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Abstract. We propose pattern self-referenced single-pixel common-path holography (PSSCH), which can be
realized using either the digital-micromirror-device (DMD) based off-axis scheme or the DMD-based phase-
shifting approach, sharing the same experimental setup, to do wavefront reconstructions. In this method,
each modulation pattern is elaborately encoded to be utilized to not only sample the target wavefront
but also to dynamically introduce the reference light for single-pixel common-path holographic detection.
As such, it does not need to intentionally introduce a static reference light, resulting in it making full use of
the pixel resolution of the modulation patterns and suppressing dynamically varying noises. Experimental
demonstrations show that the proposed method can not only obtain a larger field of view than the
peripheral-referenced approach but also achieve a higher imaging resolution than the checkerboard-
referenced approach. The phase-shifting-based PSSCH performs better than the off-axis-based PSSCH
on imaging fidelity, while the imaging speed of the latter is several times faster. Further, we demonstrate
our method to do wavefront imaging of a biological sample as well as to do phase detection of a physical
lens. The experimental results suggest its effectiveness in applications.
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1 Introduction including heightened sensitivity, high dynamic range, and cost-
effectiveness. Moreover, single-pixel detectors demonstrate
robust performance across a broad spectral range, spanning
infrared,”®' terahertz,”* and X-ray> bands, especially in areas
where array detectors are unavailable.

To extract the complex amplitude (i.e., wavefront) of an un-
known light field using the single-pixel imaging technique, one

Amplitude and phase are critical in applications, such as bio-
medical imaging,' scattering imaging,>* holographic display,*’
and microscopy,” whereas existing detectors can only record
intensity information. In 1948, Gabor historically proposed
the first quantitative technique’ to reconstruct complex light

fields using intensity information detected through interference. of the most effective methods involves employing a holographic
This pioneering work laid the foundation for modern hologra- approach with an additional reference beam, also known as
phy. Subsequently, interference-based holographic imaging single-pixel holography (SH). Since 2008, researchers have
t‘?Ch_HOIOgYS_m catalyzed the emergence O_f various research dis- implemented SH techniques in the framework of single-pixel
ciplines. In recent years, advancements in detector technology  gyal-path interference, including the introduction of phase-shift-
have further expanded its application scope. ing modulation using a liquid crystal spatial light modulator

In contrast to conventional array detectors featuring extensive (LCSLM) or a digital micromirror device (DMD) in the Mach—
pixel arrays,"” single-pixel detectors utilize structured spatial Zehnder interferometer’®® or Michelson interferometer.®
illumination to achieve spatial sampling through single-point However, the dual-path system is generally complex and less

detection.”™" This configuration offers distinct advantages,  ggable, making it vulnerable to external environmental inter-

ference. To further enhance the imaging performance of
*Address all correspondence to Dong Wang, wangdong @tyut.edu.cn SH, single-pixel common-path holography (SCH) techniques
These authors contributed equally to this work have been demonstrated, which are typically realized using a
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LCSLM** or DMD.**° However, the modulation bases in the
above SCH methods are only used as spatial sampling and addi-
tional reference strategies need to be designed to introduce the
necessary phase difference for the interference, such as the state-
of-the-art checkerboard-referenced”’~**' and peripheral-refer-
enced.” The former involves dividing the unknown field into
signal and reference parts using the checkerboard, which un-
fortunately leads to a reduction in the spatial imaging resolution.
The latter approach employs peripheral pixels to introduce
reference light, inevitably sacrificing the peripheral field of
view (FOV). Such configurations inevitably lead to a trade-off
between imaging spatial resolution and FOV.

Here, a pattern self-referenced single-pixel common-path
holography (PSSCH)-based wavefront imaging method is pro-
posed and demonstrated. In the approach, the modulation pattern
simultaneously samples the unknown fields and introduces the
reference light for the single-pixel common-path holographic de-
tection, eliminating the need for additional reference strategies.
This allows us to fully utilize the pixel resolution of the modu-
lation patterns, thereby overcoming the trade-off between the
FOV and imaging resolution present in state-of-the-art reference
methods. Experimentally, we conduct wavefront reconstruction
using the DMD-based off-axis scheme and phase-shifting scheme
in the same experimental setup. We then explore its application in
wavefront imaging of a biological sample and quantitative imag-
ing for lens phase detection.

