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We propose a method of complex-amplitude Fourier single-pixel imaging (CFSI) with coherent structured illumina-
tion to acquire both the amplitude and phase of an object. In the proposed method, an object is illustrated by a series of
coherent structured light fields, which are generated by a phase-only spatial light modulator, the complex Fourier spectrum
of the object can be acquired sequentially by a single-pixel photodetector. Then the desired complex-amplitude image can
be retrieved directly by applying an inverse Fourier transform. We experimentally implemented this CFSI with several dif-
ferent types of objects. The experimental results show that the proposed method provides a promising complex-amplitude
imaging approach with high quality and a stable configuration. Thus, it might find broad applications in optical metrology

and biomedical science.

Keywords: complex-amplitude imaging, single-pixel imaging, Fourier basis scan, coherent structured illumi-

nation
PACS: 42.30.-d, 42.30.Kq, 87.63.1t

1. Introduction

An optical field is expressed as a complex-amplitude,
which describes both the amplitude and phase of the light
wave. Conventional imaging only observes amplitude infor-
mation, but the important phase information is lost. This is
because the photodetector to the human retina only responds to
light intensity. Developing an efficient approach to recover the
full complex-amplitude of an optical field has been one of the
most attractive challenges in modern imaging science. Start-
ing with early Zernike’s phase contrast microscopy,'!! var-
ious complex-amplitude imaging techniques have been pro-
posed, such as differential interference contrast microscopy, [}
Shack-Hartmann sensing, [*! coherent diffraction imaging, !
digital holography,®”] Fourier ptychographic microscopy,!®!
lensless ghost imaging,®~'!) and phase imaging techniques
based on transport-of-intensity equation.[!?!

Single-pixel imaging (SPI) has attracted intensive inter-
est as an innovative computational imaging technique in recent
years.[!3] SPI allows one to use a single-pixel detector, such as
a photodiode, photomultiplier tube (PMT), or single-photon
avalanche diode, to capture images with the help of spatial
light modulation. It shifts the stage of the spatial sampling
away from the image sensor in traditional imaging techniques
to the spatial light modulator. The single-pixel detector offers
SPI a wide spectral response range, ultra-high sensitivity, pre-
cise timing resolution, and an affordable cost. The shift in the
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stage of spatial sampling allows SPI to facilitate the applica-
tion of algorithms such as intensity correlation, compressed
sensing, orthogonal basis scanning, and deep learning, mak-
ing the acquisition of spatial information more flexible and ef-
ficient. Thus, SPI has been widely exploited for non-visible

=171 multispectral imaging,'®!°1 extremely

20,21 22,23

light imaging,|
| three-dimensional imaging, [*>?3! and

24-26]

low light imaging,|
optical encryption.|

SPI can capture not only intensity images but also
complex-amplitude images. Recently, several attempts were
made to acquire the complex-amplitude information of ob-
jects by using SPI techniques, such as single-pixel diffractive

[30-321 single-

34-39]

imaging, 72! single-pixel wavefront sensing,
pixel ptychography, 33! single-pixel digital holography,!
and single-pixel phase imaging based on common-path
40-46] Benefiting from the advantages of
SPI, the complex-amplitude single-pixel imaging is becom-

ing a promising imaging modality in the fields of op-
[40

interferometry. !

tical microscopy,!*?! optical metrology,*! and biomedical

science. 3!

In this paper, we present a novel complex-amplitude
Fourier single-pixel imaging (CFSI) method by combining co-
29.35,40.42451 and common-path
! with a Fourier basis scan.[*’!l Different

herent structured illumination!
interference 400
from previous CFSI methods?7#>#4] that use the digital mi-
cromirror device (DMD) for complex-amplitude modulation,

