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Abstract. Using the same diffuser, linear, quadratic and Hamming apertures can form static speckle images. The
distribution of the obtained speckle images using modulated apertures is computed by examining the full width at
half maximum (FWHM) of the autocorrelation function of the sampled speckle pattern. The FWHM results are
compared with the results obtained with open circular aperture. In addition, the effects of the neighbourhood size
over the computed speckle contrast are investigated as a function of speckle size.
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1. Introduction
Since the advent of laser, it was shown that speckle pattern is obtained from the scattered and reflected light
from coherent laser beam where statistical properties of
speckle are investigated in [1–5]. Referring to Fourier
optics techniques, it was shown that the speckle images
are produced from the convolution product of the FFT
of the diffuser and the point spread function (PSF)
corresponding to the linear aperture placed in the diffuser plane [6]. Modulated speckle images by linear,
quadratic and other apertures are investigated in [7–
9]. The laser speckle contrast imaging (LSCI) is early
investigated in [10] where several workers paid attention to the features of dynamic speckles [11–14]. A
recent review of LSCI is outlined in [15–17] where theories relating speckle contrast to particle speed are given.
The influence of a Gaussian or Lorentzian velocity distribution on the contrast level is investigated in [18].
Coherence domain optical methods and optical coherence tomography in biomedicine are presented in [19].
Recently, a combined effect of scattering and absorption on laser speckle contrast imaging was investigated
in [20] while a quantitative model of diffuse speckle
contrast analysis for flow measurement is outlined in
[21]. In addition, contrast analysis signals with absolute blood flow are given [22]. Image processing of
Ramses II statue using speckle photography modulated
by a new Hamming linear aperture was investigated in
[23].
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In this paper, the laser speckle images are investigated using linear, quadratic and Hamming apertures.
The speckle contrast versus the speckle size and aperture is computed and discussed.

2. Theoretical analysis
A subjective laser speckle pattern is formed in the
Fourier plane of a collimating lens L when a collimated
laser beam is incident upon a diffuser obstructed by a
linear aperture in a circular mask.
Hence, we write the following for the transmittance
complex amplitude from the diffuser superposed over
the linear aperture of radius r0 as follows:
A(x, y) = d(x, y) · P(x, y),

(1)

where d(x, y) = a(x, y)exp [2πi · rand(x, y)] represents the complex amplitude of the diffuser, a(x, y) its
amplitude
  and exp [2πi · rand(x, y)] its phase. P (r ) =
r r 
r0 ;  r0  ≤ 1 represents the linear amplitude transmittance from the circular aperture where r is the radial
coordinate in the aperture plane (x, y).
Now, the complex amplitude recorded in the Fourier
plane using a collimating lens L is obtained by operating
the FT on eq. (1) to get
B(u, v) = FT {d(x, y) · P(x, y)} .

(2)
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Figure 2. (a) Autocorrelation of circular aperture is shown
in (a) and linear aperture is shown in (b). FWHM = 412
pixels for the circular aperture while FWHM = 258 pixels
for the linear aperture. (b) Autocorrelation of the quadratic
aperture is shown in (a) and Hamming aperture is shown in
(b). FWHM = 182 pixels for the quadratic aperture while
FWHM = 190 pixels for the Hamming aperture.

Figure 1. (a) Images of apertures used in computing the contrast of speckle images. (b) Magnified image of the obstructed
Hamming aperture.

Making use of the FT properties and convolution operations we get
B(u, v) = FT {d(x, y)} ⊗ FT {P(x, y)}
= s(u, v) ⊗ h(u, v),

(3)

where s(u, v) = FT {d(x, y)} represents the speckle
pattern in the case of ideal coherent imaging. This ideal
case is verified only if the PSF h(u, v) = δ(u, v) where δ
is the Dirac delta function. In general, the speckle pattern
is affected by the PSF corresponding to the aperture
used.
In our study, the PSF for linear aperture is computed
in [6] to give the following result:



J0 (W ) 2 i Ji (W )
J1 (W )
+
, (4)
−
h(W ) = 4π
W
W2
W2

Figure 3. Speckle images obtained using different apertures
of the same radius (= 256 pixels) showing different profiles.
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Now, the distribution of speckle sizes in a speckle
pattern has been found by examining FWHM of the
autocorrelation function of the speckle intensity pattern
which is computed as follows:
c = I (u, v) · I ∗ (u, v).

