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Recently we proposed an alternative method of displacement analysis in vortex metrology, based on the applica-
tion of the Fourier optics techniques, that is suitable for an intermediate range of displacement measurements
ranging below the resolution of speckle photography and above that of the conventional vortex metrology. How-
ever, for smaller displacements, we introduce an approach to perform the Fourier analysis from vortex networks.
In this work, we present an enhanced method for measuring uniform in-plane displacements, taking advantage of
the capability of determining the subpixel locations of vortices and having the ability to track the homologous
vortices onto a plane. It is shown that high-quality fringe systems can be synthesized and analyzed to accurately
measure in an extended range of displacements and for highly decorrelated speckle patterns. Experimental results
supporting the validity of the method are presented and discussed. © 2013 Optical Society of America

OCIS codes:  050.4865, 030.6140.

1. INTRODUCTION

In speckle photography, for rigid in-plane displacements
Young’s fringes are formed whose period and direction are
related to the speckle displacements [1-5]. There, speckles
allow tracking of the local displacement onto a coherently
illuminated surface. Similarly, in vortex metrology, vortices
associated with speckle distributions can be used as markers
imprinted onto the surface, which allow for measurement of
global and local subspeckle displacements onto the diffusing
surface. In [6] the effect of speckle decorrelation on the
reliability of the results obtained by using conventional algo-
rithms for in-plane displacements analysis in vortex metrology
was studied. In particular, it was shown that the quality of
histograms depicting the relative coordinate displacements
between homologous vortices in general decreases. Indeed,
when processing the histograms, wider distributions are ob-
tained for decorrelated speckles than for undecorrelated
ones. Also, a significant reduction in the certainty of measure-
ments is of concern in the decorrelated speckle case.
Motivated by these facts, in [7] a method based on the appli-
cation of the Fourier techniques in vortex metrology that
allows measuring of relative displacements by using decorre-
lated speckle distributions was presented. This method is able
to measure in a range where both optical vortex metrology
and speckle photography are prone to failure. To study the
magnitude and orientation of the relative displacements
between pairs of homologous vortices onto a plane, the
authors use the fast Fourier transform (FFT) algorithm to
produce systems of Young’s fringes to be interpreted in terms
of diffraction patterns generated by means of masks contain-
ing multiple apertures at the approximate vortex locations.
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Although in that work the vortices are located with subpixel
precision, this information is not taken into account when
replacing vortex locations with one-pixel apertures. As a con-
sequence, a lack of resolution is of concern. Moreover,
although the correlation fringes obtained by using this method
[7] allow for studying the in-plane displacements, it is appar-
ent that the speckle noise deteriorates the fringes quality, and
their visibilities do not reach the optimum, even if a smoothing
filter was applied. This obviously lowers the measurement
accuracy by incrementing the respective variances.

To overcome these constraints, in this work an alternative
way to carry out the Fourier analysis from vortex networks is
presented and discussed. The method is summarized as fol-
lows. Two speckle patterns are successively recorded, each
of them associated with a different state of a diffuser, before
and after a uniform in-plane displacement. Afterward, the re-
corded images are processed by using a series of digital tools,
starting with the use of standard algorithms, frequently em-
ployed in vortex metrology, and ending with a tool based
on a strategy for processing the information on the location
and pairing of vortices, according to their core structure
properties. Specifically, after recording, each image is digitally
processed to generate an analytic signal by means of the
Riesz transform. Then, by using this transform, we associate
each of the intensity recordings with a corresponding bidi-
mensional pseudo-phase map containing vortices [8]. These
vortices are located with subpixel resolution and paired as
homologous vortices [9-11]. Afterward, in our approach a
non-conventional technique is implemented to associate a
synthetic fringe system with each pair of homologous vortices
and, overlapping all the resulting systems, is to be analyzed. It

© 2013 Optical Society of America



L. Angel-Toro et al.

is shown that high-visibility fringes allow for accurate measur-
ing in an extended range of displacements, even when the
speckle decorrelation is of concern. In Section 2, the theore-
tical approach sustaining this proposal is elaborated, and in
Section 3, some results are presented and analyzed. This ana-
lysis includes a comparison of the accuracy and the applica-
tion range of our results in relation with those first introduced
by Wang et al. in [9,10] and those presented in our previous
work [7]. This provides an idea about the improvement pro-
posed in this paper.

