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Abstract

:

This study explored the impact of atmospheric turbulence on partially coherent light propagation. Atmospheric turbulence causes random modulation of the intensity and phase of light, resulting in a speckle pattern in the far field. This study focused on partially coherent Gaussian Schell model beams and derived an analytical expression of the cross-spectral density function for their transmission through atmospheric turbulence, based on the generalized Huygens–Fresnel principle and the Tatarski spectrum model. Numerical simulations were used to investigate the effects of the source parameters and turbulence strength on the intensity distribution, beam width, and coherence length of partially coherent light in horizontal atmospheric transmission. The results demonstrate that diffraction-induced broadening primarily affects the intensity distribution of light in free-space transmission. Short transmission distances in atmospheric turbulence have comparable characteristics to those in a vacuum; however, as the turbulence intensity and transmission distance increase, the beam broadening effect amplifies, and the coherence length is reduced. The findings are relevant to the design of acquisition, pointing, and tracking systems for wireless laser communication systems and offer insights into the optimization of optical systems for atmospheric conditions.
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1. Introduction


During their propagation through the atmosphere, light waves experience a range of interactions, including absorption, scattering, and random phase fluctuations. The primary drivers of the absorption and scattering effects are atmospheric molecules, suspended particles, and aerosols, resulting in the attenuation of light wave energy along its transmission path. The intensity of these effects is contingent upon the wavelength of the light wave in question. Meanwhile, atmospheric turbulence denotes the irregular and stochastic movement of air in the atmosphere, giving rise to fluctuations in physical parameters such as pressure, velocity, and temperature at individual points within the system [1,2,3]. This turbulence belongs to the category of weak scattering media; hence, the backscattering effect of light beams and the polarization degradation (coupling) effects can be considered negligible. Laser beams are highly directional but vulnerable to their propagation medium, especially atmospheric turbulence; this results in refractive index fluctuations, causing random drifting, beam jitters, and intensity fluctuations [4,5,6]. The impact of atmospheric turbulence on laser beams is a critical concern for various applications, such as remote sensing, tracking, and long-range optical communications, including the design of the APT system in wireless laser communication systems [7]. For a considerable period, the impact of atmospheric turbulence on free-space optical communication [8,9], laser radar, and laser imaging has been a matter of great concern [10,11,12]. Research on partially coherent light sources has increased due to the proven fact that highly directional laser beams do not necessarily have high spatial coherence [13]. Partially coherent light propagates when coherent light passes through a medium affected by turbulence, and laser beams often emit partially coherent multimodal beams in the form of Gaussian Schell model beams. Therefore, it is necessary to conduct a comprehensive investigation on the variations in the properties of partially coherent light beams under the influence of atmospheric turbulence.



Until now, investigations on partially coherent light have primarily focused on the beam divergence angle, scintillation effects, intensity distribution, and spatial coherence under atmospheric turbulence conditions. For instance, Eyyuboglu et al. delved into the spatial coherence properties of partially coherent light under atmospheric turbulence [14]. Richlin et al. previously investigated the scintillation and aperture smoothing factor of partially coherent light under similar conditions, utilizing the cross-spectral density function [15]. The present research, carried out by Greg Gbur and his colleagues, offers an analysis of the impact of the medium on partially coherent beams, and identifies the specific conditions under which these beams are less affected and the extent to which this occurs. The primary focus of the study is on the broadening of partially coherent beams in the presence of turbulence. It should be noted, however, that the investigation solely examines the variation law of the effective width with the propagation distance [16], but it does not encompass the broader scope of beam broadening under other influencing factors. Therefore, further research in this area is required to better understand the behavior of partially coherent beams in diverse scenarios. Xing et al. conducted a theoretical investigation of the scattering behavior of Gaussian Schell beams in a turbulent atmosphere interacting with diffuse targets to explore the effects of atmospheric turbulence on the scattering characteristics of partially coherent light beams [17]. While this study provides insights into the scattering properties of such beams in atmospheric turbulence, it fails to address the effects of atmospheric turbulence on laser transmission, such as the effective width of the beam and light intensity flicker, which can significantly impact the detection accuracy of the spot centroid of the APT system. Therefore, a detailed theoretical analysis of beam width characteristics induced by atmospheric turbulence is necessary to provide a theoretical reference for the design of space optical communication systems. In a previous study, Friberg conducted an analysis of the beam width and wavefront curvature radius characteristics of partially coherent light in free space and investigated their spatial coherence properties [18]. However, the analysis solely focused on the vacuum transmission of light beams. Considering the practical application requirements, it is imperative to conduct further investigations on the transmission of partially coherent light in turbulent flows. The spatial coherence and polarization properties of laser beams can be elucidated by examining changes in the transverse coherence length. A new model, the multi-Gaussian Schell model (MGSM) beam, was introduced as a means of characterizing the spectral coherence of laser beams using a multi-Gaussian distribution [19,20]. The beam conditions of the MGSM beam were obtained, and it has been demonstrated that the MGSM beam model provides a flexible means of characterizing laser beams with varying degrees of coherence. In a prior study, REN [21] conducted numerical simulations to investigate the changes in the light intensity distribution and coherence length of fully and partially coherent light under different turbulence intensities. However, to accurately study the impact of atmospheric turbulence on coherence length, it is essential to exclude the influence of light source extension. In this paper, we highlight the inadequacy of analyzing atmospheric turbulence solely through the change in the transverse coherence length; we also propose the analytical use of the ratio of coherence length to beam width. Despite the existing research on the coherence and light intensity characteristics of partially coherent light in atmospheric turbulence, the coherence characteristics of beams with different light source coherence parameters require further research and analysis. As theoretical models continue to advance and the demand for practical applications increases, it is necessary to further analyze the transmission characteristics of partially coherent light in atmospheric turbulence.



