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Abstract: The Mie-scattering lidar can detect atmospheric turbulence intensity by using the return
signals of Gaussian beams at different heights. The power spectrum method and Zernike polynomial
method are used to simulate the non-Kolmogorov turbulent phase plate, respectively, and the power
spectrum method with faster running speed is selected for the subsequent simulation. In order to
verify the possibility of detecting atmospheric turbulence by the Mie-scattering lidar, some numerical
simulations are carried out. The power spectrum method is used to simulate the propagation of
the Gaussian beam from the Mie-scattering lidar in a vertical path. The propagation characteristics
of the Gaussian beam using a non-Kolmogorov turbulence model are obtained by analyzing the
intensity distribution and spot drift effect. The simulation results show that the scintillation index of
simulation is consistent with the theoretical value trend, and the accuracy is very high, indicating that
the method of atmospheric turbulence detection using Mie-scattering lidar is effective. The simulation
plays a guiding role for the subsequent experimental platform construction and equipment design.

Keywords: Mie-scattering lidar; non-Kolmogorov turbulence; turbulent phase screen; Gaussian
beam; wave optical simulation

1. Introduction

Turbulence is a very complicated random state formed by the instability of regular
laminar flow at a high velocity. Atmospheric turbulence is caused by the random motion of
the atmosphere, which leads to the random fluctuation of the atmospheric refractive index.
The fluctuation characteristics are mainly related to temperature gradient, humidity fluctu-
ation and wind shear instability. When the laser propagates in atmospheric turbulence, it
will cause serious laser distortion, which will affect the optical communication and other
aspects [1]. Moreover, the existence of atmospheric turbulence directly affects the water—air
exchange. In some arid areas with little rainfall and hot climates, atmospheric turbulence
will directly affect the size of rainfall, which has a great impact on the improvement of
the climate. These problems caused by atmospheric turbulence limit the development of
many fields and will have very serious constraints on photoelectric systems and meteo-
rological departments. Therefore, the detection and analysis of atmospheric turbulence is
very necessary.

Theoretical analytical methods, experimental methods and numerical simulation
methods are generally used to study laser propagation in turbulence. There is much
research on Kolmogorov turbulence; however, there is no complete model to describe
non-Kolmogorov turbulence comprehensively.

Numerical simulation methods are usually divided into the construction of turbulent
phase screen and laser transmission in turbulent phase screen. In recent years, more and
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more studies have shown that turbulence in the upper troposphere and stratosphere of the
atmosphere has deviated from Kolmogorov turbulence statistical law, that is, Kolmogorov
turbulence is not the only turbulence model in the atmosphere. Beland later called this
turbulence model non-Kolmogorov turbulence [2]. Therefore, in the study of laser propaga-
tion in a non-Kolmogorov turbulent atmosphere, not only the anisotropy of turbulence but
also the variation of turbulence spectrum should be considered.

In recent years, many scholars have numerically simulated the non-Kolmogorov
turbulent phase plate and studied its effect on lasers. In 2017, Chen et al. constructed a
non-Kolmogorov turbulent phase screen using the power spectrum method based on an
equivalent structure constant and discussed the propagation characteristics of Gaussian
beams in it [3]. In 2018, Paulson et al. used a subharmonic phase screen based on FFT
to conduct a step propagation optical simulation, demonstrating the necessity of low
spatial frequency subharmonic components [4]. In 2018, Stephen et al. simulated optical
propagation in non-Kolmogorov turbulence using a WOS-based stepwise phase screening
method [5]. In 2020, Wang et al. proposed an IE-FBM method to generate a non-Kolmogorov
turbulent phase screen, and the low-frequency and high-frequency information of the phase
screen generated by this method was better when close to the theoretical value [6]. In 2021,
Guan et al. derived the analytic expression of wave structure function of a plane wave
and spherical wave propagation through anisotropic non-Kolmogorov turbulence in a
horizontal path and simulated the influence of the internal and external scale and power
ratio value of turbulence [7].

In addition, lidar, as an active remote sensing method, has been adopted by more re-
searchers for the correlation measurement of atmospheric turbulence due to its advantages
of strong real-time performance, high spatial and temporal resolution, and low signal pollu-
tion. In 2013, Cui et al. used light intensity scintillation lidar to detect the scintillation index
and atmospheric refractive index structure constant in the horizontal direction [8]. In 2014,
Tang et al. studied the detection performance of heterodyne lidar in non-Kolmogorov tur-
bulence [9]. In 2016, Zhou et al. developed a set of range-resolved atmospheric turbulence
profile lidar based on the measurement principle of atmospheric turbulence profiles using
differential image shift and used it to detect atmospheric turbulence intensity profiles [10].

However, these studies generally separate theory from actual experimental detection.
The numerical simulation only studies the influence of laser transmission in atmospheric
turbulence theoretically and fails to obtain the relevant practical parameters of atmospheric
turbulence intensity. Experimentally, there are few reports describing the use of Mie-
scattering lidar for atmospheric turbulence detection. Compared with other lidar, Mie-
scattering lidar is small in size, simple in operation, cost saving, easy to move, and high
spatial and temporal resolution. The principle is to use the received return signal to directly
detect the turbulence intensity, saving the tedious process and high cost of other image
lidar processing spots, and providing a new idea for using lidar to detect the atmospheric
turbulence intensity.