2. THEORETICAL APPROACH

In the Fraunhofer regime, except from the phase factors that
are not of interest when evaluating the output intensity, the
scalar diffracted field can be associated with a rescaled
Fourier transform applied to the complex field existing at the
entrance pupil by using the paraxial approximation [12]:

1 o _ik
Vs = o [[ viem[eesmlazan.

where U;(¢, ) and Us(x,y) represent the input and output
complex signals, respectively, 1 is the illuminating wave-
length, k = 2z/2 is the wavenumber, and z represents the
propagation distance from the input to the output plane,
satisfying the far-field condition 2 > (7/4)(&% + 7%)max-

In Fig. 1 a scheme representing the input and diffraction
planes and their respective coordinate systems is presented.

To start, let us consider a diffracted field associated with a
set of N ideal individual radiators (or apertures) located onto
the input plane, at points that correspond to the actual
positions of vortices onto the phase maps, before and after
displacement. By doing this, the complex amplitude onto the
observation plane can be obtained from the coherent super-
position of waves coming from the individual radiators, as
follows:

N
Aw.y) =) Ay@.y). @)
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where N is the number of apertures and A;(x,y) represents
the complex field amplitude that propagates from the ith aper-
ture at point (£;, ;) up to a generic point (x, y) at the observa-
tion plane. Then the corresponding intensity |A(x,)|> onto
the observation plane is given by

N
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Fig. 1. Scheme representing the input and diffraction planes, includ-
ing the different axes and coordinate systems introduced in the text.
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where I is the intensity associated with an individual aper-
ture, and ¢;(x, y; &, n;), for i = 1,2, ...N, represents the phase
of the wave going from (&;,#;) at the input plane to (x,y) at
the output plane. By following Fig. 1 and assuming that waves
at the input plane are synchronous, under the paraxial
approximation,
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where ¢, is a constant representing the common phase of
waves emerging from the (&, 7) plane.
By combining Egs. (3) and (4):
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This equation implies that the intensity of the diffracted field
(as the intensity associated with the Fourier transform) cor-
responding to the apertures onto the input plane can be
synthesized as the incoherent superposition of a DC term
(resulting from the addition of the individual contributions
of the apertures) and a series of fringe systems associated
with the interference of all the different pairs of apertures
in the same plane [13].

It should be noted that there is a contribution for any pair of
apertures, no matter whether the pair of apertures corre-
sponds to two homologous vortices or not. Nevertheless,
because of the redundancy in the distance and relative orien-
tation of the homologous vortex pairs, also in this case, a sys-
tem of correlation fringes can be observed onto the diffraction
plane whose spatial frequency is related with the displace-
ment between the speckled images [7].

However, the only relevant information in our analysis is
that corresponding to the relative displacements between
the pairs of homologous vortices. Then, according to our pur-
pose, all those interference terms in Eq. (5) related with non-
homologous vortex pairs should be removed. In summary, we
are interested only in those cosine terms that reveal the rela-
tive displacement redundancy. It should be highlighted that
this operation cannot be achieved by using a conventional op-
tical processor, as in the case of implementing a Fourier trans-
form. Therefore, we must perform this procedure by means of
numerical calculations. By removing all the cosine contribu-
tions corresponding to pairs of nonhomologous vortices, from
Eq. (5) it follows that the intensity distribution of interest is

.
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where N’ represents the total number of homologous vortex
pairs contributing to fringe formation, each of them consti-

tuted by vortices associated with different states of the diffu-
ser, before and after displacements. Thus, the summation
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extends over all these pairs whose locations are denoted by
using the primed coordinates (&}, ;) and (&, ;), respectively.
In the following we will call the “center” of such a pair the
point in the middle of the line connecting the two vortices,
which is located at (1/2)(&; + &, nj; + 7;).

