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ABSTRACT

This paper presents a detailed analysis of figures of merit to compare digital Fresnel holography and speckle
interferometry. The analysis is based on both theoretical and experimental analyses. A theoretical analysis of the
influence of the aperture and lens in the case of speckle interferometry is developed. Compared to digital Fresnel
holography, this element is a critical point influencing Shannon conditions, spatial resolution, spatial filtering and
photometric efficiency. Optimal filtering and image recovering conditions are thus established. The theoretical analysis
is validated by experimental results. The influence of the speckle decorrelation is estimated for the measurement of
mechanical deformations. The same mechanical loading has been applied for both experimental configurations. The
probability density of the noise map is then estimated. Fitting the curves along the theoretical analysis results in an
objective comparison of the decorrelation degrees, and gives keys to compare the decorrelation sensitivity of the
methods.
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1. INTRODUCTION

Optical techniques using speckle pattern have been widely studied and used for many years'™. In particular
these techniques give a fruitful contribution to the analysis of mechanical structures under strain, by providing
whole field information on displacement. According to the optical configuration of the experimental set-up, speckle
interferometry (SI) (or ESPI-electronic speckle pattern interferometry)™™ can be used to measure the in-plane
or out-of-plane displacement of the object under study, or both displacements simultaneously” '°. SI interferograms
can be processed by phase-shifting techniques (either temporal or spatial)'" '* or by Fourier transform'*'. The
latter requires only one recording, whereas the other one requires at least three recordings. Almost at the same
time, digital holography was experimentally demonstrated'” ', Digital holography (DH) can now be advantageously
used to image objects. Lately, many fascinating possibilities have been demonstrated: focusing can be chosen freely'”
2 a single hologram can provide amplitude-contrast and phase-contrast microscopic imaging®’, image aberrations
can be compensated”', digital color holography and time-averaging are also possible*?*. The processing of digital
holograms is generally based on the discrete Fresnel transform'’, which is applied on a single digital hologram'” **
or after a pre-processing based on phase shifting'®. Note that digital holography exhibits various architectures
such as Fresnel holography, Fraunhofer holography, Fourier holography, Lens-less Fourier holography and image-
plane holography”.

The methods of DH and SI find their interest in contact-less metrology with applications in mechanical strain,
vibrations, displacement field or surface shape measurements. There are some strong similarities between both
methods, especially concerning data processing. However, some figures of merit explaining the advantages and
the drawbacks of the methods have not been discussed in literature. These figures of merit must indicate, most
objectively, the differences and the advantages. This paper proposes to analyze both methods on the basis of 5
criteria: filtering and numerical processing, the influence of the aperture, photometric efficiency, spatial resolution
and decorrelation noise.

2. METHODOLOGY

As discussed in the previous section, processing interferograms can be based on Fourier transformation or on
phase-shifting. The latter needs at least 3 recordings to efficiently process the data. Note that a huge amount of
literature



describing SI optical arrangements and processing aspects is available. The distinction appears to be between static and
dynamic regimes of object deformations. Dynamic phase shifting can be applied to situations whose ratio frame
rate/phase change rate is high®. Some other methods exist to study dynamic events, but they are based on modified 2D
Hilbert transform®® or on correlation techniques”’*® and need at least two interferograms to generate the correlation
fringes or to remove the zero-order. Of course, pixel temporal history analysis has also been developed® and is not
directly based on an image-plane analysis. This paper focuses on the case where only one spatially
phase-biased interferogram is recorded'> ' **. This means that, for digital Fresnel holography, the configuration is off-
axis. This choice is justified as follows: recovering a single interferogram is a powerful tool to study dynamic events but
also to carry out high speed acquisition and to process interferograms. Examples demonstrating the suitability of such an
approach can be found in ** for digital Fresnel holography and " *? for speckle interferometry. As we aim at comparing
objectively both methods, the same constraints must be applied. Indeed, the experimental optimization of such methods
can be performed according to several degrees of freedom. The amplitude of the reference wave can particularly be
increased, compared to that of the object beam, in order to get more flexibility in the Shannon conditions when
recording, especially as concerns the non-overlapping of the three diffraction orders'* **. Here, we consider that the
reference waves of both methods are plane waves and are experimentally adjusted to have the same amplitude. Focus is
on the information carried by the object wave when the object is illuminated under the same conditions. The distance
between the sensor and the object is fixed. The spatial frequencies of the reference beam are fixed and for speckle
interferometry, a lens is added to form the image onto the sensor area. This lens is associated to an iris diaphragm, whose
role is to limit the aperture of the beam passing through the imaging system. In 1997', G. Pedrini presented the first
comparative study between DH and SI and he pointed out that SI is a particular case of DH because the digital
reconstructed hologram leads to the simulation of the complex amplitude in the space. Lastly, P. Jacquot discussed on
use of speckle interferometry in mechanical engineering®®. P. Jacquot suggested that only the phase of the recorded
pattern in the detector plane is of concern and that this important difference suffices to distinguish the SI and DH
techniques unambiguously. G. Pedrini'* discussed qualitatively on the object reconstructions and the spatial resolutions
of both methods. The approach proposed here aims at taking into account both theoretical and experimental aspects to
achieve an objective comparison.

