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In this work, we analyse the speckle cluster structure generated when a coherently illuminated diffuser is
imaged by introducing a multiple aperture pupil mask in front of the lens plane. We demonstrate that the
speckle cluster originates from the complex speckle modulation generated by multiple interferences
among the wavefront passing through each aperture. The auto-correlation function of the intensity
distribution when using a multiple aperture pupil arrangement is calculated. Besides, we demonstrate
that the autocorrelation function and the intensity corresponding to a single scattering element of
the input are coincident. This result allows interpretation of the dynamics behaviour of the speckle
cluster formation by considering the result obtained by a single scattering element. Then, we determine
the pupil mask geometrical parameters that control the cluster behaviour and therefore the condition
for obtaining a highly repetitive cluster structure that we define as a ‘regular cluster’. The theoretical
simulations based on the random walk model are in agreement with the experimental results supporting
the validity of our approach.

1. Introduction

It is well known that the multiple interference among the wavefront scattered from each
element of a diffuser object illuminated by coherent light generates a speckle pattern. The
diffuser can be considered as an ensemble of scattering elements with random distributions of
phase, position and shape. Speckle patterns are obtained either by using an imaging formation
system or by free propagation, usually defined as subjective or objective speckles, respectively
[1, 2]. The internal modulation of the speckle achieved by locating a multiple aperture pupil
mask in front of the imaging lens allows the implementation of several metrological methods
[3–8]. Applications using multiple aperture pupils demonstrate the possibility of carrying out
a variety of experiments that cannot be implemented otherwise. For instance, optical arrange-
ments for image multiplexing [3], speckle photography [4, 5] and speckle interferometry [6–8]
have been proposed.
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In an early work, Uno et al. [9] showed that when a rough surface is illuminated with
a ring-slit aperture, a speckle pattern formed in its Fraunhofer diffraction region presents
a string or network-like structure appearance, which is called speckle clustering. In this
work, the authors stated that speckle clusters suggest the existence of a longer correlation
beyond the speckle size. It was shown that the speckle clustering phenomenon can be ex-
plained by long ringing lobes that are present in the autocorrelation function of the speckle
pattern generated with ring-slit illumination. In [10], the speckle pattern from ring slit il-
lumination was compared with other types of illumination (segmented ring-slit apertures).
Also, it was found that the speckle has a clustering appearance with a characteristic spatial
structure.

In our proposal, we study the subjective speckle behaviour when a plane wave illuminates
an input diffuser and a ring-slit aperture pupil is attached to the imaging lens. Although our
set-up differs from the arrangement proposed in [9, 10], the intensity distributions obtained in
the image plane replicate the characteristic spatial structures as observed in [10]. Therefore, we
maintain for those intensity distributions the ‘cluster’ terminology. It should be mentioned that
a ring-slit aperture could be represented as a continuous arrangement of apertures distributed
on a circumference. Then, we use the multiple apertures scheme analysed in [11, 12] to
interpret the speckle cluster generation. We found that by using the mentioned scheme the
speckle image distributions have cluster structures with remarkable regularity. This behaviour
was not previously observed. This new feature motivates us to develop a deeper systematic
analysis of the cluster structures. The experimental results confirmed by the theoretical analysis
demonstrate that the cluster structure is a consequence of the internal speckle modulations
generated by the multiple interference produced by the aperture pupil. Indeed, directional
structures appear in the inner speckle modulation so that tiny spots are found on regular
arrangements that replicate the aperture distribution in the pupil. We define this particular
structure as a ‘regular cluster’. In fact, this assertion implies that we are able to generate
highly localized three-dimensional intensity patterns. On the other hand, let us remember
that optical micromanipulation requires novel light beams to operate and to trap microscopic
particles. This idea suggests that the cluster structures could be useful for tweezing several
particles at once, due to their high directional nature.

In our work, we demonstrate that the image intensity distribution corresponding to a single
scattering element in the input plane is equivalent to the auto-correlation function. This result
is the starting point for interpreting the speckle cluster formation. Afterwards, we demonstrate
that the regular cluster formation depends on the following parameters: the number of apertures
N , the radius of the apertures R, the uniformity of the distribution of the apertures and the
circumference radius r of the distribution of the apertures. We confirm this fact through the
agreement between the experimental results and the theoretical simulations obtained by using
the random walk model [12].

