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Abstract

The characteristics of the image speckles obtained through multiple aperture pupils are theoretically analyzed in
terms of the parameters defining the pupils. The possibility of interpreting and synthesizing the image speckle distri-
bution in terms of rather elementary structures is considered, based on the Fourier optics analysis. Then, first and
second order statistical properties of the speckle patterns are studied by evaluating both the mutual intensity and the
auto-correlation intensity of speckle distributions obtained by means of pupils consisting of identical apertures. Ex-
perimental results are presented to confirm the analysis. © 2001 Published by Elsevier Science B.V.

PACS: 42.30.Ms; 42.30.Va
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1. Introduction

The spectral components of input images usu-
ally concentrate in the low-frequency region of the
Fourier plane, which in general makes it difficult
to filter the spectrum and to process the images [1].
Considerable interest has been devoted to image
processing and metrology applications based on
the introduction of a spatial carrier through
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speckle patterns [2,3] to spread out the spectral
content into the high-frequency region.

Some techniques have been implemented on the
basis of internal modulation of the speckle grains
in the image field, which can be achieved by plac-
ing a mask with several apertures immediately
behind the imaging lens. The main advantage of
the internal speckle modulation is that it allows
for selective concentration of the spectral image
components into isolated high-frequency regions
of the Fourier plane [4,5].

Many optical systems have been conceived
based on double aperture pupils. These include
optical arrangements for binary signal encoding,
gray level and color image storage, pseudo-color-
ing operations, optical image subtraction, speckle
photography and speckle pattern interferometry
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[6-12]. However, the advantage of employing mul-
tiple aperture pupils has been demonstrated by
solving specific problems in image multiplexing [5],
speckle photography [4,13] and speckle-shearing
interferometry [14].

It should be pointed out that double aperture
systems allow the realization of some proposals
that cannot be implemented through a single ap-
erture pupil. Furthermore, several applications
using multiple aperture pupils demonstrate the
possibility of carrying out a variety of experiments
we cannot implement otherwise. Thus, the internal
modulation of speckles obtained through multiple
aperture pupils not only exhibits more complexity
but it offers larger capabilities in terms of potential
applications. In contrast, other applications in this
field are not as wide and diverse as expected. In
addition, the characteristics of modulated speckles
are scarcely treated in, for instance, Refs. [4,14-19]
concerning specific applications of optical systems
employing multiple apertures.

In this paper, we present a contribution devoted
to study the features of speckle patterns generated
by using optical systems whose pupils consist of
multiple apertures. The aim is to provide a suitable
framework that could contribute to understand
both actual and potential applications based on
the internal modulation of speckles. In Section 2,
the possibility of synthesizing the images in terms

Fig. 1. Experimental setup: R, diffuser; L1, imaging lens; P,
pupil mask; S, image plane.

of quite elementary speckle patterns is theoreti-
cally analyzed. Subsequently, the first and the
second order statistical properties of the speckle
patterns are investigated through the mutual in-
tensity and the auto-correlation of the intensity. In
Section 3 the experimental results are presented.

2. Theoretical analysis

The experimental setup is sketched in Fig. 1.
There, the diffuser R is coherently illuminated by
using an expanded laser beam of wavelength 1 and
the lens L images the diffuser in the X-Y plane.
Besides, a mask with multiple apertures is located
immediately behind the lens in the u—v plane. The
distances from the diffuser to the lens and from the
lens to the image plane are Z, and Zc, respectively.

