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Abstract

A single-shot phase-shifting method in incoherent digital holography (IDH)

based on Michelson interferometry is proposed herein. The proposed method

uses polarization-modulating optical elements and a polarization sensor in the

Michelson interferometer optics to induce a geometric phase shift. It acquires

four holograms with different geometric phase retardations in a single expo-

sure to eliminate the bias and conjugate noise using a phase-shifting tech-

nique. The proposed optical system enables real-time bias and conjugate term

removal from a recorded hologram without requiring sequential recording for

phase shifting. Furthermore, because it is based on Michelson interferometry,

it can be implemented using simple reflective optics without expensive or

difficult-to-produce optical elements for single-shot phase shifting. The princi-

ples of self-interference and geometric phase shifting in the proposed optical

structure were analyzed mathematically. A real-time IDH-recording experi-

mental setup was constructed to verify the proposed method. The experimen-

tal results of single-shot phase-shifting IDH and hologram movie recordings

confirm the feasibility of the proposed method.
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1 | INTRODUCTION

Incoherent digital holography (IDH) is a promising
three-dimensional imaging technique that allows the cap-
turing of hologram information using the principle of
self-interference under low-coherence light conditions
without the need for a laser light source [1, 2]. Research
on IDH has gained attention in microscopic applications
because it can overcome the limitations of conventional
optical physics by exploiting the violations of the
Lagrange invariant [3]. Research on IDH for holographic

camera applications has been actively conducted since
Kim proposed the natural light holographic camera
concept [4] which exploits the advantages of IDH in
capturing holograms under a variety of outdoor light
conditions.

Major applications of IDH, such as in microscopy and
holographic cameras, aim to acquire the hologram infor-
mation of moving objects or dynamic scenes without any
severe noise, such as bias and conjugate image noise,
which are inherent in holographic interferometry. Off-
axis configured interferometry is a possible solution to
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the problems of bias and conjugate noise in IDH [5, 6]. In
a previous off-axis IDH study, they tilted one of the mir-
rors on the interferometer from the on-axis position to
extract the bias and conjugate spectral components and
recorded only the object information on the hologram, as
in conventional off-axis holography. However, it is diffi-
cult to use these methods for the construction of simple
inline optical structures. Furthermore, it has a reduced
area of recordable holograms because the off-axis config-
uration increases the optical path length difference
between the two beam paths in interferometry under the
short temporal coherence-length condition of natural
light illumination. Iterative phase retrieval methods are
another approach used to reduce this noise in holo-
graphic imaging [7]. Although this method applies
phase-retrieval algorithms to incoherent holography with
compact imaging optics, it requires additional computa-
tion time for iterations, which prohibits real-time imag-
ing. In addition, most iterative phase-retrieval methods
have a lens-less configuration, which is suitable for
microscopy but difficult to apply in holographic camera
applications.

Conversely, the phase-shifting technique can accu-
rately eliminate the bias and conjugate image noise with-
out these issues; therefore, it is extensively used in
coherent digital holography [8]. Among various phase-
shifting techniques, sequential phase shifting was first
applied to IDH. These previous studies recorded multiple
holograms with different phase retardations for the
phase-shifting method in a stepwise manner by adjusting
the path length difference using a mirror mounted on a
piezotransducer [4], changing the phase modulation pat-
terns with different phase-shift values [9], and rotating
the polarizer or waveplate to induce a geometric phase
delay [10]. Therefore, IDH with sequential phase shifting
can only record static information and is impractical for
dynamic incoherent hologram imaging. To overcome the
difficulty of real-time acquisition in sequential phase-
shifting IDH, various single-shot phase-shifting hologra-
phy techniques have been reported [11–16]. In these pre-
vious single-shot phase-shifting IDH studies, diffractive
phase gratings [13, 14], coded aperture [12, 16], birefrin-
gence [15], geometric phase [11] optical elements, and
liquid-crystal-based optical devices [17] have been
employed in the optical system to achieve real-time
phase-shifting instead of the simple reflective optical
components used in interferometry-based IDH methods
[4, 18, 19].

Recent research focused on the implementation of
quasi-real-time phase shifting by accelerating holo-
graphic acquisition during sequential phase-shifting pro-
cedures [20] and the increase of the optical efficiency of
IDH by polarization-multiplexed phase shifting without

using any polarization filters [21]. However, to achieve
such advancements in these studies, additional optical
components, such as fast-switching phase modulation
devices and high frame-rate sensors for quasi-real-time
acquisition, and at least two liquid crystal on silicon
(LCoS) are required for polarization multiplexing.