The present study focuses on the Gaussian Schell model (GSM) beam as a partial coherence model and aims to derive the analytical expression of the cross-spectral density function for the transmission of GSM beams in the horizontal atmospheric channel, based on the generalized Huygens–Fresnel principle. The obtained expression is then used to conduct numerical simulations and a theoretical analysis of the intensity distribution and coherence length changes in both fully and partially coherent light under different turbulence strengths and coherence parameters. Based on these considerations, we investigated the individual impacts of source beam parameters such as the waist radius, transverse coherence length, and wavelength on both the effective beam width and effective coherence length of the received beam. An isolated examination of atmospheric turbulence effects through coherence length analysis falls short in accounting for beam spreading effects. As such, the ratio of the effective coherence length to the effective beam width was scrutinized to account for the influence of beam parameters. The study investigates the transmission of partially coherent light beams and analyzes the effects of atmospheric turbulence on beam propagation. The analysis considers the atmospheric refractive index structure constant and inner scale to evaluate the influence of turbulence intensity on beam transmission. Our study provides a comprehensive analysis of the transmission characteristics of partially coherent light beams, and the results are applicable not only to laser transmission but also to general electromagnetic beam transmission. The findings offer a theoretical reference for designing space optical communication systems.




2. Materials and Methods


2.1. Introduction to Atmospheric Turbulence Properties


Atmospheric turbulence arises due to the erratic motion of air in the atmosphere, resulting in non-uniform fluctuations in air pressure, temperature, and density. The refractive index of the atmosphere is contingent upon these parameters and therefore exhibits irregular spatial and temporal changes. The impact of turbulent flow on light waves manifests primarily in the form of fluctuations in the light intensity (flickering), phase (spatial and temporal), and direction (beam drift), among other phenomena. In addition to the absorption and scattering of optical signals by atmospheric gas molecules, the random fluctuations in the refractive index induced by atmospheric turbulence must also be taken into account. The passage of an optical signal through the atmospheric channel results in the occurrence of various phenomena, such as fluctuations in the light intensity and arrival angle, as well as beam drift, expansion, and wavefront distortion. These factors collectively contribute to the degradation of beam quality, thereby adversely impacting the performance and overall quality of the laser communication system [22,23].



To intuitively observe the influence of turbulence on light, researchers can employ an atmospheric turbulence phase screen to conduct numerical simulations. The process involves placing all phase distortions within the atmosphere onto a square phase screen with a side length of 1 m and 512 × 512 sampling points. The simulation employs an atmospheric structure constant of 2 × 10−15 m−2/3, a turbulent layer thickness of 100 m, and a laser wavelength of 1062 nm, and the fifth harmonic is added for compensation. Figure 1 displays the resulting phase screen, which reveals the significant phase distortion caused by turbulence. Consequently, there is a need to quantitatively determine the coherence and light intensity characteristics of partially coherent light in atmospheric turbulence and to conduct comprehensive research and analysis.



The current study describes the mathematical extension of the turbulence spectrum used by Tatarski and von Karman to encompass the entire range of spatial frequencies, while concurrently circumventing singularities. As the Tatarski turbulence spectrum function is utilized in the subsequent analysis, it is briefly introduced herein. This function is frequently employed to evaluate the energy distribution of turbulence fields at diverse scales, providing a comprehensive understanding of the behavior and statistical properties of turbulence at various levels. Moreover, Figure 2 presents the relationship between the Tatarski turbulence spectrum function and the wave number.



The present analysis indicates that the curve displayed in the graph is relatively flatter when the wavenumber is small, indicating a larger length scale. This phenomenon can be attributed to the strong turbulence generated in the lower layers of the atmosphere due to the combined effects of viscosity and gravity, which result in significant changes in the velocity and pressure of air, leading to the formation of eddies and vortices of various length scales. These eddies and vortices dissipate energy from the turbulent flow, with the turbulent energy mainly being concentrated at larger length scales. On the other hand, as the wave number increases, the curve exhibits an exponential downward trend. This behavior is primarily observed in the upper layers of the atmosphere due to the presence of suspended matter such as dust and water droplets and the cross-layer transmission of photons, all of which limit the propagation and diffusion of turbulent energy. The presence of this suspended matter and photons causes the turbulent energy distribution to become concentrated on smaller length scales. It should be noted that the present analysis is a simplified model, and the actual distribution of turbulent energy can be affected by various atmospheric conditions such as height, gas composition, and turbulence characteristics.




