !            ×  Ω 0  exp  ( −   A  x  2   ω  0  2   −   A  y  2   ω  0  2   )   ∑   n 2  = 0  N    N !    n 2  !  ( N −  n 2  )  !    ∑   m 2  = 0  M    M !   ( − i )   m 2      m 2  !  ( M −  m 2  )  !            × exp  [ −   i k   2 z    [  ( 2  x 2   A x  − 2  x 1   A x  )  +  ( 2  y 2   A y  − 2  y 1   A y  )  ]  ]  w  ( x , z )  w  ( y , z )      



(8)




where:


     W ( x , z )     =   π e    ( 2  ( N −  n 1  )  + M −  m 1  )  ! exp  [  1 e    [   i k   2 z    (  x 1  −  A x  )  −   A x   ω  0  2   −    x 1  −  x 2    2  Λ 2    ]  2  ]           ×   (  1 e  )   2  ( N −  n 1  )  + M −  m 1     ∑  u = 0    2  ( N −  n 1  )  + M −  m 1   2    1  u ! ( 2  ( N −  n 1  )  + M −  m 1  − 2 u ) !            ×   (  e 4  )  u   ∑  v = 0   2  ( N −  n 1  )  + M −  m 1  − 2 u     [ 2  ( N −  n 1  )  + M −  m 1  − 2 u ] !   v ! ( 2  ( N −  n 1  )  + M −  m 1  − 2 u − v ) !            ×   [   i k   2 z    (  x 1  −  A x  )  −   A x   ω  0  2   −    x 1  −  x 2    2  Λ 2    ]   2  ( N −  n 1  )  + M −  m 1  − 2 u − v     (  1  2  σ 2    +  1  Λ 2   )  v           ×   π f    2  − ( 2  ( N −  n 2  )  + M −  m 2  + v )    i  2  ( N −  n 2  )  + M −  m 2  + v   exp  (   j  x  2  f  )           ×   (  1 f  )   0.5 ( 2  ( N −  n 2  )  + M −  m 2  + v )    H  2  ( N −  n 2  )  + M −  m 2  + v    ( −   i  j x    f   )      



(9)






     W ( y , z )     =   π e    ( 2  n 1  +  m 1  )  ! exp  [  1 e    [   i k   2 z    (  y 1  −  A y  )  −   A y   ω  0  2   −    y 1  −  y 2    2  Λ 2    ]  2  ]           ×   (  1 e  )   2  n 1  +  m 1     ∑  u = 0    2  n 1  +  m 1   2    1  u ! ( 2  n 1  +  m 1  − 2 u ) !     (  e 4  )  u           ×  ∑  v = 0   2  n 1  +  m 1  − 2 u     [ 2  n 1  +  m 1  − 2 u ] !   v ! ( 2  n 1  +  m 1  − 2 u − v ) !            ×   [   i k   2 z    (  y 1  −  A y  )  −   A y   ω  0  2   −    y 1  −  y 2    2  Λ 2    ]   2  n 1  +  m 1  − 2 u − v     (  1  2  σ 2    +  1  Λ 2   )  v           ×   π f    2  − ( 2  n 2  +  m 2  + v )    i  2  n 2  +  m 2  + v   exp  (   j  y  2  f  )           ×   (  1 f  )   0.5 ( 2  n 2  +  m 2  + v )    H  2  n 2  +  m 2  + v    ( −   i  j y    f   )      



(10)




with:


  e =  1  ω  0  2   +  1  2  σ 2    +  1  Λ 2   +   i k   2 z    



(11)






  f =  1  ω  0  2   +  1  2  σ 2    +  1  Λ 2   −   i k   2 z   −  1 e    (  1  2  σ 2    +  1  Λ 2   )  2   



(12)






      j x  =       i k   2 z    (  A x  −  x 2  )  −   A x   ω  0  2   +    x 1  −  x 2    2  Λ 2    +  1 e   [   i k   2 z    (  x 1  −  A x  )  −   A x   ω  0  2   −    x 1  −  x 2    2  Λ 2    ]   (  1  2  σ 2    +  1  Λ 2   )      