Single-shot phase shifting in IDH is feasible using the
approaches described above; however, several notable
drawbacks must be considered. First, one of the main
drawbacks is the high cost and difficulty of manufacturing
optical elements associated with the implementation of
these techniques compared with classical optics, such as
lenses and mirrors used in conventional interferometry.
Another challenge arises from the color dispersion that
can occur within optical elements, such as diffractive phase
gratings, birefringence optics, and liquid-crystal-based geo-
metric phase lenses used in these IDH systems. This dis-
persion can lead to undesirable effects, such as chromatic
aberration and depth distortion in the reconstructed
images, as the wavelength of the illuminating light varies.
In addition, spatial multiplexing with diffractive phase
gratings for single-shot phase-shifting IDH introduces addi-
tional complexity in terms of the alignment in the optical
system. Although several studies have reported simulta-
neous phase shifting using optical configurations combin-
ing a Michelson interferometer and polarization-
modulating optical elements [22–24], to our knowledge,
there have been no attempts to use them to acquire three-
dimensional information in real-time from objects located
outside the interferometer’s optical paths under incoherent
light conditions.

In this study, we propose a single-shot phase-shifting
method for IDH based on a Michelson interferometry
structure. A geometric phase shift was achieved by com-
bining the polarization-modulating optical elements in
the proposed optical system. As the proposed method is
based on the optical structure of the Michelson interfer-
ometer, which consists of reflective optical elements, it is
cost-effective and easy to implement. Furthermore, our
optical system enables single-shot phase-shifting hologra-
phy within the IDH framework. The incorporation of
polarization-modulating optical elements and a polariza-
tion sensor enables the simultaneous acquisition of four
different phase-shifted holograms, thus making real-time
hologram acquisition possible. First, we introduce the
principles of self-interference and geometric phase-
shifting in the proposed optical structure. Thereafter, we
describe an optical system for real-time capture of holo-
grams that implements the proposed principle. Finally,
the feasibility of the proposed single-shot phase-shifting
holography applied in IDH was experimentally verified
by capturing hologram movies of a dynamic scene using
the proposed optical system.
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2 | METHODS

2.1 | Optical structure of proposed
single-shot phase-shifting IDH system

The overall configuration of the proposed optical
system was based on a Michelson interferometer. The
optical system for the proposed method has two notable
differences from the previous Michelson interferometry-
based IDH [4, 18] in terms of achieving geometric phase
retardation in the beam paths. Geometric phase retarda-
tion does not introduce any changes in the beam path
compared with dynamic phase retardation. Therefore, it
is suitable for applying phase shifting to IDH, which has
inherent limitations in the optical path-length difference
owing to the short temporal coherence length of low-
coherence light conditions. It can also improve the sys-
tem’s stability by replacing the conventional mechanical
movement required for dynamic phase shifting, which
involves the adjustment of the optical path using
polarization-modulating optics. The first is the presence
of polarization-modulating optical elements in the optical
configuration. In the proposed optical system, linear
polarizers, polarization beam splitter, and quarter-wave
plates (QWPs) located at the transmitted, reflected, and
recombined beam paths were employed in conventional
Michelson interferometry. The second is the use of a
polarization sensor for the detector instead of a conven-
tional sensor, such as a charge-coupled device or comple-
mentary metal-oxide semiconductor. Polarization sensors
use a micropolarizer array (PA), which consists of four
angled polarizers placed at each pixel in the sensor plane
to capture images of polarized light in four directions in a
single acquisition. Typically, the PA in a polarization sen-
sor is configured to have linear polarization states of
0 ∘ , 45 ∘ , 90 ∘ , and 135 ∘ to allow calculation of the angle
and degree of linear polarization required for polarization
image analysis. The proposed method utilizes a combina-
tion of polarization-modulating optics and polarization
sensors to generate geometric phase retardation and
simultaneously capture four phase-shifted holograms.
Detailed explanations of the principles of single-shot
phase-shifting are provided in Section 2.3.

