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Abstract: In this paper, a phase retrieval method is proposed to reconstruct the high-quality
image free from undesired terms in on-axis digital holography (DH) with modified coherent
diffraction imaging (MCDI). A random phase plate (RPP) is applied to generate a modulated
diffraction pattern which forms an on-axis digital hologram with a plane reference wave, and
a proper iterative algorithm is designed to reconstruct high-quality object information from
both on-axis digital hologram and modulated diffraction pattern. Numerical simulations and
experiments prove that both modulus and phase distributions can be accurately recon-
structed within 100 iterations while the undesired twin image and zero-order diffraction can
be effectively removed, thus demonstrating the feasibility of the suggested method.

Index Terms: Digital holography, image reconstruction.

1. Introduction
As a three-dimensional (3D) imaging technique, digital holography (DH) can record the complete
information of an object and reconstruct its quantitative phase and modulus simultaneously. With
the advantages of nondestructive, label-free and full field imaging, DH has found many applications
in fields of 3D imaging [1], [2], particle tracking [3], [4], bioimaging [5], [6], 3D image recognition
and display [7], [8]. However, an inherent drawback of DH is that the undesired twin image and
zero-order diffraction are overlapped with the real image. Though off-axis DH [9] can eliminate
the undesired information effectively with rather simple operations, it suffers from the resolution
reduction due to the limited bandwidth. Therefore, in conditions pursuing high resolution, on-axis
DH is still preferred, and on-axis DH reconstruction methods aiming at removing the zero-order
diffraction and twin image are still required.

Several techniques [10]–[20] have been applied to remove the undesired terms in on-axis DH.
Phase shifting methods [10]–[12] are commonly used to remove the undesired terms and recon-
struct the sample image. In these methods, the reference wave phase is varied with a precision
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Fig. 1. The schematic of the suggested method.

phase shifting device, and generally more than two phase-shifted on-axis holograms should be
captured for object information reconstruction. However, phase shifting methods complicate the
experimental implementation due to the requirements on precise phase shifting and multiple
hologram recording. Though the parallel phase-shifting DH [13]–[16] and single-shot phase-shifting
DH [17], [18] have been proposed, these are at the cost of complexity in system configuration or
limited in the field of view (FOV). Besides phase shifting, iterative methods [19]–[22] have also
been designed to reconstruct the real image in on-axis DH. Generally no assumption on absorbing
or phase shifting of the object is needed and the methods are implemented between object
plane and hologram plane with spatial constraints, an algorithm which with forward and backward
propagation of the wave-front between these two planes is used to reconstructing modulus and
phase distributions of the object quantitatively. While generally a large number of iterations are
required before a high quality-image reconstructed with these iteration methods.

To effectively remove the undesired terms and also reduce the number of iterations, we propose
a phase retrieval method of on-axis DH with modified coherent diffraction imaging (MCDI). In this
method, a dispersed laser beam is used to illuminate the object, a random phase plate (RPP)
behind the object is applied to modulate the object information and generate a modulated diffraction
pattern, and a CCD camera is adopted to collect the interference between the modulated diffraction
pattern and another reference plane wave in on-axis DH mode. A proper iterative algorithm is
designed to reconstruct high-quality image from the on-axis digital hologram and the modulated
diffraction pattern, and both modulus and phase distributions can be accurately reconstructed
within 100 iterations while the undesired twin image and zero-order diffraction can be effectively
removed with significantly improved reconstruction quality certificated by both simulations and
experiments. It is proved that the proposed method can reconstruct sample information in high
quality free from undesired zero-order diffraction and twin image information, moreover, it effectively
reduces the iterations and requirements on sensor’s dynamic range, therefore, it is a potential tool
used in conditions requiring wave-front imaging in high resolution.

