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Fresnel incoherent correlation holography (FINCH) has the ability to generate three-dimensional images with a super-
resolution by using incoherent sources. However, there are unwanted direct current term and twin image in interferograms,
so it is of great significance to find a method to eliminate them. Phase-shifting technology is a most widely used technique
for this task, but its three-step phase-shifting is not suitable for the instantaneous measurement of dynamic objects, and
the quality of reconstructed image with the traditional two-step phase-shifting is lower. In this paper, we present a method
of enhancing the resolution through using a two-step phase-shifting technology based on the discrete wavelet transform.
After two-step phase-shifting, the resulting hologram is a superposition of multiple forms. The frequency of the resulting
hologram is decomposed into different levels through using discrete wavelet transform, then the image is reconstructed
after retrieving the low frequency band. Various experiments have verified the effectiveness of this method.

Keywords: holography, phase-shifting, wavelet transform

PACS: 42.40.Lx, 42.30.Va

1. Introduction

Using advanced computers and photonic devices, dig-
ital holography (DH) can record the hologram of a real
three-dimensional (3D) object on a two-dimensional (2D)
plane and reconstruct an image digitally.['*! However, in
a coherent holography system, laser light is necessary for
the holographic recording, which leads to speckle. The
unavoidable coherent noise significantly constrains optical
configurations. ! The incoherent holography can alleviate this
limitation by using spatially incoherent light and a properly
designed interferometer. (%7 Therefore, the incoherent digital
holography technology has been increasingly developed. 8121

Fresnel incoherent correlation holography (FINCH) orig-
inally proposed by Rosen and Brooker!!>!%! has developed
rapidly and extensively in the field of imaging.['3->°1 The
FINCH presents a factor of about 1.5 in resolution higher
than a regular incoherent imaging system with the same NA,
but the unwanted direct current (dc) term and twin image
are superimposed on the reconstructed image. Phase-shifting
technology?'??! is widely used to extract dc term and twin
image. Traditional three-step phase-shifting technology must
record at least three holograms in sequence, which is not
suitable for instantaneous measurements. The image recon-
structed by the two-step phase-shifting cannot eliminate the
unwanted items, so its quality is relatively poor.

To both exceed recording many times and achieve a

DOI: 10.1088/1674-1056/abab7d

phase-shifted method for instantaneous measurement, Wan (23!
combined FINCH with parallel phase-shifting technique to
obtain a spatially multiplexed hologram of four-step phase-
shifting FINCH instantaneously. The hologram is demulti-
plexed into four undersampled phase-shifted holograms with
a sampling rate of only 25%. The more the multiplexing, the
narrower the spatial bandwidth of each hologram will be, and
the reconstruction quality will decrease. To realize the par-
allel two-step phase-shifting FINCH for real time imaging, it
is extremely urgent and important to do research on two-step
phase-shifting algorithm. In Ref. [24], the complex amplitude
of an object is calculated by using the intensity of reference
wave and two holograms, but the FINCH system is a single-
path configuration, neither object wave nor reference wave can
be separated. In 2009, Meng et al.!?>! and Liu and Poon!%%!
proposed a two-step phase-shifting algorithm to remove the
dc term and twin image. Though this algorithm was optimized
in 2011, it was still complex and computationally intensive.
In Ref. [27], Hanning filter was utilized to retrieve the low
frequency bias from a hologram, then the dc term can be sub-
tracted from the recorded holograms.

In this work, we present a method of enhancing the reso-
lution, the method that is two-step phase-shifting Fresnel inco-
herent correlation holography based on discrete wavelet trans-
form. After two-step phase-shifting technology, using this ap-

proach can separate high frequency and low frequency infor-
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mation in a hologram layer by layer, so it is more effective to
segregate dc term from the measurement information for en-
hancing resolution. This method is verified by comparing with
different image processing results on the same experimental
object and by obtaining the same result on different objects.
In addition, the method improves the spatial utilization in a
parallel phase-shifting holography system while ensuring the
quality of reconstruction.

2. Theory

In this section, the experimental setup and the theory of
discrete wavelet transform are introduced.

2.1. Experimental setup

In the experimental setup, incoherent light wave emitted
from the white light source (CEL-TCX250, 250 W) is colli-
mated by a lens L; with a 60-mm focal length, and then it
passes through a narrow (20 nm) bandwidth filter with a cen-
tral wavelength of 632.8 nm. The wave is split into two beams
by a spatial light modulator (SLM, Holoeye Pluto 1920 x 1080
pixels, 8-pum pixel pitch, phase only modulation), the FINCH
system produces self-interference for each object point and in-
coherently superimposes them to create a Fresnel hologram.
The hologram is captured by a CCD camera (QImaging Retiga
6000, 2750x2200 pixels, 4.54-um pixel pitch) and ﬁnally

Hg (x,y) = (Hl (x,y)+1iH>(x,y))

stored in an image processing system. The distance between
L, and SLM is 140 mm, and the sum of the distance from BS,
to SLM and the distance from BS, to CCD is 250 mm.

incoherent
light source

<]
L, Y
BF
L2 BS,
=T S
L
5= M
ETH
BS, polarizer
E—
CCD

Fig. 1. Optical setup of Fresnel incoherent correlation holography.

2.2. Wavelet decomposition and reconstruction

In two-step phase-shifting technology, an object point
was located at the point (xg, ys, z5). We mounted dual-lens
patterns on an SLM. Two holograms (H and H,) with dif-
ferent phase shifts can be obtained by CCD, and the two phase
=m/2+ 0, and angle 0, is at an
=0and 6, = /2.
The resulting hologram Hpg(x,y) is a superposition according

shifts have the relationship 6,

arbitrary value. In our work, we chose 6;

to the following equation:

=C ///g XsyVsy3s dxsdysdzs

+cl// g (%5, Y5r28 exp{ 7 [(x MTx5>2+<y—MTys)2}}dxsdysdzs, )

where C' and C are constant, Hg(x,y) represents the infor-
mation about a hologram containing three terms, which are dc
term, the linear phase, and real image. According to Eq. (1),
the dc term is superposed on a resulting hologram, so the reso-
lution of reconstructed image is lower. In order to improve the
quality of image, it is significant to get rid of the dc term.

Wavelet analysis has been widely used in image process-
ing, medical imaging and diagnosis.?®=3?! Discrete wavelet
transform (DWT) can be regarded as being equivalent to fil-
tering the input signal with a bank of band-pass filters. The
low-frequency represents a summary and high-frequency rep-
resents fine details of a signal, both are essential in signal anal-
ysis and representation.

Figure 2 shows the diagram of decomposition. At each
round of DWT, low-resolution signal (low frequency D) and
fine details signal (high frequency P) are obtained, this actual
process is called decomposition level process. At the first step

of decomposition, due to the separability property of DWT,

two passes at each round of the DWT are done at rows and
columns separately. One level DWT is used to decompose
an input image into different sub-band images as shown in
Fig. 2(a), and the result of this step is to produce four sub-
regions, which are summary (DD), vertical details (DP), hor-
izontal details (PD), and diagonal details (PP).?*! The above
steps are repeated on the DD image for the next round of DWT
as shown in Fig. 2(b).

The wavelet coefficients of each level after decomposition

can be expressed as follows:

T1(x,y) = T,L(x)L(y),

Kl(6) = HLWG0), .

K () = T,GLy), " 0heonh @
n+l( ) 7;1G( ) ( )ﬂ

where 7,11 is a set of low-frequency sub-classes; K11 is a
set of high-frequency sub-classes; G and L correspond to the
high pass filter and low pass filter, respectively; superscripts
(h, v, d) correspond to the horizontal direction, vertical di-
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rection and diagonal direction; n denotes the decomposition
level. 34331 As the level of decomposition increases, the more
information will be filtered out, choosing the most appropriate
value for the least loss.

PD,
DD, PD, PD,
DP, | PP,
DP, PP, DP, PP,
(a) (b)

Fig. 2. 2D-DWT decomposition at (a) level 1 and (b) level 3.

Resulting hologram Hpg(x,y) is calculated with two
phase-shifted holograms according to Eq. (1), then the re-
sulting hologram is decomposed by using the DWT. The
wavelet decomposition divides the data of the hologram into
approximate parts (low-frequency) and detailed parts (high-
frequency), and the approximate parts with the highest level of
decomposition are extracted. The other parts reconstruct a new
hologram Hy (x,y). In the digital holography, the diffraction

process is simulated on a computer and digitally reproduced,
then an image S(x,y,z) can be reconstructed from Hf,(x,y) by
ASM as follows:

S(x,y,2)
= F! {;[ng(x,y)] exp {ikz”/lxz(f;+fy2)”, 3)

where k =27 /2, F and F~! represent the forward and inverse
Fourier transform, respectively, f; and f, are the frequency do-

main coordinates corresponding to x and y.

3. Results and discussion

In this paper, we propose that the DWT can be used to
eliminate the dc term of a hologram after two-step phase-
shifting technology. Qin er al.?®! utilized a Hanning filter to
retrieve the low frequency in hologram, and this method indi-
cates that with a hologram multiplied by a filter function, a sin-
gle filter can be achieved. While in our proposed method the
DWT is used to decompose a hologram from four directions
into different layers, and repeating this process for retrieving
the low frequency information layer by layer, we can obtain a
clearer reconstructed image finally.
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Fig. 3. Reconstructed images obtained by (al) traditional two-step phase-shifting technology, (a2) Hanning filter, (a3) proposed method, [(c1)—(c3)] intensity
distributions at positions of red line and blue line in panels (al)—(a3), respectively.
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Figure 3 shows the reconstructed images with different
methods. We use program to obtain intensity—pixel graphs
by drawing lines at the same position in each reconstructed
image, and the existence of line pairs is represented by the
change of intensity values in the graph. The dotted line in-
dicates the intensity of background noise and the height be-
tween peak value and dotted line represents the resolution.
Figures 3(b1)-3(b3) and 3(c1)-3(c3) show the intensity distri-
butions of red line and blue line of Figs. 3(al)-3(a3), respec-
tively. Figure 3(a2) illustrates that Hanning filter can reduce
the dc term, but the dc term cannot be completed removed .
The reconstructed image obtained by our proposed technique
is shown in Fig. 3(a3), and we can see that the noise value
is reduced, the peak value does not change, and resolution is
enhanced. The minimum value of intensity distribution corre-
sponding to the red line in Fig. 3(b3) is much smaller than in
Fig. 3(b2), which means that the background noise is extracted
completely, and the resolution is much higher. We can obtain
an identical result from the blue line. Experimental results
show that this method can extract the dc term from horizon-