(13)






      j y  =       i k   2 z    (  A y  −  y 2  )  −   A y   ω  0  2   +    y 1  −  y 2    2  Λ 2    +  1 e   [   i k   2 z    (  y 1  −  A y  )  −   A y   ω  0  2   −    y 1  −  y 2    2  Λ 2    ]   (  1  2  σ 2    +  1  Λ 2   )      



(14)







By setting    ρ 1  =  ρ 2  = ρ  , we can obtain the average intensity of the OAHGSM vortex beam passing through anisotropic oceanic turbulence at the observation plan z as [11]:


  I ( ρ , z ) = W ( ρ , ρ , z )  



(15)







The spectral degree of coherence of two different points    ρ 1  =  (  x 1  ,  y 1  )    and    ρ 2  =  (  x 2  ,  y 2  )    for the OAHGSM vortex beam passing through anisotropic oceanic turbulence in the observation plane z is commonly introduced as [1,6]:


  μ  (  ρ 1  ,  ρ 2  , z )  =   W (  ρ 1  ,  ρ 2  , z )    [ W  (  ρ 1  ,  ρ 1  , z )  W  (  ρ 2  ,  ρ 2  , z )  ]   1 2     



(16)








3. Numerical Simulations


In this section, we investigate the average intensity and coherence properties of the OAHGSM vortex beam passing through anisotropic oceanic turbulence by numerical examples using the analytical formulas in the above section. The common numerical calculation parameters were chosen as   N = 2 ,   M = 1 ,    ω 0  =  10  − 2     m  ,   σ = 2 ×  10  − 2     m,    A x  =  10  − 3     m  ,    A y  = 0 ,   λ = 532 ×  10  − 9     m  ,   ε =  10  − 5     m   2  s     − 3   ,       χ t  =  10  − 8     K   2  s     − 1   ,   ϖ = − 3 ,      ζ = 2 ,   η =  10  − 3     m, unless the specific parameters are listed in the figures.



Figure 2 shows the normalized average intensity   I /  I  m a x     and corresponding contour graphs of the OAHGSM vortex beam propagating through anisotropic oceanic turbulence at different transmission distances. As can be seen from Figure 2a,b, the dark hollow center of the OAHGSM vortex beam can be maintained for a short transmission distance. With the increment of the transmission distance, the dark hollow center gradually disappears and the intensity distribution gradually spreads. In the far field, as shown in Figure 2d, the OAHGSM vortex beam evolves into a Gaussian-like beam.



The contour graphs of the normalized average intensity of the OAHGSM vortex beam with different position factors propagating through anisotropic oceanic turbulence at   z = 100   m are illustrated in Figure 3. When    A x  =  A y  = 0  , the normalized intensity distribution of the OAHGSM vortex beam has a circular symmetry characteristic (Figure 3a), and this circular symmetry structure is broken for nonzero position factors. Comparing Figure 3d with Figure 3c, we can find that the focusing distribution becomes more obvious by increasing the position factor.



In order to investigate the influence of beam characteristic parameters on the average intensity, the cross lines (y = 0) of the normalized average intensity of the OAHGSM vortex beam passing through anisotropic oceanic turbulence with different hollow order N, topological charge M, coherence width  σ , and beam width   ω 0   are analyzed in Figure 4 and Figure 5. It is observed from Figure 4 that the OAHGSM vortex beam propagating under the turbulent ocean environment can almost keep the initial dark hollow profile at a shorter propagation distance, and the hollow area is enlarged by a larger hollow order N. As the transmission distance increases, the OAHGSM vortex beam gradually loses the initial beam profile and evolves into a Gaussian-like beam in the far field. As can be seen from Figure 5, the normalized average intensity of the OAHGSM vortex beam with different M,  σ  and   ω 0   undergoes a similar evolution process analogous to the behavior of the beam with different N.



The influence of turbulent ocean characteristic parameters on the average intensity of the OAHGSM vortex beam passing through anisotropic oceanic turbulence and the cross lines (y = 0) of the normalized average intensity of the OAHGSM vortex beam with different dissipation rates of the kinetic energy per unit mass of fluid  ε , dissipation rates of the mean-squared temperature   χ t  , the inner scale factor  η , the temperature–salinity contribution ratio  ϖ , and the anisotropic coefficient  ζ  are shown in Figure 6 and Figure 7. It is shown that the OAHGSM vortex beam propagating in a turbulent ocean with smaller  ε ,  η , and  ζ  and larger   χ t   and  ϖ  loses the initial dark hollow profile faster, and the beam gradually evolves into a Gaussian-like beam with the increase of the transmission distance.