3. THEORETICAL BACKGROUND

This section presents the theoretical background of both experimental methods by considering the recording/processing
of a unique interferogram. As a general rule, let us consider an extended object, sized A4,xXAA,, illuminated by a
coherent monochromatic wave with wavelength A and a set of reference coordinates attached to the object (x,y,z) and to
the recording plane (X,Y,z). In the next section, we will consider a recording sensor MxN pixels with pitches p.=p,.

3.1 Digital holography: recording and reconstruction

In the case of digital holography, the object diffracts a wave to the recording plane, localized at distance dy. Figure 1
illustrates the experimental setup and notations.
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Figure 1. Optical setup for digital Fresnel holography and notations

The object surface generates a wave front that will be noted according to equation 1:

Alx, y)= 4, (x, y)expliv, (x, ) (1)



Amplitude 4, describes the object reflectivity and phase iy describes its surface or shape (i =-1 ) Phase y is random

and uniformly distributed over the range ]-n,+rn]. When taking into account the diffraction theory under the Fresnel
approximations”’, the object wave diffracted at distance d, is expressed by the following relation:
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Note that since the object is rough, the diffracted field at distance dj is a speckle field which has a random and uniform
phase over the range |—=,+n]. In the Fourier plane, the object wave occupies a spatial frequency bandwidth equal to
(AuxAv)=(AA,/Ady*AA,/ Ad,). In the recording plane, the object wave is mixed with a reference wave written as:

R(x, y) =a, exp(2iﬂ(u0x + voy)), 3)

with a, its modulus and (u,v), the carrier spatial frequencies. In the case where (u,v9)#(0,0) we get “off-axis digital
holography” and when (u,v9)=(0,0), we get “in-line digital holography”. As pointed out, we consider here the case of
“off-axis digital holography”. The total intensity received by the recording sensor is the digital hologram:

H=|0 +|R’ +OR +O'R. )

The Shannon theorem applied to off-axis digital holography, resulting in the spatial separation of the three diffraction
orders appearing in eq. 4, leads to the optimal recording distance®®. It is given for a circular object shape with diameter

AA=AA,=AA,:
g, =232 (5)

24

Ideally, the spatial frequencies of the reference wave must be adjusted to (uo,vo):(i1/(6+2\/2)px,i1/(6+2\/2)py) for the
circular object®®. Practically, the spatial frequencies can be adjusted following this method: the reference beam is
perpendicular to the recording plane but the object is laterally shifted by quantities:

M:ﬂdo(l_ 1 ]
p.\2 2+32)

(6)
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The reconstructions of the amplitude and the phase of the encoded object are based on the numerical simulation of light
diffraction on the numerical aperture included in the digital hologram. For a reconstruction distance equal to d,=—d,, the
reconstructed field 4, is given by the discrete version of eq. 2 (known as DFT algorithm)'”'* %37 The +1 order is then
localized at spatial coordinates (Adyug,Adpvy). The computation leads to complex-valued results, from which the
amplitude image (modulus) and the phase image (argument) can be extracted. If the reconstructed plane is computed
with (K,L)>(M,N) data points, then the sampling pitches in the reconstructed plane are equal to A7n=Ady/Lp, and
Ag”:MO/pr”’ 3% The discrete Fresnel transform is adapted to a large range of object sizes and shapes. The second
possibility to reconstruct the object is based on the convolution formulae of diffraction. An exhaustive description was
provided by Kreis in 1997°”. This means that the reconstructed field is obtained by this convolution equation

