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Recently, two phase evaluation methods were proposed to measure nanometric displacements by means of digital 

speckle pattern interferometry when the phase changes introduced by the deformation are in the range [0, 𝜋) rad. 

However, one of these techniques requires separate recording of the intensities of the object and the reference 

beams which correspond to both the initial and the deformed interferograms. The other technique only works to 

measure out-of-plane displacements. In this paper, we present a novel approach that overcomes these limitations. 

The performance of the proposed method is analyzed using computer-simulated speckle interferograms and it is 

also compared with the results obtained with a phase-shifting technique. Finally, an application of the proposed 

phase method used to process experimental data is illustrated. 

1

 

m  

h  

[  

f  

u  

b  

o  

w

 

t  

t  

k  

g  

f  

p  

g  

r  

w  

b  

t  

a  

t  

f  

m  

f  

p  

a  

i  

t

 

n  

t  

g  

t  

n  

p  

n  

f  

[  

c  

o  

t  

i  

o  

t  

t  

a  

m  

a  

o

 

h

R

0

. Introduction 

Whole-field optical techniques can be used as useful tools to test

icro-system devices due to their advantages, which include robustness,

igh processing speed, and also non-contact and non-destructive nature

1–6] . One of these optical techniques is digital speckle pattern inter-

erometry (DSPI), which has a high sensitivity and also has been widely

sed for the measurement of displacement and strain fields generated

y rough object surfaces [7] . This technique is based on the evaluation

f the optical phase changes that are coded in speckle interferograms,

hich are usually displayed in the form of fringe patterns. 

In practical applications of DSPI, the phase-shifting and the Fourier-

ransform methods are the most common techniques used to retrieve

he phase distribution introduced by the deformation [8] . As it is well

nown, phase-shifting methods have high accuracy, and the sign ambi-

uity is resolved automatically due to the recording of multiple inter-

erograms. However, a mirror driven by a linear computer-controlled

iezoelectric transducer must be introduced in the optical setup, thus

enerating an additional technical complexity. Moreover, these algo-

ithms assume that phase-shifts between successive frames are all equal,

hich can be difficult to obtain experimentally. Phase-shifter miscali-

rations and vibrations during the acquisition of multiple speckle in-

erferograms also produce systematic errors which must be appropri-

tely addressed [9] . On the contrary, the Fourier transform method has

he advantage of requiring the acquisition of only two speckle inter-

erograms to be analyzed. Even so, when the phase changes are non-

onotonous, this method also needs the introduction of spatial carrier
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ringes to overcome the sign ambiguity [8] . Although there exist sim-

le ways of introducing spatial carrier fringes in the optical setup, such

s tilting the reference beam between the acquisition of both speckle

nterferograms to be correlated, this procedure also complicates the au-

omation of the interferometer operation. 

A novel phase evaluation method was recently proposed to measure

anometric displacements by means of DSPI when the phase change in-

roduced by the deformation is in the range [0, 𝜋) rad, i.e., when the

enerated correlation fringes show less than one fringe [10] . In this case,

he wrapped phase map does not present the usual 2 𝜋 phase disconti-

uities, and it is therefore unnecessary to apply a spatial phase unwrap-

ing algorithm to obtain the continuous phase distribution. It must be

oted that cases of correlation fringe patterns presenting less than one

ringe can appear quite frequently when micro-systems are inspected

11] . This phase retrieval method is based on the calculation of the lo-

al Pearson’s correlation coefficient between the two speckle interfer-

grams generated by both deformation states of the object. Although

his approach does not need the introduction of a phase-shifting facil-

ty or spatial carrier fringes in the optical setup, the intensities of the

bject and the reference beams corresponding to both the initial and

he deformed interferograms must be recorded. It should be noted that

his limitation complicates the automation of the interferometer oper-

tion. Moreover, this limitation does not allow the application of this

ethod for the analysis of non-repeatable dynamic events by recording

 sequence of interferograms throughout the entire deformation history

f the testing object. 

More recently, Tendela et al. [12] have presented a phase retrieval

ethod based on the approach reported in Ref. [10] to be used in a
8 
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SPI. In this method there is no need to record the intensities of the

bject and the reference beams corresponding to both the initial and the

eformed interferograms. However, when this technique is applied the

ms phase errors for in-plane measurements are very large. Therefore,

he approximations made in Ref. [12] are no longer valid for the in-plane

ase and this method is not suitable to measure in-plane displacements.