In order to realize the successful establishment of Mie-scattering lidar system in the
next stage, this paper uses the idea of numerical simulation to simulate the system in
advance. Through the simulation of the light intensity return signal, the feasibility of
the system to detect atmospheric turbulence is verified and is conducive to the design of
parameters of each part of the experimental equipment in the later stage.

2. Construction of Non-Kolmogorov Turbulent Phase Screen

The numerical simulation of light propagation in a random medium is based on the
propagation equation of light and a multi-layer phase screen is used instead of a random
medium. If the inhomogeneous scale of the medium is much larger than the wavelength
of the light, it can be considered that there is only forward small angle scattering but no
back scattering, and the propagation problem along the direction can be approximated
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by paraxial approximation. At this point, if the light field is expressed as E = ue'*?, the
standard parabolic equation can be obtained [11]:

ou i

— = —V?u+iknu 1

o0z 2k L ! @)
where Vi_ = % + %, ny is the refractive index fluctuation, k = 27”, A is the wavelength

of the light wave, which can be written in the following form:

ou *u  d*u 5

2ik

Vacuum propagation and dielectric phase modulation can be regarded as two inde-

pendent and simultaneous processes when the light propagation of atmospheric turbulence

is simulated by multi-layer phase screen. The continuous random medium is segmented

into a series of parallel plates of thickness, through which the light field propagates and
causes phase modulation, and then propagates to the next plate, as shown in Figure 1.
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Figure 1. Phase screen simulation schematic diagram.

Then, in the propagation direction, the solution from the plane of z = z;_; to the plane
of z; = z;_1 4+ Az through the parallel plate of thickness Az can be obtained by integrating
the vacuum propagation with the propagation distance of Az and phase modulation of the
phase screen, and by the associated Fourier transform, we can get [1]:

u(r, z;) = 1 {exp [_ZZAkZ (Ki + Kﬁ)] F [eiS(T,Zi)u(r‘, Zi,l)] } 3)

where u(r,z;_1) is the light field on the i — 1 phase screen; 5(r, z;) is the phase distribution
on the i — 1 phase screen; x, and «, are wave numbers in specific phase space, the units
are rad /m, which are related to the scale of turbulence. 72 = x% + yz ; F stands for Fourier
transform, F~! stands for inverse Fourier transform. Two common methods to generate
atmospheric turbulent phase screens are briefly introduced below: power spectrum method
and Zernike polynomial method.

2.1. Power Spectrum Method

The power spectrum method is also called the Fourier Transform method (FFT) [12,13].
Its principle is to filter the power spectrum of turbulence with a complex Gaussian random
number matrix, and then obtain the disturbance phase of the atmosphere by Fourier
inversion. The specific process is as follows:



Entropy 2022, 24, 1764

4 0f 21

When the light propagates along the direction, the relationship between the two-
dimensional spectrum of phase ¢ and the spatial spectral density of turbulent refractive
index is [1]:

D (Kx, Ky, 2) = 27tk* Az ¢y, (Kx, 70y, 6z = 0,2) 4)

For non-Kolmogorov turbulence, the three-dimensional refractive index spectrum
model without considering internal and external scales is expressed as [14]:

Dy, x) = A(oc)E%K*”‘ K < ll )
0

1
;7 =<

Lo
where k = /x%2 +y? « is the power law of three-dimensional spectrum, usually at
3 <& < 5[14]. The refractive index structure constants of the atmosphere correspond-
ing to a in a certain range are called the broad refractive index structure constants and
their units are called m3~*. A(a) is called consistency function, whose function is to make
the structure function and power spectrum of the scale index « in a certain range can be
exchanged [15]. Ly is the outer scale of turbulence and [y is the inner scale of turbulence.

I'(e—1)

A(K)IWcOS(%),3<D€<5 (6)

where the I'( ) is the gamma function. The consistency function A(«) is shown in Figure 2.
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Figure 2. Variation of consistency function A(«) with power law.

When a« = 11/3, A(x) = 0.033, Efv% = C2, and the unit is m~2/3. Then, the non-
Kolmogorov turbulence spectrum is transformed into the Kolmogorov turbulence spec-
trum [11]:

1 1
By (k) = 0.033C2k 5, — <Kk < —
Lo lo

Based on the two-dimensional spectrum of phase @, we can construct a two-dimensional

complex random field in the phase space through the complex Gaussian random number

matrix filtering:
dNb(Kx, Ky) = agy\/ Py (Kx, Ky, 2) 8)

agr = AR +iBgr 9)

@)

where ap is a complex Gaussian random number matrix, Ag and By are random numbers
with mean value of 0 and variance of 1 for both real and imaginary parts, respectively. A
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two-dimensional random phase field can be obtained by Fourier transform of the two-
dimensional complex random field in the phase space, after discretization, we can get:

_ agy/ Pp(pAx, qAx)
D(pAx, qAK) = (10)

Ax

_2r
- NAx
where N is the number of grids in the direction of length and width of phase screen, here,
the length and width of the phase screen are set to be equal, then the phase screen is divided
into N x N square grids; Ax is the width of each grid; Ax is the wave number interval of
the corresponding phase space; p and g are integers.

