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ABSTRACT

The Shack-Hartmann wavefront sensor (SHWS) is a common option to characterize optical fields, due to its noninterference, high accuracy,
and high-speed advantages. However, the current methods for evaluating measurement accuracy can only work for predefined standard
wavefronts and cannot provide the error estimate for an arbitrary wavefront. Here, we propose an SHWS uncertainty evaluation approach
for specific wavefronts based on the physical optics propagation. Our approach constructs a comprehensive SHWS model that incorporates
twelve error sources. We analyzed the influence of different error sources on the measurement accuracy under the diffraction effect and
reported that our model could achieve an accuracy of 4/559 under the ideal condition. In the experiment, we measured three different wave-
fronts and confined their uncertainty down to 4/65, /260, and 4/40, respectively. Our work may offer an effective solution for evaluating
measurement errors in the high-accuracy wavefront measurement and provide a reliable, unbiased evaluation criterion.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0163112

Wavefront measurement techniques can quantify the phase dis-
tribution of optical field, which is critical in fields such as advanced
manufacturing, * astronomy,” ” bioimaging,”'’ and ophthalmol-
ogy.'" """ At present, the available techniques measuring wavefronts
include phase-shifting interferometry,'*”'® shear interferometry,"”"”
point diffraction interferometry,”” ** and the Shack-Hartmann wave-
front sensor” (SHWS). Among them, the SHWS reconstructs the
wavefront by dividing it into an array of sub-wavefronts. For each sub-
wavefront, the local slope can be calculated according to the displace-
ment of the associated focal spot.”* As an alternative to interferometry,
the SHWS possesses notable advantages. For example, it does not
require a reference wavefront, eliminating the problems caused by the
error of the reference wavefront itself. Instead, the SHWS can acquire
the phase distribution of optical field in a single shot, making it simple
and efficient.

The commercial SHWS can now achieve a nominal accuracy of
2/100,” but this value is only valid for measuring a standard wave-
front (plane or spherical wavefront). Since the error sources of the

SHWS have an inconsistent influence on different wavefronts, the
declared nominal accuracy is inadequate for accurately characterizing
measurement errors on an arbitrary wavefront. Recently, scholars
have extensively analyzed and studied the structural errors,””” detec-
tor errors,”> " algorithmic errors,”’ °” and calibration errors'®*! in
the SHWS error assessment. However, the previous studies often
established an error transfer function considering only one or a few
error sources existing in the SHWS measurement process. They are
not comprehensive enough and omit the coupling between some error
sources, resulting in compromised error analysis. The previous studies
also neglected the influence of variability in the wavefront distribution
on measurement accuracy. Hence, a high-accuracy measurement of an
arbitrary wavefront by the SHWS requires a more comprehensive
error assessment method than the previous ones.

Here, we propose an SHWS uncertainty evaluation approach to
address the varying measurement accuracy issue encountered in the
measurement of different wavefronts. In particular, using the physical
optics propagation, we established an SHWS model covering 12 error
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sources involving the sensor assembly, calibration, and measurement.
Based on this model, a Monte Carlo program could estimate the mea-
surement uncertainty for a specific wavefront. Compared with con-
structing an explicit error transfer function, our approach can
investigate the influence of multiple error sources on the wavefront
measurement accuracy at the diffraction scale and achieve a compre-
hensive assessment of measurement uncertainty of arbitrary
wavefronts.

Figure 1 illustrates the principle of our proposed uncertainty evalu-
ation approach based on the physical optics propagation. The SHWS
model comprehends 12 common error sources related to the SHWS
assembly, calibration, and measurement. Using the angular spectrum
method, the model simulates the physical process of wavefront transmit-
ting through a microlens array (MLA) and forming an array of focal
spots on the CMOS sensor. After a centroid computation algorithm
extracts the centroid positions of all the focal spots, we can accordingly
calculate the spatial distribution of wavefront slopes and reconstruct the
wavefront. Calculated from the reconstructed and measured wavefronts,
the root mean square error (RMSE) represents the measurement error.
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Figure 1(a) shows the physical optics propagation process of the
SHWS. We employed Zernike polynomials to generate wavefronts
with various distributions. The phase transfer function of the MLA
can be constructed based on the principle of thin-lens approxima-
tion."” Subsequently, we employed the tilted-plane angle spectrum
theory™ to model the diffraction propagation process between the
tilted planes of MLA and the CMOS sensor plane.