A schematic of the optical arrangement in the pro-
posed method is shown in Figure 1. The objects in the
scene are illuminated by spatially and temporally inco-
herent light, and the scattered light from the object is col-
lected by a field lens with focal length f 0 and then
incident onto the interferometer optics. To enhance the
temporal coherence of the incoming light, which is
required for self-interference in the IDH, a bandpass filter
with a central wavelength λ was employed in the optical
system to enhance the temporal coherence of the

incoming light, which is required for self-interference in
IDH. Subsequently, a linear polarizer was used to define
the initial polarization state and control the split ratio of
transmitted and reflected light using a polarization beam
splitter (PBS). In this configuration, the transmission axis
of the linear polarizer was aligned at 45 ∘ to set the split
ratio to 50:50. A flat mirror (FM) and concave mirror
(CM) with a focal length of f c were placed at the end of
each beam path on the interferometer. Two QWPs were
located between the PBS and the CM/FM mirrors on
each beam path of the interferometer to convert, respec-
tively, the horizontal and vertical linearly polarized light
from the PBS into left and right circularly polarized light.
The polarization states on each beam path were changed
to orthogonal circular polarization by mirror reflection
and converted back into linear polarization in the vertical
and horizontal directions by the previous QWPs. Subse-
quently, the linearly polarized light on each beam path
was recombined by the PBS and incident on another
QWP located between the PBS and the polarization sen-
sor. The light from each path with left/right circular
polarization, after passing through the last QWP, was
recorded in the sensor plane as four holograms with com-
mon linear polarization states (0 ∘ , 45 ∘ , 90 ∘ , and 135 ∘ )
defined by the linear polarizer array in the polarization
sensor.

The distances from the object to the field lens, the
field lens to the mirrors, and the mirrors to the sensor

F I GURE 1 Schematic of the proposed single-shot phase-

shifting incoherent digital holography (IDH) with Michelson

interferometry.
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plane are defined as zs, zl, and zh, respectively. The dis-
tances from the sensor plane to the image positions of
the point light source formed by the combination of the
field lens and CM/FM are denoted as d1 and d2,
respectively.

2.2 | Principles of incoherent self-
interference in proposed method

The hologram acquired by the IDH optical system can be
regarded as an accumulation of self-interfering holo-
grams from spatially incoherent point lights comprising
an object. For simplicity, the principles of self-
interference and geometric phase shifting in the proposed
method are described with single point light source
object. A self-interfering hologram (In) from a point light
source captured by the proposed optical system can be
mathematically represented as

In ¼ jΨrj2þjΨtj2þΨrΨ ?
t expðjδnÞþΨ ?

r Ψt expð�jδnÞ,
ð1Þ

where Ψr and Ψt are the optical fields propagated
through the reflected and transmitted beam paths in the
Michelson interferometer, respectively, and δn is the geo-
metric phase induced by the proposed optical system,
which will be discussed later. The optical fields Ψr and Ψt

are expressed as follows:

Ψr r
!� �

¼C1L
� r

!

zs

 !
Q

1
zs

� �
Q

�1
f o

� �
∗Q

1
zlþ zh

� �
,

Ψt r
!� �

¼C2L
� r

!

zs

 !
Q

1
zs

� �
Q

�1
f o

� �
∗Q

1
zl

� �
Q

�1
f c

� �
∗Q

1
zh

� �
,

ð2Þ

where ∗ , r!,C,QðαÞ¼ expfjπα x2þ y2ð Þ=λg and L α
!� �

¼
expfj2π αxxþαyy

� �
=λg are a convolution operator, posi-

tion vector, complex coefficient, quadratic phase func-
tion, and linear phase function, respectively. By
substituting (2) into (1), In can be rewritten as

Inð r!Þ¼C3þC4ð r!ÞQ � 1
zr

� �
L

M r
!

zr

 !
expðjδnÞþ c:c:, ð3Þ

where C3,C4, and c:c: denote the bias image, complex
coefficient, and conjugate term, respectively. Further-
more, zr and M are the reconstruction distance and opti-
cal magnification factor of the recorded hologram,

respectively. The image distances of the flat and concave
mirrors, d1 and d2, as illustrated in (1) can be defined as
follows:

d1 ¼ðzsþ zlÞf o� zszl
zs� f o

,

d2 ¼ f cd1
f cþd1

:

ð4Þ

The reconstruction distance of the recorded hologram
zr can be calculated using the lens in (4) as follows:

1
zr
¼ 1
zh�d1

þ 1
zh�d2

: ð5Þ

In this optical system, the optical magnification M is
defined as [25]

M¼ zhf o
ðzsþ zlÞf o� zszl

: ð6Þ

Because a single-point light object generates a Fresnel
hologram, as described in (3), the entire hologram of the
object scene can be calculated by accumulating a group
of object points on the scene. However, the two terms
remain separate from the desired complex hologram
information, that is, the bias and conjugate components,
and these unwanted components should be removed. In
the following section, the principles of the single-shot
phase-shifting algorithm for the proposed optical system
to remove bias and conjugate terms in real time are
presented.