The phase distribution in real space can be obtained by FFT of Equation (10):

Ax (11)

@ (pAx,qAx) = % Y N SN B (mAk, nAk) exp {_WM} (12)
Although the power spectrum method is simple to simulate turbulent phase screen,
the generated phase screen has the disadvantage of insufficient low-frequency information.
The minimum spatial frequency of the phase screen generated by the power spectrum
method is f,,;;, = Af = 1/L, L is the width of the phase screen, and the maximum spatial
frequency is fuax = NAf/2 = 1/(2Ax), which does not include the power spectrum
corresponding to low frequency components of (0,Afy) and (0,Afy).Afx, Afy are the x
and y directions of the phase screen, respectively, namely the long and wide directions of
the phase screen.

According to this situation, Lane et al. proposed a method of stacking low-frequency
sub-harmonics to compensate the generated phase screen [16]. The principle is to divide
the high frequency part of the power spectrum into nine small square regions with equal
area, and the sampling points are distributed in the remaining eight small regions except
the central point to form a sub-harmonic grid. In this way, the original high-frequency
sampling part is replaced by the sub-harmonic grid, and the p-order harmonic generated
by this method is expressed as:

~ 273~ P (m'p +n’
D, (p'Ax, q' Ax) = Zgil Z;lnfzo Z;quzo @ (p'Ax,q' Ax) exp [ (Np 9) (13)
_ ary/ Py (pAx, qAx)
@ (p'Ax,q'Ax) = ¢AK (14)

The total phase of the phase screen after sub-harmonic compensation is obtained by
adding Equations (12) and (13). The phase screen generated by this method contains more
low-frequency information, which can improve the large-scale statistical characteristics of
the phase screen simulation.

2.2. Zernike Polynomial Method

Zernike polynomial is composed of an infinite sum of items, and each item is obtained
by multiplying the coefficient and formula of the preceding item. The product plus sum is
the final result. The polynomials form a complete orthonormal basis, each corresponding
to a unique phase distortion, such as defocus, spherical aberration, etc. This algorithm is
widely used in the surface simulation of optical components, and then gradually used in
the simulation of the optical phase.

The polynomial is divided into two parts: the leading coefficient and the formula.
The formula is obtained by multiplying the radial function R}(r) and the Angle function
O} (0). The coefficients are obtained indirectly by the covariance matrix.
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The polynomial formula is as follows:

S(r) = 221 a;-Z;(r) (15)

]

where 4; is the leading coefficient, Z;(r) is written by [17]:

Zevenj = R (r)/2(n + 1) cos(mb), m # 0,
Zodaj = R} (r)y/2(n + 1) sin(mf), m # 0, (16)
Zi=R)(r)Vn+1,m=0

where j is the serial number of the formula, n and m are radial series and angle series,
respectively. Depending on the values of m and j, there are three forms. Radial function
and angle function are as follows [18]:

R? (7’) — anm (_1)5(n — S)! rnfzs (17)

=0 ST —5)1 (T =)

2(n+1)sin(m), m # 0, ] is odd (18)
vn+1,m=0

There is a certain correlation between the preceding coefficients, and they are not
statistically independent. The covariance of a; and a; of any two coefficients of Zernike

2(n+1)cos(mb), m # 0, is even
©;/(6) = {

polynomial is [18]:

dedf Q;i( )d>¢<2f 2f/)Q, (f) (19)
Q;(f) = [[ dpd6z;(p,6)e~ > (20)

/ a—2
¢(2f 2f > (4n)2“"B(a)c1(a)<rDo> fu (21)

where r¢ is the atmospheric coherence length and « is the power law of the three-dimensional
spectrum, f is the spatial frequency of light wave, D is the diameter of the light beam.

aw —2(s251[25]) 7 @

__ Tl
" ]

(23)

The coefficient covariance matrix of Zernike polynomial is obtained by integral trans-
formation:

() = Ba)c <a>z““nl“(D

ro

n+n’ —2m

a—2 1
) '[(Tl—i-l) (n/—i_l)]z(_l) ‘5mm’1nn’ (24)

+n'—a42
F[" T } 7T [ + 1]
s 2 1 2 / 4
[n nzrlx+ }r[n nzrtx+ } 2r[n+n£rlx+ }

b = [ £~ 09 i1 ref) 2 (27f)af = 5)

The matrix C, composed of coefficient covariance is a real symmetric positive definite
matrix, so singular value decomposition can be performed on it to obtain two matrices [18]:

C,=Uu-AU" (26)
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where A is diagonal matrix; U is the identity matrix, the transpose is the same as the inverse,
u=u'=ut

There is a matrix X, whose elements {x;,i =1,2,3,...,00} are Gaussian random
variables with mean values of 0 and a variance determined by diagonal matrix, which
satisfies the following relationship [18]:

Y =UX 27)

where Y is the Zernike coefficient vector, and its elements are { Yjs ji=123,..., oo}. Lastly,
the Zernike polynomial can be expressed as:

Z] p Y Xillijzi(r) (28)

2.3. Verification of Phase Screen Simulation

The phase structure function describes the second-order statistical characteristics of
the wavefront phase and is often used as a method to check the phase screen. Both results
of non-Kolmogorov turbulent phase screens generated by the power spectrum method and
Zemike polynomial method are verified. Phase structure function is defined as [11]:

Dy(r) = ([p(r +11) — p(r)]?) (29)

