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An innovative setup for the speckle-based phase retrieval method is proposed. In the conventional setup, a plane wave illuminates the test
object and the transmitted wavefront is incident on a diffuser aperture generating a speckle field. The sampled speckle intensities at axially
displaced planes are input into a phase retrieval algorithm based on a wave propagation equation. In the new setup, the arrangement of the
diffuser and the object is reversed. A plane wave incident on the diffuser generates a speckle field which, in turn, is used to illuminate the
object. The transmitted wavefront is then directed to the camera sensor. The advantage of the proposed setup is the increased resolution
since the limiting aperture is the full area of the sensor. [DOI: 10.2971/j€0s.2009.09002]
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1 INTRODUCTION

Speckle pattern is the random intensity distribution resulting
when a coherent light is reflected or transmitted from a dif-
fusing object [1]. Illumination of a test object with a speckle
pattern is essential in the monitoring of biological activity [2],
measurements of object roughness [3], thickness and range [4],
and in microscopy [5]. All of these applications [2]-[5] use a
fully-developed speckle field (FDSF). A speckle field is con-
sidered fully developed when the mean roughness height of
the diffuser is in the order or larger than the light source wave-
length A and the illuminated spot size is much larger than
the any lateral scale of the diffuser [6]. Another application
of FDSF illumination is in holography where the desired out-
put is the complete wavefront from the illuminated object. In
the reconstruction of a wavefront, a hologram made from a
diffusely illuminated object can yield a reconstruction free of
flaws resulting from dust particles and deficiencies in the opti-
cal system [7]. The applied diffuse illumination does not com-
pletely destroy the coherence of light which is essential for
the wavefront reconstruction [7]. Current advances in optical
sensor technology gave impetus to Digital Holography (DH)
[8]. During recording in DH, a test wavefront is superimposed
with a physical reference beam and the resulting interference
pattern is recorded (as digital hologram) using a camera. Nu-
merical reconstruction of the test wavefront is then carried out
by simulating the diffraction of the conjugate of a digital ref-
erence beam on the digital hologram. One drawback of DH is
the aberration introduced by the difference in the curvatures
of the digital reference beam and the physical reference beam
[9]. To compensate for this, additional phase factors have to be
designed and tried out to completely remove this holography-
induced aberration. Completely avoiding this complication
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due to the reference beam would greatly simplify the wave-
front analysis.

A parallel wavefront reconstruction method, which does not
require a reference beam, is called phase retrieval where the
numerical reconstruction is derived from the intensity varia-
tion of the object wave diffraction [10]. There are two general
types of phase retrieval methods: 1) iterative; and 2) non it-
erative. In conventional iterative methods that utilize a single
Fourier intensity measurement, quantization error due to the
limited number of detector energy levels is found critical in
the reconstruction of wavefronts with high-spatial frequency
contents [11]. Another critical issue in iterative phase retrieval
is called the stagnation problem where the calculation con-
verges to a local minimum. To avoid the stagnation problem,
various a priori knowledge or constraints are imposed such
as object support area, and the object must be non-negative
and real [11]. Such constraints, however, are restrictive to the
choice of test object wavefronts that can be investigated. A
method to partially reduce quantization error by enhancing
the measurement of the single Fourier intensity using a tech-
nique called multispectral method is described in [11]. How-
ever, the main difficulty that leads to the quantization error in
these methods still remains. The difficulty arises from the lim-
ited bit depth of detectors which is not able to efficiently cap-
ture the large dynamic range (maximum intensity level minus
the minimum intensity level) of the Fourier intensity distribu-
tion that usually comes with an intensely bright focused spot
[11]. The useful high frequency components that are located
far from the intense focus will still be lost to the camera noise
despite having to use expensive 12-bit detectors [11].
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In noniterative phase retrieval or phase diversity methods, the
paraxial form of the Helmholtz wave equation is used to an-
alytically determine the test wavefront [12]. In these meth-
ods, the derivative of the wave intensity is derived from the
difference of two defocused images and the small axial dis-
tance between the measurement planes [12]. At such close
distances, the nominal intensity variation may not be suffi-
ciently detected which is also attributed to quantization er-
ror. In addition, the paraxial condition limits the applications
of these methods to test wavefronts that propagate near the
optical axis. For test object wavefronts with high spatial fre-
quencies and propagating at large angles, the paraxial condi-
tion is not satisfied, hence, the method cannot be readily used.
For high numerical aperture (N.A.), the Rayleigh-Sommerfeld
(RS) diffraction equation may be used since it can be im-
plemented without the paraxial approximation [13]. To com-
pound the effects of quantization error, iterative or nonitera-
tive methods which heavily rely on one or two intensity mea-
surements are also susceptible to random errors due to inten-
sity fluctuations and other perturbations.