2.2. Theoretical Derivation


The transmission schematic of a partially coherent Gaussian Schell model (GSM) beam through atmospheric turbulence from the z = 0 plane to the z > 0 plane is shown in Figure 3. Here, the GSM surface source occupies a finite domain  σ . Assuming that the spectral density of the field passing through the source is represented by    S   0       r  , ω     and the spectral degree of coherence is represented by    h   0        r   1   ,   r   2   , ω    , the expressions are given as follows:


   S   0    (  r  , ω ) =  I 0  exp   −   |  r   | 2    2  σ S 2       



(1)






   h   0        r   1   ,   r   2   , ω   = exp   −         r   1   −   r   2      2    2  σ h 2       



(2)




where    r  =     r   1   ,   r   2       is the optical field vector at two different points on the transverse section perpendicular to the direction of light transmission.    σ S    represents the waist radius of the source beam and    σ h    is the coherence length of the source field, which determine the effective width of the spectral density and spectral coherence of the entire source, respectively. As    σ h    increases, the coherence of the beam increases; when it increases to infinity, the source field becomes completely coherent light. The cross-spectral density function (CSDF) of the partially coherent GSM collimated beam at L = 0 can be obtained from Expressions (1) and (2).


      W   0        r   1   ,   r   2   , ω      =       S   0        r   1   , ω        S   0        r   2   , ω     ×  h   0        r   1   ,   r   2   , ω         =     I Λ  exp   −      r   1    2   +    r   2    2     4  σ S 2      × exp   −         r   1   −   r   2      2    2  σ h 2          



(3)







The amplitude of the optical field after the emission of the beam and its propagation through a turbulent medium over a distance of L is:


     U ( ρ , L , ω )     =     −   i k exp ( i k L )   2 π L     ∬   U 0        ρ  0   , ω         ×    exp   i k       ρ −  ρ  0      2    2 L     exp   Ψ   ρ ,  ρ  0   , L      d 2   ρ  0       



(4)




where   ρ =    ρ 1  ,  ρ 2      is a two-dimensional position vector on the z > 0 plane.    U 0    represents the amplitude of the incident field,  Ψ  represents the random phase function introduced by the turbulent medium properties,   k =  ω / c  =   2 π  / λ    is the wave number associated with the frequency  ω , and c is the speed of light in a vacuum. In this context, we introduce the cross-spectral density function, which is a well-established quantitative technique for characterizing the correlation between two distinct signals in the frequency domain. It has extensive applications across diverse domains, including signal processing, communication engineering, and seismology, among others. The computation of cross-spectral density involves Fourier transforming the two signals and then multiplying them to derive the inverse Fourier transform. In the domain of optics, the cross-spectral density function is used to model the interaction and interference between beams. It enables us to analyze various features of optical beams, such as the coherence, phase difference, and optical path difference. According to the Huygens–Fresnel diffraction principle and Formula (4), the cross-spectral density (i.e., intensity at a specific frequency) function at the target location after the far-distance transmission of the GSM partially coherent beam through atmospheric turbulence is defined as [16]:


    I    ρ 1  ,  ρ 2  , L     =   W    ρ 1  ,  ρ 2  , ω   =     U *  (  ρ 1  , L , ω ) U (  ρ 2  , L , ω )   M       =       1  λ L     2    ∬   d 2      ρ 1    ∬   d 2      ρ 2   W   0       ρ  1   ,  ρ  2   , ω        ×      exp    Ψ *     ρ 1  ,  r 1    + Ψ    ρ 2  ,  r 2        M       ×   exp     i k   2 L        r 2  −  ρ 2     2  −      r 1  −  ρ 1     2       



(5)







The second-to-last term in the integrated function on the right-hand side of Equation (5) can be expressed by the following expression:


       exp    Ψ *     ρ  1   ,  r 1    + Ψ    ρ  2   ,  r 2        M      = exp     − 4  π 2   k 2  L    ∫ 0 1      ∫ 0 ∞  κ       Φ n   κ      ⋅   1 −  J 0        1 − ξ      ρ  1   −  ρ 2    + ξ    r 1  −  r 2      κ     d κ d ξ         = exp   −  1 2   D  S P      ρ  1   −  ρ 2  ,  r 1  −  r 2  , L        



(6)




where    J 0    is the zero-order Bessel function of the first kind, and    Φ n   κ    is the refractive index spectrum function of the turbulent medium. The Tatarski spectrum is used in this article.    Φ n   κ  = 0.033  C n 2   κ  − 11 / 3   exp   −    κ 2     κ m 2       ,    κ m   =   5.92  /   l 0     , and   κ ≥  1 /   L 0     .    l 0  ,  L 0    represent the inner and outer scales of turbulence, respectively.  κ  is the spatial wave number,   κ =    κ x  ,  κ y      is the magnitude of the spatial frequency vector, and  κ  and   r   are a Fourier transform pair in spatial coordinates.    D  S P     is the phase structure factor for the transmission of spherical waves in a uniformly isotropic turbulent atmosphere.    ρ  1   −  ρ 2    and    r 1  −  r 2    represent the position vector differences on the outgoing and incoming surfaces, respectively. Under the condition of strong turbulence, i.e., when the transverse coherence length of the coherent Gaussian beam propagating in the turbulence is much smaller than the inner scale of the turbulence at a certain propagation distance,    J 0    can be approximated by the first two terms of the power series expansion of the zero-order Bessel function of the first kind. Equation (6) can be simplified as:


       exp    Ψ *     ρ  1   ,  r 1    + Ψ    ρ  2   ,  r 2        M      = exp     − 4  π 2   k 2  L    ∫ 0 1      ∫ 0 ∞  κ       Φ n   κ      ⋅    1 4          1 − ξ      ρ  1   −  ρ 2    + ξ    r 1  −  r 2      κ    2    d κ d ξ         ≈ exp   − Γ    n 2  + n u +  u 2         



