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We put forward a novel hybrid iterative algorithm to improve the imaging quality of digital holography. An of-axis hologram is
added to the iteration process via interference and inverse interference process and becomes part of the constraints. A frequency
domain flter varying with the number of iterations is used to improve the competitive advantage of low frequency information in
the early iterations, while retaining the high frequency information. In practical applications, an additional iterative process is
used after averaging fltering to suppress the infuence of the imperfect consistency between the reconstructed reference wave and
the actual reference wave. Numerical simulations and experiments show that image reconstruction may be signifcantly improved
compared to the conventional method.

1. Introduction

Digital holography (DH) uses a digital image sensor (CCD
or CMOS) to record the interference pattern (hologram)
between the object wave and a reference wave, and then
reconstruct numerically the image starting from digitized
holograms [1]. DH ofers several advantages, including high
precision and digital focus without the need of contact with
the object. Currently, DH is widely used in microscopic
imaging [2–4], 3-Dmeasurement [5–7], particle tracing, and
sizing [8–10].

Tere are two main types of DH: in-line DH and of-axis
DH, and the diference lies in the angle between the object
wave and the reference wave. Of-axis DH may use a band-
pass flter to separate the spectrum of the real image, the twin
image, and the zero-order image to obtain information
about the real image. However, recording distance is limited
by the numerical aperture (NA) of the system. Te spatial
bandwidth product (SBP) is not fully exploited, and the
fltering process leads to a loss of high-frequency in-
formation, which in turn reduces the quality of the
reconstructed image [11].

To improve the resolution of of-axis DH. He et al. [12]
suggested a reconstruction algorithm (WDH) based on the
wavefront coding, which combines phase recovery tech-
nology (PR) [13] and of-axis DH, using a reference wave as
an encoding wave, and employs a band-pass flter with
increased bandwidth to retrieve spectrum information. Tis
method improves the resolution of of-axis DH, but requires
high accuracy in collimation and reconstruction of the
reference, which generally leads to a reduced feld-of-view
(FOV).

In-line DH can fully exploits the SBP of the image sensor
to obtain a larger numerical aperture (NA), and its theoretical
resolution is higher than that of of-axis DH. However, the
zero-order, twin, and real images of in-line DH are over-
lapped. Terefore, the traditional in-line DH generally uses
phase shift method [14, 15] to eliminate the twin image, which
itself requires multiple wavelengths or multiple exposures,
and in turn, high accuracy requirement of the experimental
device, making it challenging in practical applications. An
iterative algorithm can be used to eliminate twin images in
Gabor in-line DH [16, 17], but it is only suitable for sparse
objects, weak phase fuctuations, or fnite support domain.
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Some studies have reported that more information about
the objects can be efectively obtained by using a hybrid
approach which merges the advantages of in-line DH and
of-axis DH to improve the imaging quality of DH. Orzó [18]
suggested extract the low-frequency part of the complex
amplitude of the object wave from the of-axis digital ho-
lographic reconstruction image, and replace it in the in-line
DH iterative process to improve the reconstruction speed
and eliminate the twin image. However, when the object
shows strong phase fuctuations, the iterative process cannot
converge. Wang et al. [19, 20] suggested a new hybrid
method (IOHDH), the approximate phase distribution of
the object wave from the of-axis hologram by using the
constrained optimization algorithm [21], and the amplitude
information of the in-line hologram as the initial value of the
iterative process. However, the convergence is afected by the
phase-stagnation problem due to insufcient constraints. In
conclusion, the previously proposed iterative algorithm for
DH could improve the performance of traditional DH, but
the actual performance depends on the accuracy of initial
guess, or the results of traditional of-axis DH.

In this paper, we present a novel iterative scheme for in-line
and of-axis hybrid holography based on of-axis constraints
(IOHDH-OC). In particular, the of-axis hologram in our
scheme is used in the iterative process to strengthen the rigid
constraints at the recording plane. Te remainder of the paper
is organized as follows: in Section 2, the improved retrieval
algorithm is described in details. In Sections 3 and 4, we present
and compare the results obtained by diferent methods on the
basis of numerical simulated and experimental data. Section 5
closes the paper with some concluding remarks.

