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a b s t r a c t

In this paper, we propose a novel method to detect the best reconstructing distance in phase-shifting
digital holography, which can help one to reconstruct high-quality images even though the recording
distance is unkonwn. This scheme is based on an algorithm, two-dimensional discrete cosine transform
(DCT). Numerical experiments for this method are shown in this paper. It is shown that this method is
not only effective but also fast compared to previous schemes for detecting the focal distance in digital
holography. Meanwhile, the algorithm can be effective against different types of noise.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Holography was invented in 1948 by Gabor [1], recording both
phase and intensity information, and has been developed as
a real 3D imaging technology over the past few decades. In digital
holography (DH) [2], the hologram is digitized and recorded by
charge-coupled devices (CCDs). Digital holography is an attractive
technique for the acquisition of 3D information for various
applications, such as deformation analysis and shape measure-
ment [3,4], particle tracking [5], microscopy [6], encryption [7],
object recognition [8], and data compression [9,10]. Generally,
the quality of the computer reconstructed image from digital
holograms mainly depends on the recording scheme and numer-
ical reconstruction method. For recording holograms, there are
two typical setups: in-line setup by Gabor [1] and off-axis setup
by Leith and Upatnieks [11]. Although the off-axis setup was
proposed to overcome the suffering of twin image in the in-line
setup, the presence of zero-order image and the spatial resolution
requirements limit its practical use. Phase-shifting digital holo-
graphy (PSDH) proposed by Yamaguchi and Zhang [12] overcomes
these restrictions by using in-line setup and the reference waves
with stepwise changed phase. In general, the best reconstructing
distance should be equal to the actual optical-path-length, namely,
the distance from the object plane to the CCD plane in the process
of recording. In some cases this distance is not known exactly or

the information may be lost in a series of processes. If this distance
is not correct, it will appear out of focus and the reconstructed
image will become low quality. Much more experimental effort
should be made to detect the correct focal plane according to the
kind of object under investigation and the adopted configuration.
There are various methods proposed in the literature to search for
the precise reconstructed distances in DH. For example, the total
sum of the gradient [13], the Laplacian [14], or the variance [15] of
gray-value image distribution approaches have been proposed.
However, in these schemes the searching and recovery of the
correct image plane are usually cumbersome and time-consuming
for dynamic measurements. Ilhan et al. [16] used scaled holograms
method that can speed up the detection in DH, but the holograms
need preprocess. Quan et al. [17] proposed a gradient operator
method that can obtain high quality images with the in-line DH,
but the detection speed is not fast.

In this paper, we propose a novel method that can detect the
best reconstructing distance based on discrete cosine transform
(DCT) for numerical reconstruction in PSDH. We find that it is
possible to obtain the best reconstructing distance accurately with
this approach. The proposed method has some advantages com-
pared to previous schemes in Refs. [13–17]. It is relatively simple
and the holograms do not need to preprocess, the speed of
detection is also improved. In addition, the proposed approach
can detect the focal distance of the objects even though they are
overlapped. Meanwhile, the algorithm can be effective against
different types of noise. The theory of the proposed method is
outlined and the performance of the proposed method is demon-
strated using simulation results.
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2. Theory

2.1. Phase-shifting digital holography

The scheme of an in-line phase-shifting digital holography
(PSDH) technique often consists of a Mach–Zehnder interferom-
eter, as shown in Fig. 1. A laser beam is split into two paths by a
beam splitter, one of which illuminates an object and interferes
with the other beam, called reference beam, which includes a
phase shifter to introduce stepwise phase differences ΔφðΔφ¼
0;π=2;πÞ. The hologram intensities are obtained at the CCD device.
Thus, the complex amplitude of the object wave can be derived
from it. Assume an object point located at ðε;ηÞ in the object plane,
then the object wave of that object point at the recording plane is
defined by

Eðx; yÞ ¼ Uoðε;ηÞ exp ikdþ ik
ðx�εÞ2þðy�ηÞ2

2d
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; ð1Þ

where Uoðε;ηÞ denotes the complex amplitude of the object, ðε;ηÞ
and (x,y) are the coordinates at the object plane and recording
plane, respectively. ðk¼ 2π=λÞ is the wave number, λ is the wave-
length of the laser beam and d is the distance between the object
plane and the recording plane. The distribution of the object wave
at the hologram plane is given by