(7)







The corresponding parameters are:


    Γ =  1 3   π 2   k 2  L    ∫ 0 ∞    κ 3      Φ n   κ  d κ     n =  ρ  1   −  ρ 2  , u =  r 1  −  r 2     











By substituting the final simplified results of Equations (3) and (7) into Equation (5), we obtain:


    I    ρ 1  ,  ρ 2  , L     =   W    ρ 1  ,  ρ 2  , ω        =       1  λ L     2    ∬   d 2      ρ 1    ∬   d 2      ρ 2       ×    I Δ  exp   −     ρ  1    2   +   ρ  2    2     4  σ S 2      × exp   −        ρ  1   −  ρ  2      2    2  σ h 2           ×   exp   − Γ    n 2  + n u +  u 2           ×   exp     i k   2 L        r 2  −  ρ 2     2  −      r 1  −  ρ 1     2       



(8)







Performing complex integration on the above equation yields the expression for the CSDF of the GSM beam at a propagation distance of L:


    I    ρ 1  ,  ρ 2  , L     =   W    ρ 1  ,  ρ 2  , ω        =      I Δ   σ S 2    Q  L    exp   −    v 2    8 Q  L      × exp     i k u v   2 M  L           ×   exp   −   Γ +  1  8 Ω  L    −   P  L    8 Q  L       u 2       



(9)







The corresponding parameters are:


  m =  ρ  1   +  ρ  2   , v =  r 1  +  r 2   










   γ 0  =  L  2 k  σ S 2     










  Ω  L  =      σ S   γ 0     2   










  P  L  =      1   γ 0    − 4  γ 0  Γ  σ S 2     2   










  Q  L  =  σ S 2  +    L 2    4  k 2   σ S 2    +    L 2     k 2   σ h 2    +   2 Γ  L 2     k 2     










  M  L  =   L Q  L     σ S 2  P    L     1 2     γ 0  − Q  L     











As noted above, the CSDF represents the intensity at a specific frequency. Therefore, when   ρ =  ρ  1   =  ρ  2    , the optical intensity at the z > 0 plane can be obtained as:


    I   ρ , L     =   W   ρ , ω        =      I Δ   σ S 2    Q  L    exp   −    ρ 2    2 Q  L         



(10)







Generally, the effective width of the beam refers to the beam width when the field amplitude value drops to    1 e   . The beam width    μ σ    is defined as [16]:


   μ σ   L  =         ∫     ∫  − ∞   + ∞     ρ 2  I   ρ , L    d 2  ρ           ∫     ∫  − ∞   + ∞    I   ρ , L    d 2  ρ              1 2     



(11)







Substituting Equation (10) into Equation (11), we obtain:


   μ σ   L  =     2 Q  L      1 / 2    



(12)







According to the expression for the GSM beam CSDF for a propagation distance of L (Equation (8)), the complex coherence factor of the beam can be expressed as:


     ς  D O C     =     W    ρ 1  ,  ρ 2  , ω     W      ρ 1  ,  ρ 1  , ω      1 2    W      ρ 2  ,  ρ 2  , ω      1 2           =   exp     i k u v   2 M  L      × exp   −   Γ +  1  8 Ω  L    −   P  L    8 Q  L       u 2       



(13)







Considering the second term in Equation (13) as the amplitude of the beam’s complex coherence factor, denoted as   H   u , L    , then:


  H   u , L   = exp   −   Γ +  1  8 Ω  L    −   P  L    8 Q  L       u 2     



(14)







Similar to Equation (11), we can obtain the effective coherence length as:


   μ δ   L  =         ∫     ∫  − ∞   + ∞     u 2  H   u , L    d 2  u           ∫     ∫  − ∞   + ∞    H   u , L    d 2  u              1 2     



(15)







Substituting Equation (14) into Equation (15), we obtain:


   μ δ   L  =     Γ +  1  8 Ω  L    −   P  L    8 Q  L         1 2     



(16)







Combining Equations (12) and (16), we can comprehensively analyze the characteristics of partially coherent light propagation.





3. Numerical Analysis of Partially Coherent Light Propagation


The present study derives the analytical expression for the cross-spectral density function of a Gaussian Schell model (GSM) beam in propagation via the generalized Huygens–Fresnel principle. The results reveal that the coherence length of the beam is influenced by both the source parameters and turbulence factors during light propagation. Numerical simulations and theoretical analyses were conducted to evaluate the intensity distribution, effective beam width, and coherence length of partially coherent light under varying source parameters and turbulence scales. This simulation experiment adopts the method of controlling variables. When analyzing the impact of a particular variable, if there are no specific instructions, for the sake of convenience, the values of other parameters will be selected from the last column in Table 1 for the calculation.