we employ a phase-only liquid-crystal-on-silicon spatial light
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modulator (LCoS-SLM) for complex-amplitude modulation.
Although DMD has a very fast modulation speed, DMD is a
binary amplitude SLM. To achieve complex-amplitude modu-
lation, it needs to utilize binary hologram encoding and spatial
filtering techniques. Therefore, these DMD-based methods
suffer from very low-phase modulation efficiency and com-
plex optical structure. The proposed method uses LCoS-SLM
for complex-amplitude modulation without any light loss, pro-
viding a relatively high modulation efficiency and a simple
optical structure. Unlike DMD-based methods, which use a
chessboard pattern to introduce a reference beam, =31 the
proposed scheme directly use the unmodulated light in the
LCoS reflected beam as the reference light. The single-beam
structure is more compact and stable in practical applica-
tion. With the help of a four-step phase-shifting, the complex-
valued Fourier spectrum can be acquired by single-pixel detec-
tion. The desired complex-amplitude image can be further re-
trieved by applying an inverse Fourier transform. In the exper-
iments, the proposed CFSI is implemented with three different
types of objects. Experimental results demonstrate that the
LCoS-SLM-based, coherent structured illumination enables
the CFSI method to have high quality and a stable configu-
ration. In addition, we find that the undersampling technique
can effectively remove noise and considerably accelerate the
image acquisition process in the CFSI scheme.

2. Methods
2.1. Schematic of our CFSI

The schematic of our CFSI is depicted in Fig. 1. A He—
Ne laser of wavelength 632.8 nm is first expanded and colli-
mated by a spatial filter (SF) and a collimating lens (L), then
passes through a beam splitter (BS), and finally incident on
a phase-only liquid-crystal-on-silicon spatial light modulator
(LCoS-SLM). Since the modulation efficiency of the LCoS is
not 100%, the reflected light consists of two parts: the phase-
modulated structured light and the directly reflected light that
serves as the reference light. The structured light and the ref-
erence light travel along the same path, resulting in common-
path interference to form coherent structured illumination.

The coherent structured illumination is reflected by BS
and imaged onto the target object (O) via a 4f system, which
consists of two achromatic doublet lenses (L), L3) with an
aperture of 50 mm and focal lengths of 30 cm and 10 cm,
respectively. To avoid the influence of multi-order diffracted
light from the pixelated LCoS panel, the iris diaphragm (D)
removes the high-order diffracted light, leaving only the zero-
order diffracted light.
through a collecting lens (L4) of focal length 30 cm and aper-

The transmitted object light passes

ture 75 mm, and then reaches the single-mode fiber optic patch
cable (SMF). Since O and the end face of SMF are located
at the front and rear focal planes of L4, the Fourier spectrum

of the transmitted object light is obtained at the end face of
the SMF. Unlike conventional SPI that directly detects the to-
tal intensity of the transmitted object light, our CFSI needs to
acquire the superposition of the complex amplitude, which is
exactly the zero-frequency component of the transmitted ob-
ject light. Due to the core diameter of about 9 um, only the
zero-frequency component of the object spectrum can enter
the SMF. A PMT detects the light from SMF, and the resulting
output is fed to a PC via a data acquisition board (DAQ).

He—Ne PO P P por2)
laser v w w w w
V
§ / / /
= =L, A A 1
LD fi s fi /i
| I
BS
SMF
f VLz Ly O L,
LCoS+tSLM
PC ( pAQ }—<—{ PurT )

Fig. 1. Schematic of our CFSI. SF, spatial filter system; L, collimating
lens; BS, 50:50 non-polarizing beamsplitter; LCoS-SLM, liquid-crystal-
on-silicon spatial light modulator; D, iris diaphragm; L,, L3, achromatic
doublet lenses; O, target object; Ly, collecting lens; SMF, single-mode
fiber optic patch cable; PMT, photomultiplier tube; DAQ, data acquisi-
tion board; PC, personal computer.

