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Optical scanning holography (OSH) is a powerful compu-
tational imaging technique that encodes three-dimensional
(3D) information of an incoherently illuminated or self-
luminous object into 2D holograms using Fresnel zone pat-
terns (FZPs) as structured illumination. However, conven-
tional OSH methods require complex setups with mechanical
scanning or multi-frame phase-shifting devices, limiting
their imaging efficiency and system stability. In this Let-
ter, we propose compressive motionless optical scanning
holography (CMOSH), a novel, to the best of our knowl-
edge, framework that eliminates the need for phase shifting
and mechanical scanning in 3D incoherent holography. The
unique combination of compressive holography and motion-
less OSH enables single-scan, twin-image-free holographic
reconstructions, significantly improving the system stability
and imaging throughput. It also provides true 3D depth-
resolved imaging, accurately resolving multi-layer samples
while eliminating defocused information. The effectiveness
of CMOSH is demonstrated through numerical simulations
and experimental demonstrations, highlighting its poten-
tial for robust and efficient 3D holographic imaging across
diverse applications. © 2025 Optica Publishing Group. All rights,
including for text and data mining (TDM), Artificial Intelligence (Al)
training, and similar technologies, are reserved.
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Optical scanning holography (OSH) [1] is a computational imag-
ing technique that encodes three-dimensional (3D) information
of incoherent objects into two-dimensional (2D) holograms
using Fresnel zone patterns (FZPs) as structured illumination.
In contrast to methods such as Fresnel incoherent correlation
holography (FINCH) [2] or off-axis holography [3] and phase-
shifting holography [4], OSH achieves 3D imaging through a
single-pixel detection approach. This capability has enabled
OSH to be widely applied in fluorescence imaging [5], micro-
scopic quantitative phase imaging [6,7], and remote sensing
[8]. However, conventional OSH requires complex setups with
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phase-shifter [9], optical heterodyning [10], or mechanical
scanning systems to achieve twin-image-free holograms. These
configurations introduce stability challenges and limit imaging
efficiency, particularly in dynamic or real-time applications.

To enhance the imaging efficiency of OSH, sub-sampling
scanning techniques have been proposed to reduce the number
of scans by using spiral scanning [11] or selectively omitting
[12,13] some of the to-be-scanned information by measuring
the correlation between scanned pixel points. These methods
reduce acquisition time, but complex optical setups cannot pre-
vent scanner vibrations from affecting the stability of the FZP.
As an alternative, a heterodyne-free motionless optical scanning
holography (MOSH) [14] solution has been proposed. MOSH
is a highly stable variant of OSH that generates a FZP struc-
tured light via a spatial light modulator (SLM), which avoids
the mechanical vibration of conventional OSH and provides
a more simplified optical path, using four-step phase shifting
(4PS) to acquire twin-image-free reconstruction. However, the
4PS still limits the acquisition time of MOSH. Naru et al. [15]
subsequently proposed spatially divided phase-shifting MOSH
(SP-MOSH) with 4PS FZPs arranged in interleaved rows to
reduce the acquisition time. Without the use of heterodyning,
off-axis FZP scanning of the object is used in off-axis OSH
[16] to reconstruct the twin-image-free reconstruction through
a single-frame hologram.

Compressed sensing (CS) [17] opens up a new way of solving
the problem of signal acquisition and reconstruction in optical
imaging technology. Brady et al. [18] modeled a Gabor holo-
gram [19] as a sum of products of several discrete layers of an
object and the corresponding measurement matrix based on the
theory of CS achieving 3D tomography of the object using a
single-frame 2D in-line Gabor hologram. Subsequently, Zhang
et al. [20] used the CS framework for twin-image elimination
for in-line digital holography of single-layer object. CS has also
been applied to obtain artifact-free reconstruction by using a
Fresnel zone aperture (FZA) camera with a single shot when the
object is under incoherent illumination [21]. In addition, the fea-
sibility of 2D random sparse sampling for computational OSH
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Fig. 1. Schematic diagram of the CMOSH optical system: (a)
Reflective setup using a spatial light modulator (SLM) to generate
Fresnel zone patterns (FZPs). (b) Enlarged view of the scan-
ning configuration. (c) Shifted FZP projected during scanning. (d)
Captured raw hologram. (e) Workflow of the CMOSH algorithm
for twin-image and out-of-focus noise elimination. MO, micro-
scope objective; PH, pinhole; L1-L4, lens; S, beam stopper; PBS,
polarization beam splitter; F, filter.

hologram [22] has recently been discussed. This method breaks
the limitations of traditional OSH spiral sparse scanning.

