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Abstract—Wireless laser communication is a promising 
method for communication between islands or terminals over 
sea. However, the wavefront as well as the intensity of the laser 
beam are severely influenced by the atmospheric turbulence, 
which degrades the reliability and performance of the 
communication system. In this paper, we focus on 
characterization of wavefront aberration in laser beam 
propagating over saline water and sands. Both the spatial and 
temporal characteristics of the wavefront aberration in the laser 
beam have been investigated by experiments. Results show that 
the laser beam suffers stronger wavefront aberration when 
propagating over sands than saline water under the same heating 
condition.  

Keywords—wavefront aberration; characterization; temporal; 
spatial 

I. INTRODUCTION 
Wireless laser communication systems (WLC) use laser for 

data transmission through atmosphere or in deep space [1], 
with the advantages of a high data rate, no requirement for 
transmission media, portability, free of electromagnetic 
interference, etc. These make WLC a promising method for 
communication between islands or terminals over sea. 
However, due to the atmospheric turbulence in the air, both 
intensity and wavefront (i.e. phase) of the laser beam are 
influenced and the reliability and performance of wireless laser 
communication is degraded [2]. 

The difference between marine and land environment 
mainly lies in temperature and humidity. As the thermal 
capacity of sea water (4096 J/(kg·℃)) is higher than sands (920 
J/(kg·℃)) [3], the temperature of sands is usually higher than 
sea water under the same heating (or weather) condition, which 
speeds up the air circulation in land environment and the 
dynamics of wavefront aberration gets stronger. The marine 
environment is moister than land, which may add to the spatial 
distortion in the wavefront. Apart from that, wind in the optical 
path may also contribute to the wavefront aberration in the 
beam. Research has been carried out, which mainly 

concentrates on the characterization of intensity fluctuation in 
the laser beam or the refractive index structure parameter of the 
atmosphere [4, 5]. Some scientists have also been working on 
the comparison between wavefront in different environments 
[6, 7]. 

In this paper, we focus on the characterization of wavefront 
aberration in the laser beam, where both spatial and temporal 
characteristics of the aberration are analyzed when the laser 
beam propagates over saline water and sands. The results may 
contribute to research on laser communication in a marine 
environment. 

II. Experimental setup  
Fig. 1 describes the schematic of the experimental setup 

and Fig. 2 shows the photo of setup in the laboratory. 

 
Fig. 1 Schematic of the experimental setup 
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Fig. 2 Photo of setup in the laboratory 

The beam is generated by a HeNe laser (632 nm, 2 mW) on 
the optical table T1. The laser beam goes through a polarizer 
where its intensity is changed and is filtered by a spatial filter 
consisting of a microscope objective (20ൈ) and a pin hole 
( ׎ =20 µm ). The filtered light is collimated by lens L1, 
reflected by flat mirrors M1 and M2 successively and travels to 
the Shack-Hartmann wavefront sensor (S-H WFS) on the 
optical table T2 after the collimation of lens L2 and L3. 

The S-H WFS consists of an orthogonally distributed 
lenslets array and a camera (see the image captured by the 
WFS in Fig. 2). Pitch between neighboring lenslets is about 
0.15 mm. The camera (ASI035MM, ZW Optical) has a 
maximal frame rate of 150 fps. Fig. 3 shows the working 
principle of the S-H WFS [8, 9]. The wavefront aberration in 
the incident laser beam is converted into spots displacements in 
the image sensor of the camera which is located in the focal 
plane of the lenslets. By images analysis, the spots locations 
can be achieved and spots displacements are determined by 
comparing current locations with a reference. The WFS images 
are fed to a control PC via USB interface. The WFS used in the 
setup are generously supported by OKO Tech, Delft, The 
Netherlands [10]. 

 
Fig. 3 Working principle of Shack-Hartmann wavefront sensor  

As can be seen in Fig. 2, four basins (40 cmൈ25 cm) are 
placed on the table between Table 1 and Table 2. Either sands 

or saline water is filled into these basins to simulate the land or 
the marine environment respectively. The laser beam 
propagates over the four basins with sands or saline water 
before it gets to the WFS. To simulate the sun radiation, a 
heater is radiating both the air and saline water (or sands) in the 
basins.  

In all of our experiments, the distance between the laser 
beam and the material is fixed to 4 cm. Some bricks are also 
used under the basins to guarantee the distance. 

III. EXPERIMENT    
Wavefront aberration in the laser beam varies both spatially 

and temporally. As the spatial and temporal characteristics of 
the wavefront aberration changes with the environmental 
conditions, two influential factors have been considered during 
the experiment: (1) material in the basins (sands or saline 
water), (2) heating duration. 

Experiments are arranged as follows (in pseudo code): 

For material=sands, saline water 

 For heating time=0:5:30 minutes 

                Capture 1000 frames from WFS. 

(Single data set). 

End 

End 

During each experiment, only one factor (material or 
heating duration) is changed so that the effect of that single 
factor can be determined.  

In the very beginning, 100 images from the WFS are 
captured with the basins empty and the heater turned off. These 
100 images are averaged and 23 spots with high signal-to-noise 
ratio are selected as measurement channels. The locations of 
these 23 spots are analyzed and recorded as a reference for the 
following experiments. 

