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Abstract. An analysis based on the comparison between singularities of speckle phase and pseudophase in the
practice of optical vortex metrology is carried out by measuring the phase map of the speckle pattern obtained
from the transmitted light through binary diffusers. In the characterization of the core structure of both phase
singularities, the variation of the measured parameters is produced by means of in-plane linear displacements
and rotations of the scattered speckle fields. These fields are addressed by using similar displacements of the
binary phase masks recorded in a spatial light modulator (SLM). We complete these comparisons by measuring
out-of-plane variations of the core structure parameters. In addition, we verified that the phase map of the trans-
mitted light beam through the binary diffusers recorded in SLMs is actually characterized by a speckle phase with
vortices of unitary charge. The presented analysis would be helpful for understanding the scope and limitations
of the use of the singularities of speckle phase and pseudophase as position marking, and also for speckle
measurement of in-plane rigid-body displacements of binary diffusers dynamically controlled by means of
SLMs. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.12.121712]
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1 Introduction
Optical vortex metrology (OVM) is based on the utility of the
pseudophase singularities (PPSs) information of the complex
signal obtained from Laguerre–Gauss filtering (LGF) of the
intensity of the scattered speckle pattern.1,2 This complex
signal does not introduce new optical information, although
it provides a means for in-plane microdisplacement and rota-
tion measurements by using the fact that the PPSs can be
detected directly from the recorded intensity of the speckle
pattern without using interferometry.3–5 These PPSs are iden-
tified using their core structure parameters such as vorticity,
zero-crossing angles, eccentricity, and topological charge.
Then, a displacement map of well-characterized phase sin-
gularities (PS) from the initial image with its counterpart
in the postdisplacement image can be determined. Briefly,
the local displacements are measured by identifying the
core structure of the PPSs. These are detected by vortex fil-
tering the recorded speckle images corresponding to the ini-
tial and postdisplacement states of the tested object. The
PPSs are thought as encoders for position marking because
they identify a well-defined geometrical point. The pseudo-
phase field has a unique phase structure that includes singu-
larities, which can be seen as topological defects of the
wavefronts.6

In the practice of OVM, the corresponding identification
of the core structure of the PPSs in both states of the object is
not always possible. The set of obtained singularities forms

clusters with values of the core that are frequently modified
by the displacement of the tested object. Moreover, new PS
may be created or some of them may disappear. The reader
should note that in OVM practices the analysis is carried out
based on the object perturbation only and the rest of the
experimental variables should be maintained. For these rea-
sons, in order to obtain an effective identification, it is nec-
essary to introduce a merit function, which requires the
intervention of an external operator to define the threshold
values of the core structure parameters of this function.2

OVM uses one threshold value that must be set up and is
associated with each core structure parameter. Moreover,
it needs the introduction of an additional parameter that
restricts the searching region of the corresponding pair
and also a scale factor, so that a total of six parameters
must be set up simultaneously. Typical variations in the
experimental conditions require the setting up of the thresh-
old values. In Ref. 5, a function of the threshold values was
introduced by using the Poincaré sphere, which is a 3-D vec-
tor representation of the core structure. As a consequence,
this procedure alleviates the operator’s task.

In this work, we present an analysis of the PPSs obtained
in the practice of OVM by identifying its correspondence
with the measured speckle phase singularities (SPSs),
which are generated by the transmitted light through binary
diffusers. This analysis is helpful for understanding the scope
and limitations of the use of SPSs and PPSs as position mark-
ings in optical metrology. In addition, this analysis can
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facilitate the definition of a properly merit function in the
practice of OVM. To achieve this analysis, we generate sev-
eral speckle fields by implementing binary diffusers and syn-
thetic pupils in a liquid crystal used as a spatial light
modulator (SLM). For a proper characterization of the
core structure parameters of the PPSs, in-plane linear dis-
placements and rotations of the transmitted speckle field
are generated by using similar displacements in the binary
phase masks that are recorded in the SLM. Using this
approach, it is seen that the average speckle size, the statis-
tical independence of the generated speckle fields, and the
intensity distributions can be dynamically controlled with
high repeatability and without the intervention of movable
parts in the optical setup with the consequent benefits.7