In this Letter, we propose a compressive MOSH (CMOSH)
that achieves artifact-free reconstruction of object surface char-
acteristics through sparse representation modeling of both target
features and twin-image components in single-shot, phase-
shift-free MOSH hologram. Through theoretical analysis, the
collected light intensity compression information is considered
as the convolution sum of the axial sparse object intensity
containing twin-image artifacts and the measurement matrix.
By combining the CS algorithm, the required signal can be
effectively decompressed without loss, thus achieving clearer
holographic reconstruction without twin-image artifacts com-
pared to traditional 4PS methods. We further demonstrate the
depth-resolving capability of CMOSH, enabling the acquisition
of a clear, focused layer-specific image from a single frame,
without interference from other unfocused layers.

The CMOSH system employs a reflective optical setup, as
illustrated in Fig. 1(a). The light emitted by the laser is focused
by a microscope objective (MO) and filtered through a pin-
hole (PH) to give a collimated optical beam by lens L1. The
beam first passes through a polarization beam splitter (PBS),
the transmitted light is modulated into p-polarized light and part
of it is modulated by a SLM through birefringence polarization
characteristics into a modulated wavefront and an unmodulated
wavefront. After filtering out unwanted multi-order terms via a
4f system consisting of lenses L2 and L3 (Fig. 1(b)), interfer-
ence occurs to generate FZPs as scanning patterns for structured
illumination. The reflected light, encoded with the object infor-
mation, is collected by photodetector (PD), which gives an
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analogy signal for processing. The MOSH system is in an inco-
herent mode; it can only obtain a current /,, from the PD that is
proportional to the intensity convolution of a certain determined
FZP to the sample:

I(x,y) fO(x,y;z) ® FZP,(x,y; 7)dz, (1)

where O(x, y; z) is the reflectivity of the object surface. ® denotes
the convolution operation, and FZP,, = 1 + cos[k/2z(x* + y*) +
¢] with ¢ denoting phase shift. 7, (x, y) contains a DC component
and two mutually conjugate twin images, which are equivalent to
Gabor in-line hologram. Usually, optical heterodyne [10], multi-
step phase shifting [7,14], or off-axis FZP [16] are required to
get more data to separate twins and remove the DC component.
CS enables single-shot MOSH to remove undesired out-of-focus
artifacts as well as the twin image. We consider the object image
is sparse, and valid information exists only in the m discrete
layers in the z-direction. Assuming that the sampling number of
the 2D signals acquired by the PD is N, X N,, the point spread
function (PSF) of the light field propagation can be regarded
as the measurement matrix Py,xy,xm) in acquiring the observa-
tion information, which is a collection of DC-free FZP 4 located
at different depths z;. During CS reconstruction, DC compo-
nents that do not contribute to the valid information are usually
removed to obtain hologram 1,; i.e., I,=I, —E, and E is the aver-
age of /. The DC-free hologram I,y 4v,, can be regarded as the
convolution sum of the m layers object information H vy am)
and the corresponding depth measurement matrix, which can be
represented as an m-sparse signal:

m
Loy = Z Py svyizy ® Hivoan, - (2)

=

As illustrated in Fig. 1(e), I, obtained from single scanning
which can be modeled as the convolution sum of a 3D PSF
cube Py, v, and data cube Hy,xy,..,). Inverse PSF (IPSF) is the
complex conjugate of PSF at the corresponding z-direction, i.e.,
P,(,WN",;Z],):exp(—jk\/x(Nx)2 + y(N,)? + z;). It can be regarded as
the sensing matrix used in reconstructing the object information.
Since I, contains multi-layers of information, direct convolution
of the IPSF measurement matrix for backpropagation (BP) will
cause the twin image, that interferes with the focused recon-
structed image. Therefore, we use a CS method to eliminate
the twin-image noise and the out-of-focus noise on the recon-
structed image. Due to the energy conservation property of both
PSF and IPSF, the raw hologram before and after BP and the
reconstruction result remain energy-conserving. Thus, so the
measurement matrix Pgy,xy,:; and the sensing matrix Py,
satisfy the restricted isometry property (RIP) [23,24]. The object
information is modeled as an underdetermined minimum value
optimization problem and can be solved iteratively by the TV
regularization:

