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Abstract

A fundamental problem in optical and digital holography is the presence of speckle noise in the reconstruction
process. Many approaches have been carried out in order to overcome such a problem ranging from modifying the
spatial coherence of the illumination (optical techniques) to image processing techniques (digital techniques). This
work shows the merged use of digital image processing techniques in order to reduce the speckle noise in digital
reconstruction of optically recorded Fresnel’s holograms. The proposed filtering techniques are illustrated with
experimental results.
r 2005 Elsevier GmbH. All rights reserved.
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1. Introduction

The swift development of digital computers and CCD
cameras has made possible the implementation of
Goodman’s idea of doing the register and reconstruction
of the holograms by digital means [1]. This development
has propelled an important field of the contempora-
neous optics called the digital optics and particularly the
digital holography as it was conceived by Goodman
many years ago.

Naturally, the digital holography has inherited from
its optical counterpart’s desirable and undesirable
characteristics. Between the desirable inherited charac-
teristics could be counted its capability of doing
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reconstruction of wavefronts, the applicability of the
typical setups in-line and off-line, etc. However, some
undesirable characteristics, as for instance the zero
diffraction order and the speckle noise present in the
reconstructed images, were also inherited.

Great effort has been focused on getting rid of the
existence of the zero diffraction order and speckle noise in
the reconstructed images in both fields of the holography
[2–8]. However, these two drawbacks have more devas-
tating effects in digital than in optical holography; so it is
essentially due to the fact that the systems of recording
and visualization used in the digital approach are
extremely sensitive to them or inclusively increase them.
As a result, a lot of effort has been invested in the digital
holography to overcome these drawbacks and by taking
advantage of the great versatility of the digital systems,
important results in overcoming these unpleasant char-
acteristics have been achieved.
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In this work we deal with the problem of reduction of
the speckle noise in digitally recorded and reconstructed
Fresnel’s holograms. Essentially, we attempt this pro-
blem from a digital image processing standpoint by
applying well-known filtering kernels as well some other
digital approaches, here presented for the first time for
our knowledge. Initially we will introduce some basic
ideas about the digital holography and thereafter we will
develop and apply the procedures addressed to reach the
goal of reducing the speckle noise in the digital
holography reconstruction.
2. The digital holography framework

Conceptually, the digital holography can be sketched
by two diffraction processes, one from the object plane
to the hologram plane (CCD plane) and the other from
the hologram plane to the image one, according to what
is shown in Fig. 1.

The object located at the plane z ¼ 0 is coherently
illuminated and the optical field scattered by it interferes
with the plane reference wave in such a way that the
interference pattern is recorded in a CCD camera
located at a distance z ¼ d: At this plane, only the
intensity Iðxh; yhÞ impinging upon the CCD will be
registered. The optical field at the image plane located at
a distance d from the CCD camera is calculated by
means of calculating the diffraction process of the plane
reference wave when it illuminates the transmittance
represented by Iðxh; yhÞ: This diffraction process is
described by the Kirchhoff–Fresnel diffraction integral,
which due to the geometrical parameters involved in the
setup fits the requirements to consider the problem in
the Fresnel–Fraunhofer approximation; so it can be
written as

Eðxi; yi; zÞ ¼
iE0

lz
e�ip=lzðx2

i þy2i Þ
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h
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Fig. 1. Conceptual setup of the digital holographic process.
with E0 the amplitude of the plane reference wave, l the
wavelength of the optical field, z the distance between
the hologram plane and image plane. The coordinate
systems are represented in Fig. 1.