2.3 | Single-shot phase-shifting in
proposed method

The bias and conjugate terms in Equation (3) can be
removed by the phase-shifting technique using
multiple (n) holograms (In), which have different phase
retardation values, δn. The principle of the proposed
method used to acquire four holograms (n = 4) with
different phase-shifting values in a single acquisition can
be explained by the Jones matrix calculation. The
Jones transfer matrices for each transmitted and
reflected beam path, Tt and Tr, from the end of the
linear polarizer located at the entrance of the proposed
optical system to the sensor plane after the linear polari-
zer array in the polarization sensor can be defined as
follows:

4 HONG and CHOI
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Tt ¼TLðθÞTQð45ÞTPBSðsÞTQð�45ÞTMTQð45ÞTPBSðpÞ,
Tr ¼TLðθÞTQð45ÞTPBSðpÞTQð�45ÞTMTQð45ÞTPBSðsÞ:

ð7Þ

Details of the Jones transfer matrices for the QWPs
(TQ), polarization beam splitter (TPBS), mirror (TM), and
linear polarizer array (TLðθÞ) are listed in Table 1.

When the linearly polarized object light by the linear
polarizer with a 45� transmission axis (Jones vector of

1ffiffi
2

p
1

1

	 

) is incident into the proposed optical system, the

optical fields Ψt and Ψr on the image sensor plane can be
described by the following equations:

Ψt ¼ ejπ=2

2
ffiffiffi
2

p cos2θn cosθn sinθn
cosθn sinθn sin2θn

	 

1
j

	 

,

Ψr ¼ 1

2
ffiffiffi
2

p cos2θn cosθn sinθn
cosθn sinθn sin2θn

	 

1
�j

	 

:

ð8Þ

The above equation indicates that the polarization
states, after they pass through the transmitted and
reflected beam paths, are changed to right- and left-

handed circular polarizations (Jones vectors of 1ffiffi
2

p
1

j

	 


and 1ffiffi
2

p
1

�j

	 

), respectively, and then incident to the lin-

ear polarizer array in the polarization sensor. The
orthogonally circularly polarized light of each beam
path was converted to common linear polarization
states using linear polarizers with four different trans-
mission angles θn. After the linear polarizer array in the
polarization sensor, the Jones vectors for the optical fields
Ψt and Ψr in the image sensor plane are defined as
follows:

Ψt / ejθn
cosθn
sinθn

	 

,

Ψr / e�jθn cosθn
sinθn

	 

:

ð9Þ

Accordingly, the intensity of the hologram recorded
with these two optical fields can be rewritten as

InðθnÞ¼ jΨtþΨrj2 / 1þ cosð2θnÞ: ð10Þ

Therefore, the phase shift value of δn in (1) can be
defined as 2θn, which represents the geometric phase
retardation of the proposed optical system. This geomet-
ric phase retardation was equivalent to two times the
transmission axis angle of the linear polarizers in the
polarization sensor. Because the transmission angles of
the linear polarizers in the polarization sensor are fixed
at θn ¼ ½0, π=4, π=2, 3π=4�, this enables the extraction of
four self-interference holograms with phase-shifting values
of δn ¼ 2θn ¼ ½0, π=2, π, 3π=2� in 90 ∘ increments from a
single-shot image captured by the polarization sensor. A
four-phase shifting algorithm was applied to the pro-
posed method to obtain a complex-valued hologram (Uh)
from the four extracted self-interference holograms
(I1-I4). Four-phase shifting required phase-shifting value
differences of 90 ∘ and matched the phase-shifting values
(δn) in the holograms acquired by the proposed IDH sys-
tem. The four phase-shifting algorithms are as follows:

Uh ¼ I3� I1ð Þ� j I4� I2ð Þ: ð11Þ

Consequently, bias and conjugate noise-removed
complex-valued hologram information can be acquired
in the proposed IDH system using a single-shot phase-
shifting algorithm.

TAB L E 1 Jones matrices for optical components.