In this paper, we present a phase retrieval approach based on the

ethods reported in Ref. [10,12] , which overcomes the aforementioned

imitations. Therefore, there is no need to record the intensities of the

bject and the reference beams corresponding to both the initial and

he deformed interferograms, and this technique can measure both in-

lane and out-of-plane displacement fields. Furthermore, we show that

he approximations made in Ref. [12] can be reached more naturally. 

In the following section, a description of the proposed phase re-

rieval method is presented. Afterwards, the performance of the pro-

osed method is analyzed using computer-simulated speckle interfero-

rams for in-plane and of out-of-plane displacements. This analysis al-

ows us to evaluate the rms phase errors introduced by the novel ap-

roach and also to compare its performance with the one given by a

hase-shifting algorithm. Finally, an application of the phase retrieval

ethod used to process experimental data is also illustrated. 

. Theorical concepts 

As it is well known, DSPI is based on the recording of the coherent

uperposition of two optical fields, at least one of them being a speckle

eld generated by the scattered light coming from the rough surface of

he specimen. The result of the superposition is another speckle field

alled interferogram and its intensity I can be expressed as [7] 

 = 𝐼 1 + 𝐼 2 + 2 
√
𝐼 1 𝐼 2 cos ( 𝜙1 − 𝜙2 ) = 𝐼 0 + 𝐼 𝑀 

cos ( 𝜙) , (1)

here I 1 and I 2 are the intensities of the object and the reference optical

elds and 𝜙1 and 𝜙2 are their associated phases, respectively, 𝐼 0 = 𝐼 1 +
 2 is the intensity bias, 𝐼 𝑀 

= 2( 𝐼 1 𝐼 2 ) 1∕2 is the modulation intensity, and

= 𝜙1 − 𝜙2 accounts for the optical path difference from the light source

o the observation point considered. 

If the scattering surface undergoes a deformation, the resulting in-

ensity changes accordingly. The intensities I a and I b corresponding to

he speckle interferograms recorded in the initial (a) and the deformed

tates (b), respectively, are determined by 

 𝑎 = 𝐼 𝑎 0 + 𝐼 𝑎𝑀 

cos 𝜙𝑎 = 𝐼 𝑎 0 + 𝐼 𝑎𝑀 

cos 𝜙𝑠 

𝐼 𝑏 = 𝐼 𝑏 0 + 𝐼 𝑏𝑀 

cos 𝜙𝑏 = 𝐼 𝑏 0 + 𝐼 𝑏𝑀 

cos ( 𝜙𝑠 + Δ𝜙) , (2)

here 𝜙𝑠 = 𝜙𝑎 accounts for the random change in the optical path due

o the roughness of the scattering surface and Δ𝜙 = 𝜙𝑏 − 𝜙𝑎 corresponds

o the deterministic change in the path introduced by the underwent

eformation. 

Below, it is presented a relationship to characterize the deterministic

hase change Δ𝜙 as a function of the Pearson’s correlation coefficient

etween the two interferograms described by Eq. (2) . The Pearson’s cor-

elation coefficient C ( p, q ) between two random variables p and q is de-

ned as the covariance of the two variables divided by the product of

heir standard deviations and can be estimated as [13] 

( 𝑝, 𝑞) = 

⟨( 𝑝 − ⟨𝑝 ⟩)( 𝑞 − ⟨𝑞⟩) ⟩[
( ⟨𝑝 2 ⟩ − ⟨𝑝 ⟩2 )( ⟨𝑞 2 ⟩ − ⟨𝑞⟩2 ) ]1∕2 , (3)

here ⟨ ⟩ stands for the mean value of the sampled random variable. 

Taking into account general hypotheses about the speckle distribu-

ion generated by the rough object, the correlation coefficient C ( I a , I b )

or the two recorded interferograms I a and I b is given by 

 = 

⟨( 𝐼 𝑎 − ⟨𝐼 𝑎 ⟩)( 𝐼 𝑏 − ⟨𝐼 𝑏 ⟩) ⟩
[( ⟨𝐼 2 

𝑎 
⟩ − ⟨𝐼 𝑎 ⟩2 )( ⟨𝐼 2 𝑏 ⟩ − ⟨𝐼 𝑏 ⟩2 )] 1∕2 , (4)

here the operator ⟨ ⟩ is evaluated by using a sliding window technique

n each recorded image, and Eq. (2) can be used. The reader should
150 
ote that the spatial coordinates of the pixel ( m, n ) at the CCD for 𝑚, 𝑛 =
 , … , 𝐿, where L is the number of pixels along the horizontal and vertical

irections, were omitted intentionally for the sake of clarity. 

Assuming that the intensity and phase of fully developed and polar-

zed speckle fields are statistically independent, the following relation-

hips are valid [14] 

⟨𝐼 𝑀 

cos 𝜙𝑠 ⟩ = ⟨𝐼 𝑀 

⟩⟨cos 𝜙𝑠 ⟩, ⟨𝐼 𝑀 

sin 𝜙𝑠 ⟩ = ⟨𝐼 𝑀 

⟩⟨sin 𝜙𝑠 ⟩, ⟨𝐼 2 
𝑀 

sin 2 𝜙𝑠 ⟩ = ⟨𝐼 2 
𝑀 

cos 2 𝜙𝑠 ⟩, ⟨sin 𝜙𝑠 ⟩ = ⟨cos 𝜙𝑠 ⟩ ≈ 0 , 

sin 𝜙𝑠 cos 𝜙𝑠 ⟩ ≈ 0 . (5) 

n addition, considering that Δ𝜙 is a deterministic magnitude, and after

ome mathematical manipulations, the numerator N ab of Eq. (4) can be

xpressed as a function of cos Δ𝜙 as follows 

 𝑎𝑏 = ⟨𝐼 𝑎 0 𝐼 𝑏 0 ⟩ − ⟨𝐼 𝑎 0 ⟩⟨𝐼 𝑏 0 ⟩ + 

1 
2 
⟨𝐼 𝑎𝑀 

𝐼 𝑏𝑀 

⟩ cos Δ𝜙. (6)

In a similar way, the denominator D ab of Eq. (4) can be computed

s 

 𝑎𝑏 = 

[(⟨
𝐼 2 
𝑎 0 
⟩
− ⟨𝐼 𝑎 0 ⟩2 + 

1 
2 
⟨
𝐼 2 
𝑎𝑀 

⟩)
×
(⟨

𝐼 2 
𝑏 0 
⟩
− ⟨𝐼 𝑏 0 ⟩2 + 

1 
2 
⟨
𝐼 2 
𝑏𝑀 

⟩)]1∕2 
. (7) 

Replacing Eqs. (6) and (7) into Eq. (4) , the correlation coefficient C

an be estimated as 

( 𝐼 𝑎 , 𝐼 𝑏 ) = 

⟨𝐼 𝑎 0 𝐼 𝑏 0 ⟩ − ⟨𝐼 𝑎 0 ⟩⟨𝐼 𝑏 0 ⟩ + 

1 
2 ⟨𝐼 𝑎𝑀 

𝐼 𝑏𝑀 

⟩ cos Δ𝜙[
( 
⟨
𝐼 2 
𝑎 0 
⟩
− ⟨𝐼 𝑎 0 ⟩2 + 

1 
2 

⟨
𝐼 2 
𝑎𝑀 

⟩
)( 
⟨
𝐼 2 
𝑏 0 
⟩
− ⟨𝐼 𝑏 0 ⟩2 + 

1 
2 

⟨
𝐼 2 
𝑏𝑀 

⟩
) 
]1∕2 . 

(8) 

Rearranging Eq. (8) , the cos Δ𝜙 can be written as 

os Δ𝜙 = 𝐶( 𝐼 𝑎 , 𝐼 𝑏 ) 

×
2 
[
( 
⟨
𝐼 2 
𝑎 0 
⟩
− ⟨𝐼 𝑎 0 ⟩2 + 

1 
2 

⟨
𝐼 2 
𝑎𝑀 

⟩
)( 
⟨
𝐼 2 
𝑏 0 
⟩
− ⟨𝐼 𝑏 0 ⟩2 + 

1 
2 

⟨
𝐼 2 
𝑏𝑀 

⟩
) 
]1∕2 

⟨𝐼 𝑎𝑀 

𝐼 𝑏𝑀 

⟩
−2 

⟨𝐼 𝑎 0 𝐼 𝑏 0 ⟩ − ⟨𝐼 𝑎 0 ⟩⟨𝐼 𝑏 0 ⟩⟨𝐼 𝑎𝑀 

𝐼 𝑏𝑀 

⟩ . (9) 