2.2. Fourier basis scan for our CFSI

Let the spatial sampling matrix of the complex trans-
mittance of the target object be f. By definition, the two-
dimensional discrete Fourier transform can be written as

Fluv) = A:Z_O”:Z_;f(w exp -2 (G+) ],

where f(x,y) represents the element of the sampling matrix
f» F(u,v) represents the Fourier spectrum component, and
u=0,1,...M—1,v=0,1,....,N—1, and M, N denote the
number of rows and columns of the sampling matrix f, re-
spectively. The complete set of Fourier basis matrices can be
expressed as

{Tuv u=0,1,....[M/2]—-1,—|M/2],...,—1, }7 @)

v=0,1,...,[N/2]—1,— |N/2],...,—1.
where the Fourier basis matrix T}, is defined as

T(x,y) = exp | —j2x (3145 )| 3
where
x=—|M/2|,...,—1,0,1,....[M/2] —1,
y=—|N/2],...,—1,0,1,...,[N/2] — 1,

where |- | and [-] denote floor and ceiling operations, respec-
tively. Taking into account the periodicity of the discrete
Fourier transform, the range of values of the spatial coordi-
nates is shifted so that the origin of the coordinates lies at the
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center of the matrix, and the range of values of the spatial
frequency coordinates is also shifted to facilitate the inverse
discrete Fourier transform (IDFT) to reconstruct the complex
transmittance of the target object. Then the Fourier spectrum
coefficient F(u,v) can be obtained by

M—-1N—-1

F(u,v) = Z Z ) Tuw(x,y) = (F. T )¥, 4)
x=0 y=0
where (-,-)r denotes the Frobenius inner product, and * de-
notes complex conjugate. Each Fourier spectrum coefficient
can be acquired one by one, hence this technique is called the
Fourier basis scan.

From the definition of Eq. (3), it can be seen that the
Fourier basis matrix 7},, is a phase-only matrix with the phase
distribution of arg T}, € [0,2x). Using the phase distribution,
we can generate a phase pattern

1
PMV:E

We load the LCoS with the phase pattern P,, to generate the
corresponding structured light, which has the form of EyT;,,,
where Ej is the amplitude of the structured light. The refer-
ence light can be expressed as E;e % where E; is the ampli-
tude and ¢, is the initial phase. Thus, the coherent structured

arg Ty ®)

illumination has the form of
Euv = EOTuv +Ere_j¢r17 (6)

where 1 denotes a matrix of ones which has the same dimen-
sion as Ty,. Under this coherent structured illumination, the
transmitted object light can be written as f(x,y)E,,(x,y). The
collecting lens performs Fourier transform of the transmitted
object light, and the spectrum of the object light is obtained at
its back focal plane. The zero-frequency component located at
the focal point can be expressed as
M—1N—-1

Y ) fy)Ew(xy) = (f By (7)
x=0 y=0
The zero-frequency component is filtered out by SMF and then
fed into the PMT. The response of the PMT can be expressed
as

D(u,v) =n|{f, Ep)el*, )

where 1 represents the quantum efficiency of the PMT.

A 4-step phase shift method is used to acquire the Fourier
spectrum. This requests shifting the Fourier basis matrix T},
by ¢ =0, /2, m, 3m/2 to obtain a set of phase-shifted basis
matrices Ty’ = ¢I?T,,. The corresponding phase patterns
are generated by Plfv(p ) = arg T,,(v(p ) /2w, as shown in the inset
of Fig. 1. We load the whole set of the phase patterns {Plsv(p )}
onto the LCoS one by one and acquire the corresponding re-
sponses of PMT, denoted as {D®)(u,v)}. Then we can re-
trieve the Fourier spectrum matrix of the target object from

the responses of PMT as
F—o { (DO — D®] 4+j[ DG _ p@/2)] } 9)

where o is a complex constant. By using the IDFT, we can
reconstruct the complex transmittance of the target object

f = ffshift{iff2{ F'} }, (10)

where ifft2{-} denotes the two-dimensional IDFT operation
using a fast algorithm and the subsequent fftshift{-} operation
shifts the coordinate origin to the center of the matrix.

3. Experimental results and analysis

In all experiments, we set the imaging resolution to 128 x
128 pixels, and display each pixel of the phase patterns as 2 x 2
LCoS pixels. Since the effective aperture is large enough, all
the coherent structured illumination patterns can be imaged
onto the object by the 4f system. As the pixel pitch of the
LCoS is 8 um and the magnification of the 4f system is 1/3,
the spatial resolution and the field of view of this CFSI are
theoretically 5.33 um and 682.67 um in the experiments.