The pupil function can be defined as:

P(u,v) = Zan(w) (1)

where a,(u,v) represents the amplitude transmis-
sion function corresponding to the nth aperture
(n=1,2,...,N). Each a,(u,v) is a real-valued
function, which equals zero outside the respective
aperture. Because the apertures are separated from
each other, it follows that a,(u,v)a,(u,v) = 0 for
n # m. Hence, the following equation holds:

N

P, 0)]* =D lan(u,0) 2)

n=1
2.1. Intensity distribution features
Let o (x, y) represents the complex amplitude of

the wave in the diffuser exit plane. Then the am-
plitude in the image plane is given by [1]:

AX,Y)=C / / o0 (x, )P, 0)
ol (32

+ 1—1-1 v| pdudvdxdy
<Zo ZC>}}
(3)
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where C =1 /)LZZOZC. Then, the image intensity
distribution I(X,Y) = |4(X, Y)|* is

10,9 = ¢ [ [ axnsie.)
L)

" (Zo 7 Zc ) ! } }
x dudvde’ dv' dxdydx'dy’ 4)
On the other hand, from Eq. (1) we obtain:

P(u,v)P(u/,v') = Za,,(u, v)a, (', v)

+ Z a,(u,v)a, ', v") (5)

n#m

By replacing this result in Eq. (4), it is easy to
demonstrate that

= Z 4, (X, V)

+2 Z Re{4,(X,Y)4,(X,Y)} (6)

n,m=1
n<m

where Re refers to the real part of the expression in
brackets and

_c / / o (x, ) (1, D)

+ (zlﬁ%)”] }dudvdxdy
(7)

A,(X,Y) represents the complex amplitude asso-
ciated with the image obtained only by the aper-

ture a,(u,v), for n=1,2,... N. Then, the first
term in the right-hand side of Eq. (6) refers to the
incoherent superposition of the speckle patterns
individually generated through the different aper-
tures. The second term stands for the interference
of the waves traveling from the apertures to the
image plane. As expected, if a double aperture pu-
pil is employed, then Eq. (6) reduces to /(X,Y) =
41(X,Y) + 4 (X, V).

Note that the interference term in Eq. (6) in-
cludes an individual contribution 2Re{4,(X,Y) x
A (X,Y)} associated with each pair of differ-
ent apertures a,(u,v) and a,(u,v), where n,m =
1,2,...,N and n <m. Thus, it is possible to
identify the internal speckle modulation with a set
of elementary fringe systems individually gener-
ated by different pairs of apertures in the pupil

By adding and subtracting (N — 1) x
|4,(X,Y)* in the right-hand side of Eq. (6) and
rearranging terms, it results:

I(X,Y) Z |4,(X,Y) 4+ 4,,(X, Y)[?
—(N=2)> 4., 1) (8)

n=1

Notice that 4,(X,Y) +4,(X,Y) is the coherent
superposition of the waves from the apertures
a,(u,v) and a,,(u,v), where n, m =1,2,...,N and
n # m. Then, |4,(X,Y) + A,/(X,Y)[’ represents the
intensity distribution of the modulated speckle
pattern obtained by using those apertures, i.e. by
employing the double aperture pupil P,,(u,v) =
a,(u,v) + a,(u,v). This intensity distribution
specifies the interference of waves from the nth and
the mth apertures and stands for an elementary
fringe system f,,, whose orientation and period are
determined by the relative position of the aper-
tures. Moreover, the first term in the right-hand
side of Eq. (8) refers to the incoherent superposi-
tion of the modulated speckle patterns indepen-
dently generated by the pupil aperture pairs.

The second term in Eq. (8) is proportional to
the incoherent superposition of the speckle pat-
terns individually formed by using each aperture
pupils. However, there is no internal modulation
in these patterns.
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Then, the internal modulation of individual
speckles obtained with a multiple aperture pupil
is determined only by the incoherent superposi-
tion of all those elementary fringe systems corre-
sponding to the different aperture pairs in the
pupil. Besides, this superposition does not ade-
quately describe the observed intensity (X, Y). To
emphasize this point, let us combine Egs. (6) and

(8):

2 EN: Re{4,(X,Y)4;,(X,Y)}

n,m=1
n<m

N
= > [4,(X,Y) + 4,(X, 7))

nm=1
n<m

N
_(N_I)Z|AW(X7Y)|2 (9)
n=1
This equation confirms us that the interference of
the N waves going through the apertures does not
coincide with the incoherent superposition of all
the speckle patterns generated by the different
aperture pairs. Notice that the contribution due to
the aperture pairs responsible for the speckle for-
mation include N — 1 times the contribution asso-
ciated with each one of the apertures, as confirmed
by the second term of the right-hand side in Eq.
9).

