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Abstract. Wavefront sensing from an extended object is a challenging task since the phase to
be sensed is disturbed by the one generated from the structure of the extended object. To
address this problem, a general wavefront sensor is proposed. The configuration of the proposed sensor consists of a field lens, a collimating lens, a lenslet array, and a camera. The field
lens, the first element of this sensor, ensures that each lenslet collects the same information of
the extended object, which is a basis for the reconstruction of the distorted wavefront from the
extended object using the proposed sensor. The fundamental strategy of the sensor is converting
the scenario of wavefront sensing from an extended object into the traditional one from a point
source by eliminating the Fourier spatial spectrum of the extended object in the frequency
domain. As a result, the distorted wavefront can be reconstructed using the algorithm of the
Shack–Hartmann wavefront sensor. Numerical simulations and experiments both verify the
feasibility and accuracy of the proposed sensor for direct wavefront sensing from any types
of extended objects. © 2021 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
.1117/1.OE.60.7.073107]
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1 Introduction
Wavefront sensing has played an important role in adaptive optics for the measurement of distorted wavefronts in many fields, such as astronomical imaging,1 retinal imaging,2 and biological
microscopy.3 In adaptive optics, the widely used wavefront sensors, such as the SHWFS,4 the
curvature sensor,5 the shearing interferometer,6 and the pyramid wavefront sensor,7 are mainly
used in the case of wavefront sensing from point sources. However, as point sources are hardly to
be found in the overwhelming majority of scenarios, wavefront sensing has to rely on artificial
ones. For example, in night astronomical imaging, bright stars can be served as guide stars for
sensing the turbulence-induced wavefront distortions, but the sky coverage of bright stars is
hopelessly low. Consequently, astronomers are forced to utilize artificial guide stars by shining
laser beams into the mesosphere.8 In retinal imaging, a narrow laser beam is focused on the retina
to generate a point source,9 which needs to be carefully manipulated to avoid permanent damage
to the retina. In biological microscopy, fluorescent beads are implanted into samples to serve as
point sources.10 Although generating point sources imposes a heavy burden on adaptive optics,
the usage of artificial point sources is still the best solution so far for these scenarios. But if the
wavefront could be measured directly from the scene or object to be observed, adaptive optics
would have extensive applications in different fields.
The toughest issue in wavefront sensing from an extended object arises from the mixture of
the phase to be measured and the one generated by the propagation of the light field from the
extended object itself. To crack this hard nut, two types of methods are developed. The first type
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is sensing the input wavefront by indirect methods, such as phase retrieval11 and phase diversity12
approaches. These methods, retrieving the wavefront by iterative algorithms, can work for
extended objects, but they are time-consuming and have the stagnation problem. This iterative
scheme can also work in a hardware manner. For example, in a wide-field microscopy,13 wavefront sensing from extended objects is achieved by the joint working of a partitioned aperture
wavefront (PAW) sensor, a science camera, and a deformable mirror in an iteration manner. This
iteration scheme, de facto, belongs to the domain of indirect methods. The second type is determining the wavefront directly by wavefront sensors, such as the PAW14 sensor, the plenoptic
sensor,15–19 and the scene-based SHWFS.20–24 The PAW sensor, proposed for quantitative phase
imaging, can only work on extended objects, which are uniform and symmetrically distributed
about the optical axis. The plenoptic sensor, generating synthetic subimages by recomposing the
plenoptic image, can determine the shifts of the generated subimages by the algorithm of cross
correlation. The scene-based SHWFS, forming an array of small subimages of the extended
object, can estimate the shift of each subimage by cross-correlating this subimage with a reference one. However, the accuracy of the estimated shifts of subimages by cross correlation is
limited by several factors. The first one is the low resolution of the subimages, which is limited
by the small size of the subaperture. The low-resolution subimages lead to errors in estimation of
the shifts of subimages.25 The second one is that the contents of subimages are different. This is
first attributed to different subimages seen from different subapertures, and second to the usage
of a field stop20 in the intermediate image plane of the optical system. In some extent, the
differences of contents between subimages would impair the accuracy of the cross-correlation
algorithm. The third one is that both the contents of extended objects and their illumination
characteristics have influences on the estimation of the shifts of the subimages.22 And the final
one is that it is difficult to find an ideal subimage as the reference. So far, the scene-based
SHWFS is mainly used in solar adaptive optics,25,26 but there is no general solution for the problem of wavefront sensing from an extended object.
With the motivation of direct wavefront sensing from any types of extended objects in real
time, a new wavefront sensor is proposed in this paper. The proposed sensor consists of a field
lens, a collimating lens, a lenslet array, and a camera. The field lens in the proposed sensor is
essential. It ensures that each lenslet collects the same information of the extended object, which
guarantees that the influence of the extended object on estimation of the shifts of subimages can
be eliminated by the proposed algorithm. The fundamental idea for the algorithm of the sensor is
first performing the Fourier transform on every subimage, and second eliminating the Fourier
spatial spectrum of the extended subject on each subaperture by dividing the Fourier transform of
each subimage with that of the central subimage, and finally reconstructing the point spread
function of each lenslet. Consequently, the input wavefront can be sensed from the reconstructed
point spread functions by the algorithm of the SHWFS. Since there is no limitation for the
extended object to be sensed from, we give this sensor a name as the general extended-object
wavefront sensor (GEWFS) for the convenience of description hereafter. It should be noted that a
field lens and an SHWFS have been together used in an adaptive optics system previously.
However, the purposes of a field lens are not for wavefront sensing, but for other aims in the
adaptive optics system. For example, a field lens has been used to conjugate the pupil plane (or a
deformable mirror) onto the lenslet array of the SHWFS.27–30 Also, a field lens can put the
entrance pupil at infinity, and the corresponding optical train can be moved axially to compensate
for changes in focus.31 In Refs. 27–31, field lenses are used to improve the performances of
optical systems, but they are not essential. Therefore, the function and purpose of the use of
a field lens in the proposed sensor are totally different from those in Refs. 27 to 31.
This paper is organized as follows. The principles of the GEWFS are presented in Sec. 2.
Numerical simulations are given in Sec. 3. Experiments and results are shown in Sec. 4.
Discussions are presented in Sec. 5, and conclusions are given in Sec. 6.