As a demonstration, we first apply our CFSI to image a
glass plate etched with three intersecting discs. As shown in
Fig. 2(a), the discs are all 400 pm in diameter, and the circum-
ference of each disc passes through the centers of the other
two discs. The etching depths in red, green and blue regions
are 372 nm, 715 nm, and 1051 nm, respectively. The phase
difference introduced by etching can be expressed as §¢ =
2m(n—1)h/A, where h denotes etching depth, A = 632.8 nm
is the He—Ne laser wavelength, and n = 1.457 is the refractive
index of the glass plate. Thus, relative to the unetched region,
the phase of the red, green and blue regions are 0.53x, 1.037,
and 1.527 ahead, respectively. This is a simple phase object.
Figure 2(b) shows the macro photo of this etched object cap-
tured by a digital camera. Figure 2(c) shows the theoretical
phase distribution of this etched object, and the phase profile
along the highlighted line is shown in Fig. 2(d). To clearly il-
lustrate the phase distribution, the reconstructed phase images
has been subjected to a phase-unwrapping operation, 32331

Figure 2(e) shows the magnitude of the measured spec-
trum. The values of the measured spectrums are linearly
scaled to [0, 1], but the dynamic range of the spectrum is com-
pressed to show the high-frequency components more clearly.
The reconstructed amplitude and phase images are shown in
Figs. 2(f) and 2(g), respectively, and the phase profile along
the highlighted line is shown in Fig. 2(h). The values of the
reconstructed amplitude images are linearly scaled to [0, 1] for
display. Due to the phase modulation error of LCoS-SLM,
external vibration and other factors, the measured spectrum
contains noises, which affect the reconstructed image qual-
ity. The low-frequency noises cause a bright dot in the center
of the reconstructed amplitude image, as shown in Fig. 2(f).
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The high-frequency noises, which can be seen as two sym-
metric pairs of bright dots in the magnitude spectrum shown in
Fig. 2(e), cause the reconstructed phase fluctuation, as shown
in Fig. 2(h). At full sampling ratio, the number of measured
basis matrices is M = 4 x 128 x 128 = 65536. Here it takes
178.5 ms to measure each basis matrix, including 100 ms to
wait for the phase pattern stable display, 60 ms for intensity
data acquisition, and 18.5 ms for other overheads. Thus, the
total imaging acquisition time is 195 min. It should be noted
that the longer the intensity data acquisition time, the better the
suppression of photoelectric conversion noise and fluctuations
caused by the phase flicker of LCoS-SLM in the PMT output
signal.

(a

125 pm

1 1
T | e 1 0 2.5 5.0

I )
0 0.1 02 0 0.5 1.00 2.5 5.0  Phase
Magnitude (arb. units) Amplitude (arb. units) Phase (rad) (rad)

Fig. 2. The glass plate etched with three intersecting discs and related
experimental results. (a) Geometry diagram of the etched discs. (b) The
macro photo of the etched object. (c) The theoretical phase distribution
of the etched object. (d) The phase profile along the highlighted line
shown in panel (c). (e)—(h) The magnitude of the measured spectrum, the
reconstructed amplitude and phase images, and the phase profile at full
sampling ratio, respectively, and (i)—(1) the corresponding results at the
sampling ratio of 17.2%, respectively.