3.1. The Intensity Distribution of Fully Coherent Light and Partially Coherent Light under Different Source Parameters and Transmission Conditions


Figure 4 shows the normalized optical intensity curve at a distance of r = 1 cm from the center as a function of transmission distance for different source coherence levels under different turbulence strengths. The coherence parameter of a laser, denoted as   ℓ , ℓ = 1 +   4  σ s 2   /   σ h 2     , is a metric that describes the coherence of its light source.   ℓ = 1   indicates that the light source is an ideal, completely coherent light. However, if  ℓ  exceeds 1, the light source becomes partially coherent. It is worth noting that as the coherence parameter of the light source increases, the spatial coherence of the laser tends to decrease. Using fully coherent light (  ℓ = 1  ), the received optical intensity is normalized after transmitting over a distance of L = 1 km and through atmospheric turbulence with a strength of    C n 2    = 10−16. The effect of turbulence on the optical intensity distribution for fully coherent light is presented in Figure 4a, which shows an increase in beam size on the receiving plane and a rapid decrease in normalized optical intensity as the turbulence strength increases. In comparison to fully coherent light, the peak center optical intensity difference is reduced for partially coherent light under varying turbulence strengths, as shown in Figure 4b–d. As the coherence parameter rises, the peak optical intensity values become increasingly similar across different turbulence strengths. When examining the effects of atmospheric turbulence on the received optical intensity, the coherence parameter (source coherence) plays a more significant role under conditions of weak atmospheric turbulence (   C n 2    = 10−16), as depicted in Figure 4a–d. Conversely, at greater levels of atmospheric turbulence (   C n 2    = 5 × 10−14), increasing the coherence parameter has a minimal impact on the average optical intensity at the receiving plane. In regions of weak turbulence, the impact of the coherence parameter of the light source on the average received light intensity is more pronounced; as the turbulence strength increases, the effect of the coherence parameter of the light source decreases. In contrast, in regions of strong turbulence, the effect of atmospheric turbulence on the received light intensity becomes more dominant.



Figure 5 depicts the normalized average intensity distribution at the receiving plane for both fully and partially coherent light as a function of the transmission distance. Numerical simulations indicate that the fully coherent light exhibits a higher intensity than partially coherent light under the same transmission conditions. Additionally, as the transmission distance increases, the beam width on the receiving plane increases for different coherence parameters of the light source, while the received light intensity decreases with distance due to the decrease in the average light intensity per unit area as the beam spreads. Interestingly, we observed a substantial decrease in the peak intensity of the average light on the receiving plane with an increase in the coherence of the light source at the same transmission distance. This is likely due to the combined effect of atmospheric turbulence and laser coherence on the received light intensity. As per the established understanding, the impact of atmospheric turbulence on the received light intensity is known to accumulate linearly with increasing transmission distance. In the case of weak turbulence conditions, the parameters of the light source dominate the received light intensity during short-distance transmission, wherein a higher coherence parameter value leads to a smaller average received light intensity. As the transmission distance increases, the effect of turbulence on light intensity increases due to the accumulation of turbulence intensity.




3.2. The Effect of Light Source Parameters and Transmission Conditions on the Effective Beam Width and Effective Coherence Length of Partially Coherent Light Beams


The present study aims to investigate the impact of emission source parameters and turbulence intensity on effective coherence length and effective beam width during atmospheric turbulence transmission from various perspectives. Figure 6a shows that the effective beam width increases linearly with the transmission distance when the beam is transmitted in a vacuum and the source parameters are fixed. The rate of beam expansion is primarily governed by the transverse coherence length    σ h    of the source field. The smaller the coherence length, the faster the beam expands and the larger the effective beam width. Figure 6b demonstrates the impact of the coherence length    σ h    of the light source on the effective coherence length in a vacuum. It is shown that for short transmission distances, the effect of the transmission distance on the effective coherence length is negligible. However, the effective coherence length increases with an increase in the coherence length of the source field. Upon long-distance transmission, the curves of different colors shown in Figure 6 converge into a single line, denoting that the coherence length is independent of source parameters and merely restricted by the increase in the transmission distance. In the presence of turbulence, Figure 6d,e reveals the alterations of the coherence length and beam width with transmission distance. Figure 6d illustrates that the beam expansion during transmission becomes more severe with the decreasing coherence of the light source. Consequently, the effective beam width no longer increases linearly with the transmission distance, as it is affected by turbulence. Furthermore, Figure 6e demonstrates that the coherence length in turbulent flow increases primarily linearly for short transmission distances. As the transmission distance increases, the coherence length decreases gradually. Upon reaching a transmission distance of 10 km, the impact of turbulent flow on the effective coherence length surpasses that of the light source parameters. From the preceding analysis, it follows that the coherence length is subject to mutual influence by both the turbulence intensity and light source parameters, with the latter influencing the extent of beam expansion. In order to eliminate the effects of beam expansion, we use the ratio of the coherence length to the beam width for our analysis. As seen in Figure 6c, during vacuum transmission, the ratio α remains constant, i.e., α =    σ h   /   σ S   , irrespective of the transmission distance. This finding is consistent with the results reported in [15], which studied the vacuum transmission of GSM beams. Figure 6f presents the changes in the ratio of the coherence length to the beam width in the turbulent flow transmission. It is apparent from the figure that the ratio approaches a constant value in the case of short transmission distances, where the turbulence intensity is low; this is consistent with the behavior observed in vacuum transmissions. In contrast, the ratio decreases rapidly when the transmission distance is long, indicating the accumulation of the turbulence effect.



