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We propose a single-shot digital holography in which the space bandwidth available for recording an object wave can be extended in an off-axis

configuration. The key points of this technique are utilizing the periodicity of a digital signal and the undersampling, intentionally setting the aliasing

to the recorded hologram, and conducting spatial-carrier phase-shifting interferometry and the Fourier transform method. The image quality for

both large objects and fine structures can be improved by the keys. The effectiveness of the proposed technique was numerically and

experimentally demonstrated. Then, the performance and the optimal angle condition were quantitatively analyzed.

# 2013 The Japan Society of Applied Physics

H
olography1) is a scheme for recording the complex
amplitude distribution of an object wave and then
reconstructing a three-dimensional (3D) image of an

object. A 3D image for any ultrafast physical phenomenon
can be captured by holography, and even 3D motion-picture
recording of light pulse propagation has been achieved.2)

Digital holography is a technique for obtaining a hologram
by using an image sensor and then reconstructing both a
3D image and quantitative phase distribution by using a
computer.3) It has been actively researched in the fields of
quantitative phase imaging,4) microscopy,5) object recogni-
tion,6) and nonlinear imaging.7)

However, there is a problem with digital holography in
that the quality of the object image is degraded because the
0th-order diffraction wave and the conjugate image become
superimposed on the desired image. Single-shot, quantitative
3D imaging without the unwanted images can be achieved
by off-axis digital holography using the Fourier transform
method,8) but most of the space bandwidth (SBW) of an
image sensor is discarded to avoid the superimposition in
this digital holography without ingenuity. Although parallel
phase-shifting digital holography was proposed as a way to
solve these problems,9) this technique requires a special
optical-device and a complicated optical setup.

In this article, we propose space-bandwidth capacity-
enhanced (SPACE) digital holography to achieve single-
shot, high-quality, and wide-area 3D imaging of dynamic
phenomena in an off-axis configuration. The SBW available
for recording the object wave is extended by using the
periodicity of a digital signal and intentionally setting the
aliasing. The unwanted images are removed by spatial-
carrier phase-shifting interferometry10) and the Fourier
transform method.8) We conducted numerical simulations
and experimented to verify the effectiveness of SPACE, and
analyzed the performance and optimal condition of the
incident angle of the reference wave quantitatively.

We explain the concept of SPACE digital holography.
Figure 1 shows the schematic of SPACE digital holography.
The incident angle of the reference wave, which can be
either �x or �y, is introduced to generate the spatial carrier.
�x or �y should be set to be sin�1ð�=2dÞ to generate fine
interference fringes. Here, � is the wavelength of the optical
source used to record a hologram and d is the pixel pitch of

an image sensor. Hereafter, we set �y as sin�1ð�=2dÞ and
�x to be 0 < j�j < sin�1ð�=2dÞ. The optimum angle for �x
is described later. When interference fringes are too fine to
be captured by an image sensor, the image sensor cannot
recognize the fringes correctly, and an undersampling of the
fringes occurs. By setting the angle sin�1ð�=2dÞ, the aliasing
occurs according to the propagation direction of the object
wave, as shown in Fig. 1(b). As a result, an image sensor
records the interference fringe pattern in which the spatial
frequencies are modulated by the undersampling. Figure 2
shows the spatial frequency distributions of holograms
obtained by a conventional off-axis configuration and
SPACE digital holography. We assume that each object
wave has an isotropic maximum wavenumber in the in-plane
direction in each case. The spectra of the 0th-order wave,
the conjugate image, and the object wave are separated
according to the spatial carrier. Figures 2(a) and 2(b) show
that only the object wave can be extracted by off-axis digital
holography when the SBW required for recording the object
wave is not so wide in comparison with the SBW of an
image sensor. Figure 2(c) shows that the spectrum of the
0th-order wave becomes superimposed onto that of the
object wave in the gray-colored area by a conventional

(a)

(b)