2. Experimental description

The experimental set-up is shown in figure 1. The results of this section are obtained using an
expanded and collimated beam provided by a linearly polarized mini Nd YAG laser (λ = 532
nm). Our scheme is a subjective speckle arrangement. In this case, a singlet lens L image in
the X − Y plane with a random diffuser D. The scattering element D located in the X − Y
plane is a 30 μm rms glass diffuser. The focal length of the lens L located in the U − V plane
is 52 mm. The distances from the diffuser to the lens Z0 and from the lens to the image plane
ZC are 56 mm and 717 mm, respectively. A pupil mask P is located immediately in front of
the imaging lens L . The experimental speckle images are recorded by using a CCD camera
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Figure 1. Experimental set-up: D, diffuser; L , imaging lens; P , pupil mask; I , image plane.

with a zoom-microscope focused on the observation X −Y plane. The area in the object plane
in the experimental and simulated results is 0.7 mm × 1.2 mm. This area corresponds in the
diffuser plane to an area of about 55 μm × 94 μm.

Figure 2 shows the experimental image speckle pattern corresponding to a continuous
ring-slit pupil obtained using the set-up in figure 1. A cluster structure with a network-like
appearance is clearly observed. This result resembles that obtained in [9, 10].

Note that it is valid to represent a circular ring slit as an arrangement of discrete apertures
distributed on a circumference that resembles the continuous ring slit. Then, we consider a
pupil mask consisting of N identical circular apertures a1, a2 . . . aN of radius R distributed in
a circumference of radius r .

Figure 3 shows the speckle pattern corresponding to 16 apertures uniformly distributed in
a circumference. In this case, a cluster structure also appears in the image. A comparison
of figures 2 and 3 shows that in the discrete case the image exhibits a more regular cluster
structure. This fact encourages further analysis to determine the conditions that improve or do
not improve the regularity that the cluster structure presents.

3. Theoretical discussion

In the following, we discuss a model to interpret the dynamic behaviour of cluster formation.
Let us remember that when utilizing a multiple aperture pupil, each aperture forms a speckled
image of the diffuser. Besides, the complex amplitudes of waves going through different
apertures are statistically independent, because different components of the angular spectrum
of the scattered light are accepted by them. Moreover, the resulting speckle pattern appears
as the interference of speckle distributions produced by each aperture pair because they are
coherent. In summary, a complex system of fringes existing in the whole volume of each
individual speckle modulates the resulting speckle pattern.



Figure 2. Experimental speckle pattern corresponding to a continuous ring-slit pupil.

3.1 Random walk model

An approach is introduced [12] to describe the resulting subjective speckle pattern when a
generic multiple aperture pupil is used. This approach is based on the random walk model
and a new approximation for the quadratic phase factors is given. In the double aperture pupil
case, the theoretical calculations presented in [12] fully coincide with the experimental results.
Then, the model proposed in [12] seems to be an adequate tool to describe the cluster structure
when the optical system has a multiple aperture pupil.

Figure 3. Experimental speckle pattern corresponding to 16 apertures uniformly distributed in a circumference.



In the following, we rewrite the main results of the mentioned model. This approach im-
plies considering a pupil function formed by N non-overlapping apertures. The amplitude
transmission function corresponding to the hth aperture is defined as ah(u, v). The field in the
diffuser surface can be expressed as U0(x, y) = ∑m

q=1 Ũq (x, y) exp ( jφq ) which consists of
a sum of m discrete scattering points with field amplitudes Ũq (x, y) and phase φq ( j is the
imaginary unit). Then, for N identical apertures of unitary transmission function with arbitrary
distribution, the intensity distribution in the image plane (X − Y plane) results:
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Uq (X, Y ) is the amplitude in the image plane; A(x, y; X, Y ) represents the response of the
system to an impulsive input; k = 2π

λ
; a(u, v) represents the amplitude transmission corre-

sponding to an aperture; (xq , yq ) is the random position of the qth scattering point of the
diffuser; rh is the distance from the geometrical centre of the hth aperture to the optical axis
and αh is the angle that forms the segment rh with the u-axis (see figure 1). Note that the
first and second terms in equation (1) represent the superposition of intensities due to a single
scattering point of the input diffuser. The third and fourth terms represent the contribution due
to a pair of scattering points.