-~ o1
H = argmin §||Io - P, ® H|? + 7||Hll7v, (3)
H

where 7 denotes the regularization parameter, ||.||, is the L,
norm operator, and ||.||;y denotes the total variation operator. By
using the above steps, the object information can be maximally
preserved, and the twin-image and the out-of-focus noise can be
removed by a single hologram. In addition, if /, contains more
than two layers of information, it is also possible to perform



Letter

(d) 4ps

(©) cmosH
1 hologram

z B
3

Profile (

Proposed method
Back propagation Method BP 4PS CMOSH

RMSE 4.5867 4.1624 3.9428

RMSE of reconstruction results

Intensity
100 200300

0 150 200 250 300
Pixel number

Simulation results for multi-layers objects

. CMOSH | GTof ‘text’

Fig. 2. Comparison of reconstruction methods: BP, 4PS, and
CMOSH. (a) CMOSH result (left panel) and direct backpropagation
(BP) result (right panel) with a single MOSH hologram. (b) Cross
section of the reconstruction result in (a). (c)—-(e) MOSH capture
images and the reconstruction results under BP, 4PS, and CMOSH
schemes and the corresponding GT. (f) RMSE of reconstruction
results. (g) Schematic of a multi-layer object with a hologram. (h)
Raw hologram of a multi-layer object from single scanning. (i)
Multi-layer object reconstruction from BP, 4PS, and CMOSH.
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CS reconstruction of objects with different depths by means
of different depths of measurement matrices. As a result, the
CMOSH method can remove the twin image of individual object
and also has the ability to perform sectioning in different planes
using a 2D single hologram. In CMOSH, we use the two-step
iterative shrinkage/thresholding (TwIST) [25] to solve the TV
regularization problem in Eq. (3).

In order to verify the effectiveness of the CMOSH, the
reconstructed results under different methods are compared by
numerical simulations, which include 4PS, BP, and CMOSH
reconstruction. Specifically, FZP, is used to obtain a single
hologram, and 4PS captures four holograms by FZPy, FZPx,
FZP,,and FZP s . The full-field comparison of BP and CMOSH
is shown in F1g 2(a). In contrast, the CMOSH reconstruction
results have almost no twin-image and out-of-focus artifacts.
Figures 2(c)-2(e) display the simulation results. From Fig. 2(h),
it can be seen that the direct BP method using a single holo-
gram fails to separate the object image and the twin image,
with very obvious out-of-focus artifacts. The 4PS method using
four holograms yields a clear image of the focused object, but
out-of-focus noise remains. The CMOSH scheme using a sin-
gle hologram remove the twin-image as well as the out-of-focus
noise to obtain a clear focused object image. We further use the
root mean square error (RMSE) to quantitatively measure the
error of the reconstructed results from the ground truth (GT).
In Fig. 2(f), the RMSE metrics indicate that there is a signifi-
cant difference between the direct BP and GT; however, the 4PS
results are almost indistinguishable from the GT, and the RMSE
decreases by 9.25% compared to the direct BP. In contrast, the
CMOSH reconstruction results in the smallest RMSE, which is
further reduced by 5.28% compared to the 4PS. This means that
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Fig. 3. Experimental validation of CMOSH with a single-layer
object: (a) Optical setup of the CMOSH system. (b) Metal badge
“Fu” used as the test object. (c) Captured FZP pattern with the
object. (d) Raw single hologram. (e) Comparison of reconstruction
results using BP and CMOSH methods, highlighting twin-image
suppression. (f)—(h) Comparison of the reconstruction results using
the BP, 4PS, and CMOSH methods and their corresponding profile
lines along the dashed lines.

although only a single hologram is needed, CMOSH obtains
reconstruction results that are much closer to the GT.

When dealing with multi-layer objects, single-layer recon-
struction methods typically struggle with interference from
out-of-focus images and twin-image artifacts originating from
different layers. In order to evaluate the imaging capability of
CMOSH for multi-layer objects, we further demonstrate its layer
to reso capability on depth for multi-layer objects by simula-
tion. Figures 2(g)-2(i) give the 4PS and CMOSH experimental
results. Although the 4PS method is good at eliminating a
twin image, but it does not eliminate out-of focus noise of
multi-layer object. By comparison, CMOSH can obtain recon-
structed results without out-of- focus artifacts for each layer of
multi-layer objects. This result proves that CMOSH not only
is capable of obtaining twin-image-free reconstruction from a
single hologram but also possesses layer resolve capability.

