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A numerical simulation model of plenoptic sensor aberration wavefront detection is established to simulate and ana-
lyze the detection performance of plenoptic sensor aberration wavefront for different turbulence intensities. The results 
show that the plenoptic sensor can achieve better distortion wavefront detection, and its wavefront detection accuracy 
improves with turbulence intensity. The unique optical structure design of the plenoptic sensor makes it more suitable 
for aberration wavefront detection in strong turbulent conditions. The wavefront detection performance of the plenop-
tic sensor is not only related to its wavefront reconstruction algorithm but also closely related to its structural parame-
ter settings. The influence of structural parameters on the wavefront detection accuracy of plenoptic sensors under dif-
ferent turbulence intensities is simulated and analyzed. The variation law of wavefront detection accuracy and struc-
tural parameters under different turbulence intensities is summarized to provide a reference for the structural design 
and parameter optimization of plenoptic sensors. 
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With the proposal and development of light field theory, 
light field imaging technology inherits the theory and 
design ideas of the traditional imaging system and real-
izes novel imaging effects through innovative imaging 
models and improving hardware design[1-3]. The imaging 
property of optical field imaging techniques to obtain 
four-dimensional optical field information has led to a 
wide range of applications in super-resolution imag-
ing[4,5], optical field compression[6,7], and optical field 
depth estimation[8,9]. 

Adaptive optics is an effective technical means to cor-
rect or compensate for the distortion wavefront and has 
been widely used in laser communication, beam purifica-
tion, astronomical observation, and other fields[10-12]. The 
Wavefront sensor is an integral part of the adaptive op-
tics system, which is used for real-time detection of dis-
tortion wavefront information. The commonly used wa-
vefront sensor includes the Shake-Hartman wavefront 
sensor[13], curvature wavefront sensor[14], etc. With the 
development of wavefront detection technology, wave-
front sensors based on light field structure are gradually 
applied to wavefront detection. In the light field images 
obtained by light field structure wavefront sensors, the 

position and angle of the light field information can be 
seen, and the wavefront information of the incident beam 
can be reconstructed according to the solution of the light 
field information. 

CLARE et al[15] built a prototype wavefront sensor for 
optical field cameras by adding an objective lens to the 
Hartmann wavefront sensor and placing a microlens ar-
ray at the focal plane position behind the objective lens. 
They realized the measurement of aberrated wavefronts. 
RODRIGUEZ-RAMOS et al[16] patented an optical field 
camera used as a wavefront sensor-CAFADIS camera. 
The CAFADIS camera uses Fourier slicing technique for 
aberration wavefront reconstruction and parallel com-
puting using graphics processing unit (GPU) and field 
programmable gate array (FPGA) to speed up wavefront 
detection and wavefront reconstruction to meet the adap-
tive optics demand for real-time correction. WU et al[17] 
improved the structural basis of the optical field camera, 
and the modified optical field structured wavefront sen-
sor was called a plenoptic sensor. The modified plenoptic 
sensor has the same aberration wavefront detection ca-
pability as the wavefront sensor of the optical field cam-
era.
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Research on the wavefront detection neighborhood of 
plenoptic sensors has mainly focused on the direction of 
aberrated wavefront reconstruction[18], phase discontinu-
ity detection[19], and wavefront reconstruction algorithm 
improvement[20,21]. Plenoptic sensor wavefront detection 
performance at different turbulence intensities and the 
effect of its structural parameters on wavefront detection 
performance have not been studied much.  

In this paper, a numerical simulation model of plenop-
tic sensor aberration wavefront detection is established to 
simulate and study the plenoptic sensor's aberration wa-
vefront detection performance under different turbulence 
intensities. The wavefront detection performance of the 
plenoptic sensor is not only related to the wavefront re-
construction algorithm but also closely related to its 
structural parameter setting. In order to further improve 
the wavefront detection accuracy of the plenoptic sensor, 
the influence law of plenoptic sensor structure parame-
ters on wavefront detection performance under different 
turbulence intensities is analyzed, which provides a ref-
erence for the structure design and parameter optimiza-
tion of the plenoptic sensor. 