Figure 7 illustrates the impact of the source beam waist radius on the effective coherence length and beam width during transmission in both a vacuum and in turbulent environments. Figure 7a depicts the nearly constant behavior of the effective beam width as the transmission distance increases during vacuum transmissions over short distances. Notably, the effective beam width is positively correlated with the beam waist radius of the source field, with a larger radius resulting in a larger effective beam width. Upon increasing the transmission distance to 1 km, the effective beam width rapidly increases, and it is impervious to the light source parameters. The impact of the light source parameters on the coherence length in a vacuum is depicted in Figure 7b, where it is evident that the beam waist radius governs the rate at which the effective coherence length varies with the transmission distance. The larger the beam waist radius    σ s   , the more slowly the coherence length increases. Figure 7c shows that the effective beam width’s change pattern with transmission distance is analogous to that of Figure 7a when the beam is transmitted through a turbulent flow. This confirms that the light source parameters exert little influence on beam expansion in turbulent flow. Figure 7d illustrates that, for short transmission distances, the coherence length grows linearly with distance. However, for longer distances, the coherence length decreases gradually with the increase in the transmission distance. At this point, the light source parameters no longer play a dominant role in the change in the coherence length. Figure 7e shows the impact of the beam waist radius of the source beam on the ratio of the coherence length to the beam width during the propagation of the beam in turbulence. It is observed that the ratio exhibits little variation over short transmission distances, akin to the propagation in a vacuum. Notably, the ratio increases as the beam waist radius decreases, reflecting the effect of the source parameters on the beam. However, as the transmission distance increases, the impact of turbulence becomes more pronounced, leading to a decline in the ratio, which eventually approaches a steady state. This finding implies that the influence of turbulence on the beam surpasses that of the source parameters. Figure 7f presents an investigation into the effects of the source beam parameters, such as the beam waist radius and coherence length, on the ratio of coherence length to beam width during the beam propagation in turbulent flow. The analysis reveals that for a constant ratio of beam waist radius to coherence length of the source beam, the ratio of coherence length to beam width at the same position increases with increasing values of beam waist radius and coherence length, and of their ratio in a vacuum and under turbulence.



Figure 8 depicts the changes in the coherence length and beam width of a beam transmitted through a turbulent flow. In particular, Figure 8a,b demonstrates the alterations in the effective beam width and effective coherence length of the received beam over varying transmission distances for distinct turbulence inner scales l0. The results from Figure 8a reveal that the effective beam width increases with the increase in the transmission distance, resulting in the beam spreading for a fixed turbulence intensity. Furthermore, when the outer scale L0 is kept constant, a larger inner scale l0 corresponds to a slower growth rate of the effective beam size with the propagation distance. This behavior is explained by the fact that a smaller inner scale of turbulence results in more small eddies within the beam cross-section. Consequently, when the beam irradiates these eddies, more severe diffraction occurs, leading to more significant beam expansion. From Figure 8b, it can be observed that the effective coherence length increases rapidly with the increasing transmission distance and then decreases slowly when the atmospheric turbulence parameters are determined. In addition, an increase in the inner scale results in a larger peak value of the effective coherence length occurring at a greater distance. Figure 8c,d depicts the changes in the effective beam width and coherence length with propagation distance under varying atmospheric refractive index structure constants. Figure 8c illustrates the evolution of the effective beam width of a beam with constant light source parameters as it propagates through a vacuum and a turbulent atmosphere. The results reveal that in the absence of turbulence, the beam width increases linearly with the propagation distance. For small values of the atmospheric refractive index structure constant, the trend is similar to that observed in a vacuum. However, as the atmospheric refractive index structure constant rises, the relationship between them does not remain linear. The effective beam width increases at a higher rate with the growth of the atmospheric refractive index structure constant. During the transmission of light beams through atmospheric turbulence, the phase distortions caused by the stochastic fluctuations in the refractive index result in beam spreading after propagating a specific distance. Figure 8d indicates that the coherence length in turbulence increases linearly with the transmission distance when the distance is relatively short, and the trend is similar to the result of transmission in vacuum. As the transmission distance increases, the coherent length decreases slowly. Figure 8e depicts the impact of the inner scale of turbulence on the coherence length to beam width ratio during beam propagation. It is observed that in the short transmission range, the ratio remains nearly constant, indicating a negligible effect of turbulence at this point. As the distance gradually increases, the smaller the inner scale, and the closer the position where the ratio decreases. With the increase in the transmission distance, the coherence length-to-beam width ratio of a propagating beam through atmospheric turbulence reduces gradually until it converges to a value of zero. Figure 8f shows that the ratio remains constant when the beam propagates through a vacuum. However, in the presence of atmospheric turbulence, the ratio decreases as the transmission distance increases. This decrease in the ratio is faster for larger values of the atmospheric refractive index structure constant.