2 Principle

In this section, we elucidate the principle of the proposed
PSSCH and describe its implementation in both off-axis-based
and phase-shifting-based schemes. The modulation bases em-
ployed for spatial sampling can be a random basis,*** or

(a) Sampling patterns

(c) Encoded patterns

orthogonal bases, such as Hadamard basis,” Fourier basis,***

and discrete cosine transform (DCT) basis.”’

2.1 Off-Axis-Based PSSCH

Figure 1 shows the schematic diagram of off-axis-based
PSSCH. The sampling patterns P, (7) with a spatial resolution
V/N x \/N are shown in Fig. 1(a), where n € [1, N]. An oblique
phase grating G(7) = exp[if(7)] is designed to introduce the
necessary phase difference for the off-axis interference, where
i is the imaginary unit and (7) is the oblique phase (In our fol-
lowing experiments, the angle of the oblique phase grating is
0.67 deg). The amplitude and phase distributions of the oblique
phase grating are shown in Fig. 1(b). Then, the encoded patterns
are obtained by elaborately superposing sampling patterns with
oblique phase grating, as shown in Fig. 1(c). It is worth noting
that each encoded pattern E,,(7) is not only utilized as the spatial
sampling pattern but is also used to introduce the phase differ-
ence for off-axis interference. Figure 1(d) shows a target wave-
front O(F), where the amplitude is restricted in a circle and the
phase is represented by a gray-scale “house” image. After the
target wavefront is modulated by an encoded pattern, the result-
ing modulated wavefront is shown in Fig. 1(e).

Then, the off-axis interference intensity is collected by a lens
and detected by a single-pixel detector [Fig. 1(f)], which can be
expressed as

Yn = [FFT{E,(F) - O(F) }50|?

:’ // PA(7) - O(F) &7 + // G(F) - O(F)d2F

=18, + Ci|% (1
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Fig. 1 The schematic diagram of the off-axis-based PSSCH method. (a) Sampling patterns;
(b) oblique phase grating; (c) encoded patterns; (d) target wavefront; (e) modulated wavefront;
(f) single-pixel detection; (g) reconstructed hologram; (h) Fourier fringe analysis (FFA); (i) recon-

structed wavefront.
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where FFT{} represents the two-dimensional Fourier transform,
7 represents the spatial coordinate vector, and w is the transform
domain coordinate vector. w =0 denotes taking the zero-
frequency component S, = [[P,(F)- O(F)d*;, and C| =
il f G(r 7)d’7, which is a complex constant. The final off-
axis hologram can be reconstructed via a second-order correlation
(SOC) algorithm, as shown in Fig. 1(g), which can be expressed
as

N
HE) =532 PulP) 3,
IR . .
:N;Pn(r)(|5n|2+|C1|2)+C1‘-0(r)+C1'[O(r)]’%
(@)
where *  means taking the complex  conjugate,

£ >N Py(F)(ISu]* 4+ |C1[*) represents the autocorrelation,
and Cj- O(r) and C;-[O(7)]" are the complex conjugate
cross-correlation terms. According to the Fourier fringe analy-
sis,” the spectrum of the off-axis interferogram can be obtained
following the Fourier transform. Subsequently, only the first-or-
der component in the Fourier spectrum is extracted and translated
to the center of the Fourier spectrum, as demonstrated in Fig. 1(h).

Finally, the reconstructed target wavefront O(7) can be
obtained by conducting the inverse Fourier transform using
the extracted Fourier spectrum; the amplitude and phase of the
reconstructed wavefront are shown in Fig. 1(i). More details on
the mathematical derivation of the method are given in Sec. 1 of
the Supplementary Material.

(a) Sampling patterns (b) Four-step phase-shifting (c) Encoded patterns

2.2 Phase-Shifting-Based PSSCH

Figure 2 shows the schematic diagram of the phase-shifting-
based PSSCH. The sampling patterns [P,(7), n € [1, N]] with
a spatial resolution VN x /N are shown in Fig. 2(a). To
achieve the required phase-shifting interference, four steps of
phase shiftings, denoted as R, = e, (a= 0.5.7 ,32”), as
shown in Fig. 2(b), are encoded into the sampling patterns,
and thus the self-referenced patterns [E, ,(7), n € [1,N]] can
be obtained, as shown in Fig. 2(c). As such, each encoded pat-
tern can be utilized not only to spatially sample the target shown
in Fig. 2(d) but also to introduce the necessary four steps of
phase shiftings. The wavefront of the target object is modulated
by the encoded patterns, which gives the modulated wavefront,
as shown in Fig. 2(e). The phase-shifting interference intensity
collected by a lens and detected by a single-pixel detector
[Fig. 2(f)] can be expressed as