The problem of determining Eðxi; yi; zÞ from Eq. (1)
with a digital processor has been widely treated in the
literature [8]. It has been shown that with a finite size of
hologram Iðxh; yhÞ the image reconstructed from it is
characterized by readings of the optical field Eðm; n; zÞ;
which are linked to the hologram readings Iðk; lÞ by a
discrete Fresnel transformation:

Eðm; n; zÞ ¼
iE0

lz
e�ip=lz m2=N2

x Dx2þn2=N2
y Dy2

� �

XNx�1
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� �
: ð2Þ

In Eq. (2) we have assumed the hologram registered
by a rectangular CCD having Nx � Ny pixels with
pixel dimensions Dxh � Dyh; m ¼ 0; 1; . . .Nx � 1 and
n ¼ 0; 1; . . .Ny � 1 and the image pixel dimensions
Dxi � Dyi are related to the pixel CCD dimen-
sions Dxh � Dyh by Dxi ¼ lz=Nx Dxh and Dyi ¼

lz=Ny Dyh [8].
This equation is the discrete Fourier transformation

of the function Iðk; lÞ e�ðip=lzÞðk2 Dx2þl2 Dy2Þ; so for its
calculation it is just necessary to multiply the hologram
readings Iðk; lÞ by the chirp function e�ðip=lzÞðk2 Dx2þl2 Dy2Þ

and make use of the Fast Fourier Transformer (FFT)
algorithm.

From Eq. (2) it is possible to evaluate the intensity
and the phase of the optical field by

Iðm; n; zÞ ¼ jEðm; n; zÞj2 ¼ <e½Eðm; n; zÞ�2 þ Im½Eðm; n; zÞ�2

(3)

and

fðm; n; zÞ ¼ arctan
Im½Eðm; n; zÞ�

<e½Eðm; n; zÞ�

� �
; (4)

respectively. In these equations <e and Im stand for the
real and imaginary part of complex optical field in that
order.

It is apparent from the former equations that the
digital holography allows us to accomplish the calcula-
tion of the intensity and the phase of reconstructed
holograms for a particular distance z from the hologram
plane. This fact has made possible the development of
new microscopic and imaging techniques of wide use in
biological sciences [9]. However, in optical holography
this is not possible, so that, added to the other
characteristics of digital holography, this subject be-
comes a very active field of research in optics.
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Fig. 3. Illustration of the technique of reducing the recon-

structed hologram size.
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Fig. 4. Speckle noise reduction by the technique of resizing the

original image shown in Fig. 2.
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3. Speckle reduction techniques in digital

holography

The regular appearance of the digitally recorded
and reconstructed holograms is shown in Fig. 2. There,
a well-defined real image of the scene is shown,
where the elimination of the zero diffraction order
had been reached successfully, but a strong speckle
noise over the image is also apparent. The pre-
sence of that speckle noise arises from the coherent
recording [7], as in the optical holography, and from
finite size of the sampling devices, i.e., the finite size of
the pixels in the CCD camera [3,8]. In this way, its
reduction can be attempted by means of reducing it
from the recording process itself, by improving the
digital recording devices, and/or by means of digital
processing of the reconstructed image. In this work we
will present different methods of reducing the speckle
noise, supported by digital processing of the recon-
structed hologram itself.

The first approach to clear the speckle noise is based
on the idea of reducing the size of the reconstructed
hologram as it is sketched in Fig. 3 [5]. From the original
reconstructed hologram Iðm; nÞ a shortened version of it
I 0ðm0; n0Þ is generated. Each pixel of I 0ðm0; n0Þ is the result
of averaging square regions of side p in the image
Iðm; nÞ: Thus, if the pixel number of the image Iðm; nÞ is
Nx�Ny, the pixel number of the reduced image I 0ðm0; n0Þ

will be intðNx=pÞ � intðNy=pÞ; with int standing for the
integer part and p the reduction order.

This reduction can be understood as a modified and
localized low-pass filtering that generates a smaller
output image in which all its entries are smoothed
versions of corresponding square regions of size p, i.e.,
each pixel of I 0ðm0; n0Þ is obtained from the weighted
average of the local neighborhood of the pixel in the
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Fig. 2. Digitally reconstructed hologram with effective zero

diffraction order reduction.
input Iðm; nÞ:

I 0ðm0; n0Þ ¼ 1
p2

Pp

i¼1

Pp

j¼1

I ½ðp½m0 � 1� þ iÞ; ðp½n0 � 1� þ jÞ�;

p ¼ 1; 2; 3; 4 . . . ;

m0 ¼ 1; 2; . . . int Nx

p

� 	
; n0 ¼ 1; 2; . . . int Ny

p

� 	

(5)

with int the integer part, Nx, Ny the pixel number of the
CCD camera along each coordinate axis and p the
reduction order.