Note that the effect of the first term of the cosine argument
in Eq. (6) is to change, in a selective way, the phase of the
individual fringes contributing to the intensity, or, equiva-
lently, it moves the position of each individual fringe system
from the origin of the reference system to a point located just
in front of the center of the corresponding pair of vortices.
Nevertheless, for analyzing the relative displacement between
the different pair of homologous vortices, the position of
the individual pairs is not really relevant. Accordingly, we dis-
place the center of all the pairs of homologous vortices
from their original locations to the origin of the coordinate
system so that all the individual fringe systems coincide at
the center of the observation plane. Thus, we focus the atten-
tion in measuring the relative displacement between two
correlated vortex networks, not on the specific locations
of the different pairs of homologous vortices. Consequently,
the locations of the homologous vortices at (&;,x;) and

(.7 are redefined as (&.7) = (1/2)(& - &7, - ;) and
(Ej, i) = (1/2)(&; - &, 1; - n;), respectively. Then the intensity
distribution of interest is
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Note that, from this equation, if follows that 0 < I"(x,y) < 1.

Finally, we have to consider that the images are represented
by m x n matrices, and when calculating the output intensity by
using computational algorithms, we start computing from the
upper-left corner corresponding to the matrix element (1,1),
and then we proceed from left to right and from top to bottom,
up to reach the matrix element (m, n). Accordingly, we have to
change the coordinate system to a new one whose origin cor-
responds to the (1,1) matrix element. The new set of coordinates
at the input (£, %;) and the output (¥”,y") planes are defined
by the transformations (&},#)) = ((n/2) + &;,(m/2) — ;) and
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@, y") = ((m/2) +x,(m/2) - y), respectively. It leads to the
final expression for the output intensity we are interested in:

11 ¥ 27 n
I”(xﬂ, y/’) = é + W Z COS {E |:(§;’ - é;/) (x’/ _ E)

+ (nj —11; (y - %)] } ®

Note that the factor « = 1z in the cosine argument can be
set to any convenient value in order to rescale the period of
the fringe systems contributing to the intensity distribution.
Besides, this allows for settling the average number of pixels
per fringe. The period of an elemental fringe system asso-

ciated with a pair of homologous vortices located at (£, ;)
and (&}, 7;) is given by

Ay = 22[(& - &) + (1} - ) ©)

Also, it should be highlighted that, by using Eq. (8) for depict-
ing the incoherent superposition of the fringe systems of in-
terest, we can use the information on the highly accurate
localization of vortices on the basis of determining their
relative in-plane displacements with subpixel resolution.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Setups for Recording

The experimental arrangement for recording the speckled
images are presented in Fig. 2. Two speckled images are re-
corded before and after a diffuser displacement. An He—Ne
(633 nm) collimated laser beam impinges onto an opaque
mask with a circular aperture, which is located immediately
behind the mask. Then objective speckles are formed at a dis-
tance z apart from the diffuser. A CMOS camera is used for
recording. We set 2z = 820 mm and the aperture’s diameter
to 5 mm, which implies that the transversal average speckle
size onto the observation plane is 126.6 pm. In the arrange-
ment of Fig. 2(a) the mask and the diffuser are moved jointly;
therefore, the same set of radiators generates the speckles
before and after displacement, and no decorrelation occurs
between images. In Fig. 2(b) the diffuser is moved while
the mask remains fixed. Then the illuminated area onto the
diffuser changes as the diffuser moves between recordings,
leading to changes into the speckle distributions. Thereby,

(b)

Fig. 2. (Color online) Experimental arrangements for recording the speckled images before and after an in-plane displacement for (a) undecor-
related and (b) decorrelated speckle patterns. 1, wavelength; D, diffuser; M, mask; CMOS, camera; Ax, in-plane displacement.
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in this case the speckle fields decorrelate by the effect of the
movement of radiators over the aperture. Even though the
decorrelation effect could not have significant influence for
small displacements, its effect becomes apparent as far as
the displacement increases.

B. Synthetic Vortex Correlation Fringes

In this section we present and discuss some representative
experimental results supporting our proposal. As mentioned
before, two digital speckled images for the initial and final
state of the diffuser are recorded. The original format of each
recorded image is 2352 x 1728 pixels in size, and speckles
are undecorrelated or decorrelated according to the setup
of Fig. 2 that, according to the case, is employed. Each
speckled image is processed to generate an analytic signal
by means of a digital version of the Riesz transform. The in-
tegral form of Riesz transform is [8]

T.y) = f / VS NF (o JEIDAS S, (10)

where F(f,.f,) is the Fourier transform of the intensity dis-
tribution of the speckle pattern after the subtraction of its
mean value and V(f.f,) is the spiral phase function given by

V(fufy) = gt arctan(fy /f) (11)