2 Principles
The basic idea of the GEWFS is converting the scenario of wavefront sensing from an extended
object to that from a point source by eliminating the Fourier spatial spectrum of the extended
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Fig. 1 Schematic of the GEWFS. f L and f LA are focal lengths of the collimating lens and lenslet
array, respectively.

object in the frequency domain. In the following, the configuration and reconstruction algorithm
of the GEWFS will be described in detail.

2.1 Configuration of the GEWFS
The GEWFS, as shown in Fig. 1, is composed of a field lens, a collimating lens, a lenslet array,
and a camera. Light from an extended object is converged to the field lens, which is placed in
the front focal plane of the collimating lens. After passing through the collimating lens, the
collimated beam is divided into an array of sub-beams by the lenslet array that just behind the
collimating lens, and then these divided beams are focused on the camera. The camera, located
on the rear focal plane of the lenslet array, records an array of subimages of the extended object
for wavefront sensing.
The main difference between the GEWFS and SHWFS is whether the sensor employs a field
lens or not. The use of a field lens in the GEWFS is to ensure that the information of the extended
object collected by each lenslet is the same. In the case of a point source, the subimages of a point
source formed either by the SHWFS or by the GEWFS are the same. In the case of an extended
object, light from an extended object can be approximately considered as a quasihomogeneous
beam. Since the divergence angle of the quasihomogeneous beam from the extended object is
limited, subimages seen from subapertures of the SHWFS are different. So, subimages of the
extended object recorded by the SHWFS contain different contents of the extended object. This
problem limits the accuracy of estimated shifts of subimages by the cross-correlating algorithm,
as mentioned in Sec. 1. However, for the GEWFS, the field lens can bend light from the extended
object toward the optical axis of the collimating lens in some extent. Consequently, each lenslet
of the GEWFS can collect the same information of the extended object. Moreover, the field lens
neither introduces additional aberrations into the sensor nor affects the magnification of subimages. A detailed explanation of the function of the field lens in the GEWFS will be presented
in Sec. 5.1.

2.2 Reconstruction Algorithm of the GEWFS
For an SHWFS, a lenslet array divides the wavefront of the incoming beam into an array of
subwavefronts. Each subwavefront, φm;n ðf x ; fy Þ, approximated as a plane, determines the spatial shift of the subimage over the corresponding subaperture. In the case of a point source, the
subimage of a point source formed by a lenslet can be expressed as32
 ZZ
2



hm;n ðx; yÞ ¼ A
Pðf x ; f y Þ exp½iφm;n ðf x ; f y Þ exp½−i2πðfx x þ f y yÞdf x df y  ;
(1)
EQ-TARGET;temp:intralink-;e001;116;157