2. Principle
The schematic of the suggested method is shown in Fig. 1. An object constrained by an aperture
is illuminated with a dispersed laser beam, and then the transmitted light is scattered by an RPP
forming a modulated diffraction pattern O on the image plane. This modulated diffraction pattern
O next interferes with a plane reference wave R and finally forms an on-axis hologram with the
intensity I as

I = ∣∣O
∣∣2 + |R|2 + O∗R + OR∗ (1)

As mentioned in our previous work [23], an RPP can be regarded as a collection of gratings with
different periods and directions, thus more diffraction information including high-frequency compo-
nents of the object can be scattered into the image plane. Moreover, the recorded image become
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Fig. 2. The diffraction pattern modulated (a) without and (b) with an RPP. (c) Flow chart of the suggested
iteration procedure.

uniform since more high-frequency components can be collected by the RPP, which effectively re-
duces the requirement on sensor’s dynamic range. To better understand this, Fig. 2(a) and Fig. 2(b)
show the diffraction patterns modulated without and with the RPP, respectively: only a small portion
of object information can be collected in Fig. 2(a), while more object information is scattered
uniformly into image plane. Therefore, the proposed method should obtain high-quality image
reconstruction. Here, an iterative algorithm is designed for sample wave-front retrieval from the on-
axis digital hologram and the modulated diffraction pattern, and its flow chart is shown in Fig. 2(c).

1) Give a random guess to the exiting wave of object u0(x, y ) and it serves as the initial guess
in the following iterative computation.

2) In the nth iteration, the exiting wave un(x, y ) is propagated to the RPP plane via Fresnel
diffraction to obtain a complex distribution pn(x, y ) shown in Eq. (2), where �d {} represents
the Fresnel propagation and d1 is the distance between the object plane and the RPP plane.

pn(x, y ) = �d1{un(x, y )} (2)

3) Compute the transmitted field ψn(x, y ) with Eq. (3) by multiplying pn(x, y ) with the pre-
measured RPP transmission function t (x, y ).

ψn(x, y ) = pn(x, y ) � t (x, y ) (3)

4) Propagate the transmitted field ψn(x, y ) to the image plane to obtain a complex diffraction
pattern �n(x, y ) as shown in Eq. (4), in which, d2 is the distance between the RPP plane and
the imaging plane of the CCD camera.

�n(x, y ) = �d2{ψn(x, y )} (4)

5) Update �n(x, y ) by replacing the modulus of the diffraction pattern with the square root of the
recorded diffraction pattern Id (x, y ) as shown in Eq. (5) and keep phase value unchanged.

� ′
n(x, y ) =

√
Id (x, y )�n(x, y )/

∣∣�n(x, y )
∣∣ (5)

6) Back propagate � ′
n(x, y ) to the RPP plane via inverse Fresnel propagation to obtain the

updated transmitted field ψ ′
n(x, y ) as shown in Eq. (5), where �−1

d {} represents the inverse
Fresnel propagation.

ψ ′
n(x, y ) = �−1

d2
{� ′

n(x, y )} (6)

7) Update the complex distribution before the RPP as p′
n(x, y ) using Eq. (7), which is similar to

the Wigner-filter and applied to remove the RPP modulation. In addition, β in this equation
is a constant used to prevent divide-by-zero effect if |t (x, y )|= 0.

p′
n(x, y ) = pn(x, y )+

∣∣t (x, y )
∣∣

∣∣t (x, y )
∣∣
max

t (x, y )∗

(
∣∣t (x, y )

∣∣2 + β )
� [ψ ′

n(x, y ) − ψn(x, y )] (7)
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8) Back propagate p′
n(x, y ) to the object plane and obtain the updated exiting wave of the object

u′
n(x, y ) as shown in Eq. (8).

u′
n(x, y ) = �−1

d1
{p′

n(x, y )} (8)

9) Apply the spatial constraint on the object plane, the exiting wave of the object can be updated
as Eq. (9), in which, u′′

n (x, y ) is the updated exiting wave of object constrained by aperture.
S(x, y ) used as the spatial constraint has the value of 1 inside the aperture and the value of
0 outside.

u′′
n (x, y ) = [u′

n(x, y ) + un(x, y )]/2 �S(x, y) (9)

10) Propagate the updated exiting wave of object u′′
n (x, y ) to the RPP plane to obtain a complex

distribution p′′
n (x, y ) as p′′

n (x, y ) = �d1{u′′
n (x, y )}.