As before, considering that the intensity bias and the modulation

ntensity of fully developed and polarized speckle fields are statistically

ndependent, the following relationships are also valid [14] 

⟨𝐼 𝑎 0 ⟩ = ⟨𝐼 𝑏 0 ⟩ = ⟨𝐼 0 ⟩, ⟨𝐼 𝑎 0 𝐼 𝑏 0 ⟩ = ⟨𝐼 2 0 ⟩, ⟨𝐼 2 
𝑎 0 ⟩ = ⟨𝐼 2 

𝑏 0 ⟩ = ⟨𝐼 2 0 ⟩, ⟨𝐼 𝑎𝑀 

⟩ = ⟨𝐼 𝑏𝑀 

⟩ = ⟨𝐼 𝑀 

⟩, 
𝐼 𝑎𝑀 

𝐼 𝑏𝑀 

⟩ = ⟨𝐼 2 
𝑀 

⟩, 
⟨𝐼 2 

𝑎𝑀 

⟩ = ⟨𝐼 2 
𝑏𝑀 

⟩ = ⟨𝐼 2 
𝑀 

⟩. (10) 

fter some mathematical manipulations, the phase change Δ𝜙 needed to

etermine the displacement components can be evaluated by inverting

q. (9) as follows 

𝜙 = acos 
[
𝐶( 𝐼 𝑎 , 𝐼 𝑏 )( 𝛼 + 1) − 𝛼

]
, (11)

here acos[] is the inverse of the cosine function, and the coefficient 𝛼

s defined as 

= 2 
⟨𝐼 2 0 ⟩ − ⟨𝐼 0 ⟩2 ⟨𝐼 2 

𝑀 

⟩ . (12)

or further analysis, it will be useful to express the coefficient 𝛼 as a

unction of the intensities of the object and reference fields I 1 and I 2 

= 

⟨𝐼 2 1 ⟩ − ⟨𝐼 1 ⟩2 + ⟨𝐼 2 2 ⟩ − ⟨𝐼 2 ⟩2 
. (13)
2 ⟨𝐼 1 ⟩⟨𝐼 2 ⟩
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Fig. 1. Optical arrangement for measuring in-plane displacement using DSPII: 

mirrors (M), microscope objectives (L), beam splitters (BS), pin holes (PH), cam- 

era lens (CL). 
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Fig. 2. Optical arrangement for measuring out-of-plane displacement using 

DSPI: mirrors (M), microscope objectives (L), beam splitters (BS), pin holes (PH), 

camera lens (CL). 
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.1. Measurement of in-plane displacements 

This subsection examines the statistical properties of the intensities

f the object and reference fields for an optical configuration to mea-

ure in-plane displacements. In this case, Fig. 1 shows the two-beam

rrangement described by Leendertz [15] . The surface under study is il-

uminated by two collimated beams of coherent light. These two beams

enerate their own speckle patterns I 1 and I 2 , and there is no separate

eference beam. Serving as references to each other, the pair of inde-

endent speckle patterns combines coherently to produce the resulting

peckle pattern. If the intensities of I 1 and I 2 correspond to fully devel-

ped and polarized speckle fields, the following assumptions are made

14] 

𝐼 1 ⟩2 = ⟨𝐼 2 1 ⟩ − ⟨𝐼 1 ⟩2 , 
𝐼 2 ⟩2 = ⟨𝐼 2 2 ⟩ − ⟨𝐼 2 ⟩2 . (14) 

n addition, Jones et al. [16] has shown that this setup has better results

hen the ratio between the intensities I 1 and I 2 is equal to 1, i.e. ⟨𝐼 1 ⟩ =
𝐼 2 ⟩. 