The numerical simulation model of plenoptic sensor 
distortion wavefront detection mainly consists of three 
parts, beam module, distortion wavefront module, and 
plenoptic sensor wavefront detection module. The colli-
mated incident beam passes through the distorted wave-
front module generated by the turbulent phase screen and 
changes into the distorted beam affected by the turbu-
lence. The plenoptic sensor receives the distortion beam, 
and the beam is transformed. The distortion wavefront 
information of the distortion beam can be calculated ac-
cording to the light field image collected by the plenoptic 
sensor. A numerical simulation model of the distorted 
wavefront detection of the plenoptic sensor is shown in 
Fig.1. 

 

 

Fig.1 Numerical simulation model of plenoptic sensor 
distortion wavefront detection 

 
The plenoptic sensor consists of an objective lens, a 

microlens array, and an image sensor. The microlens 
array's front focal plane coincides with the objective 
lens's rear focal plane, and the image sensor is located at 
the rear focal plane of the microlens array. The unique 
optical structure design of the plenoptic sensor enables 
the light field image to record the direction and position 
information of the light simultaneously, and the distor-

tion wavefront information of the incident beam can be 
reconstructed by solving the light field image informa-
tion. 

To ensure that the incident beam of the plenoptic sen-
sor is imaged separately by the microlens without over-
lapping with the adjacent microlens imaging, the pa-
rameters of the objective lens and microlens array shall 
meet the comparison expression[17] as 
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where d1 is the objective diameter, f1 is the objective fo-
cal length, d2 is the microlens diameter, and f2 is the mi-
crolens focal length respectively. Primary and mi-
crolenses matching numerical aperture are usually used 
to maximize the use of all pixels within each microlens 
without aliasing. 

The objective lens of the plenoptic sensor performs the 
Fourier transform of the distorted beam in the incident 
plane. The Fourier transform exchanges the position and 
angle information of the incident beam, and the rear fo-
cal plane beam of the objective lens can be expressed as 
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where t1(x, y) is the amplitude of the incident beam and 
t2(u, v) is the amplitude at the objective's rear focal plane. 
The microlens array samples the transformed beam, the 
light of the lower angular spectrum is sampled by the 
microlens unit close to the center of the microlens array, 
and the light of the higher angular spectrum is sampled 
by the microlens unit away from the center. 

After sampling the microlens, a second Fourier trans-
form of the beam is applied to decoding the sub-Fourier 
spectrum in the area of each microlens unit into the air-
space form, and the image sensor collects the light field 
image at the focal plane after the microlens array. The 
plenoptic sensor reverse scales the amplitude of the inci-
dent beam in the light field image and maps the wave-
front information to the microlens cell index. The cumu-
lative intensity of each sub-aperture image can express 
the light field intensity of the light field image: 
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where (s, t) is the imaging plane coordinates, (s', t') is the 
local coordinates of the sub-aperture image, (M, N) is the 
microlens cell index, and k is the wavenumber. 

The whole light field image is divided into a series of 
sub-aperture images represented by local coordinates. 
Then the wavefront phase gradient is solved according to 
the light intensity information of each sub-aperture im-
age and the corresponding cell index. Wavefront phase 
gradient gx and gy can be expressed as
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The wavefront information of the incident beam can 
be reconstructed according to the wavefront phase gra-
dient calculated from Eq.(4) and Eq.(5). 

In the simulation model, the Fourier transform and 
subharmonic compensation methods proposed by 
SCHMIDT et al[22] are used to generate a random phase 
screen that matches the statistical characteristics of Ko-
molgrvo to simulate atmospherically distorted wave-
fronts. For the Kolmogorov turbulence spectrum model, 
the Kolmogorov refractive-index power spectral density 
is computed by[22] 

  2 11 30.033K
n nΦ C   ,                      (6) 

where 2
nC  is known as the refractive-index structure 

parameter,  ˆ ˆ2π x yf f  i j  is angular spatial fre-

quency in rad/m. Typically, D/r0 denotes the turbulence 
intensity, where r0 is the atmospheric coherence length, 
and D is the optical system aperture. When the value of 
D/r0 is more significant, the stronger the turbulence in-
tensity is and the greater the effect on the atmospheric 
transmission of the laser.   

In the simulation model, the incident beam is the wa-
velength of a 632.8 nm collimated beam. The specific 
parameters of the simulation model are shown in Tab.1. 