Non-kolmogorov turbulence phase structure function is expressed as [15]:

r

Dy(r) = c1(a) ()H (30)

o
where ¢; () is expressed in the same way as Equation (22) above; rp means atmospheric

. 1/(x—2
a@r(s) “ when o = 11/3
—24-0 22 A ()T (252 ) CAL ’ ’

coherence length, expressed as rg = (

c1(11/3) = 6.88, rg = (0.423k*C3L) _5/3, the phase structure function of non-Kolmogorov

turbulence can be transformed into the phase structure function of Kolmogorov turbulence:

Dy (r) = 6.88 (:0) : (31)

2.3.1. Verification of Turbulent Phase Screen Simulated by the Power Spectrum Method

Firstly, a square phase screen with length and width of 0.5 m is simulated. When
the number of grids is 256 x 256, the wavelength of light wave is 0.532 um, the structure
constant of atmospheric refractive index is C2 = 1.0 x 10712 [19], the transmission distance
is set as 1000 m, the phase screen spacing as Az = 100 m, regardless of the internal and
external scales of turbulence, and the power laws of three-dimensional spectrum are taken
as o = 3.1, 3.3, 3.5, 11/3, 3.9 and 4.3, respectively, the simulations of Non-Kolmogorov
turbulent phase screen by the power spectrum method are shown in Figure 3.

As can be seen from the Figure 3, when the internal and external scales of turbulence
are not considered and the same random number matrix is used, the phase disturbance
generated by the phase screen of non-Kolmogorov turbulence is greatly affected by the
power spectrum power law. It is not difficult to see that with the increase of power spectrum
power law «, the phase fluctuation degree of non-Kolmogorov turbulence becomes smaller
and smaller. Since the power spectrum law is a constant variable in the real atmosphere,
it is often necessary to study the simulation results of laser beams under different power
law conditions.
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Figure 3. Simulations of Non-Kolmogorov turbulent phase screen by power spectrum method.

When changing the width of phase screen, namely, the grid number is 256 x 256, the
wavelength of light wave is 0.532 um, the atmospheric refractive index structure constant
is C2 = 1.0 x 10~ !, the transmission distance is set as 1000 and the phase screen spacing
is set as Az = 100 m. Here, the power spectrum power law « = 3.1 is taken as an example.
The width of phase screen is 0.5 m, 1.0 m, and 2.0 m, respectively, the simulation results of
power spectrum are shown in Figure 4.
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Figure 4. Simulations of phase screen by power spectrum method at different width of phase screen.

When changing the phase screen interval, that is the width of phase screen is 0.5 m,
the number of grids is 256 x 256, the wavelength of light wave is 0.532 um, the atmospheric
refractive index structure constant is C2 = 1.0 x 10715, the transmission distance is set as
1000 m, the power spectrum power law & = 3.1, and the phase screen spacing is 50 m, 100 m,
and 200 m, respectively, the simulation results of power spectrum are shown in Figure 5.
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Figure 5. Simulations of phase screen by power spectrum method at different phase screen spacing.

Change the intensity of atmospheric turbulence, the width of phase screen is 0.5 m,
the number of grids is 256 x 256, the wavelength of light wave is 0.532 um, the trans-
mission distance is set as 1000 m, the distance of phase screen is set as 100 m, the power
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spectrum power law «a = 3.1, the structure constants of atmospheric refractive index are
C2=1.0x10"12,1.0 x 107'%, and 1.0 x 1018 [19], respectively, which representing three
situations in which turbulence intensity is strong, medium, and weak, respectively. The
simulation results of the power spectrum are shown in Figure 6.
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Figure 6. Simulations of power spectrum method under different turbulence intensity.

As can be seen from the above simulation results, different phase screen widths,
phase screen spacing and turbulence intensity have great changes in the spectral width
of the phase screen and have great influences on the modeling and simulation of non-
Kolmogorov turbulent phase screen. When the intensity of atmospheric turbulence is
stronger, the width of the phase screen is larger, the distance between the phase screen
is larger, and the phase fluctuation of the phase screen is larger. In practical applications,
relevant parameters should be selected according to the laser emission system parameters
and the actual situation of the atmospheric environment.

The low frequency compensation is analyzed. When the wavelength of the light
wave is set as A = 0.532 um, the phase screen spacing is set as 100 m, the transmission
distance is set as 1000 m, the width of phase screen is 2 m, the number of grids is 256 x 256,
the power spectrum power law « = 3.1, and the atmospheric refractive index structure
constant is C2 = 1.0 x 105, the simulation results of non-low-frequency compensation
and third-order low-frequency compensation are shown in Figures 7 and 8, respectively.

non-low-frequency compensation third—orderlow-frequency compensation

phz[rad]

0

yim] x(m) yiml A xim]

Figure 7. Simulations of power spectrum method under different harmonic waves.

non-low-frequency compensation third—orderlow-frequency compensation

x[m] x[m]

Figure 8. Grayscale of phase screen by power spectrum method at different harmonics.
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As can be seen from the above two figures, the low-frequency part of the phase
screen is not obvious when the third-order harmonic compensation is not added, resulting
in inadequate sampling and affecting the authenticity of simulating non-Kolmogorov
turbulence. After the third-order harmonic is added, the low-frequency components are
compensated accordingly. The above two grayscale images are calculated, respectively. The
average grayscale is 163.4397 and the variance is 5685.1 without harmonic compensation.
After adding the third harmonic, the average gray level is 163.4473 and the variance is
5462.3. This shows that the image is smoother, and the variance relative error of the third
harmonic is less than 5%.