Additionally, we verified that the phase map of the transmit-
ted light beam is actually characterized by a speckle phase
with vortices of unitary charge. We emphasized the presen-
tation of this result because speckle fields produced by weak
random scattering screens may cause the absence of PS.8

Below, we briefly summarize the two-dimensional (2-D)
isotropic complex signal representation of a speckle pattern
by using LGF and outline the calculation of the parameters of
the core structure of a PPS in the obtained complex analytic
signal using the Poincaré sphere. The PPSs obtained by the
LGF process and the SPSs produced by scattering through
the binary diffusers are locally determined by noting that
the real and imaginary parts of the corresponding associated
complex field are simultaneously null. LG filters provide a
useful tool for generating PPSs that are invariant to image
linear displacements and rotations. Therefore, this approach
can be used for image representation with applications to
object tracking and image matching.1 It is seen that the spa-
tial positions of the PPSs detected by the OVM technique do
not correspond with SPSs. In addition, the number of PPSs
is a function of the LG filter parameter, while the amount
of SPSs is determined by the experimental conditions.
However, regarding the variations of the experimental con-
ditions, we show that a subset of PPSs can occupy the same
spatial positions as the SPSs by adopting an adequate value
of the LG filter parameter. These correspondences between
PS pairs are used for purposes of quantitative comparisons.
We present measurements obtained from in-plane move-
ments of the speckle fields that are generated by in-plane lin-
ear displacements and rotations of the binary phase masks
recorded in an SLM. We compare the obtained information
about the locations and the core structures corresponding to
PPSs and SPSs, and then provide a comprehensive analysis.

2 Laguerre-Gauss Filtering and Representation of
the Core Structure of Phase Singularities

Given the original signal intensity distribution of the speckle
pattern Iðx; yÞ, being ðx; yÞ the spatial coordinates in R2, the
2-D signal complex representation Ĩðx; yÞ through an LGF
process is described by the relation

EQ-TARGET;temp:intralink-;e001;63;158Ĩðx; yÞ

¼
ZZ

R2

dfxdfy LGðfx; fyÞF ½Iðx; yÞ�ðfx; fyÞe2πiðfxxþfyyÞ;

(1)

where F ½·� is the 2-D Fourier transform and LGðfx; fyÞ ¼
ðfx þ ifyÞ exp½−ðf2x þ f2yÞ∕σ2� is the LG filter of bandwidth

parameter σ represented in the spatial frequency domain.
Formally, we refer to θðx; yÞ ¼ arg½Ĩðx; yÞ� as the pseudo-
phase to distinguish it from the optical phase of the scattered
speckle pattern. Equation (1) shows that the pseudophase is
not the phase of the optical speckle field. However, an inter-
esting question is whether the PPSs occupy the same location
as the SPSs for proper values of the bandwidth parameter σ
of the LGF mode. If this were the case, then we could assign
a correspondence between both PSs. Then, we could com-
pare and analyze their core structures. Our observation is
that OVM is not an interferometric technique. Therefore,
the recovery of the SPSs could offer a significant knowledge
about the expected variations of the values of the core struc-
ture and local positions of the PPSs by means of direct com-
parisons. This new point of view also considers the use of the
core structure of the SPS as optimum encoders for position
marking when an interferometric approach is adopted. Note
that OVM is based on the fact that PPSs are well-defined
geometrical points with defined spatial configuration struc-
ture. This structure is a unique fingerprint and, therefore, can
be used as an identifiable marking for tracking in the same
way as the singular SP obtained by interferometric proce-
dures. Although other comparisons with OVM were carried
out by using digital correlation and directional wavelet trans-
forms of speckle pattern images,9 in our knowledge, OVM
has not been compared with the recovery of the SPSs of the
scattered light field. We will experimentally demonstrate this
correspondence and quantify the characteristic fingerprints
of the registered PSs by means of the local elliptic anisotropy
of an optical vortex by using the Stokes-like field parameters.