2.2. Statistical properties

In this section, we study the statistical proper-
ties of the speckle pattern generated through
multiple aperture pupils. We evaluate the auto-
correlation functions both for the complex ampli-
tude and the intensity of the speckle pattern.

The speckle patterns obtained by using multiple
aperture pupils fulfill the circular Gaussian ran-
dom statistics with zero mean in the complex plane
because the amplitude of these patterns results
from the superposition of the complex amplitudes
of light from the individual apertures satisfying the
same statistics [20]. On the other hand, the com-
plex amplitudes of waves going through different
apertures are statistically independent from each
other, because different components of the angular

spectrum of scattered light are accepted by the
apertures. In fact, it can be demonstrated [13] that
(4,(X,Y)4;,(X,Y)) =0 forn,m=1,2,...,N and
n # m. On this basis, Eq. (6) implies that the av-
erage intensity in the image plane is given by:

N

(e ) =3 (|4 nF) (10)

n=1

Thus, Eq. (10) implies that the interference term in
Eq. (6) has zero mean.

When considering the incoherent superposition
of the speckle patterns obtained through the dif-
ferent aperture pairs in the pupil, it is apparent
that the first order statistical properties of this
pattern do not agree with those of the speckle
pattern generated by using all the apertures. Two
reasons explain this behavior: (a) The contrast of a
speckle pattern resulting from the addition of in-
tensities diminishes as the correlation between the
adding speckle patterns decreases [20]. (b) The
magnitude of the correlation between two speckle
patterns associated with different pupils depends
on the transmission area the respective pupils have
in common [13]. In our case, the contrast of the
synthesized speckle pattern does not reach the
optimum value because we are adding the inten-
sities of speckle patterns whose correlation is not
complete. The speckle patterns obtained through
two different double aperture pupils P,,(u,v) =
a,(u,v) + a,(u,v) and P(u,v) = a,(u,v) + a,(u,0)
are correlated only if there is one aperture these
pupils have in common. Otherwise the correlation
between the respective patterns is null.

Let us consider now the second order statistics
of the modulated speckle patterns. The mutual
intensity or the auto-correlation function of the
complex amplitude of the image field can be ex-
pressed as [20]:

JA(AX,AY) = (A(X,, N)AX, B)])
K - . 2) [ AX AY
=z lrenr} (Gez)
(11)

where (AX,AY)= (X, —X;,},—Y,), k is a con-
stant factor and 3 denotes a bidimensional Fourier
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transform. Then, the average intensity of the im-
age speckle pattern is:

K < 2
—3{IPE P} 0,0 12
By considering that the amplitude field is a circular
complex Gaussian random variable with zero
mean, the auto-correlation function of the speckle
intensity is:

Ri(AX,AY) = (1) + 4 (AX, AY)P (13)

To evaluate these magnitudes, we assume that the
speckle pattern is formed by using a pupil that
consists of identical apertures. In this case, every
transmission function a,(u, v) is defined in terms of
a single function a(u,v) which is translated to
different positions in the pupil plane, i.e. a,(u,v) =
a(u — u,,v —v,), where (u,,v,) is a constant vector
that specifies the position of the nth aperture, n =
1,2,...,N. Note that, for a given function a(u, v),
the point (u,,v,) determines the geometrical locus
of the aperture a,(u,v). In this sense we say that
the aperture a,(u,v) is located at the point (u,,v,)
(see Fig. 2).