Then, by using this transform, we can assign a bidimensional
pseudo-phase map containing vortices to each intensity
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recording. Although the Laguerre-Gauss transform [9,10]
has advantages in comparison with the Riesz transform, such
as optimally distributed phase singularities, high-frequency
noise reduction that prevents unstable vortices, and control
over the density of singularities, we employed the Riesz trans-
form for our convenience, aimed to reduce the number of
parameters involved in experiments. This election has no spe-
cial relevance in this context because our method consists of
an alternative way to process the vortex networks information
once they have been obtained from the intensity recordings.
Vortices onto each pseudo-phase map are located with sub-
pixel resolution as in [9] and paired as homologous vortices
as in [10]. Each pair by definition must be composed of
vortices having the same topological charge and very similar
core structure parameters (eccentricity, real and imaginary
components, zero crossing angle, vorticity). Then the coordi-
nate displacements Ax and Ay corresponding to the different
homologous pairs are determined. To move forward, instead
of the usual procedure, we follow the procedure introduced in
Section 2. Specifically, to each pair of homologous vortices,
we define an individual system of interference fringes, equiva-
lent to one generated by a pair of synchronous point radiators,
whose separation and relative orientation remain the same,
but symmetrically located with respect to the center of the
recording plane. Finally, all these fringe systems are added
as intensity patterns.

In Table 1, two fringe patterns, generated by following
this procedure, and their corresponding intensity profiles
are presented. Both fringe patterns are obtained for equal

Table 1. Effect of Decorrelation on Synthetic Vortex Correlation Fringe Visibility”

Undecorrelated speckle

Decorrelated speckle

250
200

Gray Level
— —
(3]
o

a o
o o

o

0 100 200 300 400 500 600

pixel

!!

250

Gray Level
- = N
g © O o
o O O O o

0 100 200 300 400 500 600

pixel

“Fringes correspond to (a) undecorrelated and (b) decorrelated speckled images recorded by using the setups of Figs. 2(a) and 2(b), respectively. In
both cases the same displacement of Ax = 16 um along the horizontal axis is produced during recording, and the same scale factor 1z = 30 pixels® is

employed.



466 J. Opt. Soc. Am. A / Vol. 30, No. 3 / March 2013

displacements of Ax = 16 pm along the horizontal axis
(Ay = 0) and by using the same scale factor Az = 30 pixels?.
To obtain the results of the left column, the setup of Fig. 2(a)
is employed; then decorrelation is not of concern except for
that produced by the flow of vortices in or out of the pseudo-
phase maps when the diffuser is moved. In the right column, the
results generated by using the setup in Fig. 2(b) are presented,
which implies that, in this case, the decorrelation is involved.
Note that fringe visibility approaches unity at the center of
the fringe systems, where all the fringes position coincides.
However, it is apparent that fringe visibility decreases from
the center to the edges. This is because the periods and relative
orientations of the overlapped fringe systems do not exactly
coincide, given that the distances and relative orientation of
homologous vortex pairs onto the pseudo-phase maps,
although very similar, are not the same. Thus, as decorrelation
increases, the region of high-quality fringes decreases.

For measuring proposals, the relevant magnitudes in the
results are associated with the fringe period and orientation.
Specifically, the average period (A) and the average angle
(6) between the fringes and the vertical y axis as well as the
respective variances O'?\ and ag of these magnitudes are of in-
terest. In Table 2, the measured values for the results of Table 1
are presented. Note that, in the decorrelated case, the number
of pairs of homologous vortices decreases to as low as 3.7%
with respect to the undecorrelated case, which in turn implies
a reduction in the certainty of measurements for displace-
ments. Note that, in both cases, the average displacement (Ax)
between homologous vortices approaches 2 pixels, which is the
expected value for an actual 16 pm displacement in our experi-
ments. However, a higher accuracy is achieved if decorrelation
is not of concern. To determine the average fringe period (A)
and its variance o?\, the values of the periods of the individual
fringe systems, for the different pairs of homologous vortices,
are separately calculated. The values corresponding to (9) and
og are evaluated by following a similar procedure. As expected,
although in both cases (A) approaches the expected value
A = (1z/Ax) = 15 pixels, the respective variance is several or-
ders of magnitude lower in the case of the undecorrelated
speckles. Similarly, note that (#) can be approximated to
zero in both cases, but the variance 62 for the undecorrelated
speckles is quite lower than in the decorrelated case, affecting
the certainty in measurements.

