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Abstract: A novel numerical iterative approach is proposed to effectively
eliminate the zero-order term and to improve the signal-to-noise ratio of the
reconstructed image in off-axis digital holography. The iterations are
conducted in the spatial domain, resulting in considerable reduction in the
computational time and avoiding the subjectivity involved in selecting a
filter window in spectral domain. These advantages promote the application
of this approach in real-time detection processes. The feasibility of this
approach is confirmed by mathematical deductions and numerical
simulations, and the robustness of the proposed approach is tested by means
of an experimentally obtained hologram.

OCIS codes: (090.1995) Digital holography; (100.2000) Digital image processing; (100.3010)
Image reconstruction techniques.
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1 Introduction

Off-axis holography [1] has been traditionally used to separate the zero-order image from the
two conjugate images, namely, the virtual and real images, from the reconstructed image.
Being limited by the fixed pixel size [2] and the number of pixels [3] of the digital recording
device, the spectral domain of a hologram, which is common for the zero-order image, and
the two conjugate images, is fixed in size. It is necessary to eliminate the zero-order term to
enlarge the recordable bandwidth of the sample, thereby improving the quality of the
reconstructed complex wave front [4, 5].

Several solutions have been proposed to eliminate the zero-order term in off-axis digital
holography. A typical phase-shifting approach in digital holography [6—-11] involves the use
of a precise vibration-free optical table for successful experimentation [8,9]; further, the time
required for recording multi-frame holograms [10,11] renders its application in real-time
dynamic processes untenable. A filtering approach has been developed using different types
of filters [12—14], where subjective factors significantly influence the selection of the filter
window. Moreover, the zero-order term cannot be effectively eliminated using the filtering
approach and it has difficulty in coping with the cases when it occurs a big overlap between
the zero order term and the real or virtual images. Zero-order term elimination based on
various space-shifting manipulations [15, 16] successfully eliminates the zero-order term.
However, the reconstructed image is companied by several replicas of the original image,
which would be a hinder in the improvement of the spatial resolution. Pavillon proposed an
iterative method to eliminate the zero-order term [17], wherein the zero-order term of the
hologram could be effectively eliminated by performing more than a dozen iterations in the
spectral domain. However, performing iterations in the spectral domain is a time-consuming
process because of the need of performing Fourier and inverse Fourier transform algorithms
during each iteration; further, a suitable filter has to be selected during each iteration. An
iterative approach based on the 2D Hilbert transform is proposed by Soulard etc [18], wherein
a 2D Hilbert transform are needed in every iteration, which is time consuming due to the
included Fourier and inverse Fourier transform. Besides, unless the orientation angle is
compensated, the iteration based on 2D Hilbert transform only applies on the retrieval of the
object intensity distribution.

In this paper, a novel numerical iterative approach in the spatial domain is proposed to
eliminate the zero-order term; in this approach, multi-frame holograms and performing
Fourier and inverse Fourier transforms are not required during each iteration. The number of
iterations to be performed is also less than that required in the spectral domain; consequently,
the time consumed by the proposed approach reduces dramatically. Moreover, the
subjectivity involved in selecting a filtering window can be avoided because the same
rectangular window is used as a pre-filtering process before the iteration starts, regardless of
the content of the hologram. The advantages of the proposed approach are more obvious
when a big overlap occurs between the zero order term and the real or virtual image in the
Fourier domain. The numerical simulations and experimental results demonstrate the
efficiency of the proposed approach in eliminating the zero-order term and improving the
quality of the reconstructed image.

2 Theoretical analyses

In off-axis digital holography, the intensity of the recorded hologram is denoted as [19]
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Ly =Wo +W )W, +v) =|wi| + ol +¥Wows +¥o Ve (1)

where o and yy denote the object and reference waves, respectively; the asterisk denotes the
complex conjugate operator; the last two terms on the right-hand side of Eq. (1) denote the
virtual and real images, respectively, while the first two terms on the same side, namely, |yo|*
and |yz/*, should be eliminated to suppress the zero-order image. The amplitude and phase of
the reference wave are known for convenient reconstruction; therefore, by subtracting the
term |yg|* from the hologram representation in Eq. (1) and squaring the result, we get the
following.

(L ~we ) = (ol +¥ove +Wo W) (Wol +¥Wole +¥o W)

=lol + 2wl ol +2lwol Wi vo + 2ol wao + Wi W + Waw, )

The initiatory value of the iterative computation of |w| is written as |wg|y, which can be
obtained by using a conventional digital hologram reconstruction method. Substituting |wolo
into Eq. (2) and decomposing |wo|* into [wol*lwol’o, Eq. (2) can be rewritten in the following
form.