3.2 Auto-correlation of speckle intensity

In [11], it is stated that the speckle patterns obtained by using multiple aperture pupils fulfil the
circular Gaussian random statistics with zero mean in the complex plane. This assertion is valid
since the amplitude of the patterns results from the superposition of the complex amplitudes
of light from the individual apertures satisfying the same statistics. Under this condition, by



following the same mathematical steps as in section 2.2 of [11] and starting from the autocor-
relation function of the complex amplitude of the image field 〈Uq (X1, Y1)[U q (X2, Y2)]∗〉, the
auto-correlation function of the intensity distribution for a multiple aperture pupil arrangement
results:

CI (�X, �Y ) = N 2〈I0〉2 + |J0(�X, �Y )|2
⎡
⎢⎣N + 2

N∑
h,h′=1
h>h′

cos {φh − φh′ }

⎤
⎥⎦ , (2)

where (�X, �Y ) = (X2 − X1, Y2 − Y1), (Xi , Yi ) represents a point in the image plane,
J0(�X, �Y ) ∝ A(0, 0; �X, �Y ) defines the correlation of the complex amplitude of waves
propagating from an aperture to the points (X1, Y1) and (X2, Y2) in the image plane and
〈I0〉 = J0(0, 0).

Equation (2) shows that the average transversal speckle dimensions are determined by
the mean width of the function J0(�X, �Y ), which depends only on the generic amplitude
transmission function of the aperture a(u, v), irrespective of the location of the apertures.
Also, it could be inferred that the individual speckles are internally modulated by fringes.
The expression inside the brackets in equation (2) determines the behaviour of the com-
plex system of fringes that modulate the speckle due to the multiple interference of the
wavefront coming from each aperture. Each pair of apertures ah(u, v) and ah′ (u, v), with
h, h′ = 1, 2, . . . N and h �= h′, can be associated with an elementary fringe system, specified by
cos{φh − φh′ }.

Note that by considering a single scattering point on the optical axis in the input plane given
by U1 (x, y) = δ (x, y), the intensity in the image plane is reduced to

I (m=1)
i (X, Y ) ∝ A(0, 0; X, Y )2

⎡
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cos(φh − φh′ )
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By comparing equations (2) and (3), the auto-correlation of intensity results

CI (�X, �Y ) = N 2〈I0〉2 + K · I (m=1)
i (X, Y ) (4)

where K is a constant. Then, the intensity corresponding to a single scattering element is
equivalent to the auto-correlation. Therefore, it can be advantageous to evaluate the output
intensity of a single scattering to understand the result produced when a diffuser (multiple
scattering elements) is employed in the input plane of the set-up.

4. Results and discussion

The speckle cluster formation is analysed in terms of the parameters of the multiple aperture
pupil to determine their influence in the cluster generation. The parameters to be considered are:
the number of circular apertures N , the aperture radius R, the radius r of the circumference
where the apertures are distributed and the uniformity of the aperture distribution in the
mentioned curve. In our study, we concentrate on pupils with an even number of apertures
due to their particularly high degree of symmetry.

As a first approach and by taking advantage of the assertion in the last paragraph of sec-
tion 3.2, we analyse the cluster generation by considering the computed simulation of a single
scattering element in the input plane and a multiple aperture pupil in front of the imaging lens.
In this sense, figures 4, 5 and 6 show the theoretical intensity distribution in the image plane
corresponding to a single scattering element obtained using equation (3). Taking into account
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Figure 4. Simulations corresponding to a single scattering element for a pupil with 10 apertures (R = 0.4 mm)
uniformly distributed in a circumference of (a) radius r = 15 mm, (b) radius r = 10 mm and (c) radius r = 5 mm.
In each case the pupil is schematized.

that the apertures which form the pupil are circular, the resulting distributions are the well
known Airy patterns modulated by a complex fringe system. The set of images in figures 4, 5
and 6 corresponds to simulated patterns where three parameters of the pupil keep fixed while
the remaining parameter is changed.