On this basis and taking into account Eq. (2) we
obtain:

(I) = J4(0,0) =

|P(u, v)|” = z:|a(u—u,,,v—v,,)|2 (14)

Then, by replacing Eq. (14) in Eq. (11) and by
using the Fourier transform properties, it follows
that:

Ji(AX,AY) = Jo(AX, AY) ENI

n=1

X exp [— i%(unAX + U,,AY)]
(15)
where
Jo(AX,AY) = (4o(X1, 11)4;(X5, o))
K fau) (AX AT
- (;,Zc)“{'a(”’ °) } (iZc’?»Zc>
(16)

In this equation, 4y(X,Y) represents the complex
amplitude of the speckle field that would be ob-
tained at (X,Y) if a single aperture a(u,v) were
employed. Then, the function Jy(AX,AY) defines
the correlation of the complex amplitude of waves
propagating from the aperture of the generic form
a(u,v) to the points (X;,Y;) and (X5,Y,) in the
image plane.

Besides 4,(X,Y), forn =1,2,...,N, represents
the amplitude of the image formed by light passing
exclusively through the nth aperture. Then, the
amplitude field at a point (X, Y) in the image plane
is obtained by the coherent superposition

AX,Y) = XN:A,,(X, Y) (17)

If we replace this result in the equation
J(AX,AY) = (A(X;, Y1)A* (X, Y2)) and take into

v v
A A
a,(u,v)
a(u,v) y Kim-
P T
vm
a,(u,v)
a) b)

Fig. 2. Scheme of (a) a single aperture pupil and (b) a pupil with two identical apertures located at (u,, v,) and (t,, v,,).
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account that (4,(X, Y1)4; (X2, Y2)) = 0 for n # m,
then we find:
N
W(AX,AY) = (4,(X, )4

n=1

(Xo, 1)) (18)

By comparing Eqgs. (18) and (15) it can be inferred
that:

(A,(X1, Y1)AL (X2, Ya)) = Jo(AX,AY)

127n(unAX+v,,AY)}

xexp{f g
C

(19)

The exponential function in Eq. (19) can be in-
terpreted as follows. For a single point source lo-
cated at the origin of the w-v plane we can
associate certain phase delay A¢, with the complex
amplitudes at points (X;,Y;) and (X5, Y>). Never-
theless, if this source were located at (u,,v,), then
the incident waves at the points (Xj,Y;) and
(X2, Y») would experience an additional phase de-
lay given by A¢, = —i(2n/iZc)(u,AX + v,AY).
Then, the phase factor exp(—iA¢,) in Eq. (19)
represents the effect associated with the aperture
translation from the origin to the point (u,,v,) in
the u—v plane.

By using Eqgs. (18) and (19), it results that the
average intensity is proportional both to the num-
ber of apertures and the Jy(0,0) value:

(I) = J4(0,0) = NJy(0,0) = N{I) (20)

Note that this is a particular case of Eq. (10), in
which the average intensity of speckles generated
by each aperture in the pupil has the same value
(Io) = Jo(0,0).

Finally, let us evaluate the auto-correlation
function of the intensity distribution. From Eq.
(13) and by using Egs. (15) and (20):

Ri(AX,AY) = N*(I,)* + |Jo(AX, AY)|?

N
X [N—i—Z Z cos{%[(um—u,,)AX
\Zc

nm=1
n<m

(o071} e1)

This equation allows us to conclude the following:
(1) The average transversal dimensions of speckles
are determined by the mean width of the function

Jo(AX,AY), which depends only on the generic in-
tensity transmission function |a(u, v)[>, irrespective
of the location of the apertures in the pupil plane.

