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Abstract

We present a reference-free computational wavefront sensor based on binary amplitude
modulation and phase retrieval. The method employs a Digital Micromirror Device as a
programmable amplitude modulator and reconstructs the complex optical field from mul-
tiple far-field intensity measurements using the Reweighted Amplitude Flow algorithm
with Optimal Spectral Initialization. Unlike classical pupil-plane wavefront sensors, the
proposed architecture contains no wavelength-specific optical elements, enabling
straightforward adaptation across a broad spectral range. The achievable spatial resolu-
tion of the reconstructed wavefront scales directly with the modulator resolution. We ex-
perimentally demonstrate wavefront reconstruction at 650 nm and at 2116 nm, a wave-
length regime where commercial wavefront sensors are scarce. At 650 nm, the recon-
structed wavefront is validated against a commercial lateral shearing interferometer, and
the sensor is further integrated into a closed-loop adaptive optics system using a deform-
able mirror. The proposed approach is particularly suited for applications requiring high
spatial resolution and large dynamic range in slowly varying or quasi-static laser fields,
where computational reconstruction speed is not a primary concern.

Keywords: laser-beam quality control; high-resolution wavefront sensing; IR wavefront
sensing; phase retrieval

1. Introduction

Laser beam quality control is essential in optical laboratories and high-power laser
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Raddu facilities, where complex optical chains introduce cumulative aberrations that degrade
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beam propagation, cause intensity inhomogeneities, and generate parasitic hot spots that
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may lead to optical damage [1-5]. Active wavefront control mitigates these effects and
enables precise shaping of the beam intensity profile at the target.
An optical field is fully defined by its amplitude and phase; however, the phase in-

formation is typically lost during detection because conventional sensors measure only
Copyright: © 2026 by the authors.

time-averaged intensity. This limitation motivates the development of wavefront sensing
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s . techniques capable of reconstructing phase from intensity-only measurements [6].
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that modify the spatial phase profile. While effective, these approaches are limited in dy-
namic range and/or spatial resolution and often require various mitigation strategies
[16,17]. In particular, shearing interferometry offers high spatial resolution but typically
involves complex and vibration-sensitive optical layouts [18].

Computational wavefront sensing techniques provide an alternative by exploiting
redundancy in intensity measurements acquired in one or more planes perpendicular to
the optical axis. This class includes curvature sensing, phase diversity, and general phase
retrieval methods [19-25]. Compared to pupil-plane sensors, computational approaches
generally offer larger dynamic range, with spatial resolution primarily determined by the
modulator or detector. Their applicability is often constrained by computational complex-
ity and sensitivity to noise.

Phase retrieval algorithms date back to the Error Reduction method introduced by
Gerchberg and Saxton [26], which reconstructs phase from intensity measurements in
Fourier-related planes. More recently, binary amplitude modulation —commonly imple-
mented using Digital Micromirror Devices (DMDs)—has emerged as an effective strategy
for encoding phase information into multiple intensity measurements. Random and opti-
mized binary masks, ptychography-inspired formulations, and systematic modulation
strategies have demonstrated improved reconstruction fidelity and robustness [27-31],
highlighting the critical role of mask design.

In this work, we report on the use of the Amplitude flow algorithm for Phase retrieval
computations Utilizing Coded Aperture Masking (APUCAM) based on the Reweighted
Amplitude Flow algorithm using Optimal Spectral Initialization (RAF-OSI). The approach
enables high-resolution wavefront reconstruction with spatial sampling limited only by
the modulator resolution. Further, the method is extended to the near-infrared wave-
length of 2116 nm, where high-resolution wavefront sensors are scarce. The method relies
exclusively on intensity-only detection without wavelength-specific phase-modulating el-
ements, allowing straightforward reference-free adaptation across a wide spectral range.

