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Optical scanning holography (OSH) can be applied to 3D
fluorescent imaging. However, the optical setup for OSH is
complicated due to the requirement of a phase shifter, a
2D mechanical scanner, and an interferometer. Although
motionless optical scanning holography (MOSH) can over-
come the problem, quantitative phase imaging (QPI) has
not yet been realized because MOSH can only obtain inco-
herent holograms. If QPI in MOSH is realized, MOSH can
be applied to various applications. In this Letter, MOSH-
based QPI (MOSH-QPI) is proposed. In addition, a simple
description of a coherent mode of OSH is presented. In the
proof-of-principle experiment, the spatially divided phase-
shifting technique is applied to reduce the number of
measurements. The feasibility of MOSH-QPI is confirmed
by measuring a phase distribution of a microlens array.
MOSH-QPI is also applied to measure practical samples,
and its results are compared with the experimental results
of the conventional one using a Mach-Zehnder interferom-
eter.
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Due to the absence of an imaging lens, single-pixel imaging
(SPI) [1-3] can be applied to various applications, which are
impossible with a classical camera system such as imaging
through scattering media [4,5]. There is a variety of SPI tech-
niques, which are classified according to illumination patterns.
Optical scanning holography (OSH) is one of the SPI techniques
for using Fresnel zone patterns (FZPs) as the illumination ones
[6,7]. In contrast to other SPI techniques, OSH can provide three-
dimensional (3D) imaging owing to the use of FZPs. OSH has
been applied for various applications such as fluorescence imag-
ing [8], super-resolution imaging [9], multi-wavelength imaging
[10], stereo imaging [11], and imaging through scattering media
[12]. However, an optical setup for OSH is complicated and
bulky due to the requirements of a Mach—Zehnder interferom-
eter, a phase shifter, and a two-dimensional (2D) scanner. In
order to overcome the problem, various common-path config-
urations have been proposed [13,14]. Particularly, motionless
optical scanning holography (MOSH) simultaneously realizes
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the interferometer, phase shifter, and 2D scanner by using the
birefringence of a liquid crystal-type spatial light modulator
(SLM) [15,16]. MOSH is tolerant of vibration and environ-
mental noise because of its common-path optical setup. There
are some applications of MOSH such as fluorescence imaging
[15], polarization imaging [17], and imaging through scatte-
ring media [12]; however, quantitative phase imaging (QPI) has
never been proposed in MOSH. QPI is a technology that can
measure nanometer-order changes, which have various informa-
tive physical quantities, such as the refractive index, thickness
[18], dry mass [19], disorder strength [20], shear stress [21],
aberrations [22], molecular vibration [23], and orbital angular
momentum [24]. For this reason, the realization of QPI can
expand the applicability of MOSH. In this Letter, MOSH-based
QPI (MOSH-QPI) is proposed. Although the basic principle of
MOSH-QPI is based on the coherent mode of OSH [25], the opti-
cal setup for MOSH-QPI is simple and robust to environmental
disturbance owing to the common-path configuration. MOSH-
QPI, therefore, overcomes the drawbacks of the coherent mode
of OSH. In the field of QPI techniques, many methods have
been proposed, which can be categorized as interferometric or
noninterferometric. Although there are many noninterferometric
QPI techniques such as Fourier ptycography and phase recov-
ery from defocused intensity images, these methods require a
mechanical scanning process to get the phase distributions. In
addition, some approximation and/or huge iteration processes
are also required. The proposed method can be considered as
an interferometric SPI technique. While the general QPI tech-
nique uses an image sensor [26], the proposed technique is SPI,
which enables phase measurement in applications where SPI
is effective, such as imaging with invisible wavelength light.
Compared to other common-path single-pixel phase imaging
techniques [27-29], OSH uses the lateral shift of FZPs, thus
eliminating the need for SLM in the pixel structure, and is
compatible with FZP masks in the x-ray field. Although the
proposed method uses an SLM for the FZP, this idea can be
applied to various wavelength fields by fabricating an FZP mask
and laterally shifting that mask while keeping the common-path
configuration. As a disadvantage of OSH, the reconstructed
image is affected by a PSF determined by the parameters
of FZP.

A schematic of MOSH-QPI is shown in Fig. 1. A linearly
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Fig. 1. Schematic of MOSH-QPI. (a) Typical optical setup for MOSH.

pinhole. (c) Reconstruction process of MOSH-QPI.
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polarized plane wave illuminates a liquid crystal-type SLM.
The incident beam is divided by the birefringence of the
SLM. When the SLM modulates the vertical component, the
reflected beam immediately in front of the SLM is described as

follows:
2

uy(r) = A X+ Ajexp { lZl (1)
where k denotes the wavenumber and A, and A, denote the
horizontal and vertical components, respectively. A, and A, can
be adjusted by rotating a half-wave plate in front of the SLM. r
and ¢ are the 2D coordinates at the SLM plane (x, y) and the bias
phase, respectively. X and ¥ are unit vectors along the horizontal
and vertical directions, respectively. This beam is projected to an
object plane with a 4-f optical setup through a polarizer whose
polarization axis is rotated 45 degrees. A complex amplitude
distribution immediately behind the object plane is described as