Tab.1 System parameters of the simulation model 

Parameter Value 
Beam wavelength (nm) 632.8 

Objective diameter (mm) 30 
Objective focal F-number 100 
Microlens aperture (μm) 500 

Microlens F-number 100 
CCD pixel size (μm) 7 

To visually evaluate the distorted wavefront detection 
performance of the plenoptic sensor, the residual wave-
front root means square (RMS) value and relative RMS 
value εRMS after wavefront reconstruction were used as 
evaluation indexes. The RMS of the residual wavefront is 
defined as 

 c ivar ,RMS W W                        (7) 

where Wc is the reconstruction wavefront by the plenop-
tic sensor, Wi is the initial input wavefront, and var  

represents the solved mathematical variance. The larger 
the wavefront residual value RMS, the lower the wave-
front detection accuracy of the plenoptic sensor.  

The relative RMS value εRMS is defined as the ratio of 
the root means the fair value of the residual wavefront 
and the root mean square value of the initial distortion 
wavefront, that is 

res iRMS RMS RMS  ,                        (8) 
where RMSres is the RMS value of the residual wavefront, 
and RMSi is the RMS value of the initial input wavefront. 
The smaller the value of εRMS, the higher the wavefront 
detection accuracy of the plenoptic sensor. 

A set of distortion wavefronts for the turbulent inten-
sity D/r0=10 was randomly generated. The simulation 
results of the distortion wavefront detection by the plen-
optic sensor are shown in Fig.2. The randomly generated 
distortion wavefront is shown in Fig.2(a), the recon-
structed wavefront of the plenoptic sensor after light 
field mapping and light field reverse mapping is shown 
in Fig.2(b), and the distribution and amplitude of the 
reconstructed wavefront and the initial distortion wave-
front are basically consistent. The residual wavefront 
distribution after the plenoptic sensor wavefront recon-
struction is shown in Fig.2(c), and the value of the resid-
ual wavefront εRMS is 21.4%. According to the fitting of 
the initial distortion wavefront and the reconstructed 
wavefront, the coefficient distribution of the first 
30-order Zernike is shown in Fig.2(d). The correlation 
coefficient of the Zernike polynomial coefficient of the 
two groups is 0.93, which is a good agreement. It can be 
seen from this example that the plenoptic sensor can 
complete the reconstruction of the distortion wavefront. 
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Fig.2 Aberration wavefront reconstruction results: (a) 
Distortion wavefront; (b) Reconstructed wavefront; (c) 
Residual wavefront; (d) Zernike polynomial coeffi-
cients 

To fully understand the wavefront detection perform-
ance of the plenoptic sensor, simulations are performed 
to investigate the detection performance of the plenoptic 
sensor for wavefronts with different turbulence intensity 
distortions. Varying the magnitude of the turbulence in-
tensity D/r0, the εRMS values of the residual wavefront, 
and the correlation coefficients of the first 65-order Zer-
nike polynomial coefficients are statistically analyzed. 
To eliminate the influence of the stochastic properties of 
atmospheric turbulence on the simulation results, the 
average results of 1 000 sets of random distorted wave-
front detection by the plenoptic sensor at each turbulence 
intensity have been analyzed. The results are shown in 
Fig.3. 

With the increase of turbulence intensity, the value of 
the residual wavefront gradually decreases, the correla-
tion coefficient of the Zernike polynomial gradually in-
creases, and the detection accuracy of detecting the dis-
torted wavefront by the plenoptic sensor gradually in-
creases. 

When the turbulence is weak, the plenoptic sensor de-
tects the distorted wavefront less accurately. Because the 
plenoptic sensor parameters set in the simulation model 
improve the spatial resolution of wavefront detection of 
the plenoptic sensor, its angular resolution decreases. 

Hence, the wavefront detection accuracy of the plenoptic 
sensor is low under weak turbulence. As the turbulence 
intensity increases, the distortion beams affected by tur-
bulence are imaged by more microlensing units, thus 
obtaining more phase gradient sample data. The distor-
tion wavefront reconstruction is more accurate. The 
unique optical structure design makes the plenoptic sen-
sor more suitable for distortion wavefront detection un-
der strong turbulent conditions. 