Jones transfer matrix Optical components

TQð45Þ 1ffiffi
2

p
1 j

j 1

	 

Quarter-wave plate, azimuth angle at 45�

TQð�45Þ 1ffiffi
2

p
1 �j

�j 1

	 

Quarter-wave plate, azimuth angle at �45�

TPBSðpÞ 1 0

0 0

	 

Polarization beam splitter, transmitted

TPBSðsÞ 0 0

0 1

	 

Polarization beam splitter, reflected

TM 1 0

0 �1

	 

Mirror

TLðθÞ cos2 θn cos θn sin θn
cos θn sin θn sin2 θn

	 

Linear polarizer
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3 | RESULTS

3.1 | Experimental setup

We constructed an experimental setup to verify the pro-
posed single-shot phase-shifting IDH optical system
(Figure 2). A bandpass filter (Thorlabs, FBH520-10),
which has a central wavelength of 520 nm and spectral
bandwidth of 10 nm, a QWP (Thorlabs, WPQ10ME-532)
for a wavelength of 532 nm, and a monochromatic polari-
zation sensor (Lucid Vision, PHX050S1), which has 2448
� 2048 pixels with a 3.45 μm pitch, were used in the
experimental setup. Additional 4-f relay optics were
located between the interferometer optics and polariza-
tion sensor in the implemented experimental setup,
which differs from the schematic illustration shown in
Figure 1. The 4-f relay optic is necessary to reduce the
magnification of the proposed optical system and obtain
a sufficient field of view for the object scene. The distance
zh should be decreased to reduce optical magnification,
as defined in Equation (2). The optical field on the mirror
surface was imaged using 4-f optic to zh, away from the
polarization sensor plane. The zh value cannot be smaller
than the size of the polarization beam splitter if the 4-f
optic are not introduced in the experimental setup. The
focal lengths of the field lens (f o), concave mirror (f c),
lenses in the 4-f optic, and distances zl and zh were set as
150, 200, 100, 100, and 10 mm, respectively. All optical
components in the experimental setup had a clear aper-
ture size of 25 mm. The dimensions of the interferometer,
including the optical mounts (enlarged in the inset of
Figure 2), were 175mm � 100 mm. Two 10mm dice were

used as objects in the scene. The object distance (zs) for
the front dice and the distance between the two dice were
set to 200 mm and 150 mm, respectively. White light-
emitting diodes with a power of 3W and color tempera-
ture of 6000K were used as incoherent light sources for
each dice object. The magnification factors defined in (6)
for this experimental setup were calculated to be 0.06.

The complex-valued hologram (Uh) obtained from
(11) was numerically reconstructed to retrieve the field
on the object scene plane (Uz) using the angular spec-
trum propagation method [26]. The backpropagation of
Uh on the hologram plane to Uz on the object scene
plane (where zr departs from the hologram plane) can be
performed based on the following equation,

Urðx, yÞ¼F�1 F½Uhðx, yÞ�exp jk0zr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�λ2ðk2xþk2yÞ

qn oh i
,

ð12Þ

where ko ¼ 2π=λ and ðkx , kyÞ are the wavenumber- and
frequency-domain coordinates of the Uh-field, respec-
tively. The images of the numerically reconstructed
results presented in this section indicated the intensity of
the object scene plane (jUrj2). The hologram information
captured in the experimental setup may exhibit phase
aberrations owing to imperfections in the optical system
and alignment errors. Phase aberrations were compen-
sated by applying a sparse optimization technique [27,
28] during the numerical reconstruction procedure.

3.2 | Experimental results

The single-shot four-phase shifting results of the pro-
posed method for the experimental setup are shown in
Figures 3 and 4. Figure 3 shows the results of the single-
shot acquired four phase-shifted holograms, and Figure 4
presents numerically reconstructed images of the object
scene from the complex-valued hologram extracted by
the four phase-shifting algorithm.

A polarization sensor consists of a set of polarizer
arrays in the form of a 2 � 2 pixel array with four linear
polarization angles and a 45 ∘ difference. Therefore, four
phase-shifted hologram images could be extracted from a
raw image file acquired by the polarization sensor using
a suitable sampling method. The phase-shifted holograms
extracted from the image captured by the polarization
sensor in the proposed optical system are shown in
Figure 3A. The four extracted phase-shifted hologram
images have a phase retardation difference of 90 ∘ , which
is equal to two times the transmission axis angle of the
linear polarizers in the polarization sensor as expressed
by (10). A complex-valued hologram can be obtained by

F I GURE 2 Photograph of experimental setup for

demonstration.

6 HONG and CHOI
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applying the four-phase shifting technique to these
images expressed by (11). The phase angle distribution
used to visualize the extracted complex-valued hologram
is shown in Figure 3B.