In the SHWS model, four types of errors are included: the instal-
lation error, image acquisition error, calibration error, and algorithmic
error. The installation error results from the misalignment between
the MLA and CMOS sensor during their installation, causing the
three-dimensional angular deviations 6,, 4, and 0, [Fig. 1(a)]. The
image acquisition error relates to many factors, such as the discrete
sampling dgscretes qUantization quane and noise dygise. The calibration
error originates from the lack of strict alignment of SHWS [Fig. 1(b)].
During the calibration, the position and tilt angle of the incident wave-
front are changed multiple times with respect to the coordinates
defined by the MLA."" As a result, the deviations d,, d,, d9, and &,
emerge. The calibration errors can result in incorrect placement of
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FIG. 1. Principle of the SHWS uncertainty evaluation approach. (a) lllustration of the SHWS error propagation model based on physical optics propagation. MLA, microlens
array. AS, angular spectrum. (b) Schematic of SHWS spherical wavefronts calibration. (c) Flow chart for evaluating the uncertainty of SHWS for a measured wavefront using
the Monte Carlo method. Variation parameters include installation errors (d,, 64, and d,) and calibration errors (dy, o, 0, and ).
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reference points, misestimation of distances between CMOS and
MLA, and, therefore, a substantial increase in the total measurement
error. The algorithmic errors comprise the centroid positioning error
Ocent and wavefront reconstruction error O econs-

Figure 1(c) illustrates the evaluation of measurement uncertainty
of SHWS using the Monte Carlo method. First, the system’s fixed
parameters need to be initialized, including the MLA parameters (lens-
let pitch, curvature, and numbers), CMOS sensor parameters (pixel
size, resolution, and noise level), the distribution range of error sour-
ces, and the number of Monte Carlo cycles. Then, the measured wave-
front is input, and the Monte Carlo loop begins. In each loop, the
variation parameters, which consist of installation errors (d,, d4, and
d,) and calibration errors (6, 6,, 9, and J,,), are randomly sampled
within their respective error ranges. Once the fixed system parameters
and variation parameters are determined, multiple simulated spots
images of spherical wavefronts with different curvatures are generated.
The distance from the MLA to the CMOS sensor and the positions of
reference points are then determined from these spots images by
employing the spherical ~wavefronts calibration algorithm."'
Subsequently, the spots image of the measured wavefront is simulated.
The wavefront is reconstructed using the SHWS measurement algo-
rithm, followed by a comparison with the measured wavefront to cal-
culate the measurement error. If the predetermined number of loops
has not been reached, the variation parameters are resampled, and the
subsequent loop commences. Once the predetermined value is
attained, the measurement uncertainty of the measured wavefront is
determined by analyzing the measurement error values obtained
throughout all the loops.

ARTICLE pubs.aip.org/aip/apl

To verify our SHWS model, we analyzed the precision under the
ideal plane wave calibration condition without any installation errors.
In this case, the measurement error was ascribed exclusively to the
algorithmic error and image acquisition error. The wavelength of our
simulation is 632.8 nm, the assembly distance between CMOS and
MLA is 5.2 mm, the lenslet pitch is 150 um, the radius of curvature of
lens is 2.54 mm, the number of lenslets is 39 x 39, and the Zernike
normalized diameter is 5.85 mm. Figure 2 illustrates the results of sim-
ulation for plane, spherical, and freeform wavefronts. Three wave-
fronts were selected for each type of wavefront for testing. The residual
distribution shows that our model is able to reconstruct the wavefront
with high accuracy. The plots at the bottom of Fig. 2 show the spatial
distribution of measurement inaccuracies along the cross section of
wavefronts. It can be seen that the maximum reconstruction error in
the cross section remains under 2.2 nm.

Figure 3(a) depicts the measurement errors of the simulation
model for 100 groups of plane, spherical, and freeform wavefronts at
an average measurement error of 0.1, 0.3, and 1.6 nm, respectively.
Obviously, the standard plane and spherical wavefronts had a mea-
surement accuracy higher than the freeform wavefront, because the
high-frequency components uniquely presented in the freeform wave-
front led to a greater susceptibility to the inaccuracy of wavefront sam-
pling. As a result, the highest measured error obtained for a spherical
wavefront was taken as a reliable assessment of the SHWS model accu-
racy, which was 1.13nm (4/559). The accuracy is limited by the
SHWS paraxial approximation principle, structural parameters, and
measurement algorithms. To enhance the accuracy of the model, one
can employ strategies, such as increasing the focal length of MLA,
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FIG. 2. SHWS simulation for plane, spherical, and freeform wavefronts. The residuals are represented in terms of RMSE. The corresponding error distribution along the

dashed line in each residual map is shown at the bottom.
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measurement error. (c) Influence of 6., on the measurement error after the rotation correction. (d) Influence of 6, and 64 on the measurement error. (e) Measurement error dis-
tributions based on the spherical wavefront calibration. (f) Influence of 6, and 6, on the measurement error.

reducing the pitch between lenslets, and implementing more advanced
SHWS measurement algorithms.