11) Compute the transmitted field ψ ′′
n (x, y ) as ψ ′′

n (x, y ) = p′′
n (x, y ) � t (x, y ), and then propagate it to

the image plane to obtain a complex diffraction pattern � ′′
n (x, y ) as � ′′

n (x, y ) = �d2{ψ ′′
n (x, y )}.

12) Compute the complex hologram pattern Hn(x, y ) at the image plane from the complex diffrac-
tion pattern � ′′

n (x, y ) and the premeasured distribution of reference wave r (x, y ) according to
Eq. (10).

Hn(x, y ) = � ′′
n (x, y )+r (x, y ) (10)

13) Update Hn(x, y ) using Eq. (11) by replacing the modulus of the hologram pattern with the
square root of the recorded hologram intensity IH (x, y ) and keep phase value unchanged.

Hn(x, y ) =
√

IH (x, y )Hn(x, y )/
∣∣Hn(x, y )

∣∣ (11)

14) Remove the reference wave r (x, y ) to obtain an updated complex diffraction pattern �
′′′
n (x, y )

at the image plane following Eq. (12).

�
′′′
n (x, y ) = Hn(x, y )−r (x, y ) (12)

15) Back propagate �
′′′
n (x, y ) to the RPP plane via inverse Fresnel propagation to obtain the

updated transmitted field ψ
′′′
n (x, y ) as ψ

′′′
n (x, y ) = �−1

d2
{� ′′′

n (x, y )}.
16) Update the complex distribution p

′′′
n (x, y ) before the RPP using Eq. (13) to remove the

modulation of light beam caused by the RPP. Eq. (13) is also similar to the Wigner-filter
and applied to remove the RPP modulation. In addition, β in this equation is a constant used
to prevent divide-by-zero effect.

p
′′′
n (x, y ) = p′′

n (x, y )+
∣∣t (x, y )

∣∣
∣∣t (x, y )

∣∣
max

t (x, y )∗

(
∣∣t (x, y )

∣∣2 + β )
� [ψ ′′′

n (x, y ) − ψ ′′
n (x, y )] (13)

17) Back propagate p
′′′
n (x, y ) to the object plane to calculate the updated exiting wave of object

u
′′′
n (x, y ) as u

′′′
n (x, y ) = �−1

d1
{p

′′′
n (x, y )}.

18) Update the exiting wave of object on the object plane and it is used as the initial guess in
the (n+1)th iteration as un+1(x, y ):

un+1(x, y ) = [u
′′′
n (x, y ) + u′′

n (x, y )]/2 � S(x, y ) (14)

19) Repeat procedures (2) to (18) until the reconstructed image satisfies the required accuracy.
With the above iterative computation, the undesired twin image and the zero-order diffraction in

on-axis DH can be effectively removed and a high-quality reconstructed image can be obtained. It is
worth noting that with modulated diffraction pattern and pre-measured RPP distribution in Fig. 2(b),
the object information can also be reconstructed with coherent modulation imaging (CMI) [24]–[27].
However, the resolution of reconstructed image in CMI is still lower than expected as is influenced
by speckle noise in practice.

According to this method, the hologram and the modulated diffraction pattern should be
recorded; moreover, the RPP feature as well as d2 should be precisely measured before sample
detection. All these details are illustrated in the following section.
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Fig. 3. The experimental setup. The focal length of the lens is 125 mm, and the beam splitter prism
used is 25.4 mm in width. d1 is the distance between the aperture and the RPP; d2 is the distance
between the RPP and the CCD.

Fig. 4. Premeasured distributions. (a) and (b) are the modulus and phase distribution of the RPP
measured through the PIE experiment. (c) The distribution of the reference wave. The scale bar in
(a) is 600 μm.