Uðx; yÞ ¼
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Then the object wave is superimposed upon the phase-shifted
reference wave whose complex amplitude is expressed as

Urðx; y;φÞ ¼ Aðx; yÞ expðiφÞ; φ¼ ðφ¼ 0;π=2;πÞ: ð3Þ
The intensity of the interference pattern obtained by CCD is
calculated by

IHðx; y;φÞ ¼ jUðx; yÞþUrðx; y;φÞj2: ð4Þ
The complex amplitude of the object wavefront at the hologram
plane can be calculated directly by

Uðx; yÞ ¼ 1� i
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Image reconstruction is performed by the Fresnel diffraction
formula, which is represented as

UIðX;Y ; ZÞ ¼
Z 1

�1

Z 1

�1
Uðx; yÞ exp ikZþ ik

ðX�xÞ2þðY�yÞ2
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where (X,Y) is the coordinate in the plane located at Z distance
from the hologram plane. When Z¼d, the object in depth Z is
focused. The convolution form is referred to as

UIðX;Y ; ZÞ ¼ CF �1½F ½Uðx; yÞ� � F ½hðx; yÞ��; ð7Þ

where C denotes a constant factor that can be omitted, F ½ �
and F �1½ � are the Fourier and inverse Fourier operators, respec-
tively, and the impulse response hðx; yÞ ¼ expðiðπ=λZÞðx2þy2ÞÞ.
The numerical calculation of Eq. (7) is accelerated by using
fast Fourier transform (FFT) operations. FFT-based light propaga-
tion reduces the computational complexity to OðN2 log NÞ,
where the resolution of the hologram is N�N. However,
when increasing the number of patches, the calculational cost is
enormous.

2.2. The algorithm based discrete cosine transform

Discrete cosine transform (DCT) can be used in the analysis of
the frequency domain signal characteristics, and it can be applied
to image compression. Because it is like a Fourier transform, we
can make the signal from the spatial domain into the frequency
domain. As known, in frequency domain of the image analysis,
image sharpness or focus degree is decided by how much high
frequency component of the image is. The more high the fre-
quency component is, the more clear the image becomes. High
frequency components are enhanced in the intensity image of
reflective or scattering objects when they are focused. Thus, after
DCT we can judge the image sharpness according to the
high frequency component of the image. For a two-dimensional
discrete signal (like the reconstruction image UIðm � nÞ) its two-
dimensional DCT is defined as

Dðu; vÞ ¼ apaq ∑
M�1

m ¼ 0
∑

N�1

n ¼ 0
UIðm;nÞ cos πð2mþ1Þ
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where 0rprM�1, 0rqrN�1, Dðu; vÞ is called the DCT coeffi-
cient of matrix UI, and the reconstructed image has ðM � NÞ pixels.
In order to estimate the clearest image, namely to detect the best
reconstructing distance, we use the following algorithm based on
the DCT

G¼ ∑
M

u
∑
N

v
jDðu; vÞj; ð9Þ

where Dðu; vÞ is the result of the DCT, the evaluation index G is the
coefficient applied to estimate the reconstructed image. The
brightness and grayscale of the image itself, called the DC term,
can affect the image definition, we use the improved algorithm
shown as

Gi ¼
∑M

u ∑N
v jDiðu; vÞj

jDið1;1Þj
; ð10Þ

where i represents different reconstructed images by using differ-
ent reconstructing distances, Dið1;1Þ is the DC term of the
reconstructed images. Consequently, the maximum of Gi corre-
sponds to the highest quality image and the best reconstructing
distance.

3. Results of the numerical simulations

In this section we use our proposed DCT method to simulate
two experiment processes. The numerical experiment was based
on the scheme shown in Fig. 1. The light source is a He–Ne laser
with a wavelength of λ¼632.8 nm. The CCD has an array of
512�512 pixels, and the size of each pixel is 10 μm� 10 μm.

Simulation experiment 1: At first, we investigate the effective-
ness of the scheme by simulating the first numerical experiment.
We use the gray image (characters-optics) as the virtual object
shown in Fig. 2(a). Each of the letters has the same recording

Fig. 1. Setup for recording an object of phase-shifting digital holography. BS: beam
splitters; M: mirror.
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