The images in figure 4 correspond to a pupil with 10 apertures (R = 0.4 mm), uniformly
distributed in a circumference of radius: (a) r = 15 mm, (b) r = 10 mm and (c) r = 5 mm. Note
that in these images, the light intensity distribution in the pattern tends to concentrate in closed
geometrical loci that replicate throughout the pattern. These replicated structures or unit cells
are similar to that observed in the experimental result where a diffuser (multiple scattering
elements) is utilized in the input plane (see figure 3). Then, this unit cell can be defined as a
regular cluster. Note that the number of bright spots that form these cluster structures coincides
with the number of apertures in the pupil. It is observed in figure 4 that the size of the unit
cell changes in accordance with the circumference radius where the apertures are distributed.
There is an inverse relation between the circumference radius and the dimensions of the cluster
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Figure 5. Simulations corresponding to a single scattering element for a pupil with 10 apertures uniformly distributed
in a circumference of radius r = 15 mm and (a) aperture radius R = 0.4 mm, (b) aperture radius R = 0.8 mm and (c)
aperture radius R = 1.2 mm. In each case the pupil is schematized. The insert in (c) shows a non-saturated version
of the central region of the diffraction Airy pattern.

that replicates in the pattern. When the circumference radius increases, the apertures part from
each other and the elementary fringe systems that modulate the pattern increase in frequency
without changing their directions.

The computer simulations in figure 5 are obtained by using a pupil with 10 apertures
uniformly distributed in a circumference (r = 15 mm) and apertures with radius: (a) R =
0.4 mm, (b) R = 0.8 mm and (c) R = 1.2 mm. It is apparent that when the radius of the
apertures increases, the Airy pattern decreases accordingly. However, the set of elementary
fringes that modulates the pattern remains constant. This effect occurs because the number of
apertures and the radius of the circumference where the apertures are uniformly distributed
do not change. Then, the regular cluster maintains its size and shape in all cases. In summary,
the cluster structure is governed by the inner speckle modulation and does not depend on the
aperture dimensions. Indeed, as the aperture radius increases, the energy distribution in the
Airy pattern changes so that the central disk of the diffraction pattern reduces its size and
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Figure 6. Simulations corresponding to a single scattering element for: r = 15 mm, R = 0.4 mm and a pupil with
(a) 10 apertures, (b) 16 apertures and (c) 20 apertures. In each case the pupil is schematized.

increases its relative intensity. Note that the central region of the pattern in figure 5(c) is
saturated. However, the cluster structure remains in the whole pattern and in particular in the
central region as confirmed by observing the non-saturated version of the central region of the
pattern (see the inset in figure 5(c)).

Figure 6 also considers a single scattering element corresponding to a pupil with: (a) 10
apertures, (b) 16 apertures and (c) 20 apertures (radius R = 0.4 mm), uniformly distributed in
a circumference of ratio r = 15 mm. Note that, the regular cluster in its first appearance around
the centre of the pattern lies replicated on a circumference with a multiplicity that coincides
with the number of apertures. In addition, the regular cluster size increases proportionally
with the number of apertures. Both effects mean that the regular cluster formation increasingly
departs from the pattern centre (see the sequence in figure 6). For instance, in the 20-aperture
case the regular clusters are observed in the rim of the central Airy disk. On the other hand, in
the 10-aperture case, the regular clusters appear closer to the central region of the diffraction
pattern and the resulting distribution presents a higher cluster, repetitively.
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Figure 7. Experimental and simulated speckle pattern corresponding to a pupil with (a) 6 apertures, (b) 8 apertures,
(c) 12 apertures and (d) 16 apertures uniformly distributed in a circumference of radius r = 15 mm (aperture radius
R = 1.3 mm). In each case the pupil is schematized.