3. Experimental Verification
Fig. 3 reveals the optical system of the proposed method. A laser beam with the wavelength of
632.8 nm was divided into two beams using a beam splitter, one serves as the reference wave after
passing through a spatial filter and a collimating lens, while another forms a modulated diffraction
pattern after illuminating on the object and modulated by the RPP. Though both dispersed and
converging illumination beams can be used in this method, in order to expand the FOV of the object,
a converging beam was preferred as shown in Fig. 3. The on-axis hologram and the modulated
diffraction pattern were recorded by a CCD camera (Pike F1100b, Allied Vision) with cropped
pixels of 2000 × 2000 and pixel size of 9 × 9 μm2. The aperture used to restrict the object was 2
mm in diameter. Moreover, d1 and d2 were measured as 128.6 mm and 92.4 mm, respectively.

In experiments, the distribution of RPP and reference wave were measured in advance. The
RPP used in experiments was manufactured by photolithography with phase difference of 0 and
π , which is randomly distributed with the illumination wavelength of 632.8 nm with pixel size
of 18 × 18 μm2, and was accurately measured through Ptychographic Iterative Engine (PIE)
[28]–[30]. The experimental setup shown in Fig. 3 can be used as a PIE setup to recording a
series of diffraction patterns of RPP during its 2D scanning but by blocking the reference light and
removing the object. Moreover, due to the prism, d2 as the actual distance between the RPP and the
CCD camera can hardly be measured with conventional measuring devices, while can be precisely
determined by PIE method [28]–[30]. With accurately measured d2, both the RPP modulus and
phase distribution at its position can be measured in extremely high accuracy as shown in Fig. 4(a)
and Fig. 4(b), respectively, as well as d2, which can support high accurate phase retrieval of the
proposed method. Besides, in on-axis DH, the distribution of reference wave can be measured as
the square root of the recorded intensity of reference wave and is shown in Fig. 4(c). Both the
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Fig. 5. Experimental results. (a) and (b) are hologram and diffraction pattern recorded in ordinary
on-axis DH; (c) and (d) are reconstructed modulus and phase in ordinary on-axis DH. (e) and (f)
are hologram and modulated diffraction pattern recorded in suggested on-axis DH; (g) and (h) are
reconstructed modulus and phase in suggested DH; (i) and (j) are reconstructed modulus and phase
with CMI method. The scale bar is 500 μm in (c), (g) and (i). Images in the color solid box are zoomed
for observation.

measured distribution of the RPP and reference wave were kept unchanged if the illumination in
experiments remain stable.

A stem of monocotyledon T.S was first used as the object to demonstrate the feasibility of the
suggested method. To evaluate its effectiveness, a group of ordinary holographic data by removing
the RPP and a group of the suggested holographic data with the RPP were captured as shown
in Fig. 5. Where Fig. 5(a) and Fig. 5(b) show the hologram and diffraction pattern recorded
in ordinary on-axis DH, respectively. Fig. 5(c) and Fig. 5(d) show the reconstructed modulus
and phase image with traditional spatial filtering backpropagation method [20] by subtracting
the zero-order information, most of the zero-order diffraction information was removed and the
contour structure of the object was reconstructed, while the residual information of undesired
twin image and zero-order diffraction still occurred thus resulting in a poor-quality reconstruction
result. Fig. 5(e) and Fig. 5(f) show the hologram and modulated diffraction pattern obtained with
the suggested on-axis DH method, and the reconstructed modulus and phase image using the
suggested iterative algorithm with 100 iterations are shown in Fig. 5(g) and Fig. 5(h), respectively.
The structure of the reconstructed object was clear and the undesired twin image and zero-order
diffraction was removed effectively, proving the feasibility of the proposed method. Besides, the
reconstruction results with CMI method by using the modulated diffraction pattern of Fig. 5(f) are
presented in Fig. 5(i) and Fig. 5(j), both the modulus and phase information were reconstructed
while the resolution of reconstructed image was lower than expected due to the speckle noise.

