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Abstract 
 
 We report on a technique for increasing the spatial resolution of digitally recorded and 
reconstructed holograms of macroscopic objects, via the reduction of the contrast of the speckle noise 
present in the coherent imaging techniques. The contrast of the speckle noise is reduced through the 
superposition on an intensity basis of digitally reconstructed holograms of the same static scene. The 
reconstruction of a very poor contrasted object illustrates the performance of the technique. 
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1. Introduction 
The great versatility of digital holography has turned this tool into an important 

instrument in many fields of modern research. It has been employed for the tracking of 
particles in four-dimensions [1], for obtaining amplitude-contrast and phase-contrast images 
in digital holographic microscopy [2], for obtaining information about the polarization state 
of light [3], and for many other applications [4-7]. Because of its capabilities, digital 
holography can overcome drawbacks, whose control in the optical counterpart is usually very 
hard. The most significant achievements have been the effective suppression of the 
diffraction component of zero-order and the elimination of the twin image in the 
reconstruction process, which are worse in the digital approach to holography than in the 
optical one [8]. 

 
Most applications of digital holography have been in the area of microscopy [1,8,9] 

where problems arising from the reduced spatial resolution due to the speckle presence in the 
coherent imaging systems, have minor impact. Some studies in this field have shown that 
important improvements on the microscopic images can be achieved if the speckle issue is 
handled appropriately in the holography process [10]. However, the use of digital holography 
in applications involving macroscopic objects has made the matter of reduced spatial 
resolution by the corruption of the images introduced by the speckle noise, much more 
important. The fact that the coherent imaging in general, and the holographic reconstruction 
in particular, are ruined by the speckle noise, has been recognised since the invention of the 
visible laser. Great effort has been addressed for reducing this noise since the invention of the 
holography [11-14]. 

 
Nowadays, synthetic apertures are used in digital holography for improving the spatial 

resolution of large objects [15-17]. The design of the synthetic aperture systems ranges from 
the use of multiple CCD cameras to the scanning of an accurate raster through a rectangular 
region with a single CCD. In this paper, we propose a technique of achieving improved 
spatial resolution in digitally recorded and reconstructed holograms of large objects by means 
of the superposition on an intensity basis of digitally reconstructed holograms of the same 
static scene, all of them recorded by a single CCD located at a fixed position. 

 

2. Fundamentals and Procedure 

Fig 1 shows a sketch of the optical setup used in our experiment. A CCD camera, 
located at a fixed position with respect to the object, records the off-axis hologram generated 
by the interference of a plane reference beam (RB) with the object beam (OB). A static 
diffuser (D) is placed in the OB path in such a way that through changes in its orientation 
between different exposures, holograms of the same scene with diverse random object 
illumination can be registered and consequently reconstructed with dissimilar high-contrast 
speckle noise. 
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Fig. 1. Optical setup for recording digital holograms (VBS, Variable Beam Splitter; D, diffuser; SF, Spatial 
Filter; L, Lens; M, Mirror; BSC, Beam Splitter Cube; FB,  Frame Buffer; RB, Reference Beam; OB, Object 

Beam). 
The intensity recorded by the CCD camera ( )hh yxI , , denoted the hologram intensity, 

will be proportional to the squared modulus of the superposition of OB and RB. Because our 
optical setup satisfies Fresnel diffraction requirements, the hologram reconstruction will be 
correctly described by Fresnel-regime propagation through a distance z of a complex 
amplitude proportional to the hologram intensity ( )hh yxI , : 
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where  represents the amplitude of the reconstructed hologram. ( zyxE ii ,, )

)
 

The calculation of  via a digital processor has been treated extensively in 
the literature [18]. It has been shown that with a hologram intensity 

( zyxE ii ,,
( )hh yxI ,  spread over an 

area of  pixels of the CCD sensor, the reconstructed hologram can be characterized 
by readings of the optical field, denoted 

yx NN ×
( )znmE ,, , with m=0,1,…Nx-1 and n=0,1,…Ny-1, 

that are linked to the intensity hologram readings ( )lkI ,  by the discrete Fresnel 
transformation: 

( )

( ) ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⎥

⎦

⎤
⎢
⎣

⎡
∆+∆−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆
+

∆
−

=

∑ ∑
−

=

−

= yx

N

k
hh

N

lhyhx N
nl

N
mkiylxk

z
ilkI

yN
n

xN
m

z
i

z
iE

znmE

x y

π
λ
π

λ
π

λ
2expexp,exp

,,
1

0

2222
1

0
22

2

22

2
0

. 

(2) 

 3



 

 
Here  denotes the CCD pixel size; the image (reconstructed hologram) pixel size 

 is related to the CCD pixel size 
hh yx ∆×∆

ii yx ∆×∆ hh yx ∆×∆  by ( )hxi xNzx ∆=∆ λ  and 
( )hyi yNzy ∆=∆ λ , respectively [18]. 