An important feature of our method is that, by properly se-
lecting the scale factor Az, the fringe visibility can be improved

Table 2. Undecorrelated and Decorrelated Data

Synthesis
Undecorrelated Decorrelated
Speckle Speckle

Number of Homologous
Vortex Pairs 2369 88
(Az) (pixels) 1.9986 1.9830
o2 (pixels?) 0.0035 0.0569
(Ay) (pixels) 0.0002 0.0033
o2 (pixels?) 0.0019 0.0571
(A) (pixels) 15.0039 15.0234
af\ (pixels?) 0.0214 0.0767
(0) (rad) 0.4187 0.4133
o7 (rad®) 1.4763 - 107° 6.2207 - 1075
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in order to reach the optimum anywhere the fringes are
depicted. It allows us to obtain both the best discrimination
of periods and relative orientation of fringes. Moreover, by
means of an adequate selection of the scale parameter, it is
possible to enlarge the images with no associated pixilation.
These effects are shown in Table 3, obtained by processing
the same images as in Table 1, using a different scale para-
meter. Fringes depicted in the left and right columns of
Table 3 correspond to enlarged versions of fringes inside
the region marked in the respective columns in Table 1. It
is apparent that, in both cases, no matter the decorrelation
of speckles, high-visibility fringes can be achieved to accu-
rately measure the respective periods and orientations and,
on this basis, to determine the coordinate components of
in-plane displacements.

In Table 4 it is shown that, as expected, when using the
same scale factor, the spatial frequency of fringes increases
proportionally to the displacement between images. In fact,
the average spatial frequency of fringes in the right column
of Table 4, for a 160 pm displacement, is twice the spatial
frequency observed in the left column, corresponding to a
80 pm displacement.

On the other hand, the effect of changing the magnitude of
displacements can be compensated by choosing a different
scale factor, as is inferred from a comparison of fringes in
the right column of Table 3 and in the left column of Table 4.
In both cases the ratio between the scale factor and displace-
ment is (Az/Ax) = (150 pix?/16 pm).

C. Accuracy and Application Ranges of Measurement
To allow a comparison of the accuracy and the range of ap-
plication of the method and also to bring an idea about the
value of the improvement proposed in this paper, we present
a series of measurements analyzed by using both the present
method, those methods presented in [7], and those by Wang
et al. in [9,10]. We used the setup of Fig. 2(b) for recording
and applied shifts with a fixed 8 pm step along the x axis be-
tween images. In these experiments the decorrelation effect
is implied.

In Fig. 3(a) the results for measured diffuser displacements
(in pixels) by using the conventional vortex metrology tools
[9,10] are depicted. The zero-crossing line satisfying the
lgag—squares criterion in this figure is Ax(pixels) =
[0.1256 (pixels/pm)]Ax(pm), corresponding to the camera’s
8 pm pixel width. Given that the speckle decorrelation signif-
icantly affects the quality of results as the displacement in-
creases [6], in practice we found this method to be suitable
for displacements up to 48 pm. To go further, we proceed
by using the methods we implemented [7].

In Fig. 3(b) we present a series of measured average per-
iods of the synthetic correlation fringes obtained by following
this paper proposal. In this case, we use a scale factor iz =
600 pixels> to optimize the fringe visibility for lateral
displacements from 8 to 144 pm. The curve represents the
theoretical behavior given by the hyperbola (A)(pixels) =
(4800 pm - pixels)(Ax(upm))~L. It is apparent that the experi-
mental data match the expected behavior in this displacement
range. For larger displacements we are in the speckle photo-
graphy regime, given that the average speckle transversal
dimension is about 127 pm.
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Table 3. Enlarged Synthetic Vortex Correlation Fringes and Their Corresponding Intensity Profiles by
Setting a Different Scale Factor®

467

Undecorrelated speckle

Decorrelated speckle
250 250
200 200
° °
150 150
-l -l
£100 £100
o o
50 50
0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
pixel pixel

“Fringes are generated as in Table 1, for a 16 pm displacement, but in this case with a scale factor set at 4z = 150 pixels?.