We further demonstrated the capabilities of the CMOSH
method in an actual experimental setup, as shown in Fig. 3(a).
The system employed a 532 nm semiconductor laser (ASML
JDSU 21012386, 21011871-001) coupled to a pinhole filter
(Thorlabs P50CB) via single-mode fibers to produce a quasi-
spherical wave for collimation by a lens. The SLM (Casmicrostar
FSLM-2K70-A02) is capable of both amplitude and phase mod-
ulation. The light reflected from the SLM displaying FZPs
illuminates the object and is subsequently captured by a PD
(Lubang PD-SAF-3201-20K). The analog signal from the PD
was converted into a digital signal using an analog-to-digital
converter (ADC, Arduino UNO R4). The digital data is then
stored on a computer for processing. The single-scanned holo-
gram consists of 270 x 270 sampling points. The object and the
FZP pattern overlapping with the object in the optical experiment
are depicted in Figs. 3(b) and 3(c), respectively.

Figure 3(d) shows the raw hologram. Due to the limitation
of the refresh rate of the SLM, the acquisition cost for a single
hologram is approximately 25 min. As shown in Fig. 3(e), our
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Fig. 4. Multi-layer object reconstruction. (a) Setup of the multi-
layer objects “Fu” and “Ji” placed at different axial depths. (b)
Captured single hologram. (c) Reconstructed image of object “Fu”
using BP, 4PS, and CMOSH. (d) Reconstructed image of object “Ji”
showing superior twin-image suppression and out-of-focus noise
elimination with CMOSH.

CMOSH method achieves reconstruction results (lower panel)
free from twin-image artifacts using a single hologram as com-
pared to the result using BP (top panel). The reconstruction
were performed on an Intel Core i5-14490F processor operating
at 2.80 GHz, the time cost of 0.3s for BP/4PS and 10s for CS,
respectively. In contrast, Figs. 3(f)-3(h) reveal that the recon-
structed results free from BP and 4PS methods exhibit visible
noise and artifacts due to the effects of twin-image interference
and noise terms. Notably, the optical experimental reconstruc-
tion results of the proposed CMOSH method display minimal
unanticipated noise artifacts, which are nearly unobservable.
This demonstrates the capability of CMOSH to effectively
eliminate the influence of twin-image artifacts on the recon-
structed result while avoiding additional noise introduced by
multi-scanning procedures. Cross-sectional plots correspond-
ing to the three methods provide intuitive evidence supporting
this conclusion.

We also performed experiments with two metal badges labeled
“Fu” and “Ji” placed at distinct axial depths (Fig. 4(a)). The holo-
gram captured during a single scan (Fig. 4(b)) was processed
using CMOSH, BP, and 4PS methods. As shown in Figs. 4(c)
and 4(d), BP failed to suppress twin-image artifacts, leading to
severe cross-layer interference. The 4PS method partially mit-
igated these effects but could not eliminate out-of-focus noise.
In contrast, CMOSH effectively separated the layers, achieving
clear reconstructions of both objects without cross-layer interfer-
ence. Experimental results demonstrate that CMOSH achieves
layer-resolved artifact-free reconstructions using a single holo-
gram. In comparison, methods such as BP and 4PS exhibit
prominent twin-image or out-of-focus artifacts in their recon-
structed outputs. For a video demonstration of the optical setup
and processing, please refer to Visualization 1.

We represent the CMOSH hologram as axially sparse inten-
sity superposition as compressed information and achieve
decompression of multi-layer objects through IPSF sensing
matrix deconvolution and CS algorithm. The theoretical model
conforms to the RIP principle and provides a theoretical basis
for the development of the CMOSH compression framework in
the future. The validity of this model is proved by the twin-
image-free reconstruction of numerical simulation and optical
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experiments, which is expected to provide an effective techni-
cal solution for the detection of object surface characteristics.
However, its performance may degrade for densely distributed
multi-layer objects, as the layer-resolving capability relies on
the axial sparsity assumption. The numerical simulation results
also indicate that as the amount of object information increases,
the layer resolve performance decreases (see Supplement 1 for
specific analysis), but improving the resolution of holograms
has a positive effect on overcoming this phenomenon. Future
research will focus on enhancing the robustness of CMOSH
by integrating advanced sparsity priors or deep learning based
reconstruction algorithms.
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