= [FFT{E, o() - O(7) }si=ol’
‘ // (F)&F + i // o&E|
= |Sn + e_WCZ|27 (3)

where S, = [[ P,(7) - 7 which is
a complex constant.
Then, the complex-valued spectral coefficient of the wave-

front can be obtained as

O(r)d’F and C, = [[ O(F)d?
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Fig. 2 The schematic diagram of the four-step phase-shifting-based PSSCH method.
(a) Sampling patterns; (b) four-step phase shiftings; (c) encoded patterns; (d) target wavefront;
(e) modulated wavefront; (f) single-pixel detection; (g) reconstructed wavefront.
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Finally, the reconstruction of the target wavefront O(7) can
be obtained via the SOC algorithm

A

I A
O(F) =D PulF) v )
n=1

and the reconstructed amplitude and phase of the wavefront are
shown in Fig. 2(g). More details of the mathematical derivation
of the method can be seen in Sec. 2 of the Supplementary
Material.

3 Experiments and Results

Before conducting experiments, we simulate the proposed
PSSCH employing the commonly used Hadamard basis, Fourier
basis, and DCT basis for wavefront reconstructions; the results
demonstrate the effectiveness of our proposed concept. (The
details can be found in Sec. 3 in the Supplementary Material.)

For pursuing a faster modulation speed,”' a DMD-based
experimental setup is established (see Sec. 4 in the
Supplementary Material). In addition, during the following
experiments, the Hadamard basis is selected to demonstrate
the effectiveness of the concept, since the Hadamard patterns
are binary and can be directly displayed on the binary DMD.

First of all, the USAF 1951 and Siemens star test targets
are, respectively, employed to assess the performance of the
proposed off-axis-based PSSCH on reconstructing amplitude
and phase objects. The reconstructed amplitude of the USAF
1951 test target, as shown in Fig. 3(a), shows the method
can resolve group 3, element 1 of the target. The reconstructed
phase of the Siemens star target, as shown in Fig. 3(b), confirms

pattern self-referenced

checkerboard

it can achieve high-quality phase reconstruction. To further
illustrate the superiority of the proposed method, we compare
it with the checkerboard SCH*' and peripheral SCH,* as
shown in Figs. 3(c) and 3(e). It is evident that the proposed
method can not only obtain a larger FOV than the periph-
eral-referenced approach but also achieve a higher imaging
resolution than the checkerboard-referenced approach. Due to
the different mechanisms of the three reference strategies,
half the pixels are used as the reference in the checkerboard
reference method, whereas in the peripheral reference and self-
reference methods, each pixel serves as the image pixel itself.
Consequently, the checkerboard reference displays a lower
resolution on the USAF 1951 test target compared to the other
two reference strategies.

Next, utilizing the same experimental setup and test targets,
we validate the performance of our phase-shifting-based
PSSCH. The reconstructed amplitude of the USAF 1951 test
target, as shown in Fig. 4(a), shows the method can resolve
up to group 3, element 6 of the target. The reconstructed phase
of the Siemens star target, as shown in Fig. 4(b), confirms its
capability for high-quality phase reconstruction. Compared to
the results obtained with the checkerboard SCH in Figs. 4(c)
and 4(d), and the peripheral SCH in Figs. 4(e) and 4(f), the same
conclusion can be obtained: that our method can not only obtain
a larger FOV than the peripheral-referenced approach but also
can achieve a higher imaging resolution than the checkerboard-
referenced approach.