Figure 4. Autocorrelation of the obtained speckle images
shown in figure 3. FWHM = 270, 297, 290 and 250 pixels
for (a) → (d) respectively.

where W = k r0 ρ/ f and ρ = (u, v) is the radial coordinate in the Fourier plane.

K =

1
(n+1)2

i+n/2
 
i−n/2

j+n/2 2
j−n/2 I x,y
1
(n+1)2

−



1
(n+1)2

For Hamming aperture with central dark radius rd , the
aperture is represented as follows:
Pham (obst.) (r ) = 0.54 + 0.46 cos [βπ (r − rd )] .

(6)

The PSF is computed by operating the FT on eq. (6) to
get the following equation:
h (r ) = 0.54δ (ρ) + 0.23 {δ1 [ρ − βλ ( f +2rd )]
+δ1 [ρ+βλ ( f + 2rd )]} .

2

.

j−n/2 I x,y

The PSF for quadratic aperture [9] is given as follows:


J1 (W )
J2 (W )
h(W ) = 4π
+
.
(5)
W
W2

(7)

Hence, the PSF is represented by three Dirac delta functions, one at the centre and the other two symmetric
delta functions located at ρ = ±βλ ( f + 2rd ) from the
centre of the diffraction pattern.
For open circular aperture, the known PSF is computed as


2J1 (W )
.
(8)
h (W ) =
W
Consequently, the intensity of the speckle image is
obtained by taking the modulus square of eq. (3):
I (u, v) = |s(u, v) ⊗ h(u, v)|2 ,

The ensemble average and standard deviation in eq. (11)
for the contrast are valid for a large number of samples or
as n → ∞. Otherwise, for a selected sample of dimensions 8 × 8 pixels from the whole speckle image of
dimensions N × N = 1024 × 1024 pixels, the ensemble average is replaced by a summation operated over
the sample zone and hence eq. (11) becomes [15]

j−n/2 I x,y

i+n/2  j+n/2
i−n/2

The contrast of the speckle images is usually defined as
the ratio of the standard deviation σ of the intensity I to
the mean intensity I  of the speckle pattern:

σ
I 2  − I 2
K =
=
.
(11)
I 
I 

i+n/2  j+n/2
i−n/2

(9)

where the PSF is dependent upon the aperture and is
computed from eqs (4), (5), (7) and (8).

(10)

(12)

3. Results and discussion
Images of apertures used in computing the contrast of
speckle images are plotted in figure 1a. The matrix
dimensions are 1024 ×1024 pixels while the radius =
256 pixels corresponding to each aperture. In the plot,
circular, linear, quadratic and obstructed Hamming apertures are shown. A magnified image of the obstructed
Hamming aperture is shown in figure 1b.
The autocorrelation function is computed and plotted in figure 2a for circular and linear apertures. It is
shown that FWHM = 412 pixels for circular aperture
and FWHM = 258 pixels for linear aperture. In addition,
it is plotted as in figure 2b where FWHM = 182 pixels
for the quadratic aperture and FWHM = 190 pixels for
the Hamming aperture. It is shown that the bandwidth
is reduced in the case of modulated apertures compared
to the open circular aperture.
Speckle images obtained using different apertures are
computed using the FFT technique operated upon the
filled aperture with the randomly distributed function.
It is known that the FT of the multiplication of the diffuser and the aperture is transformed into convolution
corresponding to the FT of each function. Hence, the
speckle image is the convolution of the static speckle
image and the PSF of the aperture. The speckle images
for different apertures are shown in figure 3, where the
aperture radius = 256 pixels. Different shapes of speckle
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Figure 5. (a) The speckle image produced from the diffuser and the quadratic aperture used in the processing, where the
aperture radius = 256 pixels, (b) a sampled speckle image of dimension 8 × 8 pixels taken from the whole speckle image
shown in figure 5a, (c) autocorrelation of the sampled speckle of dimension 8 × 8 pixels. FWHM = 7 pixels represents the
average speckle size using quadratic aperture, (d) autocorrelation of the sampled speckle of dimension 8 × 8 pixels. FWHM =
5 pixels represents the average speckle size using linear aperture, (e) autocorrelation of the sampled speckle of dimension 8 ×
8 pixels. FWHM = 8 pixels represents the average speckle size using Hamming aperture and (f) autocorrelation of the sampled
speckle of dimension 8 × 8 pixels. FWHM = 6 pixels represents the average speckle size using open circular aperture.