The results obtained by applying the above technique
to the image shown in Fig. 2 are illustrated in Fig. 4. The
reduction applied to each one as well as the effectiveness
of this idea is apparent from the scales on the images.
The bigger the p reduction order, the smaller the speckle
noise; for p ¼ 5; for instance, the detriment of the image
itself does not compensate the decrease in speckle noise
reached. This means that the selection of the right
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reduction order p will depend on the specific application,
the size of the original image and the speckle noise
initially present in the reconstructed image. This reason-
ing leads us to state that the election of the best
reduction order p for a particular experiment will be
addressed by the rule of thumb supported on the
rigorous knowledge of the needs of the particular
application.

An alternative approach to the reduction of the
speckle noise in reconstructed holograms is carried out
by using a conventional median kernel filter for image
processing [5,10–12]. By taking advantage of its funda-
mental characteristic of eliminating the impulsive noise
while preserving spatial resolution, we applied this
convolution filter to the image shown in Fig. 2. Here,
we have recorded the speckle noise similar to a binary or
impulsive noise, so that it is possible to apply this type of
filter to the reconstructed holograms and the results are
shown in Fig. 5.

Apparently, the best compromise between the pre-
servation of spatial frequencies and the speckle noise
reduction in our input image (Fig. 2) is reached by
means of 7� 7 median filtering. For the others cases,
either the speckle noise is still so important or the
blurring up of the image begins to be very noticeable.
On recording that it is a digital image processing
technique, it is very difficult to state which one is the
best median filter order to be applied to digital
holography. This decision must be taken by the user;
here we just show the median filtering approach as a
feasible method to reduce the speckle noise in digital
holography.

An attractive idea of reducing the speckle noise in
digitally reconstructed hologram, can be constructed by
merging the former approaches, i.e., by applying
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Fig. 5. Speckle noise reduction by the technique median

filtering applied to the original image shown in Fig. 2.
simultaneously the matrix reduction and the median
filtering. Additionally, by considering the non-linearity
of the median filter, also will be important the sequence
in which these two techniques are applied over the input
image. The results of applying such merged approach to
Fig. 2 are shown in Fig. 6.

From images shown above, it is possible to state that
better results in speckle noise reduction are achieved by
merging the two formerly treated techniques than by
their application independently. It is apparent also from
these images that the results obtained are strongly
dependent on the application sequence, as it was
expected. However, it is difficult to establish a fully
proved recipe that guarantees success in the speckle
noise reduction process; this task, in concordance with
the ideas of digital image processing, is addressed by the
rule of thumb.

In spite of the impossibility of establishing a well-
determined recipe to reduce the speckle noise, it is
noticeable that all the above procedures have been
possible to carry out due to the digital manipulation of
the holographic process. This situation shows the huge
versatility that the digital component has added to the
optical world and that has propelled the field of the
digital optics.
4. Conclusion

The existence of the speckle noise is an impor-
tant drawback of the digital holography for its
use in many optical applications as for instance 3-D
object recognition, microstructure testing, digital holo-
graphic microscopy, etc. because it reduces the perfor-
mance of the system. With the idea of overcom-
ing this drawback and by taking advantage of the
digital component of digital holography, in this
work we have presented different digital process-
ing techniques focused on the idea of reducing the
speckle noise of digitally reconstructed holograms,
not just for displaying purposes but also to make this
digital approach to the holography more accurate and
versatile.

All the approaches shown in this work are supported
by the idea of performing digital image processing
over the reconstructed image, and the results, if
good, are acceptable; however, they are not the
best ones. Alternative approximations to the problem
of removing the speckle noise in digital holography
must be addressed, but should be more oriented to
reducing the speckle noise from digital recording and
reconstruction process, for instance by modifying the
coherence of the illumination in the recording process
and by using CCD cameras with more appropriate
characteristics.
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Fig. 6. Speckle noise reduction by merged application of median filtering and matrix reduction to the original image shown in Fig. 2.
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