Therefore, for an in-plane configuration it can be shown that the

oefficient defined in Eq. (13) results 𝛼𝐼𝑃 = 1 , and the phase change

𝜙IP can be measured as 

𝜙𝐼𝑃 = acos 
[
2 𝐶( 𝐼 𝑎 , 𝐼 𝑏 ) − 1 

]
. (15)

.2. Measurement of out-of-plane displacements 

Fig. 2 shows a schematic view of an optical arragement for measur-

ng out-of-plane displacements [16] . The outcoming beam from a laser

ource is divided into an object and reference beam. This reference beam

s either a plane wave or another speckle field. The addition of a refer-

nce beam to the object wave introduces a significant change in the

ehavior of the resultant speckle pattern when the object is deformed.

ince the resultant speckle pattern is formed by the interference of two

oherent fields, the intensity in the pattern would naturally depend on

hether a plane wave or a speckle field is used. 
151 
.2.1. One plane wave and one speckle field setup 

In this case, the intensity I 1 is considered as the plane wave (ref-

rence beam), and the intensity I 2 is chosen as the speckle field (ob-

ect beam). Therefore, the assumption ⟨𝐼 2 ⟩2 = ⟨𝐼 2 2 ⟩ − ⟨𝐼 2 ⟩2 is still valid

14] . Also, the ratio between the intensities I 1 and I 2 is equal to R ,

.e. ⟨𝐼 1 ⟩ = 𝑅 ⟨𝐼 2 ⟩. Then, for an out-of-plane configuration where the refer-

nce beam is a plane wave, the following expression is valid ⟨𝐼 2 1 ⟩ = ⟨𝐼 1 ⟩2 .
inally, it can be shown that Eq. (13) can be rewritten as 𝛼𝑂𝑃 = 

1 
2 𝑅 , and

he phase change Δ𝜙OP can be obtained as 

𝜙𝑂𝑃 = acos 
[
𝐶( 𝐼 𝑎 , 𝐼 𝑏 ) 

( 1 
2 𝑅 

+ 1 
)
− 

1 
2 𝑅 

]
. (16) 

.2.2. Two speckle fields setup 

Now, the reference beam I 1 is another speckle field, and I 2 is the

ntensity of the object beam, both of them corresponding to fully de-

eloped and polarized speckle fields. As before, the ratio between the

ntensities I 1 and I 2 is equal to R , i.e. ⟨𝐼 1 ⟩ = 𝑅 ⟨𝐼 2 ⟩, and the assumptions

ade in Eq. (14) are valid. Therefore, for an out-of-plane configuration

here both beams are speckle fields, it can be shown that 𝛼𝑂𝑃 = 

1+ 𝑅 2 
2 𝑅 ,

nd the phase change Δ𝜙OP can be evaluated as 

𝜙𝑂𝑃 = acos 
[ 
𝐶( 𝐼 𝑎 , 𝐼 𝑏 ) 

(1 + 𝑅 ) 2 

2 𝑅 

− 

1 + 𝑅 

2 

2 𝑅 

] 
. (17) 

The validity of the proposed phase retrieval method will be demon-

trated in Sections 3 and 4 by using numerical simulations and also ex-

erimental data. 

. Numerical results 

The speckle interferograms used to evaluate the performance of

he proposed phase retrieval technique were generated by computer-

imulation. As described before, this approach allows to know precisely

he original phase distribution and therefore, to determine the errors

ntroduced by the algorithm used for evaluating the phase change. For

his purpose, we used the same method to the one proposed in Ref.

10,12] , which assumes that the speckle distribution generated by the

ough object is fully developed. 

As mentioned in Ref. [10,12] , the proposed method does not gener-

te phase values over the first and last L/2 pixels. As it was mentioned

n these papers, it is not a trivial issue to ascertain the window size that

ust be used as it depends on the shape of the phase distribution to be

valuated. For the sake of clarity, in this paper we only show the results
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Fig. 3. Comparison between the original phase change (thin line) with the 

retrieved phase maps obtained using the proposed approach (bold line) and 

the Carré phase-shifting technique (solid circles) for a simulated in-plane tilt 

displacement. 

Table 1 

rms phase error 𝜎 using different simulated in-plane linear tilt distributions, 

and an average speckle size of 2 pixels. 

Δ𝜙 (rad) Original method Novel method Carré phase-shifting technique 

𝜎 (rad) 𝜎 (rad) 𝜎 (rad) 

𝜋/10 0.0038 0.0059 0.0084 

𝜋/4 0.0110 0.0123 0.0175 

𝜋/2 0.0151 0.0234 0.0323 

o  

o

3

 

u  

t  

c  

t  

i  

e  

a  

d  

t

 

t  

t  

i  

t  

e  

R

 

f  

t  

i  

t  

o  

c

 

y  

o  

T  

m  

b  

a  

t  

T  

Fig. 4. Comparison between the original phase change (thin line) with the 

retrieved phase maps obtained using the proposed approach (bold line) and 

the Carré phase-shifting technique (solid circles) for a simulated out-of-plane 

parabolic displacement, using one plane wave and one speckle field setup. 
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btained using a sliding window of size 𝐿 

2 = 65 × 65 pixels. The effects

f different window sizes were deeply analyzed in Ref. [10,12] . 