The results shown in Figs. 3 and 4 suggest that our method
can address the trade-off issue suffered by state-of-the-art
methods. In addition, the phase-shifting-based PSSCH excels
in noise suppression, leading to superior imaging quality com-
pared to the off-axis-based PSSCH. Nonetheless, the off-axis-
based PSSCH can avoid the necessary multistep phase-shifting
operations in phase-shifting-based PSSCH, and thus it offers

peripheral

Fig. 3 The amplitude results of the USAF 1951 test target and the phase results of the Siemens
star test target reconstructed using the off-axis method. (a), (c), and (e) The reconstructed am-
plitude by the pattern self-referenced SCH, checkerboard SCH, and peripheral SCH, respectively.
(b), (d), and (f) The reconstructed phase by the pattern self-referenced SCH, checkerboard SCH,

and peripheral SCH, respectively.
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pattern self-referenced

checkerboard

peripheral

Fig. 4 The amplitude results of the USAF 1951 test target and the phase results of the Siemens
star test target reconstructed by the phase-shifting-based method. (a), (c), and (e) The recon-
structed amplitude by the pattern self-referenced SCH, checkerboard SCH, and peripheral
SCH, respectively. (b), (d), and (f) The reconstructed phase by the pattern self-referenced
SCH, checkerboard SCH, and peripheral SCH, respectively.

faster imaging speed. The same conclusion can be obtained
from the results for the checkerboard SCH and peripheral SCH.

Notably, since it is different from the state-of-the-art methods
utilizing a static reference light, our method dynamically intro-
duces the reference light for the single-pixel common-path
holographic detection. It thus can suppress dynamically varying
noises, which can be noted in Figs. 4(b) and 4(f), reconstructed
by the phase-shifting-based PSSCH. However, such merit is not
obvious for the phase images reconstructed by the off-axis-

off-axis

I
|
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I
|
I
I
|
I
I
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based PSSCH, as shown in Figs. 3(b) and 3(f); this may be be-
cause the self-referenced patterns for dynamically introducing
the reference light also make the oblique phase grating needed
in off-axis-based PSSCH dynamically changing.

Then, to investigate the performance of the proposed method
applied in biological imaging, we conduct experiments to do
wavefront reconstruction of a biological sample. Here, a dragon-
fly wing primarily composed of membranes and veins is selected
as the target, as shown in Fig. 5(a), of which membranes are thin

phase-shifting

Fig. 5 Experimentally reconstructed wavefront of a dragonfly wing. (a) Photograph of the dragon-
fly wing. (b) Results of off-axis-based PSSCH method: (b1) off-axis hologram; (b2) and (b3) the
reconstructed amplitude and phase, respectively. (c1) and (c2) The amplitude and phase imaging
results by phase-shifting-based PSSCH, respectively.
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films with high light transmittance, while veins are thicker and
have relatively low light transmittance. The reconstructed results
of the off-axis-based PSSCH and four-step phase-shifting-based
PSSCH are depicted in Figs. 5(b) and 5(c), respectively. It can be
seen in Figs. 5(b2) and 5(c1), that the amplitude distributions of
the dragonfly wing, reconstructed by the two schemes, exhibit
a noticeable contrast between leaf veins and membranes.
Moreover, as shown in Figs. 5(b3) and 5(c2), the reconstructed
phase distributions also enable a clear distinction between the
varying thicknesses of veins and membranes. The results empha-
size the effectiveness of the proposed method in reconstructing
the amplitude and phase distributions of a dragonfly wing, real-
ized using either the DMD-based off-axis scheme or the DMD-
based phase-shifting approach while sharing the same experi-
mental setup. As can be noted in Figs. 5(b) and 5(c), the ampli-
tude and phase of the dragonfly wing reconstructed by the phase-
shifting-based PSSCH are a little better than those reconstructed
by the off-axis-based PSSCH. However, the off-axis-based
PSSCH avoids the need for multiple phase-shifting steps, result-
ing in imaging speeds that are several times faster. This suggests
one can select an appropriate PSSCH to do biomedical imaging.

Finally, we explore the application of the proposed method
for lens phase measurement. A physical optical lens with a focal
length of 1000 mm, as shown in Fig. 6(a), is measured. The
wrapped phase distributions of the measured lens reconstructed
by the off-axis-based PSSCH and phase-shifting-based PSSCH
are presented in Figs. 6(b) and 6(c), respectively. To illustrate
the accuracy of the experimental results, we quantitatively com-
pare the experimental phase profile with the theoretical values.
As shown in Figs. 6(d) and 6(e), the solid red lines are the
theoretical phase value, the black triangle symbols indicate
the experimental values along the dashed lines marked in
Figs. 6(b) and 6(c), and the blue dotted lines are the fitting value
of the experimental values. The focal length measured by the
off-axis-based PSSCH and the phase-shifting-based PSSCH

=
=

= = Fitting
— Theory
A Experiment

4 A

20 40 60 80 100 120
Number of pixel

are on average 998.813 and 999.426 mm, respectively.
Comparatively, the accuracy of the off-axis-based PSSCH is
slightly inferior to that of the four-step phase-shifting-based
PSSCH, consistent with the above experimental conclusion.
The results suggest our method has the potential to be effec-
tively applied in phase measurement or defect detection of
physical lenses.