Fig. 1. Schematic of SPACE digital holography. (a) Optical arrangement,

(b) relationship between the aliasing and propagation direction of an object

wave.
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off-axis configuration, which is caused by the extension of
the SBW required for recording the object wave. The spectra
of the object wave and the conjugate image, as shown in
Figs. 2(b) and 2(d) respectively, become two semicircular
shapes in SPACE digital holography. This is due to the
periodicity of a digital signal and undersampling. Thanks
to adequately setting the spatial carrier, the distance in
the spatial frequency domain between the spectrum of
the 0th-order wave and that of the object wave is extended.
This way, the wide SBW for recording the object wave is
available with less superimposition, in comparison with a
conventional off-axis configuration. The 0th-order wave
and conjugate image are removed by spatial-carrier phase-
shifting interferometry10) utilizing the spatial carrier gener-
ated by the angle sin�1ð�=2dÞ and the Fourier transform
method, respectively. The SBW available for recording the
object wave is related to both the resolution and field of
view. Thus, SPACE digital holography can do high-quality
3D imaging for both wide areas and fine structures.

We conducted numerical simulations to verify the
effectiveness of SPACE digital holography. We numerically
simulated digital holographic microscopy adopting an afocal
magnification system shown in Fig. 3. A microscopy image
of the USAF 1951 test target shown in Fig. 4(a) was set as
the amplitude image of the object wave. The wavenumber
distribution of the object wave in the in-plane direction was
set to be

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

p
� �=ð2dÞ. This means that the SBW used

for recording the object wave on each axis corresponds to
half of the SBW of an image sensor. d, � , and the distance
between the magnified image of the object and an image
sensor plane z were 2.2 �m, 532 nm, and 5mm, respectively.
The intensity ratio of the reference wave to the object wave
was 1. Object images were reconstructed by the following
two techniques: conventional off-axis digital holography
with the Fourier transform method,8) and SPACE digital
holography. Also, we simulated numerically the case where
a hologram was obtained by using a low-numerical-aperture
(NA) microscope objective and an object image was recon-
structed by the conventional off-axis one. The maximum
wavenumber of the object wave in the in-plane direction was
limited by the objective and superimposition was avoided
as shown in Fig. 2(a). Figures 4(b)–4(d) show the object
images obtained by the conventional off-axis configuration,
the conventional off-axis configuration using a low-NA
microscope objective, and SPACE digital holography, res-
pectively. Figure 4(b) shows that the residual 0th-order

wave becomes superimposed on the object image while an
image mostly free from the unwanted images is recon-
structed by SPACE digital holography as shown in Fig. 4(d).
Figures 4(e)–4(h) show the magnified areas of the object and
the reconstructed images. Although the clear image without
the unwanted images was reconstructed by the conventional
technique using a low-NA microscope objective, fine struc-
tures cannot be reconstructed because of the limit of the
spatial information by the objective, as shown in Fig. 4(g).
Figures 4(b), 4(c), 4(f ), and 4(g) indicate that the removal
of the unwanted images and the reconstruction of a large
amount of spatial information cannot be simultaneously
achieved in the conventional off-axis configuration. In con-
trast, fine structures of the object are reconstructed with few
unwanted images by the extension of the SBW in SPACE
digital holography. Thus, the effectiveness of the proposed
technique was numerically verified.

We also experimented to demonstrate the single-shot
wide-area 3D imaging ability. An optical setup shown in
Fig. 1(a) was constructed. A Nd:YVO4 laser operating at
532 nm was used as the light source. A CMOS image sensor
[2592 (H) � 1944 (V) pixels, pixel size: 2:2� 2:2 �m2,
A/D: 12 bits] was used to record a hologram. This time, we
set a cherry blossom as the object and the distance between
the object and the image sensor z was 245mm. Figure 5
shows the photograph of the object and the images
reconstructed by both the conventional8) and proposed
digital holography. Figure 5(b) shows the superimposition
of the 0th-order wave on the object image. This super-
imposition is caused by the fact that the SBW required for

(a) (b) (c) (d)

Fig. 2. Spatial frequency distributions of a recorded hologram in the cases

where (a), (b) no superimposition of the unwanted images in either digital

holography, (c), (d) slight superimposition in the conventional off-axis

configuration, but no superimposition in SPACE digital holography. (a) and

(c) Those obtained by a conventional configuration and (b) and (d) those

obtained by SPACE.