The previous results permit the characterization of the cluster formation when there is only
a single scattering element in the input. However, our interest corresponds to using a diffuser
element in the input plane, which implies a huge amount of scattering elements. Nonetheless,
as mentioned above, the response based on a single scattering element is useful for under-
standing the behaviour of the resulting pattern when multiple scattering elements are used.
The experimental and simulated images in figure 7 correspond to the use of several scattering
elements in the input plane. The sequence shows speckle patterns obtained with an increas-
ing number of apertures uniformly distributed in the pupils but maintaining a fixed aperture
diameter and circumference radius. The agreement between the theoretical and experimental
results should be emphasized. As predicted by our previous analysis corresponding to a single
scattering element, figure 7 shows that the average speckle size is independent of the number
of apertures lying on the circumference. This feature is apparent in figure 7(a) and (b). In



figure 7(c) and (d) the speckle structure is not evident because the inner modulations dominate
the pattern.

The results of figure 7 confirm that the light intensity distribution in the pattern tends to
concentrate in geometrical loci (regular cluster). In the 6-aperture case a regular distribution
of six bright spots that resemble the aperture arrangement in the pupil become apparent (see
figure 7(a)). In fact, the number of spots that form the regular cluster increases in the same
proportion as the number of apertures. Furthermore as far as the number of apertures increases
the regular cluster radius becomes greater.

The 16-aperture case (figure 7(d)) shows that the cluster structure loses its regularity. This
effect can be understood by remembering the results obtained for a single scattering element.
In figure 6 for 20 apertures the regular cluster first appears in the rim of the central Airy disk.
Note there is an increase in the aperture radius between figures 6 and 7. In the case that the
pattern corresponding to a single scattering element is analysed, a decrease in the Airy disk
is observed in comparison with figure 6. Then, the regular cluster in the 16-aperture case first
appears in the inner ring of the diffraction pattern. This effect implies that the cluster structure
decreases its regularity in the case of multiple scattering elements. Note that according to the
previous discussion, if the number of apertures as well as the radius of the circumference where
they are distributed are kept constant, then the cluster regular structure could be recovered by
reducing the aperture radius.

Figure 8 shows experimental and simulated results for 16 apertures with R = 0.5 mm
distributed uniformly over circumferences of: (a) radius 15 mm and (b) radius 10 mm. By
observing figure 8 some features of the cluster structure can be withdrawn. At this point,
the possibility of controlling the appearance of the regular cluster by changing the pupil
geometrical parameters is apparent. A comparison between figures 7(d) and 8(a) demonstrate
that a decrease in the aperture radius whilst maintaining the other pupil geometrical parameters
constant, allows the appearance of regular cluster structures. As stated above, in figure 5 in the
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Figure 8. Experimental and simulated speckle pattern corresponding to a pupil with 16 apertures uniformly dis-
tributed in a circumference of (a) radius r = 15 mm, (b) radius r = 10 mm (aperture radius R = 0.5 mm). In each
case the pupil is schematized.



case of a single scattering element, a decrease in the aperture radius increases the central Airy
disk size but without changing the elementary fringe systems. Therefore, in this case more
cluster structures appear in the central Airy disk, which implies in the multiple scattering
elements case an increase in the regularity of the observed pattern (see figure 8). Indeed,
it is apparent from figure 8 that the regular cluster radius is inversely proportional to the
circumference radius where the apertures are distributed. This result is in accordance with the
discussion in figure 4.

The previous analysis determines the conditions for obtaining a regular cluster when the
apertures that form the pupils are uniformly distributed in a circumference. However, it is
interesting to analyse the effect of the uniformity in the cluster formation. Then, we consider a
more general arrangement: multiple apertures non-uniformly distributed on a circumference.
Figure 9 shows simulated patterns for 10 apertures uniformly and non-uniformly distributed
on a circumference. To understand the speckle distribution behaviour corresponding to a mul-
tiple scattering element (figure 9(c) and (d)), a single scattering element situation is depicted
(figure 9(a) and (b)). It is apparent that in the non-uniform case, the regularity of the clus-
ter structure diminishes (figure 9(b) and (d)). The pattern loses the multiplicity of redundant
elementary fringe systems that reinforce the regularity and, in turn, new isolated elementary
fringe systems contribute, producing the mentioned diminishing of the cluster regularity.