The complex amplitude  will contain information regarding the zero-order 
diffraction component, the twin reconstructed images (real and virtual images), and high-
frequency speckle noise, which arises essentially from the limited size of the CCD camera 
[18, 19] and from the coherent object illumination [11,20,21]. If we consider the application 
of appropriated procedures for eliminating the zero-order diffraction component and the 
virtual image [8], we can work with a modified version of 

( znmE ,, )

( )znmE ,, , denoted  at 
the image plane, that expresses only the real image. This modified complex amplitude can be 
understood as the reconstructed optical field 

( )znmE ,,′

( )oo iA ϕexp  modulated by a high-contrast 
speckle noise ( ss iA )ϕexp , i.e., 

 ( ) ( )ssoo iAiAE ϕϕ expexp=′ , (3) 
 
where the indices  have been dropped for simplicity. The intensity distribution of this 
optical field is given by 

( znm ,, )

 , (4) 22
So AAEEI =′′=′ ∗

 
where ∗′E  is the complex conjugate of E ′ . As it was expected, it is apparent from eq.(4) that 
the intensity distribution of the modified reconstructed hologram is also composed of the 
information about the object  modulated by a highly contrasted speckle noise . The 
introduction of the static diffuser in the OB path of our experimental setup, does not change 
the spatial coherence of the illumination, as it can be concluded by observing the speckle 
noise present in the digitally recorded and reconstructed holograms without (Fig. 2.a) and 
with (Fig. 2.b) diffuser in the OB path.  
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a.     b. 

Fig. 2. Digitally recorded and reconstructed hologram a) without the diffuser and b) with the diffuser in 
a particular position. 

 
Significant reduction of the spatial resolution in the reconstructed image, due to the 

presence of high-contrast speckle noise, has been recognised, for many years, in the 
framework of the optical holography [11, 12, 21]. This undesired effect is worse in digital 
holography, because of the limited dynamic range of the digital reconstruction systems. 
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Consequently, the reduction of the speckle noise is crucial for improving the image quality of 
the digitally recorded and reconstructed holograms. 

 
There are diverse ways of reducing the speckle noise [10-14,20,21]. In this paper we 

propose a procedure based on the superposition on an intensity basis of digitally 
reconstructed holograms of the same static scene, all of them with the mathematical form 
expressed by eq. 4 and with the look shown in Fig. 2. Most of the approaches for reducing the 
undesired effects of the speckle noise in coherent imaging system are based on moving 
diffusers during the detector’s integration time. The speed of the diffusers is tuned such that 
the phase of the illumination is temporally varying faster than the detector’s temporal 
resolution, providing an illuminating beam with reduced spatial coherence and consequently 
reduced speckle noise [10,20,21]. In our proposal, the diffuser is kept static during the 
detector’s integration time, thus the spatial coherence is preserved carrying out to individual 
hologram recording and reconstructing with high-contrast speckle noise, as shown in Fig 2 
for a particular position of it. Thereafter, several reconstructed holograms with the 
appearance of the Fig. 2 are superimposed in an intensity basis. The full procedure 
implemented for achieving the improvement of the spatial resolution through the reduction of 
the contrast of the speckle is sketched in Fig. 3. 

 
 

 
 

Fig. 3. Graphical illustration of our procedure. Each hologram is recorded with fully spatially coherent OB, by 
keeping the diffuser’s position fixed during the detector’s integration time. The number n of superimposed 
digitally recorded and reconstructed holograms might be varied according to the speckle reduction needed. 

 
N holograms of the same scene are acquired with the diffuser in N different positions, 

but keeping it motionless during the detector’s integration time. This procedure assures that 
the spatial coherence of the OB is preserved during the detector’s integration time, and 
consequently each one of the digitally recorded and reconstructed holograms has a high-
contrast speckle noise, as can be seen from Fig. 2. After digitally recording N holograms, 
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each of them is individually reconstructed. Thereafter, they are added on an intensity basis to 
produce a final amplitude-contrast equal to one. The proper operation can be carried out with 
the intensity-contrast reconstructed holograms. 

 