Figures 3(b)-3(d) show the effect of installation errors on the
measurement accuracy. First, we found that an increase in the tilt
angle J, resulted in a rise in the measurement error. Nevertheless, as
this error causes only an image rotation, the rotation angle of the
CMOS sensor can be determined through calibration and corrected, as
presented in Fig. 3(c), yielding a measurement error that barely varies
with d,. Moreover, Fig. 3(d) indicates the effect of a rotation, d,, or g,
of the CMOS sensor. A larger rotation would lead to a larger measure-
ment error for all the three wavefronts; however, as long as we limited
the rotation within the range of 0.3 mrad, the installation errors had
very little effect on the measurement accuracy.

We also examined the errors attributable to the spherical wave-
front calibration method. Figure 3(e) shows the measurement error
distribution for various incident wavefronts. The expected error values
for plane, spherical, and freeform wavefronts were 2.0, 2.1, and 2.3 nm,
respectively. Figure 3(f) shows that dy or d,, impacted measurement
accuracy by causing inaccurate measurements of the relative distance
of the spherical wavefronts, leading to augmented measurement error
with increasing Jy or J,, values. At 20 mrad, the errors of measuring
plane, spherical, and freeform wavefronts respectively, increased by
9.2%, 18.7%, and 6.4%, from their baselines. We also found that if the
radius of curvature of calibrated spherical wavefronts was above
400 mm, the deviations J, and 5y had no substantial impact on the
spots’ distribution as well as the calibration precision.

We built an SHWS and assessed the measurement uncertainty
for the plane, spherical, and freeform wavefronts acquired in our
experiments. The system parameters were consistent with those in the
simulation. Via an analysis of the installation and calibration condi-
tions of the SHWS, we evaluated the installation and calibration error
distributions under the production conditions. Based on mechanical
tolerances of structural components, the installation error was deter-
mined to be within +1.71 mrad for J,, and d, with machining paral-
lelism of 0.0lmm and effective size of 5.85mm for MLA. The
deviation gap of the MLA relative to the CMOS sensor was within
0.1 mm in the z axis direction during assembly, resulting in J, being
within *17.1mrad. We calibrated the SHWS using the spherical
wavefronts calibration method.”’ By analyzing the calibration optical
path (see the supplementary material for the analytical process), the
error distribution ranges of J, and 5y were limited to =2 mm, while
the error ranges of ¢ and d,, were set to within +5 mrad.

Finally, we measured several plane, spherical, and freeform
wavefronts with the SHWS experimentally. The spherical wavefronts
were measured from a diverging beam from an optical fiber, and
plane wavefronts were obtained by collimating it. Figure 4(a) shows
the measurement setup for the freeform wavefronts created by
deformed optical surfaces imprinting a complicated profile in a plane
wave. Figures 4(b)-4(d) illustrate the error histograms calculated
from 2400 Monte Carlo simulations. When taking the value of the
coverage factor k to be 2, the uncertainty of the measured plane,
spherical, and freeform wavefronts was 9.66nm (//65), 2.43nm
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FIG. 4. Experiment testing the SHWS model. (a) Experimental setup for measuring
freeform wavefronts with the SHWS. Histograms of the errors measured from the
plane (b), spherical (c), and freeform (d) wavefronts. The insets show the corre-
sponding wavefronts.

(4/260), and 15.78 nm (4/40), respectively. From these results, we
confirmed that the measured uncertainties depended on the specific
form of wavefront. Among the three wavefronts, due to the SHWS
utilizing spherical wavefronts calibration, and the curvature radius of
the spherical wavefront shown in Fig. 4(c) being close to the range of
the spherical wavefronts calibration radius, the SHWS more accu-
rately measured the spherical wavefronts than the other two.

In conclusion, we present an uncertainty evaluation approach
for the SHWS that can assess the measurement accuracy for a spe-
cific wavefront. Our approach leverages a simulation model based
on the physical optics propagation and takes the installation, image
acquisition, calibration, and algorithmic errors into account. Using
this model, we investigated the impact of different error sources on
the measurement accuracy and verified its effectiveness of using
Monte Carlo methods to evaluate the uncertainty for an arbitrary
wavefront. Our approach addresses the challenging problem of
varying measurement accuracy encountered when the SHWS mea-
sures different wavefronts, which makes it difficult to establish a sin-
gle criterion to measure their performance. By analyzing the
influence of different error sources on the measurement accuracy,
our method can help researchers develop their error allocation
scheme during the design of sensor. Moreover, our proposed SHWS
model provides a reliable and unbiased evaluation criterion for
scholars researching calibration and measurement algorithms for
the SHWS. As our model has an end-to-end nature, it is feasible to
directly evaluate the impact of improved algorithms on the final
measurement accuracy of the SHWS, leading to more realistic and
effective evaluation results. We hope that our work will contribute
to future efforts toward enhancing the accuracy and reliability of
optical measurement technologies.

See the supplementary material for details of the process of ana-
lyzing the SHWS spherical wavefronts calibration errors.
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