The local elliptic anisotropy of an optical vortex can be
analogously described from the Stokes parameters S by cal-
culating the complex gradient vector of the scalar field
Ĩðx; yÞ
EQ-TARGET;temp:intralink-;e002;326;378

S0 ¼ j∂xĨj2 þ j∂yĨj2; S1 ¼ j∂xĨj2 − j∂yĨj2;
S2 ¼ 2Rð∂xĨ�∂yĨÞ; S3 ¼ 2Ið∂xĨ�∂yĨÞ; (2)

whereR and I are the real and imaginary parts, respectively,
and (*) denotes complex conjugation.10 OVM uses the
Stokes parameters obtained from the signal representation
Ĩðx; yÞ generated via the LGF of the intensity of the optical
speckle pattern given by Eq. (1). The PPSs are located at the
intersections of the two zero-crossing lines in the planes gen-
erated by R½Ĩðx; yÞ� ¼ 0 and I½Ĩðx; yÞ� ¼ 0. The real and
imaginary parts are smooth monotonic surfaces, which
favor the reconstruction of the local structure of the complex
signal around the PPSs by means of the 2-D interpolation of
the real and imaginary parts
EQ-TARGET;temp:intralink-;e003;326;208

R½Ĩðx; yÞ� ¼ arxþ bryþ cr;

I½Ĩðx; yÞ� ¼ aixþ biyþ ci; (3)

where the coefficients ar; br; cr; ai; bi; ci are obtained by the
least-square method.

The core structure is anisotropic with elliptical contours
of amplitude, and the eccentricity of the elliptical contour
and zero-crossing angle are parameters adopted as local
descriptors. Two additional parameters, named vorticity
and topological charge, are also assumed to be invariant
to an in-plane rigid-body displacement. A summary of
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these parameters as a function of the coefficients ar;i; br;i,
and cr;i can be found in Ref. 11. Nevertheless, we prefer
to work with the Stokes parameters, which can be rewritten
from Eq. (2) as

EQ-TARGET;temp:intralink-;e004;63;537

S0 ¼ a2r þ b2r þ a2i þ b2i ; S1 ¼ a2r þ a2i − b2r − b2i ;

S2 ¼ 2ðarbr þ aibiÞ; S3 ¼ 2ðarbi − aibrÞ: (4)

It follows from Eq. (2) that only three of the Stokes parameters
are independent because the relation S20 ¼ S21 þ S22 þ S23 is
verified. Therefore, is convenient to define a unit vector
with components s ¼ ðs1; s2; s3Þ ¼ ðS1; S2; S3Þ∕S0 on a
3-D sphere surface. For a given core structure of the PS cor-
responds one point of the sphere and vice versa. OVM is based
on finding the appropriate pair matching of the core structures
of the PPSs before and after an in-plane rigid-body displace-
ment is introduced. In order to make this possible, a similarity
measure with a defined error criterion ϵ ≥ 0 for a correct pair
identification is given by jΔsj ¼ j arccosðsbefore · safterÞj ≤ ϵ.
Once the correct counterpart is identified by the minimum
value found with respect to ϵ, the in-plane displacement is esti-
mated from the coordinate change ðΔx;ΔyÞ of the corre-
sponding PPS pair (before and after).