Fig. 3. SPACE digital holographic microscopy adopting an afocal

magnification system for numerical simulations.

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 4. Microscopic object for numerical simulations and the numerical

results. (a) Entire object and images obtained by (b) a conventional off-axis

configuration, (c) that using a low-NA microscope objective, and

(d) SPACE digital holography. (e)–(h) Each magnified area of (a)–(d),

which is indicated by the square in (a).
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recording the object wave is extended when capturing a
wide area. Therefore, the unwanted image strongly becomes
superimposed in the case of measuring a wide area in the
conventional technique. In contrast, a clear image was
reconstructed by SPACE digital holography as shown in
Fig. 5(c). Figure 5(d) shows the spatial frequency distribu-
tion of the hologram recorded by SPACE digital holography.
The information of the object wave was separated from the
unwanted images. Thus, a high-quality image of a wide area
was reconstructed by SPACE digital holography.

We discuss the SBW available for recording the object
wave in SPACE digital holography and the optimal angle
of �x for the maximization of the SBW. Figure 6 shows
the three spectra of the proposed technique in the spatial
frequency domain. It can be considered that SPACE digital
holography is not adversely affected by the 0th-order wave
in the case where the object wave is weaker than the
reference wave. Reference 11 indicates that the high spatial-
frequency component of the 0th-order wave can be almost
negligible in the case above. Then, the numerical results
show that a much clearer image can be reconstructed by
SPACE digital holography in comparison with the conven-
tional off-axis configuration. Therefore, in the case above,
the spectrum of the 0th-order wave can be regarded as
negligible, and the maximum spatial frequency utilized to
record the object wave fSPACE is extended to 1=ð4dÞ. From
the schematic of the spectrum, in the case where the in-
tensity of the object wave is higher than that of the reference
wave, fSPACE is geometrically calculated and given by

fSPACE ¼
ffiffiffiffiffi
17

p � 1

16d
� 0:195

d
: ð1Þ

This equation means that in the cases above, the SBWs of
SPACE digital holography are extended 1.56 and 1.22 times
in comparison with the conventional one.8) Subsequently,
the optimal angles of �x in these cases are sin�1ð�=4dÞ and
sin�1½ð9� ffiffiffiffiffi

17
p Þ�=16d�, respectively.

We proposed and experimentally demonstrated SPACE
digital holography. The proposed technique does not require
either a numerical filter requiring the intensity distribution of
only the reference wave or an iteration process for removing
the unwanted images. Therefore, single-shot 3D imaging
with a wide field of view can be achieved with simple
image processing and a simple optical system. Note that
the visibility of fine interference fringes decreases when the
fill factor of each photo detector in the image sensor is close
to 100%.12) It is a future work to compensate the influence
caused by the decrease of the visibility. This technique has
the potential for high-quality, quantitative, 3D imaging for
dynamically moving objects, as well as for the application to
microscopy, polarization imaging in 3D space, 3D multi-
spectral imaging, object recognition, and other 3D imaging
applications.
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(a) (b) (c) (d)

Fig. 5. Object for experiments and experimental results. (a) Photograph of the object, (b) object image obtained by the conventional off-axis configuration,

and (c) that obtained by SPACE digital holography. (d) Spatial frequency distribution of the hologram obtained by SPACE.

(a) (b)

Fig. 6. SBWs available for recording an object wave in SPACE digital

holography. Cases where the object wave is (a) weaker and (b) stronger than

the reference wave.
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