(® means convolution), at any distance d,:
A, (x,y,d.)=H(x,y)®h(x,y,d,), (7

where A(x,y,d,) is the kernel associated to diffraction along distance d,. The convolution kernel can be the impulse
response of the free space propagation. Such a kernel leads to a transfer function, which is the Fourier transform of the
impulse response. The mathematical expression of the kernel is given by Goodman® and must be adapted to off-axis
holography™*:
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The angular spectrum transfer function can also be used as the transfer function of the reconstruction process. In this
case the mathematical expression is adapted” and given by:

exp[Eiﬂd,,/ﬂ\/l—ﬂz(u—uo)z —Az(v—vo)z}

Glu,v,d,)= if [u—uy|<Lp,/22d, and|v—v,|<Kp, /24d,’ ®

0 elsewhere

The reader may look at references® ** for further details on the reconstruction process. The practical computation of
such an equation can be performed according to the properties of the Fourier transform, thus leading to double Fourier
transform algorithm (DFFT):

A =Fr ' [FT[H]x FT[R], (10)

which includes three FFT, when using the impulse response, or only two FFT, when using the angular spectrum transfer
function:

A =FT'[FT[H]xG], (1

In the DFFT algorithms the reconstructed object is sampled by a number of data points that can be chosen freely with
(K,L)>(M,N), whereas with the DFT algorithm, the number of data points is given by (K,L)=(A4,/Am;AA4,/AE).

3.2 Speckle interferometry: recording and reconstruction

In the case of speckle interferometry, there is an imaging lens associated to a variable aperture close to the lens. In the
classical method'® ', the aperture is placed at the front focal plane of the lens. However, commercial imaging systems
include a circular aperture (iris diaphragm) inside the set of lenses. In this study, we consider the case of commercial
lenses for which the aperture is not localized at the focal plane. The aperture has a diameter ¢ and is placed at distance
dp from the detector. Figure 2 illustrates the experimental setup. The lens is at position p from the object and the image
is at position p' from lens.
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Figure 2. Optical setup for SI and notations

In this case, the object is imaged onto the recording sensor. Let us note 4’(x,y) the complex field projected onto this
plane. In order to optimize the recording, the image of the object must fully lie in the recording plane, so the transverse
magnification must be set at |y[=min(Np,/A4,;Mp,/AA4,). In such a configuration, the object wave occupies a spatial
frequency bandwidth equal to (AuxAv)=(AA4,/ApxAA,/Ap)=([Y|AA./Ap'¥|y|AA,/Ap"). Now, the recorded specklegram is
written:

H=

A H[R + AR + A" R (12)




The reconstruction of the amplitude and phase of the object is performed according to double-FFT strategy, in which the
transfer function is a uniform-bandwidth limited function'™ '*'®. In the Fourier plane, the filtering function can thus be
written:

1 if u—u,|<AA /2Apand|v—v,|<AA /2],
G'(u,v)= i =t [ 20p andly—v,| y P (13)
0 elsewhere
and the object wave is reconstructed according to:
A, =FT'[FT[H]xG]. (14)

Eq. 14 can be interpreted as a convolution formula similar to eq. 7, but now the impulse response is a two-dimensional
sinc function. As can be seen from eq. (4, 9, 10, 12, 13, 14), there are some strong similarities between both methods,
especially concerning data processing. The next section discusses the figures of merit to objectively compare both
methods.