(i1) The individual speckles are internally mod-
ulated by fringes. In general, this is a complex
system of fringes whose statistical characteristics
are determined by:

N+2 Z cos{fzt[(

n,m=1
n<m

(o= 0 A7}

—u,) AX

(iii) Each pair of apertures a(u — u,,v — v,) and
a(u — uy,v—v,), with n, m=1,2,....N and
n # m, can be associated with an elementary fringe
system f,,,, specified by cos {(2n/AZc)[(tn — ) X
AX + (v, — v,)AY]}. The fringes of the f,, system
are perpendicular to the line joining the points
(t4y,v,) and (u,,v,). These fringes form an angle
L = tan[(v,, — v,)/(up — u,)] with the X axis.
The average period of each fringe system is
A = A2c/dy, where d,, = {(um — u,,)2 + (p—
v,)’] /2 represents the mean separation between the
respective apertures. As a consequence of the finite
width of the apertures and due to the random
variations of the field in the pupil plane, both the
period and the orientation of each elementary
fringe system f,,, vary from one speckle to another.
As the dimensions of the apertures increase, the
fluctuations of the speckle pattern modulation are
more significant. Nevertheless, if the apertures
a,(u,v) and a,,(u, v) would be reduced to two point
sources, then the period and fringe direction would
be determined by the loci of the apertures.

(iv) The average modulation depth of each ele-
mentary fringe system f,, is specified by the
number of aperture pairs in the pupil that are re-
sponsible for that fringe formation. Specifically,
the average magnitude of the modulation associ-
ated with a particular fringe system f,,, depends on
the multiplicity of the pairs of apertures a;(u,v)
and a;(u,v), for i, j=1,2,...,N and i # j, satis-
fying the relation =(u; — u;, 0, — 0;) = (U — Uy,
U — V).

Let us consider an example by employing the
pupil schematized in Fig. 3. It consists of a mask
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Fig. 3. Scheme of a pupil with four circular apertures of di-
ameter D, located at the vertices of a square d on a side.

with four circular holes of diameter D and centered
at the vertices of a square of side d. In this case,
from Eq. (21) we obtain:

Ri(AX,AY) = 16(I))* + |Jo(AX, AY)|*

X {4+4cos< 27; dAX)

)\,W C

2n

Jr4cos</1 dAY>

wZc

2n

IwZc
2n

+ 2 cos { d\/E(AXAY)]}

j~WC

+2cos[ d\fz(AXJrAY)]

(22)
where according to Eq. (16):

wD\/ (AX)* + (AY)?
TwZc

2J,

Jo(AX, AY) = (Iy)
nD\/ (AX)* + (AY)?
IwZc

(23)

and

1 =900 = (2 4

(2Zc)?

In Eq. (22) we can identify four different ele-
mentary fringe systems, one running parallel to the
Y axis, other running parallel to the X axis and
others forming angles of 45° and 135° with respect
to the X axis, respectively. The period of the di-
agonal fringes is less than the period of the other
fringe systems, which is in agreement with the
distances between the apertures that contributes to
form the respective fringe systems. Nevertheless,
the coefficient associated with the diagonal fringe
system is a half of the other coefficients, because
there is only one pair of apertures associated to
each diagonal fringe system formation, meanwhile
there are two aperture pairs in the pupil respon-
sible for the vertical and the horizontal fringe
formation. The fringe generated by using the ap-
ertures a; and a, has the same period and orien-
tation as the fringe system formed by the apertures
as and a4. The respective speckle patterns are sta-
tistically independent from each other, because the
two pupils P, = a; 4+ a, and Py, = a3 + a4 have no
transmission areas in common. A similar analysis
could be applied for the speckle patterns whose
fringes run vertically. Finally, the magnitude of the
average intensity of the speckle pattern is pro-
portional to the area of one aperture times the
number of apertures, i.e. proportional to the total
transmission area of the pupil, irrespective of the
particular shape of the apertures.

3. Experimental results

To illustrate the theoretical analysis, we present
different speckle patterns obtained with the ex-
perimental arrangement of Fig. 1. The parameters
employed are 4= 514 nm, Z; =138 mm and
Zc = 382 mm. The experimental images were re-
corded by using a CCD camera with a zoom-mi-
croscope focused on the observation X-Y plane.
Each image shows the intensity distribution cor-
responding to the same region whose actual di-
mensions are 0.83 mm x 0.63 mm. We used the
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pupil mask schematized in Fig. 3, with circular
holes of diameter D = 4.8 mm and centered at the
vertices of a square d = 9.2 mm on a side. Under
these conditions, the average diameter of imaged
speckles was &t = 1.2(AZc/D) = 49 pm.