Figure 9a–c presents the effect of wavelength on the transmission of a beam in atmospheric turbulence, showcasing the variations in the effective beam width and effective coherence length and their ratio with the propagation distance of the received beam. Figure 9a illustrates that the effective beam width increases linearly with the transmission distance, with a more pronounced increase being observed as the wavelength becomes smaller. In contrast, Figure 9b reveals that the effective coherence length of the beam increases as the wavelength decreases. Interestingly, the wavelength has a minimal effect on the ratio of coherence length to beam width, as demonstrated in Figure 9c. Further analysis of the figure reveals that smaller wavelengths allow the beam to propagate through turbulent airflow with less impact, indicating that smaller wavelengths lead to a more robust beam with a greater propagation distance.


   σ ρ 2  =     ∬     ρ  1   ·  ρ  2     I    ρ  1     I    ρ 2    d  ρ  1   d  ρ 2             ∫  I  ρ  d ρ       2     



(17)







Equation (17) displays the drift variance    σ ρ 2    of the centroid, obtained by substituting Equation (10) into Equation (17). By utilizing Figure 10, the drift variance of the beam as a function of the transmission distance L is demonstrated. The results indicate that as the transmission distance L increases, the drift variance    σ ρ 2    increases gradually, and the rate of the increase in drift variance is slower in the presence of weak turbulence. Conversely, a stronger turbulence intensity leads to a faster increase in drift variance with distance. This phenomenon can be attributed to the continuous accumulation of phase disturbances generated by atmospheric turbulence, causing the drift variance of the GSM beam to increase with distance. In short distance ranges, the impact of turbulence-induced phase perturbations on the beam is relatively small, leading to a smaller drift variance. However, as the distance increases, phase perturbations accumulate progressively, resulting in an increase in drift variance. This presents a common challenge in free-space optical communications, which can be partially addressed by employing adaptive optics technology or atmospheric compensation technology. Furthermore, the timescale of turbulence-induced phase perturbations also plays a crucial role in the variance of the drift, as phase perturbations with longer time scales have a more significant impact on drift variance. As turbulence intensity increases, the magnitude and time scale of the phase perturbation increase, thereby leading to a rise in the drift variance.





4. Discussion


When a laser beam is transmitted through atmospheric turbulence, the wavefront of the laser is randomly perturbed, resulting in phase changes. This randomness in the wavefront reduces the coherence of the laser wavefront, leading to a decrease in the coherence of the beam. The degree of turbulence intensity directly affects the level of randomness in the laser wavefront. Consequently, the greater the turbulence intensity, the stronger the randomness in the wavefront, leading to a weakened correlation of the original wavefront phase, and thus a lower coherence of the beam. Numerical analysis revealed that its coherence decreases due to the effect of turbulence when a beam of light is transmitted through a turbulent medium. Although the original wavefront of a partially coherent beam exhibits some degree of randomness, turbulence-induced wavefront changes are uncorrelated with the original wavefront and further diminish the spatial coherence properties of the beam. Thus, the coherence characteristics of a beam of light transmitted through atmospheric turbulence are dependent on both the source parameters and the turbulence intensity during transmission. For short transmission distances with weak turbulence, the impact of atmospheric turbulence on the beam wavefront randomness may be disregarded, whereby the coherence length is predominantly limited by the source beam’s coherence parameters and waist radius. Under such circumstances, diffraction-induced beam spreading augments the coherence length. However, with an increasing transmission distance, the effect of atmospheric turbulence strengthens, resulting in a decline in the coherence length. Given that the effect of turbulence on a light beam is a cumulative process, the influence of the light source’s wavefront becomes more significant with the increasing turbulence intensity, leading to a smaller peak distance for the coherence length and a faster rate of decline. With the increasing use and advancement of underwater wireless optical communications and marine remote sensing imaging applications, there has been a growing interest in the study of the beam coherence, polarization states, effective beam width, and average intensity of laser beams that propagate through turbulent ocean environments. Unlike atmospheric turbulence, ocean turbulence is affected not only by temperature changes but also by salinity fluctuations. Thus, this paper provides a comprehensive analysis of the propagation characteristics of partially coherent beams under atmospheric turbulence, which can serve as a basis for conducting more complex studies of the propagation characteristics of OAHGSM eddy beams in turbulent ocean environments in the future.




5. Conclusions


Based on the generalized Huygens–Fresnel principle, an analytical expression of the cross-spectral density function of a partially coherent beam was derived for horizontal transmission near the ground. The derived expression enabled the numerical analysis of the normalized intensity distribution and beam characteristics during atmospheric propagation. The simulation investigated the effective beam width and coherence length of the received beam under various atmospheric turbulence strengths, source coherence parameters, transmission distances, and source parameters. By comparing the coherent length variation in a vacuum transmission, the present study found that the beam parameters have a prominent influence on the coherent length variation in vacuum transmissions. The expansion of the beam leads to an increase in the coherence length, which is the outcome of the beam’s free diffraction in free space. The research findings reveal that the coherence parameter of the light source and atmospheric turbulence jointly affect the effective beam width and coherence length during horizontal atmospheric transmission. During short-distance transmission, the impact of atmospheric turbulence is minimal, and the beam’s transmission properties are akin to those of vacuum transmissions, with diffraction-induced beam expansion being the main factor influencing the beam’s coherence length. However, during long-distance atmospheric transmissions, the superposition effect of atmospheric turbulence takes precedence, causing the coherence length to decrease. In order to exclude the influence of beam propagation, the ratio of coherent length to beam width was used for the analysis. The study shows that the ratio of coherent length to beam width with different parameters decreases under the influence of atmospheric turbulence, with the decline rate being dependent on both the beam parameters and the turbulence intensity. The analysis provides valuable insights into the intensity distribution and coherence characteristics of beam transmission in horizontal atmospheric conditions. These findings have practical implications not only for laser transmission but also for the broader field of electromagnetic beam transmission, offering a new perspective for improving transmission efficiency. Drawing from the aforementioned findings, we present a set of tentative next steps for future research. These suggested steps encompass, but are not limited to, examining additional variables that may influence the atmospheric transmission performance of GSM beams, as well as exploring alternative hypotheses. In addition, it is recommended that forthcoming studies employ a longitudinal design, involving, for instance, beam replacement, altered turbulence conditions, and off-axis GSM beam selection, to gauge the potential long-term impacts of diverse light sources. Anticipated to be a fundamental contribution to the field, the forthcoming research will extend our understanding of laser heterodyne detection technology and its practical implications. The proposed study will focus on investigating the impact of atmospheric turbulence and scintillation on the effective beam width, pointing error, and coherence length, with respect to different atmospheric refractive index structure constants. We will conduct this analysis under various turbulence conditions, ranging from weak to strong turbulence. It is anticipated that this research will advance our knowledge of the behavior of light beams in atmospheric turbulence and provide insights into the underlying physics. The intensity distribution of a beam in atmospheric turbulence often displays a broad spatial distribution, with the maximum intensity frequently deviating from the beam axis by a certain distance. This deviation is indicative of the beam’s deviation in atmospheric turbulence. Furthermore, the propagation path of the beam is subject to turbulent disturbances, resulting in a curved path. The effective radius of curvature can be used to describe this curvature of the beam’s propagation path relative to the actual beam. To enhance the practical value and comprehensiveness of our analysis, we plan to conduct a further study of the influence of these factors.
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Figure 1. Simulated atmospheric turbulence phase screen. (a) Two-dimensional graph; (b) Three-dimensional graph. 
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Figure 2. Tatarski turbulence spectral function. 
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Figure 3. Schematic diagram of the light wave passing through a turbulent atmosphere from the incident surface and reaching the exit surface. 
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Figure 4. Normalized average intensity distributions of completely coherent light and partially coherent light at the receiving plane under different turbulence strengths. The coherence degree  ℓ  is (a) 1; (b) 3; (c) 5; (d) 7. 
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Figure 5. The normalized average light intensity distribution at the receiving plane of completely coherent light and partially coherent light at different transmission distances. The coherence degree  ℓ  is (a) 1; (b) 3; (c) 5; (d) 7. 
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Figure 6. The influence of the coherence length of the source beam on the effective beam width, the coherence length, and their ratio in a vacuum and in turbulence. (a,b,e)  λ  = 532 nm;    l 0    = 5 × 10−3 m;    σ S    = 3 cm; (c,d,f)  λ  = 532 nm;    l 0    = 5 × 10−3 m;    σ S    = 3 cm;    C n 2    = 10−15 m−2/3. 
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Figure 7. The influence of the beam waist radius of the source beam on the effective beam width. (a,b,e)  λ  = 532 nm;    l 0    = 5 × 10−3 m;    σ h    = 1 mm; (c,d),  λ  = 532 nm;    l 0    = 5 × 10−3 m;    σ h    = 1 mm;    C n 2    = 10−15 m−2/3; (f)  λ  = 532 nm;    l 0    = 5 × 10−3 m;    C n 2    = 10−15 m−2/3. 
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[image: Photonics 10 00477 g007]







[image: Photonics 10 00477 g008a 550][image: Photonics 10 00477 g008b 550] 





Figure 8. The impact of the atmospheric refractive index structure constant and inner scale on the beam width and coherence length and their ratio in turbulent conditions. (a,b,e)  λ  = 532 nm;    σ S    = 3 cm;    σ h    = 1 mm;    C n 2    = 10−15 m−2/3; (c,d,f)  λ  = 532 nm;    σ S    = 3 cm;    σ h    = 1 mm;    l 0    = 5 × 10−3 m. 
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Figure 9. The impact of beam wavelength on the beam width (a) and coherence length (b) and their ratio (c) in turbulent conditions. 
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Figure 10. The impact of beam wavelength on the beam width and coherence length and their ratio in turbulent conditions. 
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Table 1. Range of parameter values in the numerical simulation.
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	Parameters
	Symbol
	Numerical Value
	Reference Value





	Wavelength
	  λ  
	532~1315 nm
	532 nm



	Light source scale (waist radius)
	    σ S    
	1~4 cm
	3 cm



	Light source scale (coherence length)
	    σ h    
	1~4 mm
	1 mm



	Atmospheric refractive index structure constant
	    C n 2    
	10−16 m−2/3~5 × 10−14 m−2/3
	10−15 m−2/3



	Atmospheric inner scale
	    l 0    
	10−4~10−2 m
	5 × 10−3 m
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