(x+9)

follows:
ikr'* . ¢};
27, V2

where 7 and o(r’) are the 2D coordinates at the object plane
and the complex amplitude distribution of the object. This beam
is Fourier transformed by a lens and is detected by a photo-
diode with a pinhole. The pinhole extracts the DC component
of the Fourier spectrum. The detected intensity is described as
follows:

+¢}y7

uy(r') = o(r') {Ax + A,exp { (2)

I¢ =|U¢(0)|2

= }/ u,(r')exp {—i2xr'v}y dr
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=5 ‘/ o(r) {Ax +A).exp: s + ¢]} dr

where v is a 2D coordinate at a Fourier plane and Uy, (v) is a
Fourier transform of u,(r’). The intensity values are sequen-
tially detected by changing the center position of the spherical
phase distribution by an SLM. By arranging the detected inten-
sities to synchronize the center position of the spherical phase
distribution, the obtained intensity distribution can be described
as follows:

I1,(r") = '/ o(r”) {A +A exp{—lk(r”z_ r) ¢}}dr"
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where r” is a 2D coordinate at a hologram plane and * is a 2D
convolution operator. In Eq. (4), R = A, / o(r’)dr” is a constant
complex value decided by an object. When R is considered as
a reference beam, Eq. (4) is the same as the description of the
coherent hologram, which is the same hologram as when a laser
is used. In the practical case, R contains a zero-order light from
an SLM. Usually, the zero-order light from an SLM is a problem
in some applications. In contrast, we use zero-order light for
the reference signal at the pinhole plane. Through the four-
step phase-shifting method, the obtained complex amplitude
distribution is described as follows:

W) = L) + i {1507 = 1 ()

4 (5)
ik(r)®
2z, }

u, (r') =

ocor)*exp{

From Eq. (5), the complex amplitude distribution of the object
is obtained by applying Fresnel backpropagation with —z,.
The complex amplitude distribution at the object plane can be
described as follows:

uo(r") =o(r") + exp { ey }
=o(r") = PSF(r"),

{ —ik(r")’
expy ———

2z, } (6)

where PSF(r”) is the point spread function determined by the
curvature of the spherical phase distribution. From Eq. (6), the
complex amplitude distribution of the object can be obtained.
Therefore, the phase distribution of the object can be measured.
Note that the reconstructed complex amplitude distribution in
the original MOSH is described as follows:

uin(r") = lo(r")|* » PSE("). (7)
The derivation of Eq. (7) can be seen in Ref. [16]. By comparing
Egs. (6) and (7), although the conventional MOSH cannot get
quantitative phase induced by an object, the MOSH-QPI can get
the complex amplitude distribution of the object.

A proof-of-principle experiment was demonstrated to confirm
the feasibility of the proposed method. The optical setup and the
parameters are shown in Fig. 2. The light source is a green fiber
laser (MPB Communications, Inc., VFL-P-500). The collimated
beam through a spatial filter illuminates an SLM (Hamamatsu
Photonics K.K. X13138-01). The center region of the SLM with
128 x 128 is used for displaying the spherical phase distribu-
tions. —z, of the spherical phase distribution is set to 60 mm. In
this condition, the spherical phase distribution at the SLM plane
does not satisfy the sampling requirement to record high spatial
frequency information. The relationship between the curvature
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Fig. 2. Optical setup for MOSH-QPIL. HWP, half-wave plate; BS,
beam splitter; P, polarizer; PD, photodiode.

of the spherical phase distribution and the image quality has been
discussed in Ref. [16]. Since the number of pixels is 128 x 128
and the spatially divided phase-shifting method [16] is used,
the number of measurements is 128 x 128 = 16384. The light
from the SLM is projected to an object with a 4-f optical setup
composed of lenses 2 and 3. The transmitted beam is Fourier
transformed by lens 4 and is detected by a single-pixel detector
composed of a pinhole (Thorlabs, Inc., PA0D) and a photodi-
ode (Hamamatsu K.K. C10439-03). The measured signals were
quantized by a 16-bit analog-to-digital converter (Hamamatsu
K.K. C10475). The sampling speed is limited up to 20 Hz due
to the sampling rate of the analog-to-digital converter. In this
experiment, the sampling rate is set to 5 Hz to reduce the noise.
The measurement time is 54.6 min because 128 x 128 patterns
are projected at 5 Hz. The diameter of the pinhole is 40 um,
which is determined by the numerical aperture of the lens 4
- = 41.6pm).