3 Experimental Setup
We measured random wave fields by using a Mach–Zehnder
interferometer as depicted in Fig. 1.12 A vertically polarized
light beam from a diode pumped solid state laser of wave-
length λ ¼ 475 nm is expanded and spatially filtered (SF) by

means of a 5× microscope objective (MO), a 50-μm pinhole
(PH), and a collimating lens (CL1). The main beam is split
into two secondary beams (test and reference beam of the
interferometer) by means of the beam splitter (BS1). We gen-
erate different speckle patterns by placing different transmis-
sive scattering objects in the test beam. The scattering objects
were built by using a monochrome display CyberDisplay R
300M LV Kopin Corporation Inc. with an area of
3.3 mm × 2.475 mm, consisting of a regular array of 300 ×
225 square pixels of 11 μm and drove by an ad-hoc digital
controller. The microdisplay was adapted to work as a phase-
mostly SLM by means of a pair of polarizers (P1 and P2) and
a quarter wave-plate (QWP1). We follow the procedures of
Refs. 13 and 14 to obtain the optimum working parameters
of the microdisplay. According to this procedure, the micro-
display is placed between a polarization state generator
(PSG) and a polarization state detector (PSD). The best
results were obtained for phase-only modulation consisting
of a PSG composed by P1 set to 65.3 deg, a QWP1 with its
fast axis placed horizontally (90 deg) and a PSD composed
by a polarizer (P2) set to 21.4 deg (PSG and PSD angles were
measured from X-axis, see Fig. 1). This configuration
reached a maximum phase modulation of π rads. The
binary diffusers were implemented as described in Ref. 7.
Figure 2(a) shows the binary diffuser inside a 100-pixel
radius aperture defined in the Ronchi grating phase mask
with a period of 2 pixels.

The binary diffuser consists of a pseudorandom structure
of macropixels composed by 5 pixels for each side. For the
Ronchi grating and the binary diffuser, we employ the same
gray levels (GL) codified in 8 bits: GL1 ¼ 40 and
GL2 ¼ 230. The two corresponding transmitted intensities
for these two GL are similar and the phase difference
between them is close to π rads. Therefore, the Ronchi gra-
ting phase mask, the synthetic aperture, and the binary dif-
fuser provide a speckle pattern, which minimizes the zero-
order beam. Figure 2(b) shows a typical speckle pattern
obtained in the described conditions. To this end, we blocked
the reference arm of the interferometer.

The intensity measurements were performed with a charge-
coupled device (CCD) camera (QIClick-1392 × 1040 pixels)
with a pixel size of 6.45 μm × 6.45 μm located far enough
(approximately 70 cm from the microdisplay) to obtain a
fully developed speckle.8 As shown in Fig. 2(c), the tilt
between the reference and the test arms of the interferometer
was adjusted to obtain a fully sampled spatial carrier, which

Fig. 1 Experimental setup for the generation and the detection of the
speckle fields. 475-nm vertically polarized laser. Spatial filter (SF)
formed by a 5X MO and a 50-μm PH. CL1, collimating lens; BS,
beam splitters; polarizers QWP1, quarter wave plate; M, mirrors;
SLM, liquid crystal microdisplay; CCD, and digital camera attached
to a computer.

(a) (b) (c)

Fig. 2 (a) Mask of the binary random diffuser embedded in a Ronchi diffraction grating. The black pixels
correspond to GL1 ¼ 40 and the white pixels correspond to GL1 ¼ 230. The period of the Ronchi dif-
fraction grating is two pixels. (b) Speckle field recorded at the CCD and (c) speckle interferogram,
both obtained from (a). The intensity distributions are coded in 12 bits GL from 0 (black) to 4096 (white).
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includes various periods for each speckle grain. An additional
polarizer (P3) was placed in the reference arm in order to
match the linear polarization state of the test arm. The binary
diffuser is rotated and translated inside the synthetic pupil,

which remains fixed along with the Ronchi diffraction grating.
This procedure allows an accurate and repeatable control of
the in-plane rotations and the linear displacements of the scat-
tered speckle field by means of similar displacements

0

(a) (b) (c)

Fig. 3 (a) Amplitude and (b) phase maps obtained from Fig. 2(b) by using Eq. (1) with σ ¼ 0.02. (c) SP
map recovered from the interferogram given in Fig. 2(c). The singular points are denoted with black dots
at the zero-crossing obtained by intersections of the real (black) and imaginary (white) lines of each
corresponding complex field. The intensity distribution in (a) is coded in levels from 0 (blue) to maximum
(red). The phase distributions in (b) and (c) are shown from −π (blue) to π (red) color levels.