2

Uy =D =wol s ol + 2wl Wol s + 2wl we' o +2Wol, wato'

W Vo) + W, )
In the meantime, adding |yz|* to the hologram representation in Eq. (1) and multiplying by
the initiatory value of the iterative computation ||, yields

3
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Equations (5) and (6) are obtained by carrying out the Fourier transform of Egs. (3) and

(4), respectively. An off-axis plane wave is used as the reference wave in the proposed
approach.
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where Go(u,v) is the Fourier transformation of the object wave and R”3(u,v) is the Fourier
transformation of the reference intensity, the symbol ® denotes the convolution operation,
and (uo,vo) 1s the spatial carrier frequency of the reference wave.

A rectangular filter with a size equal to one quadrant or two quadrants is used to keep the
+ 1 order, i.e., the third term on the right-hand side of Egs. (5) and (6), as long as the result of
filtering doesn’t contain the —1 order spectrum. The filter is fixed in size regardless of the
content of the hologram, so the subjectivity in selecting a filter window related to sample is
avoided. The results of filtering are expressed using Eqgs. (7) and (8), respectively.
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Equations (9) and (10) are the inverse Fourier transforms of Egs. (7) and (8), respectively.
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As the first two terms of Eq. (9) are equal to those of Eq. (10), they can be subtracted,
consequently, Eq. (11) is obtained.

Ji=Jy =Wl Wi Vo + W o) (11)
By solving Eq. (11), the solution is shown in Eq. (12).
vl £l 4 - )
v, = ol # ol 02 (12)

Performing the modulo operation on both the sides of Eq. (12) and dividing by ||, the object
amplitude can be expressed as follows.

| 7 7
vol= el J'; (13)
Yr ‘

As evident from Eq. (13), there are two values of |wo|, namely,

2 4 ) "
Wol, :| el +\/|WO| : = and ol :| ol o \/|l//0| 0
| Wi | | 2y,

respectively. Because only one of these values is the closest to the true value, the appropriate
value of |y is selected by calculating the relationship between the correlation factor, CF (the
level of similarity between the original and reconstructed images), and the intensity ratio, A”
(the intensity ratio between the reference and object waves [20]).

Here, A” can be defined as
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Further, CF can be defined as
I, *xI .
CF — [ Re ()rtg]peak (15)

Zlke ’

where /o,;; and Iz, denote the original object intensity and the reconstructed object intensity,
respectively; the symbol * denotes the cross-correlation operation. The CF value has
different correlations with 4% when |wo| in Eq. (13) is either |wol; or [wol.. The |yo| value that
yields a CF value that is the closest to 1 is selected as the new iteration initial value |yol;.
Then, the iteration operation in Eq. (13) is repeated (k — 1) times, and the final |wg| value is
obtained. Ultimately, the zero-order term of the hologram is eliminated by substituting |yolx
into Eq. (1), as shown in Eq. (16).
« « 2 2 2 2
VoVWr t¥W, l//R:IH_|l//0| _|WR| :IH_(|1//0|;{) _|l//R| (16)
3 Numerical simulations

The simulation parameters are set as follows: the wavelength of the light source is set as
632.8 nm; the number of pixels is set as 1024 (H) x 1024 (V) with each individual pixel
having a size of 3.75 um x 3.75 pm. The results of Eq. (13) resulting in “+”and “—” outputs
are denoted as |yol|+ and |wg|., respectively. Here, a simulation using the letter string “NKU” is
performed to demonstrate the method for selecting the appropriate sign and to illustrate the
convergence of the proposed approach.

The digital hologram (Fig. 1(a)) is constructed using the interference between the string
“NKU” and a unit-amplitude plane wave; the corresponding Fourier spectrum is shown in Fig.
1(b). The eventually obtained reconstructed image intensity and the Fourier spectrum of the
hologram after zero order suppression are shown in Fig. 1(c) and Fig. 1(d), respectively. A
comparison between Fig. 1(b) and Fig. 1(d) reveals that the proposed approach can
effectively eliminate the disturbance induced by the zero-order spectrum. The calculated
retained zero-order noise through the method presented in reference [17] shows more than
99.8% of the spectral energy of the zero-order term is eliminated.
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(a) (b)

© (d)

Fig. 1. Simulation of iterative approach. (a) digital hologram; (b) Fourier spectrum of
hologram; (c) reconstructed image intensity using proposed approach; (d) Fourier spectrum
after eliminating zero-order term.

According to the relationships between the calculated CF and A* values, it is reasonable to
assume |wol+ as |wp| in the simulation process. Figure 2 shows plots of the relationships
between CF and A” using || by assuming |wo|. and |yo|.. (X-axis represents the A” value
between the reference and object waves, and Y-axis, the CF value.)
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Fig. 2. Relationships between CF and A?, where solid line denotes use of |yol- and dashed line,
that of |wo..

From Fig. 2, it is evident that the CF calculated using |wo|- is much closer to 1 than that
using |yol.. Consequently, |wo| is assumed to be |wp|+ in the simulation process. In addition,
when A =1, CF = 0.87, the CF is already above 0.9 when the intensity ratio A* reaches to 3.
The improvement of CF value is not obvious, even though the intensity ratio further
increases. According to the interference theory, the contrast of the interference fringes would
decrease as the intensity difference between the object and reference wave increases.
Therefore, the intensity ratio A” is suggested within the scope that greater than or equal to
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land less than or equal to 3, considering the environmental noise and vibration in the practical
experiment, which would make it difficult in capturing hologram with comparatively low
fringe contrast. In the simulation process, A* = 2, and the number of iterations required for
reconstruction is 3.

The convergence of the iterative approach is also calculated. From the curve shown in Fig.
3, three iterations are sufficient to suppress the zero-order term for a particular A* value. The
CF value becomes constant as the number of iterations increases. Simultaneously, it is evident
that a larger A” value helps to obtain a higher CF value.

0.96 . .
QoL B S-VT S—w —
nool  FoAEE bk d ot bbbt

*.

Correlation Factor
_
[iu]
.

088+ b
—&— al=0
086} a2y
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0.64 . -
g 10 18

lteration step
Fig. 3. Correlation factor verses iteration steps for different A,

The following simulations are carried out to compare the quality of the reconstructed
images before and after the iteration process under the same conditions of filtering
parameters. An image plane hologram of a school badge of the Nankai University (A* = 1) is
shown in Fig. 4(a). The digital hologram is Fourier-transformed into its spectral-domain
representation in which the unwanted zero-order spectrum is superimposed on the useful & 1-
order spectrum. After three iterations, the zero-order spectrum is eliminated, as shown in Fig.
4(c). The directly reconstructed image from the + 1-order term of Fig. 4(b) contains a group
of redundancy fringes resulting from the spectrum of the zero-order term, as shown in Fig.
4(e). By comparison, the redundancy fringes have a lesser influence on the image in Fig. 4(f)
reconstructed from the image in Fig. 4(c).
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(a) (b) (©

(d) (e) ®

Fig. 4. Simulation results for sample with higher bandwidth. (a) Digital hologram; (b)
spectrum of digital hologram in (a); (c) spectrum processed using proposed approach; (d)
original object intensity of school badge of Nankai University; (e) reconstructed image from +
1-order spectrum of (b); (f) reconstructed image from + 1-order spectrum of (c).

Numerical results reveal that the CF value of the image in Fig. 4(f) with the original
image is as high as 0.8549 (Fig. 4(d)), whereas the CF value of the directly reconstructed
image of Fig. 4(e) with the original image is 0.6466. These results were confirmed by using
the cosine similarity analysis [21], which is independent of the image intensity. The cosine
similarity calculation requires reshaping the matrixes corresponding to the images in Fig.
4(d), Fig. 4(e), and Fig. 4(f) into one-dimensional vectors. Further, the closer this value is to
1, the more similar the reconstructed image is to the original. The cosine similarity value
between Fig. 4(f) and Fig. 4(d) is 0.8645, which is better than that between Fig. 4(e) and Fig.
4(d), i.e., 0.6739. The amount of retained zero-order noise in Fig. 4(c) is 2.79%, indicating
that most of the spectral energy carried by the zero-order has been suppressed.

The ability of the iterative approach in reconstructing the phase information is tested using
a phase hologram. Since a marginal area is occupied by the zero-order spectrum in the phase-
only hologram, the experimentally recorded intensity of a plane wave (Fig. 5(b)) is introduced
to modulate the uniform amplitudes of the object and reference waves. The introduced noise
in the amplitude results in a relatively large area of the zero-order term; therefore, it is
significantly easier to observe the effect of the iterative approach for eliminating the zero-
order term.
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Fig. 5. Phase profile reconstruction. (a) Sinusoidal phase; (b) amplitude information; (c) phase
reconstructed using standard approach; (d) phase reconstructed using iterative approach; (e)
tomographic phase profile of dashed lines in Fig. 5(a) using standard and iterative approaches.