Table 1 lists the influence of the subharmonic series is divided into several groups and
statistically averaged, respectively.

Table 1. Influence of subharmonics on image gray scale.

Group Subharmonics Mean Gray Variance of Compensated Variance
Number Scale Gray Scale Relative Error

C o Em o

2 ‘ 177 5651 7 206%

’ 1 159 8515 029’ Laz%

: 5 1512009 15073 072%

It can be seen from Table 1 that the higher the subharmonic series is, the smaller the
relative error of gray variance is. In theory, if the harmonic series continues to increase, the
variance relative error will tend to 0, but in practice, it is usually set below 10 orders to
meet the needs.

The structural function method is used to verify the effect of low frequency com-
pensation. Taking power law « = 3.1 as an example, the phase structure function of a
superimposed harmonic and non-superimposed harmonic is compared with the theoretical
value, and the contrast function image is shown in Figure 9.
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Figure 9. Phase structure function of power spectrum method for subharmonic compensation.
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It can be seen from Figure 9 that the phase screen generated by the power spectrum
method is close to the theoretical value in the high frequency part, and quite different from
the theoretical value in the low frequency part. However, the phase screen generated by
sub-harmonic compensation is significantly improved in the low spatial frequency part.

2.3.2. Verification of Turbulent Phase Screen Simulated by Zernike Polynomial Method

When being similar to the simulation process of the power spectrum method, namely,
the atmospheric coherence length 1y = 0.1 m, phase screen width 0.5 m, grid number
256 x 256, light wave wavelength 0.532 um, regardless of the internal and external scale of
turbulence, the power law of the three-dimensional spectrum « = 3.1, 3.3, 3.5, 11/3, 3.9 and
4.3, respectively, and the order of Zernike polynomial was selected to be 10 for simulation,
the simulations of non-Kolmogorov turbulent phase screen by the Zernike polynomial
method are shown in Figure 10.

Alpha=3.1 Alpha=3.3 Alpha=3.5

200 250
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Alpha=3.9 Alpha=4.3

phzrad]

o
£
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Figure 10. Simulations of non-Kolmogorov turbulent phase screen by the Zernike polynomial
method.

As can be seen from the figure, when the internal and external scales of turbulence
are not considered and the Zernike polynomial order is the same, the phase disturbance
generated by the phase screen of non-Kolmogorov turbulence is greatly affected by the
power law. It can be seen that with the increase of power law a, the phase fluctuation
degree of non-Kolmogorov turbulence becomes smoother and smoother.

When changing the width of the phase screen, that is the number of grids is 256 x 256,
the wavelength of light wave is 0.532 um, and the atmospheric coherence length ry = 0.1 m.
Here, the power law «a = 3.1 is also taken as an example. The width of phase screen is 0.5 m,
1.0 m, and 2.0 m, respectively. Additionally, the polynomial order is 10. The simulations of
Zernike polynomial phase screen with different widths of the phase screen are shown in
Figure 11.

If changing the atmospheric coherence length, namely, the phase screen width is 0.5 m,
the mesh number is 256 x 256, the light wave wavelength is 0.532 um, the power law
« = 3.1, the polynomial order is 10, and the atmospheric coherence length is rp = 0.1 m,
0.5 m, and 1.5 m, respectively, the simulations of Zernike polynomial phase screen with
different atmospheric coherence lengths are shown in Figure 12.
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Figure 11. Simulation diagram of Zernike polynomial phase screen with different width of phase screen.
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Figure 12. Simulation of Zernike polynomial phase screen with different atmospheric coherence lengths.

It can be seen from the above simulation results that different phase screen widths
and different atmospheric coherence lengths have great changes in the amplitude width
of the phase screen and have great influences on the modeling and simulation of the non-
Kolmogorov turbulent phase screen. When the atmospheric coherence length is smaller
and the phase screen width is larger, the phase fluctuation of the phase screen will be
larger. In practical application, relevant parameters should be selected according to the
laser emission system parameters and the actual situation of the atmospheric environment.

When changing the order of Zernike polynomial, that is the phase screen width is
0.5 m, the mesh number is 256 x 256, the wavelength of light wave is 0.532 um, the
atmospheric coherence length ry = 0.1 m, the power law « = 3.1, and the orders are 10, 30
and 50, respectively, the simulations of Zernike polynomial phase screen with different
orders are shown in Figure 13.
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Figure 13. Simulation of Zernike polynomial phase screen with different orders.

In order to analyze the performance of the phase screen generated by Zernike polyno-
mial method, the phase structure function was also used for statistical analysis. The phase
screen generated by several different polynomial orders was statistically analyzed and
compared with the theoretical value of atmospheric turbulence phase structure function.
The comparison results are shown in Figure 14.
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Figure 14. Zernike polynomial phase structure function.

It can be seen from Figures 13 and 14 that the Zernike polynomial method is insufficient
to simulate the high frequency information of non-Kolmogorov turbulence. When the order
of Zernike polynomial is increased, the phase structure function is closer to the theoretical
value, and the high frequency information is slightly improved.