where A is a constant amplitude; Pðf x ; f y Þ, the pupil function of the lenslet, is unity inside and
zero outside its aperture; φm;n ðf x ; f y Þ ¼ am;n f x þ bm;n f y is the approximated local wavefront
incident on lenslet ðm; nÞ; the subscripts m and n are indexes of the lenslet; am;n and bm;n are
linear coefficients of the approximated phase plane; ðx; yÞ are the spatial coordinates at the focal
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plane of the lenslet array; and ðf x ; f y Þ are the spatial frequencies in the frequency domain. When
RR
φm;n ðf x ; f y Þ ¼ 0, hm;n ðx; yÞ ¼ jA Pðf x ; f y Þ exp½−i2πðf x x þ f y yÞdf x df y j2 , and it is labeled
as h0m;n ðx; yÞ hereafter. Note that as each lenslet of the lenslet array has the same size of aperture,
the pupil function of each lenslet is considered identical.
The spot image, hm;n , is also called the point spread function or impulse response of lenslet
ðm; nÞ. In the frequency domain, the Fourier transform of the point spread function can be
expressed as the autocorrelation of the pupil function of the corresponding lenslet32
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P u þ ;v þ
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EQ-TARGET;temp:intralink-;e002;116;648

¼ ðP⋆PÞ exp½iφm;n ðf x ; f y Þ;

(2)

where H m;n ðf x ; f y Þ is the optical transfer function of the corresponding lenslet, ⋆ stands for the
operation of autocorrelation, and ðu; vÞ are the spatial frequencies in the frequency domain. For
brevity, the optical transfer function is not normalized. Performing the inverse Fourier transform
and applying the shift theorem on Eq. (2), the point spread function can be rewritten as
ZZ
hm;n ðx; yÞ ¼
Hm;n ðf x ; f y Þ exp½i2πðf x x þ f y yÞdf x df y
ZZ
¼
ðP⋆PÞ expðiφm;n ðf x ; f y ÞÞ exp½i2πðf x x þ f y yÞdf x df y
ZZ
¼
ðP⋆PÞ expðiðam;n f x þ bm;n f y ÞÞ exp½i2πðf x x þ f y yÞdf x df y


am;n
bm;n
0
;y þ
¼ hm;n x þ
;
(3)
2π
2π
EQ-TARGET;temp:intralink-;e003;116;479

a

b

m;n
m;n
; − 2π
Þ is the spatial shift corresponding to the quasilinear phase shift φm;n . It can
where ð− 2π
be concluded that a quasilinear phase shift, φm;n ðf x ; f y Þ, in the frequency domain, results in a

a

b

m;n
m;n
spatial shift, ð− 2π
; − 2π
Þ, of the subimage. And this is the principle of the SHWFS.
In the case of an extended object, the GEWFS records an array of subimages of the extended
object. As a field lens is used in the GEWFS, each lenslet collects the same information of the
extended object. In this situation, the subimage of each lenslet can be expressed as the convolution of the ideal image of the extended object and the point spread function of the corresponding lenslet
ZZ
im;n ðx; yÞ ¼
hm;n ðx − ξ; y − ηÞoðξ; ηÞdξ dη;
(4)
EQ-TARGET;temp:intralink-;e004;116;249

where im;n ðx; yÞ stands for the subimage formed by the corresponding lenslet, oðξ; ηÞ is the ideal
image of the extended object, and ðξ; ηÞ are the spatial coordinates. Applying the convolution
theorem of Fourier transform to Eq. (4), the relation in frequency domain can be written as
I m;n ðf x ; f y Þ ¼ Oðf x ; f y ÞH m;n ðf x ; f y Þ;

(5)

EQ-TARGET;temp:intralink-;e005;116;169

where I m;n ðf x ; f y Þ is the Fourier transform of the subimage im;n ðx; yÞ, Oðf x ; f y Þ is the Fourier
spatial spectrum of oðx; yÞ, and H m;n ðf x ; f y Þ is the Fourier transform of hm;n .
By substituting Eqs. (2) into (5), I m;n ðf x ; f y Þ can be rewritten as
I m;n ðf x ; f y Þ ¼ ½ðP⋆PÞ expðiφm;n ðf x ; f y ÞÞOðf x ; f y Þ:

(6)