images are dependent on aperture distribution. The autocorrelation of the obtained speckle images shown in
figure 3 are plotted in figure 4, where FWHM = 270,
297, 290 and 250 pixels for figure 4a →figure 4d
respectively.
The speckle image produced from the diffuser and
the quadratic aperture used in the processing, where
the aperture radius = 256 pixels is shown in figure 5a. The speckle image of a sample of dimension

8 × 8 pixels taken from the whole speckle image is
shown in figure 5b. The autocorrelation of the sampled speckle of dimension 8 × 8 pixels is computed
and plotted in figure 5c. The results of FWHM obtained
from the sampled speckle image using different apertures are shown in figures 5c–5f and tabulated in
table 1.
For visible light and moderate numerical aperture
NA = 0.5, the speckle size ∼ λ/NA = 1000 nm.
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Table 1. The FWHM obtained from the sampled images of
dimension 8 × 8 pixels using different apertures, where the
aperture radius = 256 pixels in the whole speckle image.

Table 2. Contrast values computed from two different samples using different apertures and fixed diffuser in the
formation of the speckle image.

Aperture of radius = 256 pixels

FWHM (pixels)

Aperture

I 

σ

K = σ/I 

Linear
Quadratic
Hamming
Open circular aperture

5
7
8
6

Sampled
values in
pixels

Linear

8×8
16 × 16
8×8
16 × 16
8×8
16 × 16
8×8
16 × 16

0.0967
0.1054
0.0928
0.079
0.0646
0.0727
0.0938
0.0979

0.0417
0.0521
0.0394
0.0372
0.0294
0.0332
0.0374
0.0447

0.4309
0.4948
0.4240
0.4702
0.4550
0.4565
0.3985
0.4563

Quadratic
Hamming
Circular

Table 3. Contrast values computed from the sample image
of dimension 8 × 8 pixels using different apertures and fixed
diffuser in the formation of the speckle image.

Figure 6. The speckle images obtained using Hamming
aperture of different radii, 256, 128, 64, 32 pixels, which
are inversely proportional to the speckle sizes for monochromatic light of the laser beam. It is known that speckle size
S = λ/NA, where NA is proportional to the aperture radius
for constant focal length f . The contrast is computed for the
sampled images of dimension 8 × 8 pixels as a function of S.

The speckle images obtained using Hamming aperture of radii, 256, 128, 64, 32 pixels which are inversely
proportional to the speckle sizes for monochromatic
light of the laser beam are plotted in figure 6. It is
known that speckle size S = λ/NA, where NA is proportional to the aperture radius for constant focal length
f . The contrast is computed for the sampled images
of dimension 8 × 8 pixels as a function of S. Contrast
values computed from two different samples using different apertures and fixed diffuser in the formation of the
speckle image is shown in table 2, where the aperture
radius for the whole speckle images is set equal to 256
pixels. In table 3, the variation of contrast with aperture
radius is shown for the four apertures.
Assume that the minimum speckle size = 4 pixels and
the maximum aperture radius = 256 pixels and since the

Aperture
radius
(pixels)

K Circular

K Linear

K Quadratic

K Hamming

256
224
192
160
128
96
64
32

0.4731
0.4588
0.4256
0.4043
0.3623
0.3230
0.3024
0.1565

0.4572
0.4176
0.3897
0.3743
0.3693
0.3194
0.3016
0.1578

0.4244
0.4002
0.3898
0.3547
0.3490
0.3088
0.2631
0.2105

0.4671
0.4418
0.4173
0.4020
0.3780
0.2997
0.2022
0.1545

Table 4. Relation between aperture radius (r ) and average
speckle size (S), where the multiplication r × S = 1024 =
const.
Aperture radius (pixels)
256
224
192
160
128
96
64
32

Speckle size (S) in pixels
4
4.57
5.33
6.4
8
10.67
16
32

average speckle size computed from the diffraction of
circular aperture is S = λ /NA, λ f = S × rmax =
4 × 256 = 1024 (pixels)2 . It is assumed that λ and f
are constants for monochromatic illumination and constant focal length of the objective lens. Consequently,
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bination of both apertures or by using high NA which
gives small speckle sizes.
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Figure 7. Relation between the contrast K and the speckle
size S using four different apertures. The solid line stands for
the circular aperture, the discontinuous dotted line (-·) stands
for the linear aperture, the discontinuous line (–) stands for
the quadratic aperture, while the line with asterisk (*) stands
for Hamming aperture. The results are obtained using tables 2
and 3.
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