tal and vertical direction, and improve the quality of recon-
structed image. It is fully confirmed that this proposed method
achieves higher-resolution imaging with the two-step phase-
shifting technology by extracting the approximate parts.

In order to be able to quantify the effect of the pro-
posed method on resolution, we consider a high-resolution
1951 USAF test target as an object. Three reconstructions are
shown in Fig. 4. Using the traditional two-step phase-shifting
technology, the resolved elements in the reconstructed image
Fig. 4(al) are G3-E3 (point A) corresponding to a cutoff fre-
quency of 10.08 lp/mm. Figure 4(a2) shows the reconstructed
image with Hanning filter, and we can see that the element 2
(point B) in group 4 is clear, but the images of group 4 above
element 3 are blurry, so its frequency is 17.96 Ip/mm. From
Fig. 4(b3), the element 3 (point C) in group 4 can be distin-
guished, the limit in the spatial resolution can be extended up
to 20.16 Ip/mm by using the proposed method. The conclusion
from these observations is that the resolution of the hologram

reconstruction is enhanced by our proposed method.

Fig. 4. Reconstruction images, obtained by (al) traditional two-step phase-shifting technology, (a2) Hanning filter, (a3) proposed method, with
panels (b1)—(b3) corresponding to groups 2 and 3 of panels (al)—(a3), respectively, and panels (c1)—(c3) corresponding to groups 4 and 5 of

panels (al)—(a3), respectively.

Fig. 5. Reconstructed images obtained by (a) traditional two-step phase-
shifting technology and (b) proposed method.

In order to demonstrate the influence of our proposal, we
use blocks with obvious gray values in the experiments: each
block is 1.5 mmx 1.5 mm in size. The reconstructed images
with different methods are shown in Fig. 5. It can be seen
from the experimental results that the background of tradi-

tional method is obviously brighter, but the edges of block are
blurred. It indicates that the background noise of reconstructed
image obtained with traditional two-step phase-shifting tech-
nology is larger than with the DWT under the same holo-
graphic recording conditions. Hence, the DWT is an effective
tool to extract the dc term, thereby being able to improve the
quality of reconstructed image.

Figure 6 shows the experimental results for a ‘cat’. Two
holograms with different shifts are continuously recorded by
CCD, which are shown in Figs. 6(a) and 6(b). We use different
methods to implement the image reconstruction of two iden-
tical holograms. The comparison of Fig. 6(c) with Fig. 6(d)
shows that the presence of the dc term blurs the reconstructed
image and makes the edge of the test subject inaccurate. The
reconstructed image obtained by the proposed method is much

124201-4
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clearer than by the traditional two-step phase-shifting tech-
nology. Thus, the proposal can extract the dc term within a
high accuracy, and is effective to image real objects. In ad-
dition, compared with the three-step phase-shifting technol-
ogy, two-step phase-shifting technology only needs recording
twice, which reduces the number of shots. It can also reduce
multiplexing and increase space utilization in a parallel phase-
shifting technology system.

(a) (b)

Fig. 6. Experimental result, showing (a) 0° phase shift hologram, (b) 90°
phase shift hologram, (c) reconstructed image obtained with traditional two-
step phase-shifting technology, and (d) reconstructed image obtained with
proposed method.

4. Conclusions

In this paper, an effective method based on the two-step
phase-shifting technology is proposed to improve the quality
of reconstructed image. We capture two holograms with CCD,
and use the two-step phase-shifting technology to obtain a re-
sulting hologram, the resulting hologram is a superposition of
multiple forms. Decomposing the resulting hologram into dif-
ferent sub-bands according to the theory of DWT, and recon-
structing image after filtering out the dc term, it is sensible
to retain a higher resolution in a very low-frequency band, be-
cause low-frequency information is much more important than
high-frequency information to human perception. On this ba-
sis, experimental reconstructions of some objects are used to
verify the effectiveness of this method. The DWT can sup-
press the influence from the dc term more efficiently, thereby
improving the quality of reconstructed image. And the two-

step phase-shifting technology only involves the acquisition
of holograms with two phase shifts, so this method can reduce
spatial multiplexing and improve device applications in a par-

allel phase-shifting system while ensuring image quality.
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