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Abstract 

The atmospheric turbulence can severely affect the azimuth imaging of the Synthetic Aperture 

Ladar (SAL). Based on a neural network, this study generates atmospheric phase screens 

complied with marine atmosphere spectrum. The SAL imaging results with different turbulence 

intensities and laser wavelengths are calculated, and the changing law of the ratio of real 

aperture length to atmospheric coherence diameter with turbulence intensity under different 

slant ranges and laser wavelengths are analyzed in this paper. The results suggest that the SAL 

imaging becomes worse as the turbulence intensity is stronger, and even the target is not able to 

be distinguished. A longer laser wavelength can be used to alleviate the defocus effect, and the 

phase error compensation algorithm based on marine phase screens can effectively improve the 

SAL imaging quality to guarantee the real–time process of echo signals of SAL in the marine 

atmosphere. 
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1.Introduction 

Synthetic Aperture Ladar (SAL) is an optical imaging radar with a radiation source of laser. 

Since the wavelength of laser signal is shorter and propagation frequency is higher than that used 

in Synthetic Aperture Radar (SAR), it is able to yield larger Doppler frequency shift for a target 

with the same relative velocity. Compared with SAR, it has significant advantages in terms of 

imaging time and resolution, and it overcomes the shortages of thin scanning beam and small 

detecting area of normal imaging ladars, becoming a focus issue of imaging ladar recently[1-6]. 

Atmospheric absorption and atmospheric turbulence are the main environmental factors to 

affect SAL imaging. The refractive fluctuation and variation of atmospheric density causes the 

wavefront distortion of laser due to atmospheric turbulence, which can further destroy the 

coherence of laser beam, leading to a defocus effect on the imaging of SAL. For the influence of 

atmospheric turbulence on SAL, Karr studied the effect of atmospheric turbulence on SAL 

imaging resolution[7]. Schumm and Dierking demonstrated the integrated effects of turbulence 

on SAL imaging[8]. Depoy and Shaw used model-based atmospheric phase correction method to 

overcome atmospheric phase errors in SAL data[9]. Lucke simulated the influence of atmospheric 

turbulence on one dimensional SAL imaging quality based on phase screens[10]. Phase screen is 

still an useful methodology to stimulate the atmospheric effect on optical propagation 

systems[11-15]. In addition, the effect of marine atmosphere on beam propagation is 

evident[16-18]. Recently, many kinds of Convolutional Neural Network (CNN) are employed in 

plenty of orbital angular momentum and atmospheric turbulence model studies[19-22]. Some 

related work for marine research such as cognitive marine radar, cost-effective optical sensor in 
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marine environment and tracking multiple marine ships via multiple sensors has been 

studied[23-25]. Hence, the effectiveness of improvement of neural network based marine 

atmospheric phase screens on SAL imaging needs to be further examined. For this purpose, this 

paper is organized as follows: Section 2 is to propose a neural network based marine atmospheric 

phase screen generation method. Section 3 introduces the adopted improved phase error 

compensation method. Section 4 presents relevant SAL imaging results and numerical analysis. 

Section 5 is the conclusion. 

2.Neural network based marine atmospheric phase screen 

The key to simulate atmospheric turbulence based on phase screens is transferring the 

influence of turbulence on optical waves to a set of thin screens, i.e., phase modulation. The 

wave front of optical waves in turbulent atmosphere can be expressed as 

2

1 2 1 2( , ) [ ( ) ( )]D r r r r                                                              (1)
 

where 
1( )r  and 

2( )r  are the sample phases of 
1r  and 

2r ,respectively.     denotes the 

mean value and 
1 2( , )D r r  denotes the structure function. For a local homogeneous isotropic 

turbulence, the power spectrum of marine atmospheric turbulence can be written as 