Both the power spectrum method of sub-harmonic compensation and Zernike polyno-
mial method of increasing order can increase the accuracy of phase screen simulation to a
certain extent. In the actual simulation operation, we compared the running time of the
two methods. The running time of the power spectrum method was about 3 s, while the
running time of the Zernike polynomial method was more than 10 s, and the higher the
order, the longer the running time. After comprehensive consideration, the power spectrum
method with sub-harmonic compensation was selected for subsequent simulation.

3. Simulation of Atmospheric Turbulence Detection by Mie-Scattering Lidar Using
Non-Kolmogorov Turbulence Power Spectrum

The main objects of theoretical analysis and processing of turbulent atmospheric
optics are ideal plane waves and spherical waves, while the tool or main research object
of turbulent atmospheric optics experiment is the wave of a laser beam. The difference
between laser and general light waves is not only reflected in the laser’s unique coherence
and high brightness, but also in that the laser is a beam of limited space, so there is a
clear spot.
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For the Mie-scattering lidar system detecting atmospheric turbulence, Gaussian beam
is emitted by laser, and the atmospheric turbulence profile is obtained by using return
signals at different heights. However, the transmission characteristics of a laser in the
atmosphere will affect the actual detection performance of the system. Therefore, the
influence of atmosphere on laser transmission characteristics must be considered in the
design and application of the Mie-scattering lidar system.

The most direct effect of turbulent atmosphere on laser propagation is the spatial
distribution of light intensity, that is, the change of spot shape. To study the difference
between the simulation using non-Kolmogorov turbulence and Kolmogorov turbulence
for Mie-scattering lidar, this paper conducts simulation tests on the detection technology
based on the detection principle of Mie-scattering lidar.

3.1. Mie-Scattering Lidar System

Figure 15 shows the schematic diagram of the Mie-scattering lidar system used. The
system uses the Nd: YAG-pulsed laser as the laser source, and emits the pulsed laser beam
at wavelengths of 1064 nm and 532 nm into the atmosphere, then the laser interacts with
the molecules and particles in the atmosphere as well as the atmospheric turbulence to
generate the backscattering return signal, which is received by the large aperture telescope.
Through the iris, optical fiber and collimating lens, the return signal incidents into the
spectroscopic system, in which, the 532 nm return signal is divided into two channels
with different energies and is, respectively, detected by two photomultiplier tubes (PMT).
The purpose of the two channels is to explore the effects of return signals with different
intensities on atmospheric turbulence in later experiments. The PMTs convert the received
optical signals into electrical signals, which are amplified by amplifiers and sent to the data
acquisition and processing system. The photoelectric detector of the lidar works in the
analog mode, and the output of PMT is directly connected with the high speed, high gain
and low noise amplifier circuit to achieve impedance matching and signal amplification.

Atmosphere
turbulence
A A A
L —

1064nm
532nm

Nd:YAG Laser

Fiber COllll:;:tmg ::[ »
A

R:reflector
BS:beam splitter PMT2

F:filter DAQ
systerm

Iris

AMP2

Figure 15. Schematic diagram of the Mie-scattering lidar system.

The beam emitted by the Mie-scattering lidar is a Gaussian beam, and the amplitude
and intensity of the light field of the Gaussian beam are Gaussian distributed in a plane
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perpendicular to the direction of propagation. The field of the fundamental mode Gaussian
beam in a uniform medium can be expressed as [1]:

- wy 72 . kr?
)= Uit - i+ | o
2 2
I(X,]/rz) = ugw;‘}(()z) exp{_wzzr(z) } (33)

2 2
where w(z) = wy 1—1—(%) ,f:nTwS,w(): g,R:R(z):z{lﬁ-(?) ] :z—l—fz—z,wo

represents the optical waist radius, R(z) is the radius of wave-front curvature, Uy represents
the initial light field distribution of the fundamental mode Gaussian beam, and f represents
the confocal parameter.

3.2. Light Intensity Simulation of Gaussian Beam Propagation for Non-Kolmogorov Turbulence

According to Equations (32) and (33), the change of intensity of Gaussian beam
propagating 1 km in turbulent atmosphere is simulated. Therefore, the laser is set as
fundamental mode Gaussian beam, taking laser wavelength A = 0.532 pum, phase screen
size L = 0.5 m, beam waist radius wy = 20 mm, grid number N x N =256 x 256, and
setting a phase screen at Az = 100 m in the distance of 1000 m, the power law « = 3.1, 3.5,
and 3.9, the atmospheric refractive index structure constants are C2 = 1.0 x 1072 and
C2 = 1.0 x 10713, respectively. The power spectrum method is employed to simulate the
distribution of light intensity. In fact, the laser used in the laboratory has wavelengths
of 1064 nm and 532 nm, energy of 150 m], frequency of 10 Hz, and average power of
1.5 W. The initial light intensity is the ratio of the power to the phase screen area, which is
6 W/m? through calculation. It should be pointed out that the light intensity calculated by
simulation in the following figure is a relative value, which is the ratio of the light intensity
of each point to the origin.

Firstly, the phase screen of laser transmission under medium intensity turbulence is
simulated (C2 = 1.0 x 10~%), as shown in Figure 16.