EQ-TARGET;temp:intralink-;e006;116;99
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Obviously, if the Fourier spatial spectrum of the extended object can be eliminated, the optical
transfer function for each lenslet can be reconstructed. As each lenslet collects the same information of the extended object, in Eq. (6), Oðf x ; f y Þ is identical for different subapertures. So it is
very convenient to eliminate the Fourier spatial spectrum of the extended object by dividing
I m;n ðf x ; f y Þ with the Fourier transform of a reference subimage. In this proposed algorithm,
the central subimage is selected as the reference one, and its Fourier transform is labeled as
I r ðf x ; f y Þ. According to Eq. (6), the optical transfer function of the corresponding lenslet can
be reconstructed as



I m;n
0
H m;n
ðf x ; f y Þ ¼ ðP⋆PÞ exp i · arg
Ir þ Δ
(7)
¼ jH m;n ðf x ; f y Þj exp½iðφm;n ðf x ; f y Þ − φr ðf x ; f y ÞÞ;
EQ-TARGET;temp:intralink-;e007;116;637

where argð·Þ stands for the extraction of the phase angle, Δ a small constant, and φr ðf x ; f y Þ is the
local wavefront fell on the reference subaperture. The operation of adding a small quantity is in
fact a regularization method in the field of image restoration. The autocorrelation of the pupil
function in Eq. (7), acting as a low-pass filter, can alleviate the problem of noise sensitivity,
which is a trouble in phase correlation.33
Note that the phase of Oðf x ; f y ÞH m;n ðf x ; f y Þ may exceed 2π, and the extracted phase will be
wrapped. Even in this situation, the Fourier spatial spectrum of the extended object can still be
eliminated by Eq. (7). In Eq. (7), the extracted phase angle is mod½ðφ0 þ φm;n Þ − ðφ0 þ φr Þ; 2π,
where φ0 is the phase angle of Oðf x ; f y Þ, and mod stands for the modulo operation.
Although the extracted phase is indeed not equal to ðφ0 þ φm;n Þ − ðφ0 þ φr Þ, the two fields,
jH m;n j expfi mod½ðφ0 þ φm;n Þ − ðφ0 þ φr Þ; 2πg and jH m;n j exp½iðφ0 þ φm;n Þ − ðφ0 þ φr Þ, are
identical. This means that the information of the extended object can be eliminated even if the
phase of Oðf x ; f y ÞHm;n ðf x ; f y Þ exceeds 2π.
Now performing the inverse Fourier transform and applying the shift theorem of Fourier
transform to Eq. (7), the corresponding point spread function can be reconstructed by
ZZ
0
hm;n ðx; yÞ ¼
jH m;n ðf x ; f y Þj exp½iðφm;n ðf x ; f y Þ − φr ðf x ; f y ÞÞ exp½i2πðf x x þ f y yÞdf x df y
ZZ
¼
ðP⋆PÞ exp½iðφm;n ðf x ; f y Þ − φr ðf x ; f y ÞÞ exp½i2πðf x x þ f y yÞdf x df y


a − ar
b − br
; y þ m;n
¼ h0m;n x þ m;n
;
(8)
2π
2π

EQ-TARGET;temp:intralink-;e008;116;389

a

−a

b

−b

where ð− m;n2π r ; − m;n2π r Þ is the spatial shift corresponding to the quasilinear phase shift
φm;n ðf x ; f y Þ − φr ðf x ; f y Þ, and ar and br are linear coefficients of the approximated plane of
phase φr ðf x ; f y Þ. By now, the problem of wavefront sensing from an extended object has been
converted to that from a point source, and the input wavefront can be easily reconstructed by the
reconstruction algorithm of the SHWFS.34 Note that, since the information of the extended
object has been eliminated to reconstruct the point spread function for each subaperture, the
contents and illumination characteristics of the extended object will not affect the estimated
shifts of subimages, which means the GEWFS is a general wavefront sensor for any types
of extended objects. However, the width of Fourier spatial spectrum of the extended object would
affect the accuracy of the GEWFS since the high spatial frequency components of the reconstructed optical transfer function would be deteriorated for an extended object with a narrow
Fourier spatial spectrum.
Compared Eq. (8) with Eq. (3), it can be concluded that the estimated shifts of subimages in
the proposed algorithm are relative to that of the reference one, which leads to a global tip/tilt in
the reconstructed wavefront. As the global tip/tilt does not blur the image of the object to be
observed, in the following sections this tip/tilt will not be considered.
According to the reconstruction algorithm of the GEWFS presented above, wavefront
sensing from an extended object by the GEWFS can be achieved by the following steps.
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Step
Step
Step
Step

1
2
3
4

Extract subimages from the subimage array recorded by the GEWFS.
Perform the Fourier transform on the extracted subimages.
Reconstruct the optical transfer function for each subaperture according to Eq. (7).
Reconstruct the point spread functions by performing the inverse Fourier transform on
the reconstructed optical transfer functions.
Step 5 Extract the shift of the reconstructed point spread function for each subaperture.
Step 6 Reconstruct the input wavefront by employing the reconstruction algorithm of the
SHWFS.