In the first experiment, the USAF test chart as an amplitude
mask and a cover glass as a phase object are used. To measure
the quantitative phase difference, two amplitude masks are used
as shown in Figs. 3(a) and 3(b). The highlighted regions with
yellow in Figs. 3(a) and 3(b) indicate the region of the cover
glass. The amplitude masks in Figs. 3(a) and 3(b) are groups
2 and 0, respectively. The experimentally reconstructed com-
plex amplitude distributions are shown in Figs. 3(c)-3(f). The
results of intensity distributions in Figs. 3(c) and 3(d) indicate
that the focused images can be successfully obtained from holo-
grams. The gap regions between air and glass can also be seen
from Figs. 3(c) and 3(d). Figures 3(e) and 3(f) are the results
of phase distributions, which indicate that MOSH-QPI success-
fully measures the phase difference between air and glass. To
quantitatively evaluate the phase difference, the sectional pro-
files at the green and red lines in Figs. 3(e) and 3(f) are extracted
as shown in Fig. 3(g). The sectional profiles are mean values
of 5 lines around the green and red lines. Although the phase
error between the green and red lines is higher in the boundary
region due to the absence of amplitude, the phase difference in
the planer regions is almost the same, which indicates the pro-
posed method can quantitatively measure the phase distribution.
Notably, the optical path difference (OPD) cannot be measured
by the proposed method because the thickness of the cover glass
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Fig. 3. Experimental results: (a) and (b) are the target objects, (c)
and (d) are the reconstructed intensity distributions, (e) and (f) are
the reconstructed phase distributions, and (g) is the sectional profile
of green and red lines in (e) and (f).

is 0.12-0.17 mm which is larger than the wavelength. To mea-
sure the OPD precisely, some phase unwrapping methods are
required.

A microlens (Thorlabs, Inc., MLA150-7AR-M) array is meas-
ured by the proposed method for a practical application. The lens
pitch is 150 pum and the focal length of the microlens is 5.6 mm.
In this experiment, 8x8 microlenses are measured. The recon-
structed phase distribution is shown in Fig. 4(a). Figures 4(b)
and 4(c) are magnified microlens and theoretical phase dis-
tribution of the microlens with the experimental condition. The
sectional profile of the black solid line is shown in Fig. 4(b),
and the theoretical one in Fig. 4(d). These sectional profiles
indicate the proposed method accurately measures the phase
of the microlens. Spot intensity distribution can be obtained as
shown in Fig. 4(e) by calculating the optical propagation of the
complex amplitude of the result of the microlens array with a
propagation distance of the focal length. The result in Fig. 4(e)
indicates that phase distributions of other microlenses are also
correctly measured by MOSH-QPI. These results indicate the
applicability of MOSH-QPI for practical applications.

Next, we apply MOSH-QPI for the more complicated prac-
tical object. The microdot lens as shown in Fig. 5 (a) is used
for this experiment and has been also used for other QPI tech-
niques for the test as well [30-32]. The microdot lens has dot
structures on its globally curved surface. The phase distribution
of the lens is measured using a Mach—Zehnder interferometer
for reference as shown in Fig. 5(b). The dots and the gap region
can be seen in Fig. 5(b). The result of MOSH-QPI is shown
in Fig. 5(c). From Fig. 5(c) an almost the same structure as
Fig. 5 (b) can be measured, which indicates MOSH-QPI can be
applied to practical applications. The sectional profiles at solid
and dashed lines in Figs. 5(b) and 5(c) are shown in Figs. 5(d)
and 5(e). The bias phase in Fig. 5(b) is adjusted for compari-
son. However, the results of MOSH-QPI contain low-frequency
phase distribution that is caused by the aberration of the optical
setup. From the sectional profiles, the relative phase differences
between the outside and inside of the dot are about 1 radian.
These results indicate that MOSH-QPI can measure the phase
difference between dot and gap regions accurately similar to a
conventional Mach—Zehnder interferometer.
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Fig. 4. Experimental results of a microlens array, (a) phase dis-
tribution, (b) enlarged microlens, (c) theoretical microlens, (d)
comparison of sectional profiles, and (e) a reconstructed spot
intensity distribution.
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Fig. 5. Experimental results of the microdot lens (a) target and
phase distributions obtained by (b) a Mach—Zehnder interferometer
and (c) MOSH-QPI. (d) and (e) are sectional profiles of solid and
dashed red lines in (b) and (c).

Finally, we discuss the effect of the pinhole size. Although
previous research, known as partially coherent OSH, evaluates
the effect of the pinhole size [33,34], it is only the effect of the
intensity. So we evaluate the effect of the phase in this Letter.
A Siemens star shown in Fig. 6 is used as a pure phase object
in this simulation. The phase difference of the star is set to 7/2.
The pixel pitch Ax and the number of pixels N X N are 12.5um
and 128 x 128. For the pinhole, S pixels are used, and the values
of 8 are shown in the caption of Fig. 6. From Fig. 6, the quality
of the phase distribution is gradually degraded as the size of the
pinhole increases. In the optical experiment, the width of the DC
component is determined by a numerical aperture of a Fourier
transform lens. Therefore, the pinhole size has to be precisely
determined by the numerical aperture of the lens according to
Eq. (3).

In this Letter, MOSH-QPI was proposed to measure the phase
distribution by OSH using a simple setup. By changing the detec-
tion setup, MOSH can obtain a hologram, which is based on the
coherent mode of OSH. The simple description of the coherent
mode of OSH was described as Eq. (3). The experimental results
indicated that MOSH-QPI can measure the phase distribution
quantitatively. As a result, MOSH-QPI can be applied to vari-
ous applications such as digital phase conjugation and wavefront
sensing, among others.
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