To resume, it is useful to remember that in the case of ring-slit aperture pupils the autocor-
relation function of the speckle exhibits long ringing lobes bringing a long-range interaction

a)                                                               b) 

c)                                                               d) 

Figure 9. Simulated speckle pattern corresponding to a pupil with 10 apertures distributed in a circumference
(r = 15 mm, R = 0.5 mm) with (a) a single scattering element in the input and uniformly distributed apertures; (b) a
single scattering element and non-uniformly distributed apertures; (c) a multiple scattering element and uniformly
distributed apertures and (d) a multiple scattering element and non-uniformly distributed apertures.



among the speckles [3]. As stated above, the ring-slit aperture pupil is a limiting case of
the discrete aperture arrangement. Then, it is clear that when passing from one to several
apertures in the pupil mask the autocorrelation function gradually begins to form the long
ringing lobes. As demonstrated above, this fact is a consequence of the appearance of more
elementary fringe systems, which depend on the aperture numbers and the curve in which they
are distributed. Moreover, it is possible to control the autocorrelation in order to include or
not include regular clusters in the central Airy disk. Therefore, the possibility of determining
conditions that depend on the pupil parameters selection in order to obtain regular cluster with
a ‘better definition’ is apparent (see results in figure 8).

Previously, we proposed several applications using photorefractive materials in the record-
ing of speckle distributions, where multiple aperture pupil optical systems are involved
[13]. Moreover, as analysed in [14, 15], optical vortices (wave front dislocations) appear
in speckle distributions. Hence, the appearance of these wave front dislocations in modulated
speckle could be inferred. Finally, if there is interest in applications that involve cluster non-
linear recording a deeper cluster behaviour analysis that considers optical vortices could be
done.

5. Conclusions

A ground glass acting as a multiple scattering element generates a speckle pattern. In our work,
we analyse the high cluster regularity presented in the image speckle pattern when using an
arrangement of apertures attached to the imaging lens. We also demonstrate that the intensity
corresponding to a single scattering element is equivalent to the auto-correlation. This result
is the key point in order to interpret the speckle cluster formation.

When a single scattering element is considered, we demonstrate that the regular cluster is
governed by the number and radius of the apertures, the uniformity of the distribution of the
apertures and the radius of the circumference where the apertures are distributed. In particular,
when an even number of apertures uniformly distributed in a circumference is considered, it is
observed that the cluster replicates the aperture array. It means that the tiny spots forming the
regular cluster are arranged as a scaled version of the distribution of the apertures in the pupil.
Also, the cluster radius is proportional to the number of apertures and is inversely proportional
to the circumference radius. Besides, the cluster size does not depend on the aperture radius.
However, a decrease in the aperture radius produces an increase in the size of the Airy disk,
allowing thereby the appearance of more and more regular cluster structures when a single
scattering element is considered. These features allow a ‘better defined’ regular speckle cluster
in the multiple scatterings element case to be generated.

Besides, we analyse the effect on the speckle cluster, when the apertures are non-uniformly
distributed in the closed curve (circumference). In this case, we demonstrate that the regularity
of the speckle cluster structure is broken. This effect appears as a consequence of the loss of
elementary fringe systems that reinforce the regularity in the uniform case and the appearance
of new isolated elementary fringe systems without symmetrical counterparts.

Finally, it should be mentioned that the regular cluster appears not only when the closed
curve is a circumference. Therefore, further analysis related to the inclusion of more general
geometries in the closed curves should be considered.

This experiment allows regular intensity arrangements from random procedures to be ob-
tained. These sub-speckle structures imply a reduction in the average speckle size by more
than one order of magnitude. It means that the speckle patterns result in a highly localized
spot structure. These features suggest the possibility of implementing light particle steering
where the regular cluster pattern provides an optical tweezer tool.
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