The high-frequency noises can be avoided by undersam-
pling. Since only the low-frequency coefficients are acquired
during undersampling imaging under the circular sampling

(541 the acquired spectrum is exactly the same as the

strategy,
full spectrum after ideal low-pass filtering. The smaller the
sampling ratio, which corresponds to a lower cutoff frequency,
the better the noise reduction, but also the more image de-
tails are lost. Here we set the sampling ratio of 17.2%, at
which point the high-frequency noises basically disappears,
as shown in Fig. 2(i). In addition, undersampling can signif-
icantly reduce the acquisition time. At the current sampling
ratio, the total imaging acquisition time is about 34 min. To
eliminate the influence of low-frequency noises, we need to
perform noise suppression during image reconstruction, sim-
ilar to that proposed by Xiao et al. in Ref. [55]. We use the

subimage within the 3 x 3 neighborhood of the center of the
reconstructed image as an estimate of the spectrum of the low-
frequency noises in all experiments. The final reconstructed
amplitude and phase images are shown in Figs. 2(j) and 2(k),
respectively, and the phase profile along the highlighted line is
shown in Fig. 2(1). It can be seen that the reconstructed im-
age after noise reduction has clear amplitude and smooth and
accurate phase.

In the second experiment, we challenge our CFSI with a
detailed phase object, which is a glass plate etched with the
logo of Hebei University. As shown in Fig. 3(a), the diameter
of the logo is 600 um, and the etching depths in the red, green
and blue regions are 372 nm, 715 nm, and 1051 nm, respec-
tively. Figure 3(b) shows the macro photo of this etched object
captured by a digital camera. Figure 3(c) shows the theoretical
phase distribution of this etched object for the light of wave-
length 632.8 nm, and the phase profile along the highlighted
line is shown in Fig. 3(d).

I L
—2.5 0 2.5

0 0.1 02 0 0.5 1.0 -2 0 2 Phase
Magnitude (arb. units) Amplitude (arb. units) Phase (rad) (rad)

Fig. 3. The glass plate etched with the logo of Hebei University and
related experimental results. (a) Geometry diagram of the etched logo.
(b) The macro photo of the etched object. (c) The theoretical phase dis-
tribution of the etched object. (d) The phase profile along the highlighted
line shown in panel (c). (e)—(h) The magnitude of the measured spectrum,
the reconstructed amplitude and phase images, and the phase profile at the
sampling ratio of 47.9%, respectively.

In this case, to preserve as much detail as possible, we
set the sampling ratio to 47.9%. To further suppress noise
and fluctuations in the PMT output signal, the measurement
time per basis matrix is extended to 491.6 ms. Thus, the total
imaging acquisition time is about 257 min. Figure 3(e) shows
the magnitude of the measured spectrum. The reconstructed
amplitude and phase images are shown in Figs. 3(f) and 3(g),
respectively, and the phase profile along the highlighted line is
shown in Fig. 3(h). It can be seen that the reconstructed am-
plitude image shown in Fig. 3(f) matches very well with the
macro photo given in Fig. 3(b). As seen in Figs. 3(g) and 3(h)
the reconstructed phase image using this CFSI are clear and
accurate. However, there is a loss of some details in the re-
constructed images, for example, the Chinese characters in the
central region of the logo. This is due to insufficient spatial
resolution in the experiment.
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In the third experiment, we use a damselfly wing as
the target object, to test the imaging capability of this CFSI
We use this CFSI
method to image the wing in the red box region, as shown

method for natural biological tissues.

in Fig. 4(a), and the reconstructed amplitude and phase images
are shown in Figs. 4(b) and 4(c), respectively. The correspond-
ing three-dimensional surface of the phase image is shown
in Fig. 4(d). The results show that the wing is a complex-
amplitude object with both an amplitude and a phase distribu-
tion. With the phase distribution, we can obtain more infor-
mation about the wing. Due to less details, here we set the
sampling ratio to 17.2% and the measurement time per basis
matrix to 178.5 ms. Thus, the total image acquisition time is

about 34 min.

Iy
=}

(a) £
=0.8 .
N =}
Q£
06 £
[}
J0.4 &
=} <
2 ~
20.
g
< 0

()

[=3NN N}
—\

Phase (rad)
Phase (rad)

—02 5

W 02
oy, 02 Y

Fig. 4. The damselfly wing and related experimental results. (a) The wing
photo. The red box indicates the imaging region. (b) and (c) The recon-
structed amplitude and phase images, respectively, at the sampling ratio
of 17.2%. (d) The corresponding three-dimensional surface of the phase
image (c).