Alpha=3.1 Alpha=3.5 Alpha=3.9

Intensity(arbitrary unit)

Alpha=3.1 Alpha=3.5

Alpha=3.9

Figure 16. Light intensity distribution of different power law values when C2 = 1.0 x 10~1°.

Then, the phase screen of laser transmission under strong turbulence is simulated
(C%2 = 1.0 x 10~!2), as shown in Figure 17.
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Figure 17. Light intensity distribution of different power law values when C2 = 1.0 x 10712,

As can be seen from Figures 16 and 17, for non-Kolmogorov turbulence, the smaller
power law of the three-dimensional power spectrum is, the larger the degree of spot
breakage of the Gaussian beam is. This shows that the power law has a great influence on
laser transmission. In practical application, the selection of appropriate power spectrum
power law value has a great effect on the simulation results. In the transmission process of
Gaussian beam in turbulent atmosphere, the light spot of Gaussian beam gradually breaks
with the increase of the atmospheric structure constant. With the increase of turbulence
intensity, the degree of light spot breakage becomes more obvious, and the radius of beam
also increases. This indicates that the stronger the turbulence intensity is, the greater the
distortion is to the laser transmission, which not only affects the overall intensity of the
light intensity, but also affects the uniformity of the light intensity. In practice, atmospheric
turbulence is usually composed of turbulence with a different power law, which will have a
great impact on the effect of laser transmission, and then affect the near-field beam quality.
In some satellite communication, lasers ranging and other aspects, the impact of turbulence
cannot be ignored, and should be analyzed according to the actual situation.

Light intensity fluctuation is one of the most common and obvious light transmission
effects caused by atmospheric turbulence [20]. The random fluctuation of laser intensity
with time is called intensity fluctuation when laser propagates in a turbulent atmosphere.
The fluctuation is caused by the random fluctuation of atmospheric refractive index which
leads to the change of laser phase and the random fluctuation of laser amplitude. Light
intensity scintillation is an important physical quantity that restricts the quality of laser com-
munication. The scintillation index ¢? represents the normalized light intensity fluctuation
variance, which is defined as [21]:

2\ 2
o U ><I>2<1>

where I represents light intensity, and (-) represents ensemble average.

The weak fluctuation condition of atmospheric turbulence can be obtained by using
the Rytov approximate relation (0'12” [~ Ulzzyt o), 02 < 1. The normalized light intensity
fluctuation variance corresponding to the plane wave under the weak fluctuation condition
is usually used as the measurement parameter of the fluctuation condition, which is called
the Rytov index [1]:

(34)

0B yto0(L) = 1.23kE Lo C2 (35)
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When laser is transmitted in weakly fluctuating turbulence, the scintillation index is

07, the logarithmic amplitude fluctuation variance is ¢7,; and the Rytov fluctuation variance
(Tl%ym satisfy the following requirements:

012 = UIZnI = exp (O'I%ytov) -1 (36)

It can be seen that when o7 increases gradually, (leaytm} also increases gradually. When

the scintillation index 07 increases to more than one, the saturation phenomenon of light
intensity scintillation will appear. In this case, although aéytov increases, the scintillation
index o7 starts to decrease. Markov approximation is introduced to solve the approximate
solution of scintillation mean square error under strong fluctuation condition 2 > 1.

For Gaussian beam, its scintillation index is expressed as [22]:
o7 (L) = o}, (L) =

8m2k2L fol Jo~ xpn(x) exp (—AU,EZCZ) {1 — cos [LT"ZE(l - O¢] }dxdé G7)

where ¢ =z/L,0@=1+L/F,0 =1-0,A=2L/kw? F represents the wave-front curva-

ture radius of the receiving plane, w represents the beam diameter at the receiving plane.
Then, the phase screen method is used to simulate the scintillation index of laser trans-
mission using non-Kolmogorov turbulent media. When the Gaussian beam wavelength
is A = 0.532 pm, the phase screen size is 0.5 m, the beam waist radius is wp = 20 mm, the
number of grids is N x N =256 x 256, the transmission height is L = 500 m, and phase
screen interval is Az = 200 m, the scintillation index as a function of Rytov variance is
simulated under the condition of non-Kolmogorov turbulent atmosphere, as shown in

Figure 18.
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Figure 18. (a) The variation of scintillation index with Rytov variance simulated by power spectrum

method. (b) Relative error of scintillation index with Rytov variance.

From Figure 18a, the simulated scintillation index in non-Kolmogorov turbulent
atmosphere is in good agreement with the theoretical value. With the continuous increase
of Rytov variance, the scintillation index first increases to a maximum value, then slightly
decreases, and finally tends to a stable value, which is the saturation phenomenon of
light intensity scintillation mentioned above. Figure 18b shows the relative error between
simulated non-Kolmogorov turbulent atmospheric scintillation index and theoretical value.
It can be seen that the error is basically less than 10%, and the average relative error is 2.66%
after calculation, which verifies the accuracy of simulation.

Figures 19 and 20 show the three-dimensional light intensity distribution and the
comparison between the average value of the scintillation index and the theoretical value of
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the Gaussian beam transmitted by the Mie scattering lidar at the vertical height of 5000 m,
using the power spectrum method.
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Figure 19. Light intensity distribution of Gaussian beam propagating vertically at 5000 m in non-
Kolmogorov turbulence.
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Figure 20. (a) The comparison between the average value of the scintillation index and the theoretical
value of the Gaussian beam transmitted by the Mie scattering lidar at the vertical height of 5000 m.
(b) Relative error of scintillation index with height.