 

 

 
Fig.3 Wavefront detection performance of plenoptic 
sensor at different turbulence intensities: (a) Relative 
RMS value; (b) Correlation coefficient of Zernike po-
lynomial coefficients 

The plenoptic sensor's wavefront detection perform-
ance is related to the wavefront reconstruction algorithm 
and significantly related to its structural parameters de-
sign. The structural parameters of the plenoptic sensor 
mainly include the objective lens parameters, microlens 
parameters, and CCD parameters. Moreover, the optical 
system parameters determine the objective lens diameter, 
so the influence of the objective aperture is not consid-
ered.   

Based on the parameters of the simulation model in 
Tab.1, the structural parameters of the plenoptic sensor 
in the simulation model are changed under the premise of 
satisfying Eq.(1). The RMS values of the residual wave-
front at turbulence intensities D/r0 of 5, 10, 15, and 20 
are counted to compare and analyze the effects of struc-
tural parameters on the wavefront detection performance 
of the plenoptic sensor at the four turbulence intensities. 
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In order to eliminate the influence of the random charac-
teristics of atmospheric turbulence on the simulation re-
sults, the average results of 1 000 sets of random aberra-
tion wavefront detections by the plenoptic sensor are 
taken for each turbulence intensity.  

The effect of the objective focal length on the per-
formance of the wavefront detection of the plenoptic 
sensor under four turbulent intensities is shown in Fig.4. 
It can be seen that the wavefront reconstruction accuracy 
of the plenoptic sensor is related to both the objective 
focal length and the turbulence intensity. As the focal 
length of the objective lens increases, the wavefront de-
tection error of the plenoptic sensor first decreases and 
then gradually increases. There is an optimal objective 
focal length to minimize the wavefront detection error. 
The optimal objective focal length for the four turbulent 
intensities is shown in Tab.2 and decreases gradually as 
the turbulence intensity increases. 

 

 
 

Fig.4 Effect of objective focal length on wavefront 
detection performance 

Tab.2 Optimal objective focal lengths for different 
turbulence intensities 

Turbulence intensity Optimal objective focal length (m) 
5 8 

10 7 
15 5.5 
20 4.5 

The influence of the microlens diameter and focal 
length on the wavefront detection performance of the 
plenoptic sensor are shown in Fig.5(a) and Fig.5(b), re-
spectively. The wavefront detection error gradually in-
creases as the microlens aperture increases. With the 
microlens diameter of 500 μm, the plenoptic sensor wa-
vefront detection accuracy is the highest. Similarly, as 
the focal length of the microlens increases, the wavefront 
detection error first decreases gradually and then levels 
off. With the intensity of the turbulence increasing, the 
microlens focal length threshold required to smooth the 
wavefront detection error gradually increases. With a 
focal length of 50 mm, the plenoptic sensor has the 
highest detection accuracy. 

 

 

Fig.5 Effect of microlens parameters on wavefront 
detection performance: (a) Microlens aperture; (b) 
Microlens focal length 

 
The influence of CCD pixel size on the wavefront de-

tection performance of the plenoptic sensor is shown in 
Fig.6. The wavefront detection accuracy of the plenoptic 
sensor is related to both CCD image size and turbulence 
intensity. There is an optimal pixel size, so wavefront 
detection has the highest accuracy. The optimal pixel 
size tends to decrease gradually with the increase in tur-
bulence intensity. 

 

 

Fig.6 Effect of CCD pixel size on wavefront detection 
performance 

A numerical simulation model of distortion wavefront 
detection of the plenoptic sensor is established to study 
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the detection performance at different turbulence intensi-
ties. The results show that the plenoptic sensor can com-
plete good distortion wavefront detection. The unique 
optical structure design makes it more suitable for distor-
tion wavefront detection under strong turbulence condi-
tions. The structure parameters of the plenoptic sensor 
are closely correlated to its wavefront detection per-
formance. The simulation results show an optimal objec-
tive focal length or pixel size for different turbulence 
intensities, making the highest wavefront detection ac-
curacy. As the turbulence intensity increases, the focal 
length of the optimal objective lens gradually decreases, 
and the optimal pixel size also tends to decrease gradu-
ally. Optimizing structural parameters can further im-
prove the wavefront detection accuracy of the plenoptic 
sensor. 

The wavefront detection performance of the plenoptic 
sensor and the influence law of its structural parameters 
on the wavefront detection accuracy are studied to pro-
vide a reference for the structural design and parameter 
optimization of the plenoptic sensor. 
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