.1. Numerical results for measuring in-plane displacements 

The proposed phase retrieval method was tested using different sim-

lated phase distributions. As a typical example, Fig. 3 shows the re-

rieved phase distribution obtained with the proposed approach (bold

urve) along a direction crossing the center of the pattern for an in-plane

ilt displacement. In this example, the highest phase change between the

nitial and deformed states was chosen as Δ𝜙 = 𝜋∕10 rad, and the av-

rage speckle size was set in 2 pixels. For comparison, the same figure

lso displays the original input phase map (thin curve) and the phase

istribution (solid circles) retrieved by means of the Carré phase-shifting

echnique. 

As previously mentioned, the rms phase error 𝜎 was used to evaluate

he performance of the proposed phase retrieval method. In this case,

he novel approach outperforms the Carré phase-shifting technique, as

t gives 𝜎 = 0 . 0059 rad compared to a value of 0.0084 rad that was ob-

ained using the conventional approach. For comparison, the rms phase

rror was also computed using the original method (the one reported in

ef. [10] ), giving 𝜎 = 0 . 0038 rad. 

Furthermore, the coefficient 𝛼 defined in Eq. (13) was also computed

or each pixel ( m, n ) in the example displayed in Fig. 3 , using the intensi-

ies of the object and the reference beams which correspond to both the

nitial and the deformed interferograms. The obtained results showed

hat the rms deviation evaluated between 𝛼 and the approximated value

f 1 was 0.009. Therefore, the substitution of 𝛼𝐼𝑃 = 1 in Eq. (11) can be

onsidered as very accurate. 

The performance of the novel phase retrieval approach was also anal-

sed using different phase amplitudes and average speckle sizes. Some

f the results obtained from this numerical analysis are summarized in

ables ( 1 ) and ( 2 ). Several interesting observations emerge from the nu-

erical tests. Looking the numerical results listed in Table (1) , it should

e noted that the rms phase errors generated by the proposed approach

re larger than the ones obtained using the original method. However,

he novel approach still outperforms the Carré phase-shifting technique.

able (2) shows the rms phase errors 𝜎 using different average speckle
152 
izes. The highest phase change between the initial and deformed states

as chosen as 𝜋/10 rad. For an average speckle size of 1 pixel, the pro-

osed approach did not recover the phase change properly. This is due

o the fact that the intensities I 1 and I 2 do not correspond to fully devel-

ped and polarized speckle fields. 

.2. Numerical results for measuring out-of-plane displacements 

.2.1. One plane wave and one speckle field setup 

Fig. 4 depicts the retrieved phase distribution (in bold line) of an

ut-of-plane parabolic displacement obtained using the proposed ap-

roach, and evaluated along a line crossing the center of the pattern.

n this second example, the average speckle size was set in 2 pixels.

he highest phase change between the initial and deformed states was

hosen as Δ𝜙 = 𝜋∕10 rad, and the ratio intensities between I 1 and I 2 
as 𝑅 = 2 . For comparison, the same figure also shows the original in-

ut phase map (thin line) and the phase distribution obtained using the

arré phase-shifting technique (solid circles). Here, the performances

f both approaches were quite similar, as the rms phase error obtained

ith the proposed phase retrieval method was 𝜎 = 0 . 0062 rad and with

he Carré phase-shifting technique was 𝜎 = 0 . 0045 rad. 

The coefficient 𝛼 defined in Eq. (13) was also computed for each

ixel ( m, n ) in the example displayed in Fig. 4 , using the intensities of

he object and the reference beams which correspond to both the initial

nd the deformed interferograms. The obtained results showed that the

ms deviation evaluated between 𝛼 and the approximated value of 1/2 R

as 0.009. Therefore, the substitution of 𝛼𝑂𝑃 = 

1 
2 𝑅 in Eq. (11) can be

onsidered as accurate. 