Figure 5(a) shows the sinusoidal phase (range: £+ 1 rad) used in the simulation, and Fig.
5(b) is the experimentally obtained amplitude information. Here, the phase hologram is
formed using A? = 2. The reconstructed phases before and after the iteration processing are
shown in Fig. 5(c) and Fig. 5(d), respectively; a reduction in the noise is obvious. The
tomographic phase profiles corresponding to the dashed lines shown in Fig. 5(a) for both
standard and iterative reconstructions are shown in Fig. 5(e). The curves show that the phase
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reconstructed using the iterative approach is closer to the true value of the phase than that
obtained using standard reconstruction. A regular sinusoidal curve is distinctly identifiable
with regard to the iterative approach, while the sinusoidal curve with regard to the standard
approach is significantly distorted because of its strong noise content.

4 Experimental results and analyses

M, MO,

CcD

Fig. 6. Schematic diagram of experimental configuration. (SPF: spatial filter; BS: beam
splitter; M: mirror; S: sample; MO: microscope objective)

The proposed approach is verified by means of an experiment; the setup is shown in Fig. 6. In
this experiment, a 1951 USAF resolution test chart is illuminated with a continuous wave He—
Ne laser operating at a wavelength of 632.8 nm. The microscope objectives in both the arms
are used to offset the spherical phase. The interference pattern is captured by using a
commercially available charge-coupled device (Chameleon CMLN-13S2M, 1280 (H) x 960
(V) pixels with an individual pixel size of 3.75 um x 3.75 pum).

The Fourier spectrum of the experimentally obtained digital hologram is shown in Fig.
7(a). After three iterations, the zero-order term, which induces a disturbance in the + 1-order
spectrum, is effectively eliminated, as shown in Fig. 7(b). The signal-to-noise ratio is
obviously improved after the zero-order term is eliminated, as evident from the framed
rectangular parts in Fig. 7(c) and in Fig. 7(d). The framed rectangular parts at the bottom are
the corresponding enlarged parts of the framed parts on the top. It is also evident that the
reconstructed image in which the zero-order term is eliminated has more uniform intensity
distribution than that of the directly reconstructed one. The CF value between the image in
Fig. 7(c) and the original object is 0.8521, while that between the image in Fig. 7(d) and the
original one is 0.9249, which reveals a dramatic improvement in the image quality. The
amount of retained zero-order noise in Fig. 7(b) is 2.73%, proving the proposed approach to
be a high efficiency tool in eliminating the zero-order term.
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(a) (b)
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Fig. 7. Output comparison before and after iterative approach processing. (a) Fourier spectrum
of directly obtained hologram; (b) Fourier spectrum processed using iterative approach; (c)
reconstructed image using spectrum filtering; (d) reconstructed image using iterative approach.

To ensure the effectiveness of the proposed approach, two conditions should be satisfied
simultaneously. The first condition is that the intensity distribution of the off-axis plane
reference wave is detectable. When record the intensity distribution of the reference wave, the
environment should be kept as stable as possible. As a fixed plane wave is generally used as
the reference wave, this condition is realizable. The second condition is that the + 1 order
spectrum and —1 order spectrum are well separated with each other, which can be realized by
adjusting the angle between the object wave and the reference wave. In order to make sure the
high frequencies to be fully included in the spectral domain, the maximal spectral width of the
sampleAf should be within 66.7mm™" corresponding to the pixel size of the CCD camera of
3.75um.

5 Conclusions

In this paper, a novel numerical iterative approach for effectively eliminating the zero-order
term in off-axis digital holography is proposed. The computational time required for the
proposed approach has been significantly reduced since the iterations are undertaken in the
spatial domain. In addition, only one frame of the hologram obtained from the common
experimental setup is sufficient for reconstruction. Hence, the proposed approach is
particularly suitable for the real-time detection of a dynamic process in off-axis digital
holography. Moreover, the subjectivity introduced in selecting a filter window can be avoided
when using the proposed approach. As confirmed by the numerical simulations and
experimental results, the proposed approach is proven to be a powerful tool for improving the
signal-to-noise ratio of the reconstructed image.
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