To validate this procedure, it is necessary to understand the modified reconstructed optical 
field represented in eq. (4) as composed by a deterministic term  provided by the object 
information and a random term  given by the speckle noise. The CCD dimensions and the 
object illumination determine the random term, so that different versions of it can be 
obtained, for instance, by changing the object illumination between the different exposures 
while keeping the CCD characteristics and its location fixed. For that purpose, a diffuser has 
been inserted in the OB path (D in Fig. 1) in such a way that a diffuse coherent illumination 
impinges upon the object generating a typical speckle pattern in the reconstruction stage, as 
shown in Fig. 2. Consequently, if the diffuser is rotated to a different fixed position in the 
same plane, different object illuminations will be produced and, as a result, the speckle 
patterns generated on the reconstructed hologram will be different too. Special emphasis must 
be made on the fact that the diffuser remains static during the acquisition of each hologram 
hence the spatial coherence of the OB is unaltered and holograms with high-contrast speckle 
are recorded and of course reconstructed. The diffuser used in our experiment is a 
conventional ground glass, which satisfies all the conditions to yield a Gaussian random 
illumination: i) the standard deviation of the surface height is significantly greater than λ, 
ensuring that the phase of the scattered wave is uniformly distributed in the range -π to π, and 
ii) the great majority of independent scatters contribute to any given point in the image. 
Under these assumptions, all the digitally reconstructed holograms will be statistically 
independent from one another, because the speckle noises on them are independent to each 
other too [21]. Hence, a superposition of many reconstructed holograms, obtained in the 
image plane by a successive rotation of the diffuser, will be described by the superposition of 
mutually independent terms of the form  on an intensity basis, as given by 
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where N is the number of superimposed digitally reconstructed holograms in the image plane. 
It is clear from eq. 4 that we have the object information  multiplied by a new speckle 
noise 
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2 .... SNSSSST AAAAA ++++=  obtained by the superposition of mutually independent 
speckle patterns. 
 

We can now determine the contrast reduction in the new speckle noise  and the 
consequent increment of the spatial resolution in the reconstructed hologram. Each term of 
the summation in eq. (5) is a random variable that obeys Gaussian statistics. Thus, their 
incoherent superposition (mutually independent terms) on an intensity basis will follow a 
gamma distribution, and the contrast of this type of distribution behaves as 

2
STA

( ) 211 N [21,14] 
with N being the number of superimposed Gaussian distributions. The function ( ) 211 N  
decays rapidly, in such a way that superimposing only 10 holograms reduces the contrast of 
the speckle noise  from 100% to 32%. It is reduced further to 25% if 16 object wave 
fronts are added. To reduce the speckle contrast to 1%, 1000 holograms are required, an 
impractically large number. However, we have experimentally shown that the incoherent 
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superposition of only 10 digitally reconstructed holograms increases considerably the spatial 
resolution of the reconstructed image, and that a greater number of them are probably not 
needed.  

 

3. Experimental Results 

Fig. 4 illustrates the evolution of the spatial resolution of a digitally recorded and 
reconstructed hologram by using the proposed technique. 
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Fig. 4. Experimental results of applying the described technique over a digitally reconstructed hologram of a 
horse model 3.3 cm width. The first column, from left to right, shows the number of digitally reconstructed 

holograms superimposed along each row. The intensity-contrast images and the amplitude- contrast images are 
shown in the second and the third columns, respectively 
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A horse model illuminated by a He-Ne laser (3.3 cm width with reduced contrast, 

brown body, and black mane) was used as the object. All the reconstructed holograms were 
obtained by the digital reconstruction of holograms recorded by a SONY XC-77CE camera 
located 110 cm from the object. As illustrated in Fig. 4, different numbers of digitally 
reconstructed holograms have been added on an intensity basis and the resulting intensity-
contrast and amplitude-contrast images calculated [8].  

 
The increase of the grey value of the bright spots in the reconstructed holograms is 

apparent in Fig. 4. It indicates an improvement of the diffraction efficiency in the 
reconstruction process. However, this characteristic is revealed as a drawback in the digital 
representation of images, due to the limited dynamic range of the visualisation devices. This 
fact can be observed in the intensity-contrast images. Fortunately, amplitude-contrast images 
[8] can be calculated by taking advantage of the versatility of the digitally recording and 
reconstructing of holograms, making possible the use of our approach, as can be concluded 
from comparing the second and third columns of Fig. 4.  

 
Now, from the information provided by the amplitude-contrast images, an important 

increase of the spatial resolution is achieved with the increase of the number of the digitally 
reconstructed holograms superimposed on an intensity basis. As has been stated before, each 
of the superimposed reconstructed holograms has the appearance shown in Fig 2.b, with the 
difference that the speckle modulation on each one has diverse distributions. Hence, their 
superposition on an intensity basis conducts to a reduction of the speckle’s contrast and in 
this way the spatial resolution is improved. 

 
In accord with the theoretical considerations, the spatial resolution increases rapidly 

from the superposition of two digitally reconstructed holograms to ten of them. From this 
point on a further increment of the number of superimposed reconstructed holograms does 
not yield significant improvement on the spatial resolution. It is apparent from these figures 
that some details on the horse image can be distinguished only via the increment of the spatial 
resolution: the eye cavity, the nose cavity and the mouth can be resolved effectively in the 
last images but not in the first ones. 

4. Conclusions 

We have demonstrated a procedure for improving the spatial resolution in digital 
holography through the incoherent superposition of multiple reconstructed holograms of the 
same scene. Although comparable results can be obtained via other techniques, for instance, 
the use of synthetic apertures, the simplicity of our method turns it into an effective tool for 
improving the spatial resolution in digital holography of macroscopic objects. 
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