2 7/6 7/6 2 2 11/6 2 2

0( ) 0.033 (1 0.061 / 2.83 / ) ( ) exp( / )n n H H HC                                (2)
 

where 
03.41/H l  , 

0 01/ L  , and 
0l  and 

0L  are the inner scale and outer scale of turbulence, 

respectively[16]. 2

nC  is the refractive index structure constant, which is written as 

2 2 5/3 1

0(0.423 )nC k r L                                                              (3)
 

where k  is the wave number, 
0r  is the atmospheric coherence length, L  is the integrated 

length of turbulent path[26]. The phase screen generation method we adopt in this study is 

based on Monte-Carlo random factor[27]. After each expansion, those points neglected to 

expand will not be chosen in subsequent growth. If assume  
0 0( , )x y  is the initial expansion 

point, the phase screen expression is written as 

2

0 0 0 0( , ) ( , ) ( )a Dx y x y R D r R    
                                                  (4)

 

where 
aR  is the random number of 0 or 1. ( )D r  is the mean square phase difference of a 

distance of r  between two points. R  is the Monte-Carlo random factor between 0 and 1 with 

uniform distribution. 2

D  is the phase fluctuation variance of the real aperture, which can be 

expressed as 

2 5/3

01.0299( / )D D r                                                                 (5)
 

where D  denotes the real aperture length. Since the initial point must be chosen, at the first 
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expansion, 
aR

 
needs to be set as 1. From the second expansion, 

aR
 

can be alternated. The 

first-layer phase screen is generated when the point number satisfy the gird number. In order to 

establish the marine atmospheric numerical model, multi-layer phase screens are used in this 

paper to stimulate the statistical characteristics of the turbulent integrated path, and those phase 

screens are not independent completely. The relevance is connected by the initial phase value. 

This value is set in accordance with the value at the same position in last phase screen. 

Multi-layer phase screen generation expression is written as 

2

1( , ) ( , ) ( ) , 1N N a Dx y x y R D r R N     
                                           (6)

 

where N  denotes the number of layer. The spacing between two neighboring phase screens 

over the integrated path is in accordance with the refractive index fluctuations[28], which can be 

expressed as 
2 2 7/6 11/6( ) 1.23I nL C L                                                                 (7) 

If the turbulence intensity is weak, that makes the refractive index fluctuation over the 

whole integrated path less than 0.1, the number of phase screens is set as 10. If the turbulence 

intensity is relatively strong, we can increase the number to decrease the refractive index 

fluctuation between spacing to 2( ) 0.1I L   . L denotes spacing length. Theoretically, the more 

phase screens we generate, the better result we obtain, while computational burden needs to be 

taken into account. 

 
Fig.1. CNN schematic diagram 

To better simulate the atmospheric effect and compensate the SAL phase errors, a kind of 
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deep learning approach called CNN is adopted in this article. The CNN is aiming at learning the 

phase modulation of marine atmosphere based on phase screens. As shown in Fig.1, it has 5 

convolution (conv) layers and 5 deconvolution (deconv) layers. The convolution filters have 32 

kernels in two convolution layers of size 5 × 5 with pooling (sampling method) and 64 kernels 

of the rest. Likewise, the deconvolution layers have a similar structure. The input is the SAL image 

distortion with a resolution of 64×64. The distortion means the difference between the original 

SAL image without turbulence and the image with it. The output is the phase perturbations from 

SAL signal propagation, i.e., phase screens. To train our neural network, we prepare 10000 SAL 

images with atmospheric effect. 90% of which are used for training and the rest of them used for 

validation. After training, another 1000 SAL images are generated to test the effectiveness. 

3.Phase screen based phase error compensation 

The Rank one phase estimation autofocus algorithm based on an assumption that one or 

more scatter points in a single range direction unit[29]. After dechirp, the echo signals in range 

units consists of signals with different frequencies and amplitudes. Through Fourier 

transformation, we can obtain frequency spectrum. Adding window on scatter points in azimuth 

direction, and the point with strongest energy is selected. The discrete compressed echo data in 

range direction can be written as  

 , 0, ,( , ) exp 2 ( , )r m n n m n cs m n A j f m m n                                      
    (8) 

where 
,m nA ,

0,n ,
,m nf , ( , )c m n ,m,n are echo amplitude, initial phase value, Doppler 

frequency, phase error, sample point in range direction, and sample point in azimuth direction, 

respectively. Since the point values in SAL echo range units are not large enough, the maximum 

value in a range unit needs to be selected according to the complex amplitude. The methodology 

in this study is shifting the center to the maximum point, and applying window function to it. 