3 Numerical Simulations
In this section, the performances of the GEWFS are validated using the simulated data. The
simulated data are acquired at the wavelength of 0.635 μm. The pitch and focal length of the
lenslet array used in the simulation are 150 μm and 3.72 mm, respectively. The pixel number of
the detector is 256 × 256 with a pixel size of 9.9 × 9.9 μm. Letter “F,” a uniform extended object,
the solar granulation, and the retinal structures are used as extended objects, respectively, to
exam the proposed reconstruction method. A defocus (labeled as wavefront A hereafter) and
a wavefront generated by a linear combination of Zernike polynomials (labeled as wavefront
B hereafter) are used as input distortions to generate the simulated intensity distributions by
the propagation of angular spectrum. By processing the simulated intensity distributions following the steps presented in Sec. 2.2, the input distortions can be reconstructed and will be represented by a linear combination of Zernike polynomials from the 4th to 36th terms.

3.1 Reconstruction of Wavefront A
As shown in Fig. 2(a), wavefront A, with a root mean square (RMS) value of 0.22 μm and a
peak-to-valley value (PV) of 0.75 μm, is used as the input wavefront, and the corresponding
simulated intensity distribution is shown in Fig. 2(b).
Figure 3 shows the reconstructed wavefront and the reconstruction error of wavefront
A. The RMS and PV values of the residual wavefront error are 0.027 and 0.15 μm,
respectively.

3.2 Reconstruction of Wavefront B
Wavefront B, a linear combination of Zernike polynomials, is shown in Fig. 4(a). The RMS and
PV values of wavefront B are 0.19 and 1.38 μm, respectively. The corresponding simulated
intensity distribution is shown in Fig. 4(b).

Fig. 2 (a) Wavefront A, scales in μm, and (b) the corresponding simulated intensity distribution.
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Fig. 3 (a) Reconstructed wavefront and (b) the reconstruction error of wavefront A, scales in μm.

Fig. 4 (a) Wavefront B, scales in μm, and (b) the corresponding simulated intensity distribution.

Fig. 5 (a) Reconstructed wavefront and (b) the reconstruction error of wavefront B, scales in μm.

Figure 5 shows the reconstructed wavefront and the reconstruction error of wavefront B.
The RMS and PV values of the residual wavefront error are 0.015 and 0.082 μm, respectively.
The Zernike coefficients of the input (red) and reconstructed (blue) wavefronts are shown
in Fig. 6.
The ratios of RMS values of residual errors to those of wavefronts A and B are 12% and
7.9%, respectively. The reconstruction errors are attributed to the loss of high spatial frequency
Optical Engineering
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Fig. 6 Zernike coefficients of the input (red) and reconstructed (blue) wavefront B, scales in μm.

information of the reconstructed point spread function for each lenslet. Although this accuracy is
not as good as that of a commercial SHWFS, in the case of wavefront sensing from extended
objects, the proposed reconstruction method is accurate enough and feasible.

3.3 Wavefront Sensing from Uniform and Typical Extended Objects
To test the generality of the GEWFS, a uniform extended object, the solar granulation, and the
retinal structure are used as extended objects to sense wavefront A. As the number of pixels of a
subimage is low, parts of the solar granulation and retinal structure are, respectively, employed in
numerical simulation. In practice, forming subimages of the whole extended object can be
achieved by careful design of the magnification of the optical system.
Figure 7 shows the results of wavefront sensing from a uniform object. The RMS and PV
values of the residual wavefront error are 0.030 and 0.18 μm, respectively.
Wavefront sensing from a small part of the solar granulation is shown in Fig. 8. The RMS and
PV values of the reconstruction error are 0.021 and 0.16 μm, respectively.
Figure 9 shows the results of wavefront sensing from a small part of the retinal structure.
The RMS value of the reconstruction error is 0.032 μm, and the PV value of the error is
0.27 μm.
The simulated results show that the distorted wavefront can be reconstructed both from a
uniform object and typical extended objects by the GEWFS. In the following section, experiments will be performed for further verification.