4. FIGURES OF MERIT
4.1 Introduction

The paper proposes a detailed analysis of the 5 figures of merit based on theory and experimental results. We will
discuss in particular a theoretical analysis of the influence of the aperture and lens in the case of SI. Compared to digital
Fresnel holography, this element is a critical point that influences several aspects of the reconstruction process:
filtering/algorithms, aperture, photometric efficiency, spatial resolution and decorrelation noise. Moreover, the
conditions for optimal filtering and image recovering are established. We will present a theoretical modeling including
all the physical parameters (object albedo, pixel surface, aperture number, transverse magnification, object diameter and
laser power) contributing to establishing the photometric ratio as a comparison tool. In order to study the influence of
speckle decorrelation, the optical phase from the object reconstruction must be computed. Decorrelation appears when a
phase change occurs at the surface of the object. In this paper, we applied a mechanical loading to the object with quite
good reproducibility. By varying the amount of loading, different phase changes with different speckle decorrelations are
generated. A method based on a low-pass filtering is used to objectively compare the sensitivity of both methods to
decorrelation.

Equations given for an objective comparison are explained in the sense of the optimal recording, according to the
Shannon conditions. It is obvious that advantages/drawbacks of both methods can be interchanged when experimental
conditions deviate from the optimal conditions.

4.2 Filtering and algorithms

As previously discussed, the algorithms have some strong similarities. Table 1 gives an overview of the properties of the
various reconstruction methods.

Table 1. Attributes of the reconstruction methods

DH SI
. . . Convolution by spectral
Reconstruction method Discrete Fresnel transform Convolution .
filtering

Number of FFT operations 1 2or3 2
Number of data points for
FFT operations free, (K.L)>(M,N) free, (K,L)=(M.,N) free, (K,L)>(M,N)
Number of data points for imposed,
the reconstructed object AA.Lp,/AdyxAA,Kp,/Ad, i, S LA
Filtering NO YES YES
Filtering function - quadratic phase binary




Needs for an additional YES, for adjustable

: NO . . NO
quadratic phase term magnification
Sampling of the
reconstructed object (Ady/Lp,Ady/Kpy) Pwpy) (Dxspy)
Computation time 2.703s for 7.25s for 3.203s for

P (K,L)=(1024,1360) (K,L)=(1024,1360) (K,L)=(1024,1360)

Degree of complexity ok ook ok ok

The simplest reconstruction method is the discrete Fresnel transform used in digital holography. The highest complexity
is obtained for the convolution method with adjustable magnification but the object can be reconstructed with the same
number of data points as the recording sensor’’. Computation time is given for a PC Pentium 4CPU 2.99GHz with 2Go
RAM equipped with MATLAB 5.3.

4.3 Influence of aperture

This aspect does not clearly appear in literature but it must be pointed out that the specklegram is also the digital
hologram of the aperture. This means that speckle interferometry based on the spatial carrier method must be optimized
according to the same rules as those for digital Fresnel holography. So, for the digital hologram of the aperture, we must
set:

(2 +342 )px

_RHN2p 15
d, TR (15)

This means that the numerical aperture of the imaging lens must be set to:

sing'= o _ 4 . (16)
2d, i2+3\55pr

This point is the key to understand why the spatial carrier method gives results only if the numerical aperture is small.
Indeed, if eq. 16 is not fulfilled, the three diffraction orders of the hologram overlap and thus the useful +1 order of
eq. 12 is corrupted by the zero order of the digital hologram of the aperture. Note that the numerical aperture only
depends on the wavelength and the pixel pitch, whatever the object size may be, since the optimization of the setup is
related to the aperture diameter. In the case of digital holography, the useful numerical aperture of the beam is defined
according to that of the sensor-to-object beam (Figure 1). It is equal to sina'=A4/d, = /1/(2 +342 )Px thus giving the
same result as in eq. 16. From this standpoint, the optimization of the optical setup follows the same rules for both
methods and does not depend on the object size.