(a) (b)

(c) (d)

Fig. 4 In-plane linear displacement for a five-pixels horizontal displacement of the binary diffuser shown
in Fig. 2(a). (a) and (b) LG pseudophase maps with open circles corresponding to PPSs and small circles
corresponding to SPSs before (white) and after (black). (c) Matching of the core structures corresponding
to the SPSs: before (small open circles) and after (small red circles). (d) Matching of the core structures of
SPSs and their corresponding PPSs pairs: before (plus sign) and after (cross).
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introduced in the binary diffuser.7 We perform several in-plane
rotations and linear displacements, and measure the parame-
ters of the core structure of the obtained optical SPSs.

4 Experimental Results
In order to compare the core structure of the PPSs with the
optical SPSs, we recovered the scattered speckle phase map
by using the Fourier transform method15 applied to the inter-
ferogram shown in Fig. 2(c). The regions of analysis were all
cropped to an area of 256 × 256 pixels. The corresponding
PPSs are obtained from Fig. 2(b) by means of Eq. (1) with
σ ¼ 0.02. Figures 3(a) and 3(b) show the amplitude jĨðx; yÞj
and the pseudophase map θðx; yÞ obtained in the LGF proc-
ess. The PPSs are detected at the intersections (black dots) of
the two zero-crossing corresponding to the black and white
lines in the interpolated plane generated by R½Ĩðx; yÞ� ¼ 0
and I½Ĩðx; yÞ� ¼ 0, respectively. By using the same interpo-
lation procedure applied in the recovered complex speckle
field, Fig. 3(c) illustrates the obtained speckle phase map
with the speckle singularities of unitary charge clearly

highlighted. Note that the spatial positions of the PPSs
detected by the LGF process do not correspond with
those of the scattered speckle pattern.

After the introduction of the in-plane rigid-body displace-
ments, the structure of the binary diffuser shown in Fig. 2(a)
does not change. Therefore, we should obtain no variations
in the parameters of Δs assigned to the SPSs at the image
plane. Equivalently, no speckle intensity variations should
be obtained and, as a consequence, no variations in the
parameters of Δs assigned to the PPSs should be determined.
However, this is not the case in practice. Hence, a compari-
son between the core structure of the PPSs and the SPSs
obtained by an interferometric procedure could offer a better
understanding in the scope of using PS as displacement
markings. Below, we develop this approach by generating
suitable rigid-body displacements and analyze the obtained
results.

To produce an in-plane linear displacement, the binary dif-
fuser shown in Fig. 2(a) was horizontally displaced 5 pixels
keeping the same binary structure within the synthetic aperture

(a) (b)

(c) (d)

Fig. 5 In-plane rotation for a 1 deg rotation of the binary diffuser shown in Fig. 2(a). (a) and (b) LG pseu-
dophase map with open circles corresponding to PPSs and small circles corresponding to SPSs before
(white) and after (black). (c) Matching of the core structures corresponding to the SPSs: before (small
open circles) and after (small red circles). (d) Matching of the core structures of SPSs and their corre-
sponding PPSs pairs: before (plus sign) and after (cross). The rotation centers obtained by means of
SPSs and PPSs are denoted by a black square and a red triangle, respectively.

Optical Engineering 121712-5 December 2016 • Vol. 55(12)

Veiras et al.: Comparisons between singularities of pseudophase and speckle phase using binary diffusers. . .