During single experiment, 1000 frames of the WFS images 
are captured and saved (called single data set in this paper) 
every 5 minutes. In total, 14 sets of data are captured where 7 
sets are captured when the basins are filled with sands and 
another 7 with saline water. The data acquisition process is 
illustrated in Fig. 4. 

 
Fig. 4  Time sequence for image acquisition 



IV. RESULTS AND ANALYSIS  

1. Spatial Characteristic 
Spatial characteristic of the wavefront aberration in the 

laser beam is investigated by calculating the standard deviation 
of the spots displacements in single frames. According to 
statistics and probability theory [11], standard deviation shows 
how much variation or dispersion exists from the mean value 
of all the data. A low standard deviation indicates that the data 
points tend to be very close to the mean; high standard 
deviation indicates that the data points are spread out over a 
large range of values. In our experiments, a high standard 
deviation of the spots displacements indicates that the laser 
beam suffers more serious wavefront aberration caused by 
atmospheric turbulence. 

The measurement vector p(j) from the j-th frame is defined 
as  

                                 pሺjሻ ൌ
ێێۏ
ۍێێ
dሺ1, jሻdሺ2, jሻڮdሺi, jሻڮdሺN, jሻۑۑے

 (1)                                      ېۑۑ

where d(i,,j) represents the displacement (either x-displacement 
or y-displacement) of the i-th spot  in the j-th frame. Vector 
p(j), j=1,2,…,M, represents the displacements of 23 spots in 
the j-th frame and M is the number of frame, i.e. M=1000. N is 
the length of the measurement vector, i.e. N=46.  

The standard deviation of p(j) is calculated as 

                      σሺjሻ ൌ ଵேିଵ ට∑ ሾdሺi, jሻ െ pሺjሻሿଶN୨ୀଵ                       (2) 

where σሺjሻ  represents the standard deviation of the 
measurement vector p(j) and pሺjሻis the mean of p(j), defined as 

                            pሺjሻ ൌ ଵN ∑ dሺi, jሻN୧ୀଵ                                 (3) 

Averaged standard deviation of 1000 frames is calculated as 

                                       σ ൌ ଵM ∑ σሺjሻM୨ୀଵ                                   (4) 

Use this method to calculate average standard deviation at 
each time point for the two materials. 

Fig. 5 shows the average standard deviation for the sands is 
larger than the saline water at alltime instants under 
investigation, which means the spots in the images for the 
sands have larger displacements. The reason for this 
phenomenon is that the sands has a smaller thermal capacity, 
which makes the temperature difference between the air and 
sands is larger than that between the air and saline water. The 
atmospheric turbulence grows more serious as the temperature 
of the sands develops. The average standard deviation for 
sands is 1.02 pixel at T= 30 min, and the value for saline water 
is 0.85 pixel. 

 
Fig. 5 Averaged standard deviation σ of spots displacement for sands and 

saline water 

 
Fig. 6 Temperature for two materials 

The temperature for the two materials is showed in Fig. 6 
which is measured for every five minutes. 

 

2. Temporal Characteristic 
Temporal characteristic of the wavefront aberration is 

investigated by looking at the power spectral density (PSD) of 
the spots displacements, from which the power distribution in 
frequency scale can be seen. In our work, the PSD of the spots 
displacements has been calculated as 

  qሺiሻ ൌ
ێێۏ
ۍێێ

dሺi, 1ሻdሺi, 2ሻڮdሺi, jሻڮdሺi, Mሻۑۑے
 (5)                                       ېۑۑ

 Pሺiሻ ൌ PSDሺqሺiሻሻ                                 (6) 

     P ൌ ଵN ∑ PሺiሻN୧ୀଵ                                  (7) 



where q(i) represents the time sequence 
measurement channel. Length of q(i) is M=1
P(i) is the PSD of q(i) , which is compute
method [12]. P is the average PSD for all meas

Fig. 7 shows the averaged PSD of 3 datase
to t=0, 15 min and 30 min. The linear trend i
has been removed. The plot corresponding to 
for reference of noise level in the setup. The 
between the sands and saline water is negligi
with T=30 min. It can be seen that most pow
low frequencies. As the heating duration
difference in PSD between sands and saline w
visible from the plots. For heating duration T=
for saline water is around 0.01 px2/Hz for the 
range under investigation; but the PSD for san
than 0.06 px2/Hz for frequency lower than 1 H
shows that the wavefront aberration for s
dynamics than saline water. The reason for th
bigger temperature difference between sands a

V. CONCLUSIONS AND FUTURE 

Wavefront aberration in the laser beam 
analyzed when the laser beam propagates over
water. The temperature difference between 
larger than that between air and saline water
heating conditions, which results in grea
turbulence for the air above the sands and
suffers stronger wavefront aberrations when it
sands. Both spatial and temporal charac
aberration have been analyzed. The average st
of the spots displacements for the two ma
calculated. The average standard deviation for
and 0.85 px for saline water. PSD lines are
paper with a comparison of the two materia
shows that the wavefront aberration for sands
faster dynamics than that for saline water.  

Our future work will focus on the charac
wavefront aberration in a real marine environm
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