4.4 Photometric efficiency

The circular object is illuminated by the laser, with power P,. It is considered as a lambertian diffuser with albedo R,.
We consider 7 the transmission coefficient of the beam splitter. Then, taking into account that d, must be fixed by eq. 5
and that the object surface is Sp, the illumination /5y given onto the CCD area for the setup of figure 1 is given by
eq. 17:

R d 12 ]30 . (1 7)
L+3v2) p2s,
In the case where the object image is projected on the sensor area by the lens, the illumination becomes:
R,T,F

Iy =—“LCsin’ ' (18)
o

Ipy =

where 77 is the transmission factor of the imaging lens. According to eq. 16, we have now:




2
I = TRd/I TLPO , (19)

S
(2 + 3\/5)2 PiSo
This leads to the ratio:

Ly 1. (20)
ST L

So, we can see that the photometric efficiency is slightly in favor of digital holography. This result is also independent
from the object size, showing that there is no specific advantage for speckle interferometry for large objects compared to
digital holography. From this standpoint and that of sub-section 4.3, an axiom vanishes: speckle interferometry is not
“more adapted to large objects than digital holography”. Practically, for a large object, it must be placed far from the
recording area in the DH method, whereas it can be placed closer in the SI method, by using a lens and an aperture, but
in terms of photometric efficiency, a small advantage remains for DH (eq. 20).

4.5 Spatial resolution
In digital holography, the spatial resolution in the reconstructed field is [17,19]:

id, p, = 2o @)
Np Mp

P =

x y

Its interpretation is simple: it is the width of a digital diffraction pattern of a rectangular digital aperture with size
(NpyxMp,) and uniform transmittance. It depends only on the sensor size, wavelength and recording distance. When
reconstructing the object by the convolution method with adjustable magnification, the spatial resolution becomes |#0;
and |y p, in the reconstructed horizon, which has a size related to || [40]. In the case of speckle interferometry, the spatial
resolution is influenced by the imaging lens. The impulse response of the full process is related to the impulse response
of the imaging lens. Consequently, the spatial resolution is given by the speckle size in the recording plane. The speckle
size is related to the diffraction spot of the aperture of the imaging lens, and is given by':

i, _2+32p, 22)
P 2
Eqgs. 21-22 show that the spatial resolutions are different for both methods. It is admitted that the spatial resolution is

related to the average speckle size at the reconstructed object surface'*'**. Numerical comparisons of the speckle sizes
are given in section 5.4.

Pr=pP,=

4.6 Influence of speckle decorrelation

A limitation of both methods is given by the speckle decorrelation which occurs when the object is deformed. This
decorrelation adds a high spatial frequency noise to the useful signal. Because of this influence, the raw phase maps are
not directly suitable for visualization or comparison with some theoretical results. Furthermore, the raw phase map must
be unwrapped with a robust noise immune algorithm, but alternative methods based on a sin-cos filtering may be used*'.
Speckle decorrelation has been theoretically studied by many authors**. Important results are summarized in'. The
probability density function depends on the modulus of the complex coherence factor |z. For the optical phase, the
second-order probability density of the phase noise is given by eq. 23, where f=|zcos(¢):

p(c‘»'):l_ltl(l—ﬂz)_yz(ﬂsin1ﬂ+ﬂ;2ﬂ+mj. (23)

2z

Eq. 23 describes the probability of measuring the phase noise ¢ in the phase difference between two reconstructions for
any loading of the object (mechanic, pneumatic, thermal, acoustic, etc.). The measurement of eq. 23 can be performed
according to*®. The subtraction of the low-pass filtered phase difference from the raw phase difference leads to an
estimation of the standard deviation of the noise included in the raw data. If 4(k,/) is the nxn convolution kernel used for
the low-pass filtering, then the standard deviation of the measured noise o, is related to the real noise standard deviation
o, by eq. 24:



o, =0, \/1 —21(0,0)+ kZIZ\h ) (24)

k=—nl=—n

Egs. 23-24 are used to analyze the experimental results in section 5.5.