A study by Pedrini et.al., [14] demonstrated wavefront recon-
struction by utilizing 21 interferograms (object diffraction pat-
terns) and an iterative algorithm based on the RS equation.
The unique feature of this approach is the significant increase
in the available physical intensity data which makes it ro-
bust to intensity fluctuation error and helps in avoiding the
stagnation problem. The influence of quantization error is re-
duced attributed to the averaging effect of the multiple mea-
surements resulting in higher signal to noise ratio. In addi-
tion, there is no need to impose various constraints such as
object area of support or the object must be nonnegative and
real. Hence, the technique is nonrestrictive with regard to the
choice of samples. The technique was successfully demon-
strated for the pure amplitude type object (amplitude mask)
used [14]. In that study, it was noted that the limited dy-
namic range (8 bits) of the CCD used hampered the wave-
front reconstruction [14]. It was suggested that the use of bet-
ter cameras and more interferograms will improve the recon-
structions [14]. The multiple intensity approach has been ex-
tended to test objects with very rough surfaces [15]. Instead of
the regular diffraction patterns used in [14], speckle intensity
measurements were input into the iterative phase retrieval al-
gorithm [15]. Sub-pixel scanning [15] to enhance the speckle
measurements and aperture synthesis [16] to increase the ef-
fective numerical aperture, were also demonstrated. The mul-
tiple intensity approach [14, 15] has also been adapted to re-
construct smooth or low-curvature wavefronts. The nominal
intensity variation along the axial direction for smooth wave-
fronts may be perturbed by introducing an amplitude diffuser
[17] or a phase diffuser [18]. Analysis of smooth wavefronts is
a critical task in optical testing for aberrations. The test wave-
front incident on the diffuser generates a speckle field which,
in turn, is sampled at axially displaced planes and utilized
in the phase retrieval. In [15], it is remarked that the plane
wave illuminating the rough object surface already generates
a speckled wavefront. For such test wavefronts, the introduc-
tion of a diffuser in the setup is not needed.

In this paper, as well as in [17, 18], the speckle field being
utilized for the wavefront reconstruction is referred to as a

partially-developed speckle field (PDSF). A speckle field is
considered partially developed when the mean roughness
height of the diffuser does not exceed A and the illuminated
spot size is much larger than any lateral scale of the diffuser
[6]. In [18], the test wavefront is made incident on an energy
efficient phase diffuser which converts the test wavefront to
a PDSE. At each of the measurement planes, the high fre-
quency speckle intensity distribution exhibits a high dynamic
range. Thus, the test wavefront, which is coherently transmit-
ted in the speckle patterns, is efficiently sampled. The speckle
statistics of a wavefront traversing the specific diffuser used
is described in [18]. The nominal roughness height of the dif-
fuser facilitates the transmittance of the scattered wave com-
ponent and the unperturbed wave component (i.e., PDSF).
Compared to interferometry/holography-based methods [9],
the phase retrieval method offers a simple construction of
the setup and straightforward aberration correction since no
reference beam is utilized [19, 20]. Compared to the conven-
tional single Fourier intensity [11] phase retrieval methods,
the speckle patterns that carry the complete wavefront in-
formation have large dynamic ranges, hence, the inexpen-
sive 8-bit camera used is found to be sufficient. In addition,
the use of multiple speckle intensities, compared to a sin-
gle Fourier intensity or two defocused images, provides more
physical data for the algorithm and facilitates robustness to
intensity fluctuations. The speckle intensity also varies signif-
icantly between the measurement planes which aids in avoid-
ing the stagnation problem without the need for additional
constraints. Compared to noniterative methods based on the
paraxial Helmholtz equation [12], the speckle-based method
uses the RS equation which is suitable for a high N.A. sys-
tem and for object wavefronts with high spatial frequencies.
Compared to the regular diffraction patterns being utilized
in [14], the speckle intensity distributions formed by a wide
range of spatial frequencies have high dynamic ranges. Hence,
the speckle-based method is not seriously affected by the
quantization error associated with the convenient 8-bit cam-
eras. The significant increase in the reliable intensity data also
means faster convergence of the phase calculation. The accu-
racy of this speