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Parallel phase-shifting digital holography can obtain three-dimensional information of a dynamically moving object
with high accuracy by using space-division multiplexing of multiple holograms required for phase-shifting inter-
ferometry. We demonstrated high-speed parallel phase-shifting digital holography and obtained images of the phase
variation of air caused by a compressed gas flow sprayed from a nozzle. In particular, we found the interesting
phenomenon of periodic phase distributions. Reconstructed images were obtained at frame rates of 20,000 and
180,000 frames per second. © 2011 Optical Society of America
OCIS codes: 090.1995, 120.5050, 090.1760, 110.1758.

Digital holography [1,2] is promising technique for phase
and three-dimensional (3D) measurement, and has been
actively researched in recent years [3–11]. The technique
digitally records holograms using an image sensor such
as a charge-coupled device or complementary metal
oxide semiconductor sensor and reconstructs 3D infor-
mation by computer. In particular, in-line digital hologra-
phy has been actively investigated because of the low
resolution of an image sensor and the simplicity of a
constructed optical setup. However, in in-line digital
holography, unwanted images, such as the zeroth-order
diffraction image and the conjugate image, are superim-
posed on the image of an object (the desired image) in
principle because the reference wave is orthogonally in-
troduced onto the image sensor. Although off-axis digital
holography can reconstruct only the desired image by
applying spatial filtering [12], the field of view and the
measurement range are narrowed in off-axis digital holo-
graphy due to the spatial resolution of typical image
sensors.
Phase-shifting digital holography [13] is an attractive

technique that can solve the problems experienced with
in-line digital holography. This technique can eliminate
unwanted images and make it possible to acquire clear
images and measure objects with a high degree of accu-
racy because the technique applies phase-shifting inter-
ferometry to digital holography. However, it requires the
recording of at least two holograms. Therefore, it is quite
difficult for phase-shifting digital holography to record
or measure a dynamically moving object. We previously
proposed parallel phase-shifting digital holography
(PPSDH) [14–16], a technique that records a single image
in which the multiple holograms required for phase-
shifting interferometry are combined by space-division
multiplexing. Because the technique can perform phase-
shifting interferometry by single-shot recording, it is cap-
able of 3D measurement of a dynamically moving object.
We reported the effectiveness of PPSDH and demon-

strated a constructed system in previous publications
[14–17]. Until now, however, high-speed phase-shifting

digital holography has not been reported because a
high-speed camera that can be applied to PPSDH had
not yet been developed. In the present study, we aim to
construct a high-speed PPSDH system by use of a high-
speed polarization-imaging camera and to obtain 3D
information of a dynamically moving object using the
constructed system. In particular, because 3D informa-
tion of an object is obtained from a phase image of the
object and a phase distribution is helpful for estimation
of the thickness and the refractive index of a transparent
object, we aim at phase imaging.

Figure 1 shows the image reconstruction process of
a hologram recorded by PPSDH. In phase-shifting inter-
ferometry, multiple phase-shifted interference fringe
images are required; three, four, or more than four
images are frequently employed in view of robustness
against changes in environmental conditions. A system
employing a parallel four-step phase-shifting method
has already been developed [18]. In contrast, in PPSDH,
as the number of phase shifts is reduced, the sampling
interval of each phase-shifted hologram is narrowed.
Therefore, the recordable space–bandwidth product of
each phase-shifted hologram increases. As a result, the
quality of the reconstructed images improves and the
field of view increases [19]. Thus, in our study, we
adopted parallel two-step phase-shifting digital holo-
graphy [16,17] to achieve improved image quality. Paral-
lel two-step phase-shifting digital holography records a

Fig. 1. (Color online) Schematic flow of image reconstruction
of the hologram recorded by parallel two-step phase-shifting
digital holography.
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single image in which the information of two holograms
required for two-step phase-shifting interferometry is
combined by space-division multiplexing, as shown in
Fig. 1. Pixels with each phase shift are extracted from
the recorded image, and two images that have vacant
pixels are obtained. Two phase-shifted holograms, Ið0Þ
and Ið−π=2Þ, are generated by interpolating the vacant
pixels in the obtained images. We can calculate the com-
plex amplitude distribution of an object wave by applying
two-step phase-shifting interferometry [20] to the gener-
ated holograms.
Figure 2 shows a schematic diagram of an example of

optical implementation of PPSDH. A perpendicularly po-
larized wave is emitted from the laser and is divided into
two waves by the beam splitter. One serves as the refer-
ence wave. The other illuminates an object, and the wave
refracted or diffracted by the object is the object wave.
The reference wave is introduced into the quarter-wave
plate, whose fast axis is inclined at an angle of 45° rela-
tive to the polarization direction of the original reference
wave, as shown in Fig. 2, to convert the perpendicularly
polarized light in the reference wave to circularly polar-
ized light. In other words, the phase retardation of the
reference wave in the slow-axis direction compared with
that in the fast-axis direction is π=2. Interference fringes
are formed on the image sensor plane by the object wave
and the reference wave. The image sensor of the polar-
ization-imaging camera has a pixel-by-pixel anisotropic
polarization-detecting function. Each pixel of the polar-
ization-detecting function corresponds to each pixel of
the image sensor, and each phase-shifted reference wave
can be selected with this function. Thus, a single image
containing the multiplexed information of two holograms
required for two-step phase-shifting interferometry can
be obtained.
We constructed an experimental system based on the

optical implementation shown in Fig. 2 and recorded 3D
moving pictures of a dynamically moving object. We used
a Nd:YVO4 laser as a light source and a high-speed
polarization-imaging camera (Photron FASTCAM-SA5-P;
Photron Ltd.) as an image sensor. The wavelength of the
light was 532 nm, and the pixel pitch of the high-speed
camera was 20 μm. The camera selects four polarization
axes for 2 × 2 pixels, but we used only two of the four
axes for implementing two-step phase-shifting digital ho-
lography. We recorded the intensity of the reference
wave, Ar , at the beginning of the hologram recording

process since two-step phase-shifting interferometry
requires not only Ið0Þ and Ið−π=2Þ but also Ar [20].