Table 4. Synthetic Vortex Correlation Fringes and Their Intensity Fringe Profiles for Two Different
Horizontal Displacements®

80 ym 160 um
I I I

250 250

200 200
° °

2150 2150
-l -l

£100 g100

50 50

0 0

0 100 200 300 400 500 600 0 100 200 300 400 500 600
pixel pixel

“In both cases the effect of decorrelation is of concern. The magnitude of displacement is 80 pm in the left column and 160 pm in the right column.
Below each fringe pattern the respective intensity profile is depicted. In both cases the scale factor was set at 1z = 750 pixels?.
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Fig. 3. (a) Measured displacements obtained by using the conventional information processing methods from vortex metrology. (b) Measured
average periods of synthetic correlation fringes by following the method presented in this paper, with 1z = 600 pixels?.
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(a) Measured displacements by using both the synthetic vortex correlation fringes from [7] (crosses) and the method introduced by Wang

et al. in [9,10] (triangles). (b), the results obtained by means of both the vortex correlation fringes method [7] (circles) and by using the synthetic

vortex correlation fringes method (crosses) presented in this paper.

In Fig. 4(a) the displacements evaluated on the basis of the
data of Fig. 3(b) are presented (crosses). Also, the measured
values for displacements in Fig. 3(a) by using the conventional
vortex metrology [9,10] are depicted (triangles) to allow a
comparison between the results obtained by using both
methods. The line represents the same theoretical behavior
of Fig. 3(a). Even though the experimental results related
with both methods match with this behavior, it should be
highlighted that those results obtained with the synthetic vor-
tex correlation fringes allow for measuring in a wider range,
up to the speckle photography regime.

To compare the results from our previous work [7] with
those from this paper, Fig. 4(b) depicts a graph of the period
inverse versus the displacement. The crosses represent
experimental data corresponding to Fig. 3(b), and the circles
apply for the results obtained on the basis of the Fourier
method first introduced in [7]. In this case, the line for the
theoretical behavior that is depicted is (A)~!(pixels™!) =
(0,00021 pm™! pixels™!) Az(pm). Although in both cases there
exists a good agreement between the experimental data and
the theoretical predicted values, in the former technique [7], a
narrower measurement range is of concern. In fact, this
technique is unable to measure displacements below the di-
mension of 2 pixels because of the overlapping of the indivi-
dual one-pixel apertures [7]. Also, for larger displacements,
the presence of fringe systems related with nonhomologous
vortex pairs and the influence of speckle noise in the Fourier
transform diminish the vortex correlation fringe visibility.

In our case, we obtained suitable fringe systems for measure-
ments in an intermediate range up to 72 pm.

4. CONCLUSIONS

In this work, we take advantage of the subpixel localization of
vortices onto the pseudo-phase maps for recorded speckles,
before and after displacements, and a method to generate
synthetic Young’s fringe systems associated with displace-
ments is proposed. These systems are obtained by means
of an incoherent superposition of multiple individual fringe
systems, each one associated with the interference of light
coming from a different pair of point radiators, whose posi-
tions are determined by the homologous vortex location.
The proposed method allows us to accurately measure in
an extended range of displacements, in comparison with
conventional vortex metrology when speckle decorrelation
is of concern.

In comparison with the method proposed in [7], for measur-
ing in-plane displacements from recorded speckle patterns, in
the present proposal the accuracy is increased given that we
use the information on the vortices subpixel location, the
speckle noise affecting the quality of fringes is not of concern,
and the contributions from fringe systems related with non-
homologous vortex in the Fourier transform are avoided.
Moreover, disregarding restrictions arising from the overlap-
ping of the individual one-pixel apertures, it is possible to
measure lower magnitude displacements.
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As is known, the effects associated with speckle decorrela-
tion impose some constraints when using techniques for
uniform in-plane displacement analysis in the context of
conventional vortex metrology [6]. However, the method
we have proposed in this paper is not restricted to the study
of relative displacements between undecorrelated speckle
patterns. By using this method, even though the fringe visibi-
lity decreases from center to edge of the fringe system as
the decorrelation increases, it is possible to properly increase
the fringe visibility by rescaling the fringe’s period when
setting the scale factor k = Az into the cosine argument. In-
deed, we have presented experimental evidences to support
that, under the restrictions imposed by the speckle decorrela-
tion, our proposal allows us to obtain high-visibility fringes.
The latter allows for accurate measurement even if the
decorrelation is of concern.
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