By using different ratio intensities between I 1 and I 2 , the perfor-

ance of the phase retrieval approach was also analysed. Looking the

umerical results listed in Table ( 3 ), it should be noted that the rms

hase errors generated by the proposed approach are quite similar to

he one obtained with the Carré phase-shifting technique. 

.2.2. Two speckle fields setup 

In this example, the correlation was also evaluated using an aver-

ge speckle size of 2 pixels, and the highest phase change between the

nitial and deformed states was chosen as Δ𝜙 = 𝜋∕10 rad. The ratio in-

ensities between I 1 and I 2 was 𝑅 = 2 . Fig. 5 shows the phase distribu-

ion obtained with the proposed method (in bold line) of an out-of-plane

arabolic displacement and evaluated along a line crossing the center

f the pattern. For comparison, the same figure also shows the original

nput phase map (thin line) and the phase distribution obtained using

he Carré phase-shifting technique (solid circles). As before, the perfor-

ances of both approaches were quite similar, as the rms phase error

btained with the proposed phase retrieval method was 𝜎 = 0 . 0053 rad

nd with the Carré phase-shifting technique was 𝜎 = 0 . 0064 rad. 
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Table 2 

rms phase error 𝜎 for simulated in-plane linear tilt distributions of 𝜋/10, and using different 

average speckle sizes. 

Average speckle size (pixels) Original method Novel method Carré phase-shifting technique 

𝜎 (rad) 𝜎 (rad) 𝜎 (rad) 

1 0.0018 0.0149 0.0038 

2 0.0038 0.0059 0.0084 

3 0.0048 0.0067 0.0134 

4 0.0086 0.0099 0.0152 

5 0.0085 0.0092 0.0182 

Table 3 

rms phase error 𝜎 using different ratio intensities R corresponding to 

out-of-plane parabolic distributions (maximun phase values of 𝜋/10) 

for one plane wave and one speckle field, with an average speckle size 

of 2 pixels. 

R Original method Novel method Carré phase-shifting technique 

𝜎 (rad) 𝜎 (rad) 𝜎 (rad) 

2 0.0051 0.0062 0.0045 

4 0.0046 0.0059 0.0044 

8 0.0053 0.0040 0.0044 

Fig. 5. Comparison between the original phase change (thin line) with the 

retrieved phase maps obtained using the proposed approach (bold line) and 

the Carré phase-shifting technique (solid circles) for a simulated out-of-plane 

parabolic displacement, using two speckle fields setup. 

Table 4 

rms phase error 𝜎 using different ratio intensities R corresponding to 

out-of-plane parabolic distributions (maximun phase values of 𝜋/10) 

for two speckle fields, with an average speckle size of 2 pixels. 

R Original method Novel method Carré phase-shifting technique 

𝜎 (rad) 𝜎 (rad) 𝜎 (rad) 

2 0.0051 0.0053 0.0064 

4 0.0046 0.0062 0.0080 

8 0.0043 0.0068 0.0090 
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Fig. 6. In-plane displacement field u along a line crossing the center of the steel 

plate obtained using the proposed approach (bold line), with its linear fit (thin 

line) and the Carré phase-shifting technique (solid circles). 
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In this case, the coefficient 𝛼 was also computed for each pixel ( m , n ).

he obtained results show that the rms deviation evaluated between 𝛼

nd the approximated value of 1.25 was 0.01. Therefore, the substitu-

ion of 𝛼𝑂𝑃 = 

1+ 𝑅 2 
2 𝑅 in Eq. (11) can be considered as accurate. 

The performance of the novel phase retrieval approach was also anal-

sed using different ratio intensities between I 1 and I 2 . Some of the re-

ults obtained from this numerical analysis are summarized in Table ( 4 ).

s before, the rms phase errors generated by the proposed approach

re quite similar to the one obtained with the Carré phase-shifting

echnique. 
153 
. Experimental results 

To illustrate the performance of the novel phase retrieval method

hen experimental data are processed, a DSPI system was used to mea-

ure the in-plane horizontal displacement component u produced by a

teel plate when it was rotated around a fixed horizontal axis using a

ifferential micrometer. Fig. 1 shows a schematic view of the DSPI sys-

em, which was based on a conventional in-plane speckle interferometer

lluminated by a Nd:YAG laser with a wavelength 𝜆 = 532 . 8 nm, which

as divided into two beams by a 50/50 beam-splitter (BS). Both beams

re expanded by two microscope objectives (L) and illuminate the spec-

men making an angle 𝛾 = 45 ◦ with respect to the normal of the surface.

n order to obtain a uniform illumination intensity, a pin hole (PH) was

sed in both beams. The specimen is imaged by a PULNIX TM-620 CCD

amera, whose output was fed to a frame grabber located inside a per-

onal computer that digitizes the images in grey levels with a resolution

f 512 ×512 pixels × 8 bits. The video camera had a zoom lens which

llows to image a small region of the specimen of approximately 11 ×11

m 

2 in size and for an average speckle size of 3 pixels. 