As can be seen in Figures 19 and 20, the simulated scintillation index fluctuates
around the theoretical value, and there is a good consistency between them, which pre-
liminarily indicates the reliability and rationality of Mie scattering lidar when using non-
Kolmogorov turbulence and can play a good guiding role in the subsequent practical
detection. Figure 20b shows the relative error of simulated scintillation index with height.
It can be seen that the relative error is basically less than 14% and most of it is less than 8%,
indicating that it is feasible to use the parameters of the Mie-scattering lidar to simulate
the fluctuation of light intensity. In the future, we will use simulated parameters for the
equipment design and construction of the lidar system.

3.3. Spot Drift Effect of Gaussian Beam Propagation in Non-Kolmogorov Turbulence

When the laser is transmitted in the turbulent atmosphere, the center position of the
statistical average of the beam will have a fast random jump in the plane perpendicular to its
transmission direction. This phenomenon is called spot drift. This phenomenon is the most
common deformation characteristic of light beams in a turbulent atmosphere. Spot drift
effect has important influence on laser communication, laser ranging and lidar systems.
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Spot drift is usually described by the change of spot centroid position. There are two
methods to detect the centroid of the spot. One is the centroid method which starts from
the gray level distribution inside the spot, which needs to calculate every pixel on the spot.
The other is edge detection method starting from spot edge information, such as Hough
transform and least square method fitting spot contour, etc. [23]. Due to the fact that light
spot image is obtained by simulation of phase screen will be broken and discrete degree
is bigger with the increase of transmission distance and phase screen spacing, the edge
information is difficult to obtain. In fact, the information of light field intensity change
can be clearly obtained by using the simulation model of Gaussian beam and further can
be linearly transformed into pixel points on the phase screen. Therefore, the centroid
method is used to solve the centroid distribution of light spots. The centroid of the spot is
defined as [1]:

_ [ <1y
€ [N Ixy)dxdy
_ [ yIGxy)dxdy
Ye = [ Ixy)ady

So, the drift variance of the center of mass is:

_ I Jf (pr-p2)1(p1)I(p2)dprdp2 39)
2
L[ I(p)dp]

If the mean square deviation of the spot centroid drift in the horizontal and vertical
directions is 0y and oy, respectively, and under the assumption that the drift motion in the
horizontal and vertical directions is statistically independent, the total drift variance of the
spot centroid is given by:

X
(38)

a5 = (o?)

(73 = (7,% + 0'; (40)

When the Gaussian beam wavelength A = 0.532 pm, the phase screen size L = 0.5 m,
the beam waist radius wg = 20 mm, and the mesh number N x N =256 x 256 are selected,
the transmission distance is 1 km, a phase screen interval is set as Az = 100 m, and the
power law is set as « = 3.1 and 3.9, respectively, and the atmospheric refractive index
structure constants are C2 = 1.0 x 10712, C2 = 1.0 x 10715, the distribution of spot centroid
is simulated.

Figures 21 and 22 show the distribution of 100 centroids randomly sampled after
Gaussian beam propagates in different turbulence when « = 3.1 and 3.9, respectively. It can
be seen from the two figures that with the increase of the turbulent atmospheric structure
constant, the spot drift effect becomes more obvious. When the turbulent atmospheric
structure constant remains unchanged, the larger the power spectral power law, the more
obvious the spot drift effect becomes.
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Figure 21. The distribution of 100 centroids randomly sampled when « = 3.1.
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Figure 22. The distribution of 100 centroids randomly sampled when «a = 3.9.

Therefore, it can be concluded that the comprehensive influence under each power
law should be considered comprehensively in the subsequent practical lidar detection.
The degree of fragmentation of light spot mainly comes from the influence of large power
law spectrum, and it needs to be systematically analyzed in the experimental detection to
ensure the accurate source of laser distortion.

4. Conclusions

In this paper, the feasibility of detecting atmosphere turbulence with Mie-scattering li-
dar is verified by numerical simulation. Based on the theory of non-Kolmogorov turbulence
spectrum model, the non-Kolmogorov turbulence phase screen was constructed by using
power spectrum method and Zernike polynomial method, respectively, and the relevant
parameters were changed to verify the accuracy of the phase screen. By comparison, the
power spectrum method was selected to simulate the subsequent laser propagation.

The feasibility of detecting atmospheric turbulence by Mie-scattering lidar is evaluated
by using non-Kolmogorov atmospheric turbulence model by simulation. The simulation
results show that the smaller the power law is, the stronger the turbulence intensity is, and
the more the beam intensity is affected by turbulence. The larger the power law is, the
larger the spot drift is. The scintillation index of simulated Gaussian beam propagating
vertically for non-Kolmogorov turbulence is compared with the theoretical value. It shows
the reliability and rationality of detecting atmospheric turbulence by using Mie-scattering
lidar. The simulation results preliminatively prove the reliability of Mie-scattering lidar in
detecting atmospheric turbulence, which can play a guiding role in subsequent practical
detection. In future, the Mie-scattering lidar will be developed according to the parameters
resulted from the simulation.
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