Fig. 4 depicts the speckle patterns generated by
light passing through each pupil aperture. These
speckle patterns are statistically independent be-

cause each aperture accepts a distinct region of the
angular spectrum of the diffuser. In fact, there is
no apparent relation among these images.

Fig. 5 shows the speckle patterns obtained by
using a mask formed with different aperture pairs
of the pupil schematized in Fig. 3. The images
correspond to pupil masks with the apertures: (a)
a, and as; (b) a; and a»; (¢) @ and a3; (d) a; and ay;

Fig. 4. Speckle patterns obtained by employing different single aperture pupils. By referring to Fig. 3, light goes through (a) 4, (b) au,

(¢) a; and (d) a;.

Fig. 5. Speckle patterns obtained by using only two apertures of the pupil schematized in Fig. 3. Scattered light goes through the
apertures (a) a, and a3, (b) a; and a,, (c) a; and a;, (d) a; and ay, () a; and ay, (f) @, and ay4, respectively.
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(e) a3 and ay4, and (f) a, and a4, respectively. Note
that the speckle patterns of Fig. 5(a) and (d), (b)
and (e), (c) and (f) are statistically independent
from each other. Otherwise, the correlation be-
tween the speckle patterns is partial. Besides, it is
apparent that the orientation of fringes is ap-
proximately perpendicular to the line joining the
centers of the respective apertures and, as can be
confirmed by observing Fig. 5, the period, orien-
tation and phase of the fringe system modulating
the individual speckles vary slightly from one
speckle to another. Also the average period de-
creases as the distance between the apertures in-
creases. In fact, the average period of fringes
belonging to the diagonals of the pupil, in Fig. 5(c)
and (f), is lower than the period every other im-
ages.

The image of Fig. 6(a) corresponds to a pupil
consisting of the apertures a, a; and a; schemat-
ized in Fig. 3. As expected, the internal modula-
tion of speckles includes vertical, horizontal and
diagonal fringes. In Fig. 6(b) we digitally added
the images of Fig. 5(a) to (c). This result represents
the incoherent superposition of the speckle pat-
terns individually generated by the aperture pairs:
a; and a», a; and a3, a, and a;. Note that the
contrast of fringes in Fig. 6(b) is lesser than the

contrast in Fig. 6(a) because the former pattern
results from an addition of the intensities associ-
ated with partially decorrelated speckle patterns.
Besides, the mean period and orientation of the
fringe systems modulating the individual speckles
in Fig. 6(a) and (b) coincide.

Fig. 6(c) shows the addition of the speckle
patterns of Fig. 4(a), (c) and (d), which were
formed through the apertures a;, @, and as, re-
spectively. On the other hand, Fig. 6(d) depicts the
result of subtracting the image of Fig. 6(c) from
the image of Fig. 6(b). The similarity of the images
in Fig. 6(a) and (d) confirms us that we can syn-
thesize the speckle pattern formed with multiple
apertures by operating over more elementary
speckle patterns, generated by the individual ap-
ertures and the different aperture pairs in the pupil.
Note that this is in complete agreement with Eq.
(8) for N = 3.

Now let us compare the incoherent superposi-
tion of the speckle pattern formed by the single
aperture pupils of Fig. 6(c) and the speckle pattern
obtained by simultaneously using all the apertures,
depicted in Fig. 6(a). According to Eq. (6) these
patterns differ solely in that the speckles are in-
ternally modulated in Fig. 6(a). This modulation is
determined by the interference term of Eq. (6) of

Fig. 6. Speckle patterns obtained by (a) using simultaneously the apertures a;, a, and a;; (b) adding the speckle patterns generated by
the aperture pairs; (c) adding the speckle patterns generated by the apertures; (d) subtracting the image in (c) from the image in (b); (e)

filtering the image in (a); (f) filtering the image in (c).
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Fig. 7. Speckle patterns obtained by (a) using simultaneously the apertures a;, ay, a3 and a4; (b) adding the speckle patterns generated
by the aperture pairs; (c) adding the speckle patterns generated by the apertures; (d) subtracting twice the image in (c) from the image in

(b); (e) filtering the image in (a); (f) filtering the image in (c).

zero mean. As expected, by low-pass filtering
the images in Fig. 6(a) and (c) we obtain the
same intensity distribution, as shown in Fig. 6(e)
and (f).