2. Principle

A typical DH setup is schematically depicted in Figure 1. Te
object wave at the (x0, y0) plane is denoted by O(x0, y0).
According to the angular spectrum approach, the complex feld
of the object wave in the (x, y) plane can be written as follows

U(x, y) � FFT− 1 FFT O x0, y0(  h(u, v, L) , (1)

where FFT and FFT− 1 denote the Fast Fourier Transform
and inverse Fast Fourier Transform, respectively, and

h(u, v, L) � exp[j(2π/λ)L

�������������

1 − λ2(u2 + v2)



] is the transfer
function at the wavelength λ. L is the recording distance and
u and v are the spatial frequency components. Te in-line
hologram in the (x, y) plane is given by IO � |U(x, y)|2. Te
plane reference wave R(x, y) interferes with the object wave
U(x, y) in the recording plane. Ten, the of-axis hologram
can be expressed as follows:

IH � |U|
2

+|R|
2

+ U
∗
R + UR

∗
, (2)

where ∗ denotes the complex conjugation. For simplicity, we
omit the coordinates (x, y) in equation (2) and in the
following formulas.

In the frst step of the reconstruction, the in-line ho-
logram in the presence of the sample IO, the background in-
line hologram without the sample IO−, the of-axis hologram

with the sample IH and the reference wave intensity IR are
recorded, respectively.Ten, they are normalized in terms of
the positive absorption prior [16]. Te normalized in-line
hologram IO1 is given by IO/IO−, the normalized of-axis
hologram IH1 by IH/IO−, and the normalized reference wave
intensity IR1 by IR/IO−. Te reference wave at the recording
plane may be written as [12].

R(x, y) �

��������

IR1(x, y)



e
jk0(x cos α+y cos β)

, (3)

where, α and β can be obtained from spectrum of IH1, and
the wave vector is given by k0 � 2π/λ. Te complex am-
plitude at the recording plane can may be written as U ����

IO1


ej·ϕ0 , where the initial phase φ0 may be set to 0 without
loss of generality.

In order to accurately reconstruct the complex ampli-
tude of the object wave from the hologram, an iterative
algorithm, as shown in Figure 2 can be used. Te diferent
steps of the algorithm may be summarized as follows:

(1) Calculate the frequency spectrum of Un and then
impose a hole support constraint with diameter
based on nth iteration of the frst iteration process
according to the following formula:

Fn
′(u, v) � Fn(u, v) × Srn

(u, v) � FFT Un(x, y)  × Srn
(u, v),

(4)

where Srn
(u, v) represents a binary hole function

with the actual object wave spectrum at the center of
the circle and a radius rn � r0 + εn. Te value of
Srn

(u, v) inside of the circle is 1 (and 0 outside), r0 is
the initial radius that may safely set to 1%∼10% of
the number of pixels on any axis, ε can be set to
0.1%∼5% of the number pixels on any axis, and n is
the iteration number. Tis constraint can be viewed
as a varying low-frequency flter providing a com-
petitive advantage to original image during the early
iterations, since twin images correspond to high-
frequency components of the spectrum. When the
radius r is larger than half of the number of pixels in
the x or y axis, the constraint no longer has a re-
strictive efect, i.e., it does not cause
information loss.
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y
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Figure 1: Schematic diagram of a digital holography setup.
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(2) Te revised object wave of the object Un is obtained
by inverse Fourier transform and back-propagation
to the object plane is simulated by the angular
spectrum approach. Te obtained complex feld
distribution at the object plane is denoted by On.

(3) Since the hologram has been normalized, the am-
plitude outside the range of 0 to 1 is due to the twin
images [16] and the positive absorption constraint
can be used to eliminate them. After locating the
pixels with |On|> 1, the value is modifed as
|On| � 1.

(4) On
′ is propagated forward to the recording plane by

the angular spectrum approach, and the revised
complex amplitude Un

′ at the recording plane is
obtained.

(5) Calculate interference waves Hn
′ � Un
′ + R using the

reference wave R.

(6) Use the of-axis hologram IH1 and intensity con-
straints to correct interference waves
HOn
″ �

���
IH1


ej·angle(HOn

′).

(7) Remove the reference wave R and obtain the revised
complex amplitudes of the object wave at the re-
cording plane as Un

″ � Hn
″ − R. Tis step is referred

to as the inverse interference process.

(8) Apply the in-line hologram IO1 to update the
complex amplitude distribution and obtain the
revised difractive wave Un+1 �

���
IO1


ej·angle(UOn

″),
Un+1 is also the initial guess at the (n + 1)th

iteration.

(9) Repeat steps (1)–(8) until On convergences.
In practical applications, the reference wave may
not be a strictly plane wave and the intensity may
not be completely uniform.Terefore, there may be
some errors in the reconstructed reference wave
calculated by equation (3). We can use an additional
iterative process summarized below to suppress or
attenuate the efect of reference wave errors.