Fig. 7 Wavefront sensing from a uniform object: (a) simulated intensity distribution, (b) reconstructed wavefront, and (c) reconstruction error.
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Fig. 8 Wavefront sensing from a small part of the solar granulation: (a) simulated intensity
distribution, (b) reconstructed wavefront, and (c) reconstruction error.

Fig. 9 Wavefront sensing from a small part of the retinal structure: (a) simulated intensity
distribution, (b) reconstructed wavefront, and (c) reconstruction error.

4 Experiments
4.1 Experimental Setup
Figure 10 shows the schematic of the experimental setup for wavefront sensing from extended
objects. To validate the accuracy of the GEWFS, both extended objects and a point source are
used. The light beam, from a broadband halogen fiber optic illuminator (Thorlabs, OSL1), is
homogenized by a piece of frosted glass. The wavelength range of this broadband source is from
0.4 to 1.6 μm. Illuminated by this homogenized light beam, a small portion of a USAF 1951
resolution test target (Edmund, 3 00 × 3 00 positive) is used as an extended object; besides, a point
source, used for validating the accuracy of the GEWFS, is obtained by inserting a pinhole
(Edmund, 20 μm) between the frosted glass and the test target. The beam coming from an
extended object (or a point source) is first collimated by a lens, L1 . Then, the collimated beam
is disturbed by a piece of spherical aberration compensation plate (Edmund, þ1.00λ aberration at
the wavelength of 0.587 μm). The disturbed beam is converged by lens L2 and then incident on

Fig. 10 Schematic of the experiment setup for wavefront sensing by the GEWFS (in the red
dashed box).
Optical Engineering

073107-9

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 24 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

July 2021

•

Vol. 60(7)

Li, Lu, and Zhang: Direct wavefront sensing from extended objects: a general sensor

the GEWFS. The GEWFS, as shown in the red dashed box in Fig. 10, is consisted of a field lens,
a collimating lens, a lenslet array (150 μm pitch, 3.72 mm focal length), and a CCD camera
(640 × 480 pixels, 9.9 × 9.9 μm pixel size). As all components of the GEWFS are off-the-shelf
products, the sensor is easy to build.
Here, it should be emphasized that the size of the subimage of the extended object should be
smaller than the pitch of the lenslet array.

4.2 Experimental Results
In experiments, first the aberration, introduced by a spherical aberration compensation plate, is
measured by an SHWFS from a point source. Second, the same aberration is measured by the
GEWFS from different extended objects. And finally, the aberrations sensed from different
extended objects are carefully evaluated by that sensed from a point source.
Figure 11 shows the intensity distributions recorded by the GEWFS from a point source (P)
and three different extended objects (E1, E2, and E3), respectively. As the field lens ensures that
each lenslet collects the same information of the extended object, subimages formed by the
lenslet array all contain the whole extended object, except the outer ones. Based on this point,
the point spread function for each lenslet can be reconstructed using the algorithm presented
in Sec. 2.2.
According to the proposed reconstruction algorithm of the GEWFS, the wavefronts reconstructed from sources P, E1, E2, and E3 are shown in Fig. 12. Table 1 lists the RMS and PV
values of the differences between the reconstructed wavefronts from three different extended
objects and that from a point source, respectively. The largest RMS value of the difference
is 0.028 μm, and the largest PV value of the difference is 0.22 μm. Table 2 shows the RMS
and PV values of the differences between the reconstructed wavefronts from E2, E3, and that
from E1, respectively. The largest RMS value of the difference is 0.025 μm, and the largest PV
value of the difference is 0.18 μm. Although the PV values of the differences are slightly large,
the RMS values of the differences between the reconstructed wavefronts are quite small.

Fig. 11 Subimage arrays of sources (a) P, (b) E1, (c) E2, and (d) E3.
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Fig. 12 Reconstructed wavefronts, respectively, from P, E1, E2, and E3, scales in μm.

Table 1 RMS and PV values of the differences between
wavefronts reconstructed from E1, E2, E3, and that from P.
Differences between wavefronts
reconstructed from

RMS values
(in μm)

PV values
(in μm)

E1 and P

0.026

0.22

E2 and P

0.025

0.18

E3 and P

0.028

0.18

Table 2 RMS and PV values of the differences between
wavefronts reconstructed from E2, E3, and that from E1.
Differences between wavefronts
reconstructed from

RMS values
(in μm)

PV values
(in μm)