Finally, a similar sequence of images is pre-
sented in Fig. 7. In this case the four-aperture
pupil of Fig. 3 is of concern. The image in Fig. 7(a)
is obtained by using the four-aperture pupil. Fig.
7(b) corresponds to the incoherent superposition
of the six images formed through the different
aperture pairs in the pupil and Fig. 7(c) corre-
sponds to the incoherent superposition of the four
patterns generated by the individual apertures.
The image in Fig. 7(d) was synthesized by sub-
tracting twice the image in Fig. 7(c) from the image
in Fig. 7(b), as it was established in Eq. (8) for
N = 4. The images in Fig. 7(e) and (f) are the fil-
tered versions of the images in Fig. 7(a) and (c),
respectively. These results can be interpreted as in
Fig. 6 to validate the theoretical analysis.

4. Conclusions

We studied the features of speckle distributions
generated by using an optical system which has a

multiple aperture pupil. It was shown that it is
possible to synthesize and interpret the speckle
pattern obtained through multiple aperture pupils
on the basis of rather elementary speckle patterns.
The intensity distribution that characterizes the
internal modulation of the individual speckles can
be understood in terms of the incoherent super-
position of all the fringe systems independently
generated by the distinct pairs of apertures in the
pupil. Both the orientation and period of each one
of these fringe systems depend on the relative po-
sition of the apertures. Nevertheless, to synthesize
the intensity pattern corresponding to a multiple
aperture pupil, we must take into account the
incoherent superposition of the speckle patterns
independently formed by the different apertures, in-
cluding a weight factor determined by the total
number of apertures.

We investigated the statistical properties of the
speckle pattern obtained through multiple aper-
ture pupils on the basis of the evaluation of the
auto-correlation functions both for the complex
amplitude and the intensity distribution of the
modulated speckles in the image field. These
functions are defined in terms of the squared
modulus of the pupil function. The intensity dis-
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tribution of the modulated pattern consists of two
terms. One term is the result of the incoherent
superposition of all the speckle patterns individu-
ally generated by the different apertures. The re-
maining term includes the contributions associated
with all the different aperture pairs in the pupil.
This term has zero mean, then the average inten-
sity of the modulated speckle pattern coincides
with the addition of the average intensities of the
speckle patterns formed through the individual
apertures.

For an optical system whose pupil consists of
an arrangement of identical apertures, the trans-
mission function associated with each aperture can
be defined in terms of a single function shifted to
different points in the pupil plane. On this basis we
demonstrated that the average intensity of the
modulated pattern is proportional to the number
of apertures and to the average intensity of every
pattern formed by a single aperture. Moreover, the
mutual intensity in the image field can be ex-
pressed as the addition of the mutual intensities
associated with the speckle patterns generated
through the individual apertures. Each term con-
tributing to this addition is multiplied by a char-
acteristic phase factor that depends on the position
of the respective aperture. Besides, the transversal
dimensions of speckles are not affected by the ap-
erture location, but their dimensions are deter-
mined by the squared modulus of the generic
transmission function of the apertures.

Also the evaluation of the auto-correlation of
the intensity in the image plane shows that fringes
modulating the individual speckles can be inter-
preted in terms of a set of sinusoidal fringes as-
sociated with the different aperture pairs in the
pupil. The average values of the period, the di-
rection and the modulation depth of these fringe
systems were determined in terms of the pupil
parameters.
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