The spectral degree of coherence of the OAHGSM vortex beam between two points    ρ 1  =  ( x , 0 )    and    ρ 2  =  ( 0 , 0 )    passing through anisotropic oceanic turbulence with different beam characteristic parameters is shown in Figure 8. It is found from Figure 8a that the spectral degree of coherence of the OAHGSM vortex beam with different topological charges M propagating at a shorter transmission distance possesses a turning point. At the far field shown in Figure 8b, the spectral degree of the coherence curves of the OAHGSM vortex beam decreases smoothly with the increase of the transverse distance x, and the effect of the different values of M on the spectral coherence curves gradually disappears with the further increase of the transverse distance. As is shown in Figure 8c,d, the evolution behavior of the spectral degree of coherence as a function of the transverse distance x in the far field with different N and  σ  for OAHGSM vortex beam goes through the similar processes as in Figure 8b, and the attenuation of the spectral degree of coherence becomes faster with a larger value of N and a smaller value of  σ .



Figure 9 illustrates the effect of different turbulent ocean characteristic parameters on the evolution behavior of the spectral degree of coherence of the OAHGSM vortex beam at   z = 1200   m. It can be clearly seen from Figure 9a,b that, with the decrease of  ε  and the increase of  ϖ , the strength of oceanic turbulence in Figure 1 increases, and the spectral degree of coherence of the OAHGSM vortex beam decreases. By comparing the two figures above, for given  ε  and  ϖ , the spectral degree of coherence of the OAHGSM vortex beam shares a negative relationship with the transverse distance between two points, which is   0.1   cm in Figure 9a and   0.5   cm in Figure 9b. For given   χ t  ,  η , and  ζ , similar results can also be found by comparing Figure 9c–f. Furthermore, the smaller   χ t   is and the larger  η  and  ζ  are, the smaller the strength of oceanic turbulence, as shown in Figure 1, is, and the greater the spectral degree of coherence of the OAHGSM vortex beam is.




4. Discussion


With the increase of the propagation distance, the OAHGSM vortex beam gradually loses its dark hollow center and evolves into a Gaussian-like beam with a larger beam spot. This is because the disturbance of turbulence and the absorption of seawater have a great influence on the beam propagation, and the general beam propagating in the turbulent channel will eventually evolve into a Gaussian-like beam [41]. The distribution of the normalized average intensity of the OAHGSM vortex beam is greatly influenced by the position factor, and the larger the position factor is, the more focused the beam is.



The results showed that the decrease of N, M,  σ , and   ω 0   will accelerate the evolution of the OAHGSM vortex beam into a Gaussian-like profile, which indicates that the beam with smaller N, M,  σ , and   ω 0   is more affected by anisotropic oceanic turbulence. Additionally, the range of the intensity distribution decreases with the increase of  σ , which means that a larger  σ  enhances the focusing property of the OAHGSM vortex beam, similar to the results in [28].



The isotropic power spectrum of oceanic turbulence is a special case of the anisotropic one when the anisotropic coefficient   ζ = 1  , and the results showed that the anisotropy of oceanic turbulence can improve the transmission performance of the OAHGSM vortex beam. Meanwhile, the OAHGSM vortex beam evolves into a Gaussian-like beam faster, and the spectral degree of coherence decays more rapidly under larger   χ t   and  ϖ  and smaller  ε ,  ζ , and  η , which is because the strength of the turbulent ocean becomes higher with the changes of the above parameters from Equation (7) and Figure 1.



The analysis results provided a theoretical basis for the parameter matching and optimization design of underwater wireless optical communication based on the OAHGSM vortex beam, so as to obtain better transmission quality.