5. EXPERIMENTAL RESULTS

5.1 Experimental parameters

The interferometer is based on a Mach Zehnder configuration (not detailed) in which the sensor has 8 bits digitization
with MxN=1024%1360 pixels sized 4.65umx4.65um. The laser is a continuous HeNe (1=632.8nm, Py=30mW) and the
object is a mechanical structure sized AAXXAAy=4O><35mm2. The object is localized at dy=1030mm from the sensor area
and is illuminated with a circular spot 40mm in diameter. In the case of SI, there is an imaging lens associated to a
variable aperture close to the lens. The magnification is such that the image of the object entirely covers the CCD area.
The spatial frequencies are adjusted according to eq 6. In order to compare both methods, the digital hologram is
reconstructed using the discrete Fresnel transform with (K,L)=(2048,2048) and with the convolution method so that
(K,L)=(M,N)=(1024,1360). In the latter case, we get a reconstructed object having the same horizon as that obtained with
speckle interferometry (see Table 1). The magnification for the DH convolution method is the same as the physical one
obtained with the lens’®, that is |#=0.146. The lens has a focal length of 150mm and the aperture is placed at 145mm
from the sensor. Eq. 15 implies that the optimal diameter in the Shannon sense is gp=6.32mm, sina’=0.021, leading to a
f# equal to 23.8. Since the aperture is an iris diaphragm, the diameter is changed with 4 wvalues
?p=1{3.56;5.5;7.41;9.94} mm. Unfortunately, it was not possible to adjust the diaphragm to its optimal diameter. The
amplitude of the reference and object beams are adjusted at the same level for both methods. In order to investigate
decorrelation, we applied a mechanical loading to the object with a quite good reproducibility. This good reproducibility
can be appreciated on experimental results. For each experimental configuration, we recorded 5 states of the object
corresponding to 4 mechanical loadings. Raw phase maps are filtered by a moving-average filter sized 5x5 pixels*'. The
moving-average filter used to study the decorrelation noise according to the method described in* is sized
nxn=7x7 pixels, leading to o,=0,/0.989.

5.2 Object reconstructions

Figure 3 shows the object reconstructed with the three algorithms of Table 1. The exposure time is set to 573ms. Fig 3a
shows the full reconstructed field exhibiting the three diffraction orders. The useful part of the field of view
corresponding to the reconstructed object is sampled by 511x511 pixels with pitches A77=A=68.44pm. Reconstructions
of Figures 3b, 3¢ are sampled by MxN=1024x1360 pixel with pitches p,=p,=4.65um.

a) b) )

Figure 3. Object reconstructions, a) DH: discrete Fresnel transform, b) DH: convolution with adjustable magnification,
¢) SI

The image amplitude obtained in Figure 3b is quite similar to that of Figure 3c. Figure 4 shows phase changes obtained
for DH and SI. Figure 4a and 4c show the raw phase map and the filtered one for DH, according to*'. Figure 4b and 4d
show the raw phase map and the filtered one for SI with ¢p=5.5mm. Figure 4 exhibits the very good agreement between
both methods and gives appreciation of the correct reproducibility of the mechanical loading.



Figure 4. Phase differences, a) DH: raw with convolution, b) SI: raw , ¢) DH: filtered and d) SI: filtered
5.3 Influence of aperture

As pointed out, the specklegram is also the digital hologram of the aperture. So the aperture can be reconstructed from
the specklegram by computing the discrete Fresnel transform with d,=—dp=—145mm. When ¢p>6.3mm, the diameter
does not respect the Shannon condition, thus the overlapping of the diffraction orders of the aperture occurs. This means
that the useful spectral part of the object, also localized at spatial frequencies (uo,vo) is overlapped by the contribution of
the zero-order of the aperture. Consequently, the phase changes between two mechanical loadings are corrupted and the
fringe visibility decreases. Figures 5a, b, ¢, d show the reconstructed field with the discrete Fresnel transform and with
focus on the iris diaphragm for respectively @r={3.56;5.5;7.41;9.94}mm. The image of the aperture can be seen in the
bottom left-hand corner of each sub-image. The overlapping can be clearly observed for ¢p>7.41mm. Figures Se, f, g, h
show the phase changes obtained with the four different aperture diameters. The fringe visibility obviously decreases for
@p>7.41mm, the right part of the figure being first affected. Figure Sh exhibits the strong visibility decrease obtained for
?p=9.94mm.

c) d) h)

Figure 5. Holographic reconstructions of the aperture a) ¢p=3.56mm, b) ¢p=5.5mm, c) ¢p=7.41mm, d) #p=9.94mm and
phase differences obtained with SI e) ¢p=3.56mm, f) #p=5.5mm, g) #p=7.41mm, h) #H=9.94mm



This experimental analysis confirms that the method of speckle interferometry with the Fourier-transform evaluation of
phase data in spatially phase-biased specklegrams is only valid if the numerical aperture of the imaging system is small,
typically with a f# greater than 20.