The proposed sensor is validated by comparison with a commercial lateral shearing
interferometer (SID4, Phasics S.A.) and integrated into a closed-loop adaptive optics sys-
tem with a deformable mirror. Successful closed-loop operation is demonstrated, estab-
lishing the method as a robust, wavelength-versatile diagnostic and adaptive optics feed-
back tool for laboratory applications prioritizing high spatial resolution and large dy-
namic range over real-time performance.

2. Principles of Computational Reconstruction

For clarity and reproducibility, we explicitly define the forward model used to gen-
erate intensity measurements. Let

u(x,y) = A(x,y)exp [i¢(x, )] 1)

denote the complex optical amplitude in the DMD plane. The field is modulated by an
elementwise multiplication of a binary amplitude mask M;(x,y) € {0,1}, yielding

u;(x,y) = M;(x,y) O u(x, ). @)

Using the paraxial and the scalar diffraction approximations, propagation to the focal
plane of a lens with focal length f is given by the Fraunhofer diffraction integral, which
is proportional to the Fourier transform of the modulated field:

Ui(€,m) = Flu; (x, )} E M), ®)

The spatial frequencies are related to focal-plane coordinates (X,Y) by & = X/(Af)
and n = Y/(Af), where 1 is the optical wavelength. The recorded intensity measurement
is
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yilpl =1 Ui(X,, Y,) 124+ ny[p], 4)

where n; represents measurement noise and p indexes camera pixels within the area of
interest.

The phase retrieval problem consists of estimating the complex amplitude u(x,y)
from a set of intensity-only measurements {y;};"; obtained with different binary masks
{M;}. Similar inverse problems arise in X-ray crystallography [32,33], astronomy [34,35],
and ptychography [36]. The reconstruction can be formulated as an empirical loss mini-
mization problem.

m
~ : 1
@ = arg min %Zzﬂ NF{M; Qul | =y 113, ©®)

where #i denotes the estimated solution. This optimization problem is non-convex and
NP-hard, making direct solutions such as least-squares minimization impractical.

Early approaches to this problem include the Error Reduction (ER) algorithm, which
iteratively propagates intensity distributions between pupil and focal planes while enforc-
ing amplitude constraints [26]. Although conceptually simple, ER often suffers from stag-
nation and slow convergence. Numerous improved phase retrieval algorithms have since
been proposed [37-41], offering enhanced robustness against local minima.

Related approaches such as phase diversity and curvature sensing rely on intensity
measurements from multiple non-conjugate planes, which are not directly related by Fou-
rier propagation as in Equation (3). These methods are often combined with gradient-
based optimization over a predefined aberration expansion basis [42,43]. Other ap-
proaches employ pseudorandom intensity modulation to encode phase information into
multiple measurements, enabling high-fidelity wavefront reconstruction from a limited
number of recorded images [44-46]. Closely related methods developed for ptychography
[47] follow similar principles and have also been applied to laser wavefront sensing [48].

In this work, we adopt a pseudorandom amplitude modulation strategy using a set
of complementary binary masks implemented by a DMD. Reconstruction is performed
using the Reweighted Amplitude Flow algorithm with Optimal Spectral Initialization
(RAF-OSI) [49]. For a noiseless case, a minimum of 2N — 1 intensity measurements are
required to reconstruct N phase points [46], while noisy data require a larger measure-
ment set. These theoretical limits assume ideal randomness and incoherence conditions,
which are not fully satisfied in the presented experimental implementation due to ampli-
tude-only modulation and non-uniform illumination. Practical implementation shows
that accurate wavefront reconstruction can be achieved with moderate number of meas-
urements.