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 07/13/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



and neglecting minimum border effects. This mechanism pro-
duced a displacement of the scattered speckle field, character-
ized by Ibefore and Iafter, from which we obtain the
corresponding Ĩbefore and Ĩafter by means of the LGF mode.
From these filtering images, the pseudophase maps were cal-
culated as θbefore ¼ arg½Ĩbefore� and θafter ¼ arg½Ĩafter�, which
are depicted in Figs. 4(a) and 4(b), respectively. By adopting
in both cases a value of σ ¼ 0.45, several PPSs were success-
fully placed with its SPS pair. These correspondences are
depicted in Figs. 4(a) and 4(b) as white (before) and black
(after) small circles, respectively. The open circles represent
the PPSs obtained by the LGF mode. Figure 4(c) shows
the displacement determined by identifying the SPSs recov-
ered by the use of the interferometric procedure. Figure 4(d)
summarizes the local displacement identified for both kind of
PS, where SPSs and PPSs are distinguished by red and black
markings, respectively. Readers should be aware that it is not
always possible to find a single value of σ to match all the
SPSs with the corresponding PPS pair. Moreover, some sin-
gularities appear for a given value of σ, they can disappear for
near σ values. However, it is worth noting that certain PPSs

remain persistent for greater excursions of σ value. Therefore,
a trade-off should be adopted to carry out a comparison. To
this end, we fixed a single σ value that best locally matches a
subset of PPSs with its corresponding SPS pairs for the dis-
placement before and after. Then, the SPSs are easily traced
back by direct inspection, so that the merit function, which
defines the maximal excursions in Δs, can be obtained.
Note that our analysis is based on the knowledge of the mea-
sured speckle phase map, which is not an available informa-
tion in OVM. By adopting this empirical merit function, we
compute the local displacement by using the PPS pairs.
Figure 4(d) shows the local linear displacement obtained,
which is coincident. These findings also indicate that PPSs
and SPSs used as position markings are very sensitive objects
when different subtle local variations are present in the field to
be measured.

Figure 5 shows the same sequence that was carried out in
Fig. 4, but introducing a rotation of 1 deg between before and
after conditions from an arbitrary position of the binary
mask. This new case is more demanding than an in-plane
linear displacement due to the fact that the binary phase

(a) (b)

(c) (c)

Fig. 6 Out-of-plane linear displacement for a 1-mm linear displacement of the CCD along Z -axis (Fig. 1).
(a) and (b) LG pseudophase maps with open circles corresponding to PPSs and small circles corre-
sponding to SPSs before (white) and after (black). (c) Matching of the core structures corresponding
to the SPSs: before (small open circles) and after (small red circles). (d) Matching of the core structures
of SPSs and their corresponding PPSs pairs: before (plus sign) and after (cross).
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mask is affected by a soft pixelating produced by the com-
puter algorithms commonly used for the image rotation.
Likewise, we can observe a good identification between
PPSs and SPSs as shown in Fig. 5(d). The rotation center
was calculated as in Ref. 2. There, a system of equations
associated to the bisectors defined by the pairs of singular-
ities is solved by the least-square fitting method. Thus,
the pixel location of the rotation center can be estimated
with both SPS pairs (½x; y� ¼ ½114.5;128.5�) and PPS
pairs (½x; y� ¼ ½113.5;112.4�).

To gain insight about the stability of the core parameters
and the local positions of the PS, we analyzed the corre-
spondences between the PPSs and SPSs when the camera
was 1 mm out-of-plane displaced along the optical Z-axis.
Figure 6 illustrates the obtained results by using the same
procedure described in Figs. 4 and 5. A good identification
between PPSs and SPSs can be observed in Fig. 6. Moreover,
this last figure shows that the PPSs and SPSs have high per-
sistence in its local positions due to the fact that the CCD was
displaced 1 mm along the Z-axis, which is a high excur-
sion value.