5.4 Spatial resolution

From sub-section 4.5 and experimental parameters, the spatial resolutions are |}0,=15.03um and p,=19.85um for DH
and p'=p,=15.51um for SI. The values are close, which means the spatial resolutions are the same when fulfilling the
Shannon conditions. Experimental measurements are performed as follows: a square zone with 101x101 pixels is
extracted from reconstructed objects and includes sufficient speckle grains. Then the autocorrelation function is
computed by FFT algorithms and after normalization x-profiles are extracted. Figure 6 shows the x-profiles of the
autocorrelation functions obtained for DH and the various diameters of the aperture in case of SI.
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Figure 6. Profiles of autocorrelation functions for DH and SI

Figure 6 shows that spatial resolutions are comparable for all cases. It is slightly better for #p=7.41lmm since the
autocorrelation is narrower, but for ¢p=9.94mm, the resolution is degraded since the curve is wider than the theoretical
speckle size (9.23um).

5.5 Influence of speckle decorrelation

As discussed previously, the influence of the speckle decorrelation is estimated for the measurement of mechanical
deformations. Therefore, we have applied the same mechanical loading in both experimental configurations and then
estimated the probability density of the noise maps. We applied four mechanical loadings increased in constant steps.
Fitting the curve according to eq. 23 results in an objective comparison of the decorrelation degrees, and it gives keys to
compare the decorrelation sensitivity of the methods. Figure 7 shows the probability density function of speckle
decorrelation for both DH and SI and for two sates of deformations (1) and (2). State (1) corresponds to the deformation
between the 3™ and the 1% recording and state (2) corresponds to the deformation between the 5™ and the 1* recording.
The estimated value of | and the noise standard deviation o, are indicated for each curve.

Figure 7 shows that the speckle decorrelation is strongly influenced by the aperture size. This result is well known* and
is experimentally evidenced by these results. Consequently, DH is less sensitive to decorrelation than SI, if the numerical
aperture is greater than 1 /(2+3\/§)px (Eq. 16 not fulfilled). In the opposite case, sina'< A /(2+3‘/§)Px’ SI is less
sensitive than DH, but the drawback is that the photometric efficiency is degraded. When the Shannon conditions are
fulfilled, sina'= /1/(2+ 32 )Px’ both methods have the same sensitivity to speckle decorrelation. This can be

appreciated in Figure 7 with ¢p=5.5mm for which both DH and SI curves are quasi superposed. For ¢p=6.3mm
(Shannon conditions for the aperture) the curves may be expected to be perfectly superposed.
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Figure 7. Sensitivity to decorrelation, (1) deformation between the 3" and the 1% recording, (2) deformation between the 5™
and the 1* recording, experimental data, o fitting with eq. 23

6. CONCLUSION

This paper exposes the figures of merit to compare digital Fresnel holography and speckle interferometry. These figures
of merit include several aspects of the reconstruction process: filtering/algorithms, the influence of the aperture,
photometric efficiency, spatial resolution and decorrelation noise. The conditions for optimal filtering and image
recovering are established according to the Shannon conditions. The role of the aperture is crucial since the specklegram
is its digital hologram and must fulfill the Shannon conditions. The analysis presents theoretical and experimental results
that confirm that digital holography and speckle interferometry are close methods giving similar results. Because of the
simplicity of the Fresnel transform, digital holography is quite more adapted to simple and automated image processing.
The influence of the speckle decorrelation is estimated for the measurement of mechanical deformations. When
discarding from Shannon conditions and increasing the aperture diameter, SI suffers from zero-order overlapping and is
much more sensitive to decorrelation without increasing the spatial resolution. However, the advantages of using the lens
associated to the aperture are related to the photometric efficiency, which can be increased.

As a conclusion, SI is a particular configuration of DH, but like digital holography, speckle interferometry can also be
used to determine the complex amplitude and then simulate it in space.



Further developments will compare both methods in the case of temporal phase shifting for steady state applications.
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