3. Methods

The experimental layout of the proposed wavefront sensor is shown in Figure 1A. A
fraction of the laser beam is directed into a diagnostic branch and expanded to uniformly
illuminate a Digital Micromirror Device (DMD, DLP® LightCrafter™ 6500 Evaluation
Module, Texas Instruments, Dallas, USA), which operates as a binary amplitude modula-
tor. The DMD’s native resolution is 1080 x 1920 micromirrors, each addressable via GPU.
To balance spatial resolution and computational complexity, the DMD was grouped into
grid of 120 x 120 super-pixels, each comprising 9 x 9 micromirrors. This grouping defines
the sampling of the reconstructed wavefront without limiting the method fundamentally.
Two laser sources demonstrate the wavelength versatility. For the visible part of the ex-
periment, a 650 nm laser diode was used, while for mid-IR we used a Ho-doped fiber
oscillator emitting at 2116 nm.
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Figure 1. Wavefront sensing concept and calibration. (A) Schematic layout of the experimental
setup. The laser beam is expanded and amplitude-modulated by a Digital Micromirror Device
(DMD). The modulated beam is focused to form a far-field intensity distribution recorded by a
camera. (B) (Top): Examples of pseudorandom binary amplitude masks displayed on the DMD and
corresponding recorded far-field intensity patterns. (Bottom): Periodic calibration mask used to de-
termine the area of interest (AOI) on the camera and a representative calibration image. (C) Numer-
ically evaluated mean reconstruction root-mean—square error (RMSE) as a function of the number
of modulation masks for two representative detector noise levels inset with reconstructions under
different sampling redundancy. The study illustrates the trade-off between measurement redun-

dancy and noise robustness.

After modulation by the DMD, the beam is focused by a lens (f = 250 mm) onto a
camera in the focal plane, forming the Fraunhofer intensity distribution. A CMOS camera
(Allied Vision Manta G-125, 1292 x 964) recorded 650 nm measurements, while a mid-
infrared camera (Tachyon 16k, 128 x 128) captured 2116 nm data. Cameras were operated
via Ethernet, providing sufficient bandwidth for multi-frame acquisition. Because only
amplitude is modulated, most optical power remains near the focal spot center, unlike
phase-modulation approaches [50]. We define the acquisition noise as a ratio between the
total power of the signal (including noise) and the total power of the noise across the
whole area of interest.

Numerical simulations assessed the sensitivity of the reconstruction algorithm to de-
tector noise. Synthetic wavefronts were propagated through the forward model with ad-
ditive noise, and the root-mean-square error (RMSE) of the reconstructed phase was eval-
uated as a function of mask count and detector signal-to-noise ratio (SNR). Experimentally
measured background noise was ~13-18 dB for visible and 5-8 dB for near-infrared cam-
eras, with simulations conservatively exceeding these levels. Other noise sources —includ-
ing laser power fluctuations, DMD temporal jitter, and thermal effects —were negligible
over acquisition durations.

The area of interest (AOI) on the camera, corresponding to the spatial bandwidth of
the modulated beam, was calibrated using a periodic reference mask. A 2D grid with
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spatial frequency equal to half the DMD super-pixel frequency produced first-order dif-
fraction maxima in the focal plane, defining the AOI (see Figure 1B). The AOI was
resampled to match the DMD modulation grid, ensuring each far-field image directly rep-
resents the power spectrum of the DMD-plane field. Accurate camera alignment and suf-
ficient sampling prevent aliasing; residual geometric distortions can be corrected digitally.

The beam was sequentially modulated by complementary pseudorandom binary
masks, with each super-pixel transmitting or blocking light with equal probability. Pseu-
dorandom masks ensure uniform average illumination, provide sufficient diversity for
phase retrieval, and suppress periodic correlations that amplify systematic errors. Struc-
tured mask designs, such as Hadamard patterns, can reduce noise amplification but may
increase sensitivity to artifacts; random masks were selected for robustness and simplicity.
For visible measurements, 20 masks were used; for near-infrared, 30 masks were used to
compensate for lower SNR to improve stability.