E2 and E1

0.022

0.14

E3 and E1

0.025

0.18

Figure 13 presents the Zernike coefficients of the reconstructed wavefronts shown in Fig. 12.
Since the wavefront to be measured is introduced by a spherical aberration compensation plate in
the experimental setup, the components of the reconstructed wavefronts are mainly defocus and
spherical aberrations (corresponding to the 4th and 11th terms of Zernike polynomials).
Compared with the corresponding coefficients of the wavefront reconstructed from P, the
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Fig. 13 Zernike coefficients of the reconstructed wavefronts, respectively, from P, E1, E2, and E3,
scales in μm.

coefficients of defocus of wavefronts reconstructed from E1, E2, and E3 have a relative error of
4.0%, 4.0%, and 12%, respectively; also, the coefficients of spherical aberration of wavefronts
reconstructed from E1, E2, and E3 have a relative error of 9.4%, 9.4%, and 6.3%, respectively.
The largest differences in Zernike coefficients, respectively, between E1, E2, E3, and P are
0.023, 0.024, and 0.024 μm. This means that the Zernike coefficients, reconstructed from
sources E1, E2, and E3, are in agreement with that reconstructed from source P. Although the
accuracy of wavefront sensing by the GEWFS from the extended object is not as good as that by
the SHWFS from a point source, this kind of accuracy is acceptable for wavefront sensing from
extended objects.
Furthermore, the wavefront sensing from a uniform object by the GEWFS is performed.
Figure 14(a) shows the recorded subimage array of a uniform object, and Fig. 14(b) is the reconstructed wavefront. The RMS and PV values of the difference between the wavefront reconstructed from a uniform object and that from a point source are 0.040 and 0.45 μm,
respectively. Compared with the RMS and PV values of the differences shown in Table 1, the
errors of wavefront reconstructed from a uniform object are larger than those from E1, E2, and
E3. This is because the width of Fourier spatial spectrum of a uniform object is narrow, and the
high spatial frequency components of the reconstructed point spread functions from subimages
of a uniform object are deteriorated more seriously than those from subimages of E1, E2, and E3.

Fig. 14 Subimage array of (a) a uniform object and (b) the reconstructed wavefront.
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Although the accuracy of wavefront sensing from a uniform object by the GEWFS is lower than
that from structure-rich extended objects, it is also feasible in engineering.
Finally, the sensing results of the GEWFS are evaluated by the statistical hypothesis testing.
The aberration introduced by one piece of spherical aberration compensation plate is measured
by the SHWFS from a point source and by the GEWFS from an extended object, respectively,
and the wavefront sensing experiments from a point source and an extended object are repeated
30 times. Two two-sample t-tests35 are performed on the defocus and spherical coefficients,
respectively, reconstructed by the SHWFS and the GEWFS since just the defocus and spherical
aberrations are introduced by the spherical aberration compensation plate. The results of these
two two-sample t-tests show that the defocus and spherical coefficients reconstructed by the
GEWFS have no significant difference at 5% level compared with those by the SHWFS.
Taken together, these results all indicate that the proposed sensor is practically feasible for
wavefront sensing from extended objects. Besides, since there are no special requirements for
extended objects used for wavefront sensing, the GEWFS can be seen as a general sensor
for wavefront sensing from extended objects.

5 Discussions
In this section, the function of the field lens, the comparison of accuracy of wavefront sensing by
the GEWFS and by the SHWFS equipped with cross correlation and phase correlation, and
several characteristics of the GEWFS are discussed.

5.1 Function of the Field Lens
The field lens, a very important element of the GEWFS, ensures each subaperture collects the
same information of the extended object. Without loss of generality, light from an extended
object can be approximately considered as a quasihomogeneous beam. So the divergence angle
of the quasihomogeneous beam emitted from the extended object is limited. As shown in
Fig. 15(a), the pupil of the collimating lens is partly illuminated by beams from edges points
P and Q of the intermediate image. As a result, just a few lenslets in the central of the collimated
beam can form subimages of the whole extended object, and the others cannot. In Fig. 15(a), the
dash lines stand for beams from point P and the dotted lines for beams from point Q.
Figure 15(b) shows an experimental subimage array recoded without a field lens. In this recorded
subimage array, just several central subimages contain the whole contents of the extended object
but most of others do not. To solve this problem, a field lens is placed at the intermediate image
plane. In Fig. 16(a), to show the function of the field lens, a field lens is temporarily drawn at
a positon departure from the intermediate image plane. Since the field lens can bend light from

Fig. 15 Schematic of rays from edge points of the intermediate image passing through (a) a collimating lens and a lenslet array and (b) an experimental subimage array recorded without a field
lens, α, the angle of divergence of the quasihomogeneous beam, P and Q, edges points of the
intermediate image.
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Fig. 16 Schematic of rays from edge points of the intermediate image passing through (a) a field
lens, a collimating lens and a lenslet array and (b) an experimental subimage array recorded with a
field lens, α, the angle of divergence of the quasihomogeneous beam, P and Q, edges points of
the intermediate image.

the intermediate image toward the optical axis of the collimating lens, the pupil of the collimating
lens can be fully illuminated with beams from each point of the extended object. So each lenslet
of the GEWFS can collect the same information of the extended object. In Fig. 16(a), the dash
and dotted lines stand for beams from edge points P and Q, respectively. Figure 16(b) is an
experimental subimage array recoded with a field lens. Each subimage contains the whole
extended object except the outer ones. It should be pointed out that in Figs. 15 and 16 the emergence angles of the collimated beams from points P and Q are exaggerated for the convenience
of understanding.
Noted that the field lens used in the GEWFS should have an appropriate optical power to
enable that the pupil of the collimating lens of the GEWFS is fully illuminated by beams from
each point of the extended object.

5.2 Accuracy Comparison
The accuracy of wavefront sensing by the GEWFS is compared with those by the SHWFS
equipped with cross correlation and phase correlation. The experimental setup for wavefront
sensing is the same as that presented in Sec. 4. Extended object E3 is employed to sense the
aberration introduced by a spherical aberration compensation plate. To form the configuration of
a SHWFS, the field lens is removed to record the corresponding subimage array for wavefront
sensing by cross correlation and phase correlation.
Figure 17 shows the recorded subimage array without a field lens and the reconstructed
wavefronts by cross correlation and phase correlation, respectively. The RMS and PV values
of the difference between the reconstructed wavefront from E3 by cross correlation and that
from a point source are 0.091 and 0.42 μm, respectively; also, the RMS and PV values of the

Fig. 17 Subimage array recorded without (a) a field lens and the wavefronts reconstructed by
(b) cross-correlation and (c) phase correlation.
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difference between the reconstructed wavefront from E3 by phase correlation and that from a
point source are 0.10 and 0.96 μm, respectively.
Compared with the reconstructed results shown in Fig. 12 and Table 1, the accuracy of wavefront sensing by the GEWFS is better than that by the SHWFS equipped with cross correlation or
phase correlation.

5.3 Characteristics of the GEWFS
In the following, several characteristics of the GEWFS will be discussed.
Accuracy. The theoretical accuracy of the GEWFS from the extended object may be lower
than that of the SHWFS from a point source. As discussed in Sec. 4, because the Fourier spatial
spectrum of the extended object mainly concentrates on low spatial frequencies in most situations, the high spatial frequency components of the reconstructed optical transfer function may
be deteriorated in the procedure of elimination of the Fourier spatial spectrum of the extended
object. As a result, the loss of high spatial frequency information of the reconstructed point
spread functions would impair the accuracy of the GEWFS.
Dynamic range. For each subaperture, the subimage of the extended object occupies a certain
area on the corresponding region of the imaging plane, such that the dynamic range of sensing
from extended objects will be smaller than that from a point source in the same condition.
Real-time capability. Since the Fourier transform and inverse Fourier transform are
performed on each subimage by using the fast Fourier transform, the computational complexity
of the proposed algorithm is OðNM log MÞ, where N is the number of subapertures used for
wavefront reconstruction and M is the number of pixels of a subimage. In the GEWFS, the size
of the subimage is small, so the computational burden of our reconstruction method is not heavy.
Therefore, the GEWFS can work with extended objects in real-time.

6 Conclusions
The GEWFS has been proposed for direct wavefront sensing from the extended object. A field
lens is employed in the GEWFS to ensure that each lenslet collects the same information of the
extended object. With this guarantee, the Fourier spatial spectrum of the extended object can be
eliminated in the frequency domain by dividing the Fourier transform of each subimage with that
of the reference subimage. Then, the optical transfer functions and the corresponding point
spread functions can be reconstructed. In such a way, the problem of wavefront sensing from
an extended object has been converted into that from a point source, which can be easily solved
by the reconstruction algorithm of the SHWFS. Numerical simulations show the effectiveness of
the GEWFS. Experimental results show that the wavefront reconstructed from extended objects
are in good agreement with the one reconstructed from a point source, indicating that the
GEWFS is accurate and feasible enough for wavefront sensing from extended objects. In our
opinion, the GEWFS can sense the distorted wavefront from any types of extended objects and
will broaden the fields of application of adaptive optics.
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