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Table 1.  Parameter of simulation.
Parameter Simulation Value
Number of Grid Elements N 128
Grid spacing Az/cm About 0.047
Laser wavelength A/nm 1550
Initial 1/e amplitude radius wp/cm 2
Total path length L/m 20
Inner scale of Turbulence lp/m 2x 1074
Outer scale of Turbulence Lg/m 50
Number of phase screens n 1
5 I8 8
4 6
3
4
2
1 2
5 6
n 5
4
3
3
2 2
1 1

1x10714 m=2/3; (¢), (d) C2=5x10"1 m~2/3; (e), (f) C2=1x10"13 m~2/3

Fig. 1. Random phase screen at each turbulence intensity: (a), (b) C2 =1 x 104 m=2/3; (¢), (d) C2 =5x 10" 14 m—2/3;

(e), (f) C2=1x10"13 m~2/3,
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Fig. 2. The cross-section spot of transmission beam at each turbulence intensity: (a) Initial Gaussian beam; (b), (c) C2 =
1x107 ¥ m=2/3; (d), (¢) C2 =5x10""m=2/3; (f), (g) C2 =1x10"13 m~2/3,
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3 SR AR AL A CNN 2514
Fig. 3. The CNN structure of extracting the turbulent phase.
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Fig. 4. The loss function curve of training process.

K5 gt BARIEI MR EAT  (a) 5 (b), (c) 5 (d), (e) 5 (), (8) 5 (h), () 5 () Al (k) 5 (1) MEARXES314 1, 100, 500,

4000, 8000, 14000

Fig. 5. The turbulent phase during the training process: The number of iterations of (a) and (b), (¢) and (d), (e) and (f), (g) and

(h), (i) and (j), and (k) and (1) is 1, 100, 500, 4000, 8000, 14000.

014209-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 69, No. 1 (2020)

014209

0.6
— Ci=1x10"14m-2/3
C2=5x10"14m-2/3
2 —13 —2/3
o4l C2=1x10"18m~2/
wn
wn
Q
=
0.2
0 1 1 1 s .n . 1 : : . » : .l_. ; =
0 4000 8000 12000 16000

Iterations

P60 i i i JEE 50 K bR R £

Fig. 6. The loss function curve at each turbulence intensity.
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Fig. 7. The predicted turbulent phase based on CNN at each turbulence intensity: (a), (b), (c) Initial Gaussian beam; (d), (e), (f)
Gaussian beam affected by atmospheric turbulence; (g), (h), (i) the actual turbulence phase; (j), (k), (1) the output phase of CNN.

4 i ®

S TR B 3 R EE CNN 7 2 78 KA i T A
2 42 By T B e B, A S X H A R 1T
GS 53k I Ui AR A7 32 B AT T X LAY A
GS BB U A 7 4 55— 20 2 X0 e S i
PR A8 L A8 4 (fast Fourier transform, FFT),
DA A LG R AR TR 20 A . 9K IS Hopat el
M b 5 i DA L P e SO R A AU R A O 42
28k e B AR R (inverse fast Fourier
transform, IFFT), 33 B 1425 Sl P 05 P FH A5 v
SCHRIEAR, fJa X HAE FET. WAl 8 s AP
LI R R R VRS RIS VA8 s A A S B

PR B R C2 =1 x 107 m=2/3 i)
AR =R oA DFRIBCE s T A 7 () 25 SR ok
F, R GS BB B 3 e AH 7 TCT8 A AR H% B8
a3 A I 2 R 0T TR G AN g TR R
CNN RV 455 IF H, #E £ 35 1000 05
EIArh & B, GS BN B2 LIS B E 8(j)—
(1) IR, Halfr et/ NG 7045 T 8()—(1) 1Y
T, Hop— N EW FER RS GS BIkfE—E
FREE LT LU e —FhiR 2508/ D30k, Bl i ik
TS R IR 29 3R, RUGECR IR ZHR S TR, I
S BARHING. 20y Rl T R AR
T P4 D' 568 0 A A7 1 T A5 1) e AT ok EEL o 28 4 o 290,
{EIZ S 1 FH A A A AT (e R 2 % ] hq/fd“ﬁ
TR, e R AR B 2% 0 R U R .

014209-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 69, No. 1 (2020) 014209

al el
ol ol

Bl 8 CNN 5 GS 5k 42 i it A £ BOR X b

N

(a), (b), (c) ZIHW MK C2 = 1 x 10~ m~2/3 Wi T WL (), (),

(f) SEPri i ARDGL; (g), (h), (i) FE&T CNN BB BAY TR FATL; (5), (), (1) GS B3 5 BCAS i U A A6

Fig. 8. The comparison of CNN and GS algorithm for extracting turbulence phase: (a), (b), (c) Gaussian beam affected by atmo-
spheric turbulence with C2 =1 x 10714 m=2/3; (d), (e), (f) the actual turbulence phase; (g), (b), (i) the predicted turbulent phase
based on CNN; (j), (k), (1) the predicted turbulent phase based on GS algorithm.
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Table 2.  The predicted time comparison of two

methods.
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Fig. 9. Training and validation set test results: (a) The loss
function curve of training process; (b) the predicted turbu-
lence phase obtained by testing the validation set during
training.
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Abstract

When a light beam transmits in free space, it is easily affected by atmospheric turbulence. The effect on

transmitted light is equivalent to adding a random noise phase to it, which leads its transmission quality to

deteriorate. The method of improving the quality of transmitted beams is usually to compensate for the phase

distortion at the receiver by adding reverse turbulence phase, and the premise of this method is to obtain the

turbulence phase carried by the distorted beam. The adaptive optics system is the most common way to extract

the phase information. However, it is inefficient to be applied to varying turbulence environments due to the

fact that a wave-front sensor and complex optical system are usually contained. Deep convolutional neural

network (CNN) that can directly capture feature information from images is widely used in computer vision,

language processing, optical information processing, etc. Therefore, in this paper proposed is a turbulence phase
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information extraction scheme based on the CNN, which can quickly and accurately extract the turbulence
phase from the intensity patterns affected by atmosphere turbulence. The CNN model in this paper consists of
17 layers, including convolutional layers, pooling layers and deconvolutional layers. The convolutional layers
and pooling layers are used to extract the turbulent phase from the feature image, which is the core structure of
the network. The function of the deconvolutional layers is to visualize the extracted turbulence information and
output the final predicted turbulence phase. After learning a huge number of samples, the loss function value of
CNN converges to about 0.02, and the average loss function value on the test set is lower than 0.03. The
trained CNN model has a good generalization capability and can directly extract the turbulent phase according
to the input light intensity pattern. Using an 15-8500 CPU, the average time to predict the turbulent phase is
as low as s under the condition of C2 =1 x 10714 m2/3, 5% 107 m 23 and 1 x 10713 m~2/3_ In addition,
the turbulence phase extraction capability of CNN can be further enhanced by improving computing power or
optimizing model structure. These results indicate that the CNN-based turbulence phase extraction method can
effectively extract the turbulence phase, which has important application value in turbulence compensation,

atmospheric turbulence characteristics research and image reconstruction.

Keywords: atmospheric turbulence, phase extraction, deep convolutional neural network, Gerchberg-Saxton
algorithm
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