Due to vibration, lens aberrations, etc. the achievable spa-
tial resolution is larger than the theoretical value of 5.33 pum in
practice. In the fourth experiment, we use the negative USAF-
1951 resolution test chart as the target object to quantify the
achievable spatial resolution in the experiments. The experi-
mental results are shown in Fig. 5, where (a) and (b) show the
amplitude image and phase image, respectively. The ampli-
tude profiles along the highlighted lines across the horizontal
and vertical bars of group 6 element 3 are shown in the left
and top subplots, respectively, where the axes along the image
represent the pixel positions and each dot represents the am-
plitude value of one pixel. The corresponding phase profiles
are also given in Fig. 5(b). As shown in Fig. 5(a), group 6 ele-
ment 3 can be clearly resolved. This means that the achievable
spatial resolution is about 6.2 pm. Since the resolution test
chart is an amplitude-only object, the phase of all transmis-
sive regions is consistent, however, the phase in the opaque
region is severely contaminated by noise and shows large fluc-
tuations, as shown in Fig. 5(b). Therefore, the reconstructed
phase image does not look good enough. In this case, we set

the sampling ratio to 62.2% and the measurement time per ba-
sis matrix to 491.6 ms. Thus, the total imaging acquisition
time is about 334 min.

e
o
T
.
o w

Amplitude
(arb. units)

|

L \7
—-20 2

05 0
Amplitude ¢~ 02 04 06 08 1.0 —2 0 2 Phase
(arb. units) (rad)

Amplitude (arb. units) Phase (rad)

Fig. 5. Experimental results of the USAF-1951 resolution test chart. (a)
and (b) The reconstructed amplitude and phase images, respectively at the
sampling ratio of 62.2%. The four subplots show the amplitude and phase
profiles along the highlighted lines across the horizontal and vertical bars
of group 6 element 3, respectively.

The above three sets of experimental results illustrate that
the proposed CFSI approach can be applied to a variety of
different types of objects. Although the current optical setup
is constructed for measuring a transmissive object, it can be
easily changed for measuring a reflective object. Combined
with undersampling and noise suppression techniques, recon-
structed images are clear and accurate. It should be noted that
undersampling can cause the reconstructed image to lose some
details while reducing high-frequency noise. Therefore, the
sampling ratio needs to be traded off to obtain the best recon-
structed image. At a certain sampling ratio, the spatially non-
uniform sampling technique>®’ may be able to obtain images
with richer details. In addition, there is another main challenge
remaining for further pursuit. Limited by the response speed
and the phase flicker of our LCoS-SLM, the total imaging ac-
quisition time is very long. Therefore, the present method can
only be used to observe stationary objects. The most straight-
forward way to address this issue is to use a faster response
LCoS-SLM with less phase flicker. In addition, this issue can
also be tackled by adopting the more efficient three-step phase-
shifting technique,*”) or non-phase-shifting techniques such
as off-axis holography.>”]

4. Conclusion

In summary, we propose and experimentally demonstrate
a novel complex-amplitude imaging method. By utilizing a
phase-only SLM to generate coherent Fourier basis patterns as
illumination, we can use a single-pixel detector to acquire the
complex-valued Fourier spectrum of an object. In combina-
tion with the undersampling technique and noise suppression,
we can recover a high-quality complex-amplitude image of the
object. In experiments, we implement this CFSI method with
two etched glass objects, a damselfly wing, and a resolution
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test chart. The reconstructed complex-amplitude images have
clear amplitude, accurate phase and spatial resolution of up to
6.2 um. In addition, due to the use of common-path interfer-
ence, the experimental configuration of this CFSI is compact
and stable, which is readily integrated into commercial micro-
scopes for quantitative phase microscopy. Thus, this complex-
amplitude imaging method might find broad applications in
optical metrology and biomedical science, especially for the
cases with a light of invisible wavelength or extremely low in-
tensity.

Data availability

Data underlying the results presented in this paper are
available in Dataset (Ref. [58]).
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