Wavefront reconstruction was performed using RAF-OSI in MATLAB (R2025a).
Convergence parameters were set according to the experimental noise level: visible ex-
periments used a relative tolerance of 102, a maximum of 2000 iterations, and a 100 s exe-
cution limit. Typically, convergence occurred within 80-300 iterations. The reconstructed
phase was initially modulo 27t and subsequently unwrapped using a Poisson solver with
discrete cosine transform. Reconstruction of 20 masks required ~3-5 s on a standard work-
station (~0.2 Hz effective sampling rate). Computation is dominated by Fourier transforms
and element-wise operations; acceleration via compiled code, GPU parallelization, or
FPGA implementation could reduce latency to <100 ms per reconstruction, enabling up-
date rates up to ~10 Hz. In its current form, the method is best suited for quasi-static or
slowly varying wavefronts, where high spatial resolution and wavelength flexibility are
prioritized over acquisition speed.

As a proof-of-principle, wavefronts reconstructed with APUCAM were compared to
measurements from a commercial lateral shearing interferometer (SID4, Phasics S.A.) at
650 nm. The comparison emphasizes consistency in low- and mid-spatial-frequency aber-
rations rather than absolute metrological equivalence. Figure 2 (right) shows unwrapped
wavefronts from APUCAM and SID4. For quantitative assessment, both wavefronts were
expanded into Legendre polynomials up to fifth order, excluding piston and tilt, which
depend on alignment and focal spot position.

Legendre Polynom. Expansion
T T T T T T T T APUCAM A

= ol [ sID4 expansion | 2
§ [ JAPUCAM expansion 15
g 1
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Figure 2. Comparison of visible-wavelength wavefront reconstruction at A = 650 nm. (Top): Legen-
dre polynomial expansion coefficients (up to 5th order) of the wavefront reconstructed using

APUCAM (120 x 120 sampling) and measured using a commercial lateral shearing interferometer
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(SID4, 62 x 62 sampling). (Bottom): Coefficient-wise discrepancy between the two measurements.
Piston and tilt terms are omitted due to their dependence on relative alignment. (Right): Un-
wrapped wavefront maps obtained by the two methods. The comparison focuses on consistency of

low- and mid-order aberrations rather than absolute metrological accuracy.

Figure 2 (top) shows the Legendre coefficients, while Figure 2 (bottom) presents the
coefficient-wise differences. Despite notable high-frequency noise in the APUCAM recon-
struction, low-order aberrations agree well with SID4, indicating that the method accu-
rately captures the dominant modes relevant for adaptive optics correction. This compar-
ison confirms that the reconstructed wavefront is physically consistent and suitable for
closed-loop feedback.

To demonstrate wavelength versatility, the system was reconfigured for 2116 nm
measurements, where no commercial sensor was available. A binary aperture mask was
superimposed on the DMD patterns to define the AOL Following calibration and align-
ment, wavefronts were reconstructed at 112 x 112 pixels. Figure 3A,B show the recon-
structed phase and intensity distributions, respectively; Figure 3C presents an unwrapped
phase cut corresponding to the imposed aperture, and Figure 3D illustrates the phase out-
side illuminated regions. The latter exhibits noise-dominated behavior, as expected, while
the continuity of phase within the aperture and absence of spurious structure outside in-
dicate that the algorithm correctly identifies the spatial support. These results demon-
strate the feasibility of the method at wavelengths where conventional wavefront sensors
are not widely available. The main limitation in the near-infrared is reduced SNR of the
mid-IR detector, which increases high-frequency noise in the recovered phase.

Figure 3. Near-infrared wavefront reconstruction at A = 2116 nm. (A) Reconstructed phase distribu-
tion (resolution 112 x 112) within a spatially bounded aperture defined by a superimposed binary
mask on the DMD. (B) Corresponding reconstructed intensity distribution. (C) unwrapped phase
cut-out corresponding to the illuminated aperture region. (D) Reconstructed phase in regions with-
out optical signal, demonstrating noise-dominated behavior outside the spatial support. The results
illustrate internal consistency of the reconstruction in a wavelength regime where commercial wave-

front sensors are limited.