Another experiment was also implemented to image a standard USAF resolution target. Fig. 6(a)
and Fig. 6(b) show the hologram and diffraction pattern recorded in ordinary on-axis DH, and the
reconstruction results are shown in Fig. 6(c) and Fig. 6(d), respectively. Though the resolution in
Fig. 6(c) reached about 12.4 μm (40.32 LP/mm) as shown in the zoomed-in image, the image
quality was still poor with residual information of undesired twin image and zero-order diffraction
overlapped. While using the suggested method dealing with recorded hologram and modulated
diffraction pattern shown in Fig. 6(e) and Fig. 6(f), an improved reconstruction results were obtained
with modulus and phase image shown in Fig. 6(g) and Fig. 6(h), respectively. Though the resolution
in Fig. 6(g) shows no obvious increase as compared to Fig. 6(c), the image quality improved
obviously while the undesired twin image and zero-order diffraction were removed effectively.
The reconstruction results with CMI method are also presented, Fig. 6(i) and Fig. 6(j) show the
modulus and phase information reconstructed from the modulated diffraction pattern of Fig. 6(f).
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Fig. 6. Experimental results. (a) and (b) are hologram and diffraction pattern recorded in ordinary
on-axis DH; (c) and (d) are reconstructed modulus and phase in ordinary on-axis DH. (e) and (f)
are hologram and modulated diffraction pattern recorded in suggested on-axis DH; (g) and (h) are
reconstructed modulus and phase in suggested DH; (i) and (j) are reconstructed modulus and phase
with CMI method. The scale bar is 500 μm in (c), (g) and (i). Images in the color solid box are zoomed
for observation.

The resolution in Fig. 6(i) reached about 22.1 μm (22.63 LP/mm), which is lower than Fig. 6(c) and
Fig. 6(g). The experimental result is consistent with the former experiments, thus well proving the
capability of our suggested method.

4. Discussion
4.1 Influence of the RPP Pixel Size on Reconstruction Performance

A key optical element used in the suggested method is the RPP, and the influence of the RPP
pixel size on the performance of the suggested iterative algorithm is evaluated using numerical
simulation. The assumed modulus and phase distributions of the object are shown in Fig. 7(a).
The red dashed circles indicate the aperture with a diameter of 2 mm, which is used as the spatial
constraint in the iterative computation. A collimated laser beam with the wavelength of 632.8 nm
is used as the illumination, and the CCD camera is assumed to be 2000 × 2000 pixels with pixel
size of 9 × 9 μm2. The distance between the object and the RPP is 75 mm and the distance
between the RPP and the CCD camera is 50 mm. The RPP with the phase difference of 0 and
π has a structure shown in the inserted image of Fig. 7(b), which is randomly distributed with the
illumination wavelength of 632.8 nm. Besides, Fig. 7(b) shows the modulated diffraction pattern
and corresponding hologram recorded in on-axis DH with the RPP pixel size of 18 × 18 μm2, the
zoomed area in red solid boxes clearly show the difference between a diffraction pattern and a
hologram.

In simulation, the reconstruction results are obtained using 50 iterations. Fig. 7(d) to Fig. 7(h)
show the reconstruction results using 5 different RPPs with pixel sizes of 72 × 72 μm2,
36 × 36 μm2, 18 × 18 μm2, 9 × 9 μm2 and 4.5 × 4.5 μm2, respectively. The result shows that
the image quality of reconstructed modulus and phase images is inversely proportional to the RPP
pixel size. Furthermore, to quantitatively evaluate the reconstruction accuracy, Eq. (15) is adopted
to calculate the reconstruction error,