The results of the numerical reconstruction focusing
on each die in the scene are shown in Figure 4A,B. In
these figures, the dice at the front and back, marked by
the red and blue squares, respectively, are enlarged in the
inset to compare the reconstruction depths. “Video 1” is a

movie of the numerical reconstructions shown in
Figure 4. In this video, the reconstruction depth changes
in the object scene are visualized while varying the recon-
struction depth from 150 mm to 200 mm at 1 mm inter-
vals. The reconstruction depths for the front and back
dices observed in the experiment were 183 mm and 167
mm, respectively, which are consistent with the recon-
struction depths (zr) calculated using (5).

As the phase-shifting technique can be applied to
single-shot images acquired using the proposed method,
hologram movies of dynamic scenes can be recorded
using the same optical system. A hologram of the
dynamic scene of the rotating front dice was recorded at
24 frames per second, which was the maximum frame
rate of the polarization sensor. The resultant phase angle
and numerical reconstruction images focusing on the
front and back dice from frames 1 to 19 with three-frame
intervals in the recorded hologram movie are shown in
Figure 5A–C. The phase angles and numerically recon-
structed videos are shown in “Video 2.”

These results verify that the proposed single-shot
phase-shifting method in Michelson-based IDH can
acquire holographic information free of bias and

F I GURE 3 (A) Four single-shot hologram images with

different phase retardation captured by the polarization sensor and

(B) phase-angle representation of complex-valued hologram

extracted by the four phase-shifting algorithm.

F I GURE 4 Numerically reconstructed image from the

complex-valued hologram focused on (A) front and (B) back dice

(see “Video 1”).
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conjugate image noise within a single acquisition. Nota-
bly, our method demonstrates its capacity to record holo-
graphic movies seamlessly. Although bias and conjugate
noise were effectively removed, the numerical recon-
struction results showed the presence of noise in the
object and background. This noise is thought to be
mainly caused by the fact that the quadratic phase used
as the transfer function in the numerical reconstruction
does not exactly match the transfer function of the actual
interferometer. Other possible sources of noise include
polarization aberrations caused by less-than-ideal
polarization-modulating optical elements, optical misa-
lignment in the experimental setup, and vibration issues
during IDH acquisition.

4 | CONCLUSION

In conclusion, our research presented a novel approach for
optical systems based on Michelson interferometry using a
single-shot phase-shifting method. This method was specif-
ically designed to facilitate the real-time acquisition of self-
interference incoherent holograms. To achieve the desired
geometric phase retardation, our optical system incorpo-
rated additional polarization-modulating elements, such as
a linear polarizer, QWP, and polarization beam splitter.
This distinguishes it from conventional Michelson-based
IDH optical systems. In addition to these optical compo-
nents, we integrated a polarization sensor into our setup,
which allowed for the simultaneous acquisition of four
holograms with distinct geometric phase differences in a
single-exposure acquisition. This feature enabled the pro-
posed method to eliminate effectively bias and conjugated
noise terms from the acquired incoherent hologram data in

real-time. This was achieved by applying four phase-
shifting techniques to single-shot-captured geometric
phase-shifted holograms. An experimental setup was con-
structed to validate the proposed method. Using this setup,
we demonstrate the real-time recording of incoherent holo-
gram movies using the proposed method. The results of
these experiments, which included single-shot phase shift-
ing and real-time acquisition of hologram sequences,
clearly confirm the feasibility of the proposed method.
Experimental results were obtained under monochromatic
conditions at a wavelength of 532 nm. Because the wave-
front modulation elements used in the proposed method
are mirrors and are not wavelength-dependent, it is
expected that they can be extended to full-color IDH by
replacing the wave plates and lenses with achromatic
elements.

The proposed method does not require an off-axis con-
figuration to eliminate bias/conjugate noise and can be
implemented using simple inline optical structures.
Because it uses geometric phase shifting, it has the advan-
tage of avoiding mechanical motion devices, such as piezo
transducers or rotators. An additional advantage is that
simple mirrors can be used for wavefront modulation
optics rather than phase gratings, birefringence, geometric
phases, or liquid-crystal-based optics. The proposed
method enables real-time Michelson interferometry-based
IDH imaging while maintaining the advantages of an easy
optical configuration with simple optical components.
Furthermore, the image quality of the captured hologram
can be improved by reducing vibrations during the
sequential recording process in previous studies. There-
fore, the proposed method is expected to be utilized in
various IDH applications that require Michelson interfer-
ometry configurations in real-time.

F I GURE 5 Single-frame excerpts (frames 1 to 19 at three-frame intervals) from recorded hologram movie: (A) phase-angle

representation of the complex hologram, numerical reconstruction focused on the (B) front and (C) back objects (see “Video 2”).
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