To evaluate the proposed wavefront sensor for closed-loop adaptive optics (AO), a
bimorph deformable mirror (DM) was incorporated upstream of the DMD in the 650 nm
setup. A Keplerian relay telescope demagnified and imaged the DM plane onto the DMD
plane, ensuring conjugation between correction and sensing planes (Figure 4A). The in-
fluence functions (IFs) of the 32 actuators were measured using APUCAM: starting from
zero bias voltage, each actuator was driven sequentially, and the resulting wavefront re-
sponse was reconstructed. The response matrix was analyzed via singular value decom-
position (SVD) to obtain the set of DM eigenmodes (Figure 4B). Based on actuator density,
the mirror can reproduce aberrations approximately up to fifth-order Legendre modes.
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Figure 4. Closed-loop adaptive optics configuration and deformable mirror characterization. (A)
Simplified schematics of the closed-loop setup. The deformable mirror (DM) is imaged onto the
DMD plane via a Keplerian relay telescope, ensuring conjugation between correction and sensing
planes. (B) Experimentally measured influence functions of individual DM actuators reconstructed
using APUCAM (actuator responses are normalized to unity), illustrating the spatial sampling den-

sity and actuator layout.

Closed-loop correction decomposes the residual wavefront into the measured IFs
and computes actuator voltage updates via least-squares:

vO —y®_gy®, ieq,..,n). (6)

where V" is the voltage of the i-th actuator at iteration n, VL(Si) is the least-squares cor-
rection from the pseudoinverse of the IF matrix and the reconstructed residual wavefront,
and g is the loop gain.

Closed-loop operation with appropriate gain corrected beam aberrations (Figure 54,
top inset), typically converging after 5-8 iterations as the standard deviation of the recon-
structed wavefront stabilized. When targeting a planar wavefront, the focal intensity be-
comes strongly concentrated due to amplitude-only modulation. To maintain numerical
stability, an intermediate defocus target (peak-to-valley ~1 A) was introduced. When
reached, it was analytically removed by projection onto the IF basis. This strategy ensures
stable convergence under the constraints of amplitude-only modulation, where optical
power redistribution cannot be directly controlled.

Figure 5 summarizes the closed-loop wavefront correction. A representative se-
quence is shown in Figure 5A: the initial wavefront exhibited an RMSE of 1.66 A, which
was reduced to 0.22 A after five iterations following defocus removal. The reported RMSE
is influenced by high-spatial-frequency noise from the detector and does not fully reflect
the physical beam quality, which is dominated by low- and mid-order aberrations. By
subsequent analysis of measured Strehl ratio the RMSE was estimated as 0.07 A. As shown
in Figure 5B, substantial correction was achieved for aberration orders up to N =5, while
higher-order modes remained largely uncorrected due to actuator spacing.

The evolution of the far-field focal spot is illustrated in Figure 5C. The initial distorted
spot had a Strehl ratio of ~0.06, which improved to 0.82 after closed-loop optimization,
satisfying the Maréchal criterion for diffraction-limited performance [51,52]. The ultimate
performance is limited primarily by noise-induced high-frequency artifacts in the RAF-
OSI reconstruction and the detector dynamic range, rather than the deformable mirror
itself.
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Figure 5. Closed-loop wavefront correction results at A = 650 nm. (A) Evolution of the reconstructed
wavefront during closed-loop optimization. The initial wavefront (RMSE =1.66 A, blue Leg. expan-
sion) is progressively corrected over five iterations. A controlled defocus bias is introduced for sta-
bility and subsequently removed, yielding a residual wavefront with RMSE = 0.22 A (yellow Leg.
expansion). Insets show representative wavefront maps (resolution 120 x 120). (B) Mean improve-
ment ratio of Legendre polynomial coefficients as a function of polynomial order. Aberrations up to
5th order are effectively compensated, while compensation of higher-order modes remains limited
due to actuator density. (C) Corresponding evolution of the far-field focal spot, showing improve-
ment from a distorted profile (top) to an intermediate defocus aberration (middle) to a corrected,

high-Strehl configuration (bottom).