4 Discussion

Through the above experiments, we have successfully demon-
strated the effectiveness of the proposed PSSCH. It can be
implemented using either an off-axis-based scheme or a
phase-shifting-based approach, both sharing the same experi-
mental setup. The proposed method utilizes the common basis
for single-pixel imaging as the modulation basis, superimposing
the necessary multistep phase shifts or an oblique phase grating
to sample the wavefront of the unknown light field while intro-
ducing the reference light. This enables imaging results with
a high imaging resolution comparable to the peripheral-
referenced approach while maintaining the FOV as large as that
of the checkerboard-referenced approach. In contrast, state-of-
the-art methods like the checkerboard-referenced or peripheral-
referenced approaches* 7! often do not fully utilize pixels,
resulting in a reduced imaging FOV or decreased spatial reso-
lution. The imaging results for the USAF 1951 and Siemens star
targets confirm that the proposed PSSCH effectively addresses
the unavoidable trade-off between imaging FOV and spatial
resolution in state-of-the-art methods.

In addition, the proposed PSSCH offers the advantage of
dynamically introducing reference light for single-pixel
common-path holographic detection, whereas the reference
light field in state-of-the-art methods*“ "' is typically static.
The use of dynamic reference light can suppress varying noises,
as observed in the images reconstructed by the phase-shifting-

w

- - Fitting
2 — Theory
] A Experiment

60 80 100 120
Number of pixel

Fig. 6 Experimental measurement results for an optical lens with a focal length of 1000 mm.
(a) Physical lens; (b), (c) the wrapped phase distributions measured by off-axis-based and
phase-shifting-based PSSCH, respectively. (d), (e) Theoretically and experimentally recon-
structed phase profiles along the red dotted lines marked in (b) and (c), respectively.
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based PSSCH. However, this benefit is less apparent in the
phase images reconstructed by the off-axis-based PSSCH.
This may be because the self-referenced patterns used to
dynamically introduce the reference light also cause the oblique

phase grating, necessary for off-axis-based PSSCH, to change 2
dynamically. 3.

Experimental results show that the phase-shifting-based
PSSCH slightly outperforms the off-axis-based PSSCH in im-
aging fidelity, as expected, due to its superior noise suppression 4.
and the lack of limitations on spatial bandwidth products that
affect the off-axis-based PSSCH. However, the off-axis-based
PSSCH avoids the need for multistep phase-shifting operations, 5.
making its imaging speed at least 3 times faster.” Therefore, one 6
can flexibly choose between the phase-shifting PSSCH for bet- '
ter imaging fidelity and the off-axis PSSCH for faster imaging 7.
speed, depending on the specific requirements.

Finally, while the proposed PSSCH is demonstrated using a 3.
DMD-based scheme, it is worth noting that our method could
also be implemented using other modulators, such as rotating 9.
disks®** or an LCSLM, such as the ferroelectric LCSLM.%
In addition, the sampling pattern is not restricted to the 10
Hadamard basis used in this work; other modulation bases, such
as Fourier basis,”*® DCT basis,"” wavelet basis,” or random 1
basis,*** can also be viable alternatives. It should be empha- :
sized that our research results are also applicable to active 12.
detection SCH techniques.
5 Conclusion 13.
In summary, we demonstrate a pattern self-referenced single-
pixel common-path computational holographic imaging method 14.
that can be implemented by either an off-axis scheme or a phase-
shifting approach, sharing the same experimental setup. Each 15.
pattern is elaborately encoded to serve as a spatial sampling
of the target and also introduce reference light for the single-
pixel common-path holographic detection. Imaging results of 16.
the USAF 1951 and Siemens star targets confirm that the pro-
posed PSSCH can achieve high imaging resolution while main-  17-
taining a large FOV compared to state-of-the-art methods. In
addition, reconstruction results in biological wavefront imaging 18
and quantitative phase measurement of a physical lens indicate '
its applicability in various applications.
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