Window function is the key to improve the robustness of the autofocus algorithm. A proper 

window length contributes to reduce the estimation deviation. If the window length is too long, 

the signal-to-noise ratio in the imaging processing area in lower. If the window length is too short, 

the lack of the capture of defocus area will cause the distortion of phase error estimation. The 

value of the window length has a fundamental impact on the computational efficiency and 

estimation accuracy of the algorithm. When the center is shifting, the pulse energy is 

accumulating. The pulse energy distribution function can be expressed as 
2

( ) ( )n

n

s x f x
                                                       (9)

 

After the shift, the energy is centered at S(0), the window length then set as a synthetic 

aperture length. Assuming ' ( , )rs m n  is the shifted signal in range direction, the differential signal 

can be expressed as 

 ' ' 2

,( , ) ( 1, ) ( , ) exp 2 ( , )r r m n cD m n s m n s m n A j f m n                                
(10) 

where ( , ) ( 1, ) ( , )c c cm n m n m n      . The two parameters to be estimated are 
,m nf  and 

( , )c m n , which are written as 
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( ) ( )

,

1

1
arg ( , )exp ( , )

2

N
p p

m n c

n

f D m n j m n
 

    
                                    

(11) 

( ) 1

,

1

( , ) arg ( , )exp 2
N

p p

c m n

n

m n D m n j f  



    
                                    

 (12) 

where p denotes the iteration times. Before iterative process, a grid with initial values 

( (0) ( , )c m n ) in accordance with the number of marine turbulent phase screen is generated. 

Substituting it into equation, 
,

(0)

m n
f  is obtained. After complex conjugate operation and complex 

multiplication, i.e., phase error compensation, the compensated echo signal ( , )rcs m n  can be 

written as 

  ( , ) ( , ) exp ( , )rc r cs m n s m n j m n  
                                        

 (13) 

Through the analysis above, two shortages of ROPE, i.e., limitation of model based and 

uncertainty of preset, have been improved. This study uses window adding and marine phase 

screens to initialize the iteration process, which makes the algorithm inconsistent with ROPE 

model is able to estimate the errors with any order, and the shift of frequency spectrum makes 

the nonlinear iterative initialization more accurate. Therefore, the algorithm improves the 

capability of autofocus of ROPE and then imaging quality is enhanced. Phase Gradient Autofocus 

(PGA) is not able to estimate the phase error when phase error changes dramatically, and the 

linear item brought by PGA itself leads to an imaging shift due to the characteristics of linear 

unbiased minimum variance estimation[30-32]. The ROPE algorithm based on marine phase 

screens can overcome similar limitations and eliminate the linear item effect. 

4.Results 

 

Fig.2. Phase structure function with different grid numbers 

The default parameters used in this study are set as followings: radiation source wavelength 

is 1 μm, 2 16 2/31.0 10nC m   , resolutions of range and azimuth are 0.01m, inner scale and outer 

scale are 1 mm and 32 m, respectively. The result of structure function with different grid 

numbers is shown in Fig.2. Monte-Carlo random factor method overcomes the shortage of 

deficiency of low-frequency component. As the grid number increases, the high-frequency 

component and theory value are nearly the same, exhibiting the characteristics of small scale. 
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Considering the computational efficiency of neural networks, the grid number is 64×64 in this 

study. In addition, the computational complexity of our system is 
3( log )O N N . If the 

parameters of the equipment are chosen as 2.5 GHz Intel(R)i5 (CPU) and 8G (memory) with a 

software of MATLAB, the processing time of 32×32 and 64×64 phase screens are 0.02 and 0.05 

second, respectively. Supposing that the airborne SAL platform is operating in a theoretical 

condition, the slant range between the platform and targets is 10000m, and cruise speed is 100 

m/s. The imaging results of spotlight mode under different marine atmosphere are shown in 

Fig.3. 

 

 
Fig.3. SAL imaging with different turbulence intensities (a) 2 2/30mnC   (b) 2 18 2/31.0 10 mnC     (c) 

2 16 2/31.0 10 mnC     (d) 2 14 2/31.0 10 mnC     

Fig.3(a) is the imaging result without turbulence. The focusing process is favoring. From Fig.3(b) 

to Fig.3(d), as the intensity increases, defocus effect becomes more severe. Eventually, the 

imaging target can not be distinguished. 
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Fig.4. SAL imaging with different wavelengths (a) 1μm (b) 2μm (c) 6μm (d) 12μm 

Fig.4 is the SAL imaging results under the conditions of different wavelengths. With the increase 

of the wavelength, the image becomes clear gradually, which indicates that the longer 

wavelength has anti-interference performance of turbulence. 
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Fig.5. SAL imaging under different weather conditions (a) sunny (b) rainy (c) windy (d) foggy 

Fig.5 shows the imaging results based on different weather. Fig.5(a) denotes good weather, while 

the SAL can easily focus in the rain, whereas when it breezes, slight defocus effect emerges. 

However, for the foggy days, the target can not be synthesized due to the characteristic of laser. 

 

 
Fig.6. SAL imaging above sea and land and compensation results without and with CNN above sea 

Fig.6(a) and Fig.6(b) are the imaging results through marine atmosphere and Kolmogorov 

atmosphere under an intensity of 2 15 2/31.0 10 mnC     above land with a probe of longer 

wavelength of 2μm. Similar to previous studies, the imaging result is better based on 

long-wavelength laser. Subsequently, iterative phase error compensations are imposed on echo 

signals for Fig.6(a). As shown in Fig.6(c) and Fig.6(d), the compensation method based on neural 

networks is able to significantly improve the compensation quality. 
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Fig.7. SAL imaging with different ratios of 

0/D r  (a) 1/5 (b) 1/2(c) 1/1 (d) 5/1 

From Fig.7(a) to Fig.7(d), these are the imaging results with a ratio of real aperture length to 

atmospheric coherence length. As the ratio increases, the imaging environment becomes harsher. 

 

 
Fig.8. SAL compensation result with different ratios of 

0/D r  (a) 1/5 (b) 1/2 (c) 1/1 (d) 5/1 

Fig.8 shows the compensation results based on neural networks. Fig.8(a) and Fig.8(b) are the 

imaging targets with ratio of 1/5 and 1/2, respectively. After 15-time iteration, Targets can be 

clearly distinguished. Under severe conditions, SAL can not restore the images to the original 

state, which are shown in Fig.8(c) and Fig.8(d). This tells us the phase errors in echo signals 

induced by marine atmosphere are irreversible. If atmospheric coherence length is less than real 

aperture length, only part of them can be compensated. 
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Fig.9. Relation of 

0/D r  and turbulence intensity 2

nC  (a) Different wavelengths (b) Different slant ranges 

Fig.9 shows the changing law of the ratio with turbulence intensity under different conditions. 

When D=0.05m, with different wavelengths, as the intensity becomes stronger, the ratio 

becomes larger, shown in Fig.9(a). When 2 15 2/31.0 10nC m   , atmospheric coherence length is 

nearly the same as real aperture length with a wavelength of 1μm. While changing the radiation 

source to 6μm and 2 14 2/31.0 10nC m   , the ratio is merely 1/2, that means phase errors can be 

restored, indicating the advantage of long wavelength. When the wavelength is 2μm, Fig.9(b) 

shows the influence of slant range growth on the ratio is less than that of wavelength. For 

instance, although 10000m is five times as 2000m, calculation result illustrates the alleviation of 

distortion is not significant enough. 

5.Conclusion 

Based on marine atmospheric power spectrum, this paper combines phase screen and 

neural network to investigate the turbulence effect on SAL. As the grid number increases, the 

structure function of phase screens is better consistent with the theoretical value, which 

examines the accuracy of the method. According to the imaging results under turbulent condition, 

as turbulence becomes stronger, the defocus effect of images becomes more serious, and better 

imaging quality will be obtained with a longer laser wavelength. Using neural network based 

phase screens to preset initial values of the iteration compensation algorithm, when atmospheric 

coherence length is larger than real aperture length, SAL can focus relatively well. When 

atmospheric coherence length is smaller than real aperture length, SAL is unable to focus. For SAL 

imaging, marine atmosphere is an inevitable factor to discuss. In some cases needing higher 

resolution, we have to lower carrier height above the sea and even use CNN in complex 

environment to improve SAL imaging quality. This suggestion can also be applied to optical 

imaging through marine atmosphere. 
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