4. Conclusions

We have demonstrated a reference-free wavefront sensing method capable of high-
resolution reconstruction of laser beam wavefronts, designed for feedback to deformable
mirrors and related adaptive optics elements. The approach combines binary amplitude
modulation using a DMD with computational phase retrieval, enabling reconstruction of
arbitrary wavefront shapes without wavelength-specific refractive or interferometric
components. Spatial resolution scales with the modulator resolution, and dynamic range
is not intrinsically limited by the sensing principle.

The reconstruction algorithm was evaluated under varying noise levels, allowing es-
timation of the optimal dataset size for stable phase recovery. In proof-of-concept experi-
ments at 650 nm, APUCAM measured static wavefronts at 120 x 120 pixels, showing good
agreement with a commercial lateral shearing interferometer (62 x 62 pixels) for low- and
mid-order aberrations relevant to adaptive optics. Wavelength versatility was demon-
strated at 2116 nm, reconstructing a spatially bounded beam at 112 x 112 pixels, a regime
where commercial sensors supply is limited.

The sensor was further applied in a closed-loop adaptive optics experiment. The
DM'’s influence functions were characterized using APUCAM, and an aberrated wave-
front (RMSE =1.66 A) was corrected to near-planar (residual RMSE = 0.07 A). This confirms
the method’s suitability for high-resolution closed-loop wavefront correction in labora-
tory environments.

https://doi.org/10.3390/app16041942


https://doi.org/10.3390/app16041942

Appl. Sci. 2026, 16, 1942

9 of 11

References

Overall, the approach offers scalable spatial resolution, broad wavelength applicabil-
ity, and straightforward implementation. While computational reconstruction limits real-
time operation for rapidly varying wavefronts, the method’s flexibility, simplicity, and
wavelength agnosticism make it a valuable diagnostic and adaptive optics tool where spa-
tial resolution and dynamic range are prioritized over acquisition speed.

Author Contributions: Conceptualization, O.D., ].P. and M.D.; methodology, O.D. and ].P.; soft-
ware, O.D.; validation, O.D. and ].P.; formal analysis, O.D., J.P., M.D. and M.C; investigation, O.D.
and J.P.; resources, M.D. and T.M.; data curation, O.D. and J.P.; writing —original draft preparation,
O.D.; writing—review and editing, J.P., M.D. and M.C.; visualization, O.D.; supervision, J.P., M.D.
and M.C.; project administration, T.M.; funding acquisition, M.D. and T.M. All authors have read

and agreed to the published version of the manuscript.

Funding: This article was co-financed by the European Union and the state budget of the Czech
Republic under project LasApp (CZ.02.01.01/00/22_008/0004573) and by the European Union’s Hori-
zon 2020 research and innovation program under grant agreement No. 739573; This work was also
supported by the Ministry of Education, Youth and Sports of the Czech Republic (Programs NPU I
Project No. LO1602, and Large Research Infrastructure Project No. LM2015086).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Dataset available on request from the authors.

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPT (GPT-
5.2) for the purposes of text proofreading. The authors have reviewed and edited the output and

take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

DMD Digital Micro-mirror Device

(N)IR (Near-)Infrared

ER Error Reduction algorithm

APUCAM Amphtudﬁe flow algorithm for Phase retrieval computations Utilizing Coded Aper-
ture Masking

RAF-OSI Reweighted Amplitude Flow with Optimal Spectral Initialization
AOI Area of interest

RMSE Root-mean-square error
SNR Signal-to-noise ratio
DM Deformable mirror

IF Influence function

SR Strehl ratio
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