We used a compressed gas flow sprayed from a nozzle
as an object in order to obtain high-speed phase images.
Figure 3 shows a photograph and a schematic diagram of
the object. The inner diameter of the nozzle was 1mm.
We recorded the phase change of air caused by the gas
flow. First, we positioned two nozzles facing each other
19 cm away from the camera and sprayed compressed
gas from the right nozzle.

We captured holograms at a frame rate of 20,000
frames per second (fps) when the number of the pixels
in the holograms was 512 × 512. Figure 4 shows the phase
images reconstructed from the recorded holograms. The
pixel values in the phase images are normalized in the
range from 0 to 255, where the pixel value of 255 is
equivalent to a phase of 2π. The images in Fig. 4 were
obtained at t ¼ 0, 10, 15, 20, 65, 80, 85, 90, 95, and
100ms [(a) to (j), respectively]. The heads of the two noz-
zles were reconstructed in the right and left parts in each
image. The abrupt transitions from white to black in each
image resulted from phase wrapping from 2π to 0. Clear
phase variation images were obtained because the
unwanted images, such as the zeroth-order diffraction
image and the conjugate image, were eliminated by the
use of phase-shifting interferometry. The dim circular
rings superimposed on each image in Fig. 4 resulted from
strain in the surface of the image sensor caused by stress
that had occurred when the image sensor was packaged.
First, we can observe that the phase gradually increased
as the flow rate of the compressed gas increased. Next,
the phase increased from the opposite side of the sprayed
nozzle, as shown in Fig. 4(f). After that, the phase of the
background changed by the gas which was reflected by
the left nozzle. In addition, interesting periodic phase
distributions appeared.

To obtain images of faster phase changes, we captured
holograms at a frame rate of 180,000 fps when the num-
ber of the pixels in the holograms was 128 × 128. We
positioned a single nozzle 20 cm away from the camera.

Fig. 2. (Color online) Schematic diagram of an example of
the optical setup of parallel two-step phase-shifting digital
holography.

Fig. 3. (Color online) Object (compressed gas flow). (a) Photo-
graph and (b) schematic diagram.

Fig. 4. Phase images reconstructed from the recorded holo-
grams at a frame rate of 20,000 fps (Media 1). These images
were obtained at t ¼ 0, 10, 15, 20, 65, 80, 85, 90, 95, and 100ms
[(a) to (j), respectively].
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Figure 5 shows the phase images reconstructed from the
recorded holograms. The pixel values in the phase
images are normalized in the range from 0 to 255, where
the pixel value of 255 is equivalent to a phase of 2π. The
images in Fig. 5 were obtained at t ¼ 0, 3.2, 4.0, 4.8, 5.6,
24, 67, 87, 95, and 120ms [(a) to (j), respectively]. The
head of the nozzle was reconstructed at the right part in
each image. The head is indicated by the light-blue
framed rectangle in Fig. 5(a). Although the quality of the
reconstructed images degraded due to the smaller num-
ber of pixels in the recorded holograms, we successfully
obtained images of the phase variation. In Fig. 5, first, we
can observe that the compressed gas was sprayed from
the nozzle. The gas flow looked like a laminar one. Next,
the flow looked like a turbulent one in Fig. 5(f). After
that, the turbulentlike flow again became a laminarlike
one, as shown in Fig. 5(g). Then, periodic phase distribu-
tions were also observed, as shown in Fig. 5(j).
In conclusion, we constructed a PPSDH system for

high-speed 3D imaging. The constructed system can
record a single hologram in which the information of
two holograms required for two-step phase-shifting inter-
ferometry is spatially multiplexed with a single-shot
exposure. By applying two-step phase-shifting interfero-
metry, high-quality images in which unwanted images,
such as the zeroth-order diffraction image and the con-
jugate image, are eliminated can be reconstructed from
the recorded holograms. A compressed gas flow was
sprayed from a nozzle, and the phase variation of air
caused by the phenomenon was recorded by the con-
structed system. We reconstructed phase images of
gas flow by using two-step phase-shifting digital holo-
graphy. Intriguingly, periodic phase distributions were
reconstructed by the system. In summary, we success-
fully demonstrated high-speed 3D imaging by employing
PPSDH. The frame rate of 180,000 fps is, to our knowl-
edge, the fastest yet achieved, not only in phase-shifting
digital holography but also in phase-shifting interferome-
try and digital holography. It is expected that PPSDH will

contribute to 3D measurement of dynamically moving
objects, such as microparticles, fluid flow, mechanical
vibrations, and living specimens.
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Fig. 5. Phase images reconstructed from the recorded holo-
grams at a frame rate of 180,000 fps (Media 2). These images
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