(10) An averaging flter G may be selected to suppress
the carrier frequency component into the solution.
Te averaging flter with a spatial extent of ap-
proximately equal to half the carrier-fringe period
(corresponding to the second harmonic of the
carrier fringe) is sufcient for this purpose. Te
complex-amplitude feld U0′ after smoothing at the
recording plane is obtained by G⊗Un, where ⊗
denotes convolution.

(11) Te in-line hologram is used to update the complex
amplitude Ut at the recording plane, where t rep-
resents the tth iteration of the second iteration
process.

(12) Te updated complex amplitude Ut
′ at the recording

plane is propagated back to the object plane by the
spectral propagation method, and the complex
amplitude distribution Ot at the object plane is
obtained.

(13) Repeat step (3) to obtain a new complex amplitude
distribution at the object plane Ot

′.
(14) Te updated complex amplitude Ot

′ at the object
plane is propagated forward to the recording plane
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Figure 2: Te fow diagram of the iterative algorithm.
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by the angle spectrum propagation method, and the
estimated complex amplitude Ut+1 of object wave is
obtained.

(15) Repeat steps (11)–(14) until convergence. Te
output complex amplitude Ot is the reconstructed
image of the object.

Unlike the previous in-line and of-axis hybrid algo-
rithms, our method does not require the reconstruction of
the of-axis hologram and thus preserves the integrity of
the reconstructed image information. At the same time,
further rigid constraints are introduced through three
steps. Te main advantages of our approach may be
summarized as follows: First, the complete recurrence of
interference and inverse interference processes between
R(x, y) and U(x, y) in step (5) and step (7) lead to fast
convergence. Second, the low-frequency varying flter
provides a competitive advantage to real image during the
early iterations. When the radius rn is larger than half of
the number of pixels in the x or y axis, the constraint will
no longer have restrictive efect, i.e., it does not cause
information loss. Last but not least, the averaging fltering
and the additional iterative process between the recording
plane and the object plane may be used to correct the
errors in the reconstructed reference wave that may occur
in practical applications.

3. Numerical Simulations

In order to assess the efectiveness of the method proposed
in this article, computer simulations have been carried out.
Te simulated object is a resolution plate of 1000×1000
pixels, shown in Figure 3(a). Te sampling interval is 3.91.
Te amplitude transmittance of the white background part
of the object is 1, the phase is 0 rad, the amplitude trans-
mittance of the black part is 0.2, and the phase is −2 rad. Te
wavelength of the wave is 532 nm, the recording distance is
8.1 cm, and the incident angle of the reference wave is
22mrad. Te simulated in-line and of-axis holograms are
shown in Figures 3(b) and 3(c), respectively.

Figures 3(d) and 3(e) are the amplitude and phase
reconstructions by using the IOHDHmethod [20] with 80
iterations. Errors in the reconstruction are apparent,
especially in phase image. In the simulation of the pro-
posed IOHDH-OC, the initial parameters of the algo-
rithm are r0=60 pixel and ε=10.4 pixel Results are shown
in Figures 3(f ) and 3(g) after 80 iterations. It can be seen
that there is no interference of twin image in the
reconstructed image, and the reconstructed image has
a good resolution. In order to provide a quantized
comparisons, the profles along vertical direction in-
dicated by the red dashed lines in Figures 3(f ) and 3(i) are
also illustrated by Figures 3(e) and 3(h), respectively. Te
reconstructed phase image is clearly improved compared
with the IOHDH method.

We use the RMSE (Root Mean Square Error) to evaluate
the convergence of the algorithm, namely,

RMSE �

�����������������������������

1
M × N



M

x�1


N

y�1
O(x, y) − On(x, y) 




, (5)

where  is the summation sign,M and N are the number of
pixels in the x and y directions of the original image and the
reproduced image, O(x, y) is the original image and
On(x, y) is the reconstructed image. Figure 4(a) is the RMSE
of the reconstructed amplitude image as a function of the
numbers of iterations, and Figure 4(b) is the RMSE of the
reconstructed phase image. As it can be seen, the RMSE of
IOHDH decreases slowly with the number of iterations, and
stops decreasing after about 20 iterations. In addition, the
convergence of IOHDH sufers from phase-stagnation
problem due to insufcient constraints. Te RMSE of our
IOHDH-OC method declines rapidly during the frst 10
iterations, and it nearly vanishes after 60 iterations. Te
maximum number of iterations n is chosen have rn � r0 + εn
slightly larger than half of the number of pixels in any di-
rection of the image sensor.

Te infuence of the error of the measured plane ref-
erence wave on the quality of the constructed image has
been also investigated by simulation. Te amplitude of the
plane reference wave is 1. For an amplitude and angle ofset
errors of the plane reference wave of 0.1 and 0.1mrad
respectively, the simulated results are shown in Figure 5.
Without the additional iterative process, the results of
reconstruction after 70 iterations are shown in Figure 5.
Tere is a lot of streak-likehigh-frequency noise in the
reconstructed image, especially in amplitude image. Te
quality of the reconstructed image is much lower than that
of the IOHDH with the same number of iterations, as
shown in Figure 5. After 10 additional iterations, the
reconstructed images are shown in Figure 5. Compared
with the reconstructed images obtained by IOHDH, the
reconstructed amplitude images obtained by IOHDH-OC
have less background noise. In the phase image, the con-
trast between the background phase and the delayed phase
may clearly see, and the numbers in the resolution plate are
clearer. In order to provide a quantitative comparisons, the
profles along vertical direction indicated by the red dashed
lines in Figures 3(c), 3(f ), and 3(i) are also illustrated by
Figures 3(b), 3(e), and 3(h), respectively.

4. Experiments

Our experimental setup is the Mach-Zehnder interferometer
shown in Figure 6. Te laser beam has wavelength 532 nm
and after passing through a polarizer (P) is collimated by
a beam expander (BE). Ten, it is split in two beams by
a polarizing beam splitter (PBS). Te polarization direction
of the transmitted beam is parallel to the incident wave. Te
beam passes through the object and then it is sent to the
image sensor (CCD) digital camera by a beam splitter (BS) as
the object wave. Te refected beam passes through a half-
wave plate (HWP), making polarization direction parallel to
the object wave, and then it is refected to the image sensor of
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the digital camera by a beam splitter (BS) as the reference
wave. Te distance from the object to the recording plane is
L� 81mm. Te pixel size of the CCD is 3.91 μm.

As a frst example, the USAF resolution plate was used as
the object to be measured. 1000×1000 pixels holograms
were used in the experiment. Results are shown in Figure 7.

Te fnal results, by using the IOHDH-OC, are shown in
Figures 7(e) and 7(f), to be compared with the results of
IHODH shown in Figures 7(c) and 7(d). Te improvement
obtained by our method is apparent.

To further verify the phase contrast imaging efect of
IOHDH-OC, we apply it to the wings of Grain Blue
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Dragonfy. Te pictures of the wings of Grain Blue
Dragonfy are taken by a digital camera (SONY NEX-7)
with a 1-magnifcation macro lens (SONY SEL30M35), as
shown in Figure 8(a). It can be seen from the fgure that
the wings of dragonfy have a rather complex structure.
Te recorded in-line hologram is shown in Figure 8(b),
and the of-axis hologram is shown in Figure 8(c). Te
intensity and phase images obtained by traditional in-
line-and-of-axis hybrid digital holography (IOHDH) are
shown in Figures 8(d) and 8(e). Figures 8(f ) and 8(g) are

the reconstruction obtained by our method. As can be
seen, the quality of the intensity image is comparable to
that of IOHDH, and our method can efectively restore the
phase information, e.g., the vein pattern is clearer. For
a better comparison, the reconstruction of section of
dotted line in Figures 8(e) and 8(g) has been carried out,
and results are shown in Figure 8(h). As it is apparent
from the plot, our method retains more high-frequency
information and provides more accurate phase
information.
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obtained by IOHDH. (d) Reconstructed phase image obtained by IOHDH. (e) Reconstructed amplitude image obtained by IOHDH-OC. (f )
Reconstructed phase image obtained by IOHDH-OC.
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5. Conclusions

We have proposed and demonstrated a hybrid iterative
algorithm for in-line and of-axis holography based on of-
axis hologram constraints. Of-axis hologram and range-
changing frequency domain flter are exploited to improve
the iterative process, and combined with the mean fltering
technique and an additional iterative process to suppress the
efects of errors in the reconstruction of the reference wave.
Numerical simulations with or without errors in the ref-
erence wave have been completed, as well as experimental
measurements using a USAF resolution plate and dragonfy
wings. Reconstruction results clearly show that our method
leads to improved reconstructed image compared to con-
ventional method. In particular, our method shows clear
advantages in the reconstruction of phase images even in the
presence of speckle noise and initial errors. In conclusion,
our proposed method allows one to obtain more accurate
reconstructed images compared with the conventional in-
line and of-axis hybrid DH imaging method and pave the
way for a widespread application of DH to complex objects.
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