As it was previously shown, we have obtained typical
results for different kinds of single displacements: in-
plane (see Figs. 4 and 5) and out-of-plane (see Fig. 6).
We have also identified the SPSs and their corresponding
PPSs pair, before and after the introduction of a displacement
either in the binary mask of the SLM (in-plane) or in the
position of the CCD (out-of-plane). It should be noted
that this procedure of pair identification by means of the
core structure parameters of singularities can also be
employed sequentially. For this reason, we implemented
two typical sequences of rigid-body displacements to
improve our analysis. In Fig. 7, we show the behavior of
the SPSs and PPSs while performing a sequence of linear
in-plane displacements. From a given starting point defined
as a reference, the phase mask is computationally displaced
as follows: (1) 1 pixel down and 1 pixel right, (2) 1 pixel
down 1 pixel right, (3) 1 pixel up, and (4) 1 pixel up. We
focus on four smaller regions, named A, B, C, and D,

which show the behavior of both kinds of singularities fol-
lowing the displacements of the binary mask. It is seen that
even though the PSs do not rigidly follow the imposed tra-
jectory of the binary mask, both SPSs and PPSs are in a good
agreement.

Finally, we describe an out-of-plane linear trajectory by
mounting the CCD in a linear stage along the Z-axis. As
shown in Fig. 8, the excursions along the Z-axis generate
a linear displacement longer than those used previously.
However, the XY coordinates of both kinds of singularities
remain stable.

To compare the quantitative issues analyzed in Figs. 4–6,
Table 1 shows the representative differences of the Stokes
parameters obtained before and after the linear displacement,
rotation, and Z translation. Table 1 considers Δs ¼ sbefore −
safter ¼ ðΔs1;Δs2;Δs3Þ for the SPSs and PPSs, which are
shown in Figs. 4(d), 5(d), and 6(d). It can be seen that
the deviations δðΔsÞ were higher for the SPSs than for
the PPSs. Note that the mean values Δs show important

Fig. 7 In-plane trajectory for a sequence of four arbitrary in-plane displacements of the binary diffuser of
Fig. 2(a): (1) 1 pixel down and 1 pixel right, (2) 1 pixel down 1 pixel right, (3) 1 pixel up, and (4) 1 pixel up.
A, B, C, and D trajectories are detailed in the inset. The red and black markings correspond to SPSs and
PPSs, respectively with small red open circles (black plus signs) corresponding to singularities before
each displacement and small red filled circles (black crosses) corresponding to singularities after each
displacement.

Fig. 8 Out-of-plane trajectory for a sequence of five 1-mm displace-
ments along the Z -axis of the CCD. The red and black markings cor-
respond to SPSs and PPSs, respectively, with small red open circles
(black plus signs) corresponding to singularities before each displace-
ment and small red filled circles (black crosses) corresponding to sin-
gularities after each displacement.
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variations from the null value. Therefore, we expect to obtain
important deviations in the core structure parameters for
before and after position states. We must also mention
that we have obtained similar results for measurements per-
formed with different displacements of the binary phase
mask, which were not illustrated in this work.

5 Conclusions
We have implemented one technique based on binary diffus-
ers to emulate in-plane rigid-body displacements. We show
that the phase of the scattered field corresponds to a speckle
phase with vortices of unitary charge. The use of this
approach is of great flexibility due to the fact that the
obtained intensity distribution can be dynamically controlled
with high repeatability by computing phase masks only.
Therefore, the average of speckle size can be varied and
also generate statistically independent speckle fields without
the intervention of movable parts in the optical setup. By
using the presented approach, we show that the PSs are
very sensitive objects to small local perturbations of the
speckle field. Therefore, the applications based on the use
of these objects as reference marking should require special
cares. Taking into account that OVM uses no information
about the speckle phase because it is not a interferometry-
based technique, we show that the PPSs can naturally follow
the same displacement field as do its SPSs pair. In our opin-
ion, this result is very important in the practice of OVM.
However, the PSs can locally have erratic permanency.
Therefore, this is an important drawback that cannot be
easily addressed and it should be taken into account.
Regarding the experimental errors, we observed an important
robustness of the core singularities parameters for out-of-
plane rigid-body displacements.
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