5. Conclusions


In this paper, we derived the average intensity and the spectral degree of coherence of an OAHGSM vortex beam propagating through anisotropic oceanic turbulence based on the extended Huygens–Fresnel principle. By using numerical simulations, the effects of different beam and turbulent ocean characteristic parameters on the normalized average intensity and coherence properties of the beam were discussed in detail. Our results showed that the focusing distribution of the OAHGSM vortex beam becomes more obvious by increasing the position factor, and the beam gradually loses the initial dark hollow profile and evolves into a Gaussian-like beam due to the disturbance of oceanic turbulence with the increase of the transmission distance. Meanwhile, the cross line of the normalized average intensity of the OAHGSM vortex beam passing through anisotropic oceanic turbulence with smaller N, M,  σ , and   ω 0   degenerates into a Gaussian-like shape more quickly. The results also showed that smaller  ε ,  ζ , and  η  and larger   χ t   and  ϖ  correspond to higher turbulence strength, which will accelerate the beam’s spreading and the decay of the spectral degree of coherence of the OAHGSM vortex beam propagating through anisotropic oceanic turbulence.
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Figure 1. The strength of the anisotropic oceanic turbulence   Λ 0   versus the anisotropic coefficient  ζ  for different dissipation rates of the kinetic energy per unit mass of fluid  ε  (a), dissipation rates of the mean-squared temperature   χ t   (b), the inner scale factor  η  (c), and the temperature–salinity contribution ratio  ϖ  (d). 
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Figure 2. Normalized average intensity and corresponding contour graphs of the OAHGSM vortex beam propagating through anisotropic oceanic turbulence. (a)   z = 100   m, (b)   z = 300   m, (c)   z = 600   m, (d)   z = 1200   m. 






Figure 2. Normalized average intensity and corresponding contour graphs of the OAHGSM vortex beam propagating through anisotropic oceanic turbulence. (a)   z = 100   m, (b)   z = 300   m, (c)   z = 600   m, (d)   z = 1200   m.



[image: Jmse 09 01139 g002]







[image: Jmse 09 01139 g003 550] 





Figure 3. Contour graphs of the normalized average intensity of the OAHGSM vortex beam with different position factors propagating through anisotropic oceanic turbulence at z = 100 m. (a)    A x  =  A y  = 0  , (b)    A x  = 0 ,  A y  = 0.001   m, (c)    A x  = 0.001   m,    A y  = 0.001   m, (d)   A x  = 0.005 m,   A y  = 0.005 m. 
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Figure 4. Cross lines (y = 0) of the normalized average intensity of the OAHGSM vortex beam passing through anisotropic oceanic turbulence with different hollow order N at   z = 100   m (a),   z = 300   m (b),   z = 600   m (c), and   z = 1200   m (d). 
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Figure 5. Cross lines (y = 0) of the normalized average intensity of the OAHGSM vortex beam passing through anisotropic oceanic turbulence with different M,  σ , and   ω 0   at   z = 300   m (a),   z = 1200   m (b),   z = 300   m (c),   z = 1200   m (d),   z = 300   m (e), and   z = 1200   m (f). 
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Figure 6. Cross lines (y = 0) of the normalized average intensity of the OAHGSM vortex beam passing through anisotropic oceanic turbulence with different  ε  and   χ t   at z = 300 m (a), z = 800 m (b), z = 300 m (c), and z = 800 m (d). 
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Figure 7. Cross lines (y = 0) of the normalized average intensity of the OAHGSM vortex beam passing through anisotropic oceanic turbulence with different  η ,  ϖ , and  ζ  at z = 300 m (a), z = 800 m (b), z = 300 m (c), z = 800 m (d), z = 300 m (e), and z = 800 m (f). 
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Figure 8. Spectral degree of coherence of the OAHGSM vortex beam passing through anisotropic oceanic turbulence with different M, N, and  δ  at   z = 300   m (a),   z = 1200   m (b),   z = 1200   m (c), and   z = 1200   m (d). 
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Figure 9. Spectral degree of coherence of the OAHGSM vortex beam passing through anisotropic oceanic turbulence with different  ε ,  ϖ ,   χ t  ,  ζ , and  η  at z = 1200 m. Two points are fixed at    ρ 1   = ( 0.1    cm, 0),    ρ 2  =  ( 0 , 0 )    for (a,c,e) and    ρ 1   = ( 0.5    cm, 0),    ρ 2  =  ( 0 , 0 )    for (b,d,f). 
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