A piezoelectric transducer attached to the mirror ( M 1 ) and driven by

n electronic unit was used to introduce the phase shifts. This phase-

hifting facility enabled to evaluate the phase distribution using the

arré phase-shifting technique, which later was compared with the

hase map obtained using the novel method. With both phase retrieval

ethods, the proposed approach and the Carré phase-shifting technique,

he in-plane horizontal displacement component u was determined

sing [17] 

 = 

𝜆

4 𝜋 sin 𝛾
Δ𝜙. (18)

Fig. 6 depicts the displacement component u measured with the

ovel method (bold curve) along a line crossing the center of the alu-

inium plate. This figure shows that the maximum in-plane displace-

ent generated by the plate is 63 nm. As previously mentioned, the

roposed method does not give phase values over the first and the last

2 pixels due to the size of the sliding window used to calculate the

orrelation. The same figure also shows the linear fit (in thin line) ob-
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ained from a least square calculation of the measured data. Despite

ome scatter, it is observed that this line fits quite well with the mea-

urements. For comparison, the same figure also displays the in-plane

isplacement component obtained with the Carré phase-shifting tech-

ique (solid circles). The results shown in this last figure demonstrate

hat the performances given by both processing approaches are quite

imilar, and confirm the simplicity and accuracy of the proposed phase

etrieval method to measure displacement fields in the nanometer range.

In addition, to evaluate the accuracy of the approximation 𝛼𝐼𝑃 = 1
hen experimental data was processed, the intensities of the object and

he reference beams corresponding to both the initial and the deformed

nterferograms were separately recorded. In this case, the obtained re-

ults showed that the rms deviation evaluated between 𝛼IP and the as-

umed value of 1 was 5 × 10 −3 , demonstrating the validity of the approx-

mation introduced in Section 2 . 

Finally, the displacement uncertainty does not only depend on the

rror introduced by the novel method used to estimate the phase dis-

ribution but also on the relative contribution of various error sources,

uch as the direction of the sensitivity vector and its variation across

he specimen, the CCD noise and the intensity fluctuations of the laser

8,18] . 

. Conclusions 

In this paper we propose a novel method to be used in DSPI for mea-

uring nanometric displacement fields when the phase change varies in

he range [0, 𝜋) rad. The proposed phase evaluation method is based

n the local calculation of the correlation between the two speckle in-

erferograms generated by both deformation states of the object. This

pproach does not need the introduction of a phase-shifting facility or

patial carrier fringes in the optical setup to measure the phase distribu-

ions generated by the object deformation without any sign ambiguity.

dditionally, this technique can measure both in-plane and out-of-plane

isplacement fields. 

The performance of the proposed method is investigated using dif-

erent computer-simulated phase distributions, approach which allows

o evaluate the rms phase errors. The numerical analysis shows that

he performance of the proposed method is quite similar to the one

iven by the Carré phase-shifting technique. Although the rms errors

btained by the approach reported in Ref [10] . are slightly lower than

hose generated by the proposed method, when this last simplified ap-

roach is applied it is not necessary to record separately the intensities

f the object and the reference beams corresponding to both the initial

nd the deformed interferograms. This advantage not only makes eas-

er the automation of the interferometer operation, but also allows the
154 
pplication of the novel method to the analysis of non-repeatable dy-

amic events by recording a sequence of interferograms throughout the

ntire deformation history of the testing object. Finally, the results given

y the numerical analysis are confirmed by processing experimental

ata obtained from the tilt displacement of an aluminium plate. The ex-

erimental results demonstrate that the performances of the proposed

hase retrieval method and the Carré phase-shifting technique are quite

imilar, and also confirm the simplicity of the proposed method to mea-

ure displacement fields in the nanometer range. 
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