En =
∑

n

∣∣u(x, y ) − un(x, y )
∣∣2

∑ ∣∣u(x, y )
∣∣2

(15)
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Fig. 7. (a) is assumed modulus and phase images of the object. (b) The modulated diffraction pattern
and the corresponding hologram in on-axis DH. (c) The evaluation of the reconstruction errors change
with the number of iterations. (d) to (h) are reconstructed modulus and phase with five RPPs of different
pixel size of 72 × 72 μm2, 36 × 36 μm2, 18 × 18 μm2, 9 × 9 μm2 and 4.5 × 4.5 μm2, respectively.

where un(x, y ) is the reconstructed object distribution after n iterations with the suggested method
and u(x, y ) is the original object distribution. The reconstruction errors are shown in Fig. 7(c), where
a small pixel size of 4.5 × 4.5 μm2 shows a faster convergence and a lower reconstruction error,
thus leading to a higher quality image in the reconstruction.

Though the simulation results show that a smaller pixel size of the RPP has a faster convergence
and a lower reconstruction error. While in experiments, the RPP selection should be further
considered. A smaller pixel size of the RPP can diffract more object information to the CCD camera.
However, due to large angle scattering and the limited CCD camera size, the object information may
not be completely collected. Additionally, the RPP with smaller pixel size can hardly be fabricated
cost-effectively and measured accurately. Therefore, the RPP with pixel size of 18 × 18 μm2 was
chosen considering the balance which is cost-effective in fabrication but still guarantees high-quality
in image reconstruction as shown in Fig. 7(c). From the above considerations, the RPP with pixel
size of 18 × 18 μm2 was chosen in experiments.

4.2 Comparisons to Other Methods

To further verify the feasibility of the suggested method in on-axis DH, a comparison was provided
between the classical four-step phase shifting method [10] and the suggested method, and the
numerical simulation results are shown in Fig. 8. Fig. 8(a) to Fig. 8(d) show four holograms
generated with phase shifting, where the reference wave was varied with phase interval of π /2. The
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Fig. 8. (a) to (d) are hologram images generated with phase-shifting method. (e) The evaluation of
the reconstruction error changes with the number of iterations. The solid box area are zoomed in to
show the reconstruction accuracy between four step phase-shifting method and the suggested method.
(f) The reconstruction result using the four step phase-shifting method. (g) to (i) are reconstruction
results using the suggested method with 50 iterations, 100 iterations and 150 iterations, respectively.

reconstruction result is shown in Fig. 8(f), where high-quality images of modulus and phase can be
retrieved. For comparison, Fig. 8(g) to Fig. 8(i) show the reconstruction results with the suggested
method with 50 iterations, 100 iterations and 150 iterations, respectively. These reconstruction
error is shown in Fig. 8(e). Both the modulus and phase distributions were effectively retrieved and
the cross-talk information in phase image was removed with increase of iterations. Besides, with
150 iterations shown in Fig. 8(e), the reconstruction error with our suggested method could reach
the same accuracy level as that of classical four step phase-shifting method, supporting that our
suggested method can reconstruct a high-quality image in on-axis DH.

Another comparison between the classical iterative method [19] and the suggested method was
also provided. Compared to the iterative method proposed in [19] (labelled as two-plane iteration
method) which uses only two planes, the suggested method is a little complicated in data analysis
since three planes are used. While the suggested method shows fast rate in convergence: a
high-quality image can be reconstructed with 50 iterations even with complex-structured object,
while only the simple-structured object can be reconstructed with the two-plane iteration method.
The simulation results are shown below. Fig. 9 shows the simulation results using the two-plane
iteration method and the suggested method, a simple structure as a narrow slit is used as the object
shown in Fig. 9(a). Fig. 9(b) is the on-axis hologram, Fig. 9(c) and Fig. 9(d) are the modulated
diffraction pattern and corresponding hologram, respectively. The reconstruction results with these
two iteration methods are shown in Fig. 9(e) and Fig. 9(f). Besides, the reconstruction errors are
quantitatively evaluated and shown in Fig. 9(g), where a high-quality image can be reconstructed
with both methods.

While for reconstructing a complex-structured object with modulus and phase image shown in
Fig. 10(a) and Fig. 10(b), these two methods show quite different results. Fig. 10(c) is the on-axis
hologram with object constrained by an aperture, Fig. 10(d) and Fig. 10(e) are the modulated
diffraction pattern and corresponding on-axis hologram, respectively. The reconstruction results
using the two-plane iteration method are shown in Fig. 10(f) and Fig. 10(g), where the cross-
talk information obviously appeared with 50 iterations. While using our suggested method, the
reconstruction results are shown in Fig. 10(h) and Fig. 10(i), where most of cross-talk information
was removed and high-quality images were reconstructed. Besides, the reconstruction errors
shown in Fig. 10(j) clearly show the difference between these two methods, which well proves
that the suggested method has a fast rate in convergence and can be used to reconstruct a
complex-structured object with 50 iterations.
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Fig. 9. (a) Simple-structured object as a narrow slit. (b) On-axis hologram used in two-plane iteration
method. (c) and (d) Modulated diffraction pattern and the corresponding hologram in on-axis DH.
(e) Reconstruction result using the two-plane iteration method. (f) Reconstruction result using the
suggested method. (g) The evaluation of the reconstruction errors corresponding to the number of
iterations.

Fig. 10. (a) and (b) Modulus and phase of the complex-structured object. (c) On-axis hologram used in
two-plane iteration method. (d) and (e) Modulated diffraction pattern and the corresponding hologram
in on-axis DH. (f) and (g) Reconstruction results using the two-plane iteration method. (h) and (i)
Reconstruction results using the suggested method. (j) The evaluation of the reconstruction errors
corresponding to the number of iterations.

In our suggested method, an RPP is applied to modulate object and generate a modulated
diffraction pattern. In addition, an RPP can also be used to modulate the reference wave to
realize single-exposure phase-shifting DH [31]. In this method, a random-phase reference wave
and diffraction pattern of the object are used to form the digital hologram. When the complex
distribution of the reference wave is known in advance, the complex amplitude of the object can
be obtained with single hologram. The computation algorithm assumes that the amplitude of the
reference wave has the same value on each four adjacent pixels, while the phase distribution
has different values. However, this assumption can be hardly realized since the amplitude of the
reference wave is randomly distributed with modulation of the RPP, thus the results are often in
poor quality with noise overlaid. While in our suggested method, no assumption is made and the
noise is suppressed with the suggested iterative algorithm, thus providing a solution to reconstruct
a high-quality image in on-axis DH. To verify the noise suppression capability of the suggested

Vol. 12, No. 6, December 2020 6901712



IEEE Photonics Journal Phase Retrieval Of On-Axis Digital Holography

Fig. 11. (a) The reconstruction errors using the suggested method with 50 iterations at different noise
level. (b) to (j) are reconstruction results at 50 iteration with random noise ratio of 0, 2%, 3%, 4%, 5%,
6%, 8%, 10%, respectively.

method, simulations were provided by adding different ratio of random noise to the holograms.
Fig. 11 show the reconstruction errors and reconstruction results using the suggested method with
50 iterations at different noise level, where a moderate-quality image can also be reconstructed at
high noise level (with random noise ratio of 5%) and support that the suggested method can be
applied in a moderate noise environment.

5. Conclusion
In conclusion, we have demonstrated a phase retrieval method to reconstruct high-quality image
free from undesired terms in on-axis DH with MCDI. An RPP is applied to modulate the object infor-
mation and forms an on-axis digital hologram with a plane reference wave, then the corresponding
iterative algorithm is designed to reconstruct the object information from the modulated diffraction
pattern and corresponding on-axis digital hologram. The feasibility of the suggested on-axis DH
method is verified with visible light experiments and numerical simulations. Though the resolution
shows no obvious improvement in the suggested method as compared to ordinary on-axis DH, the
image quality has significantly improved and the undesired twin image and zero-order diffraction
have been effectively removed. Therefore, the proposed method can be a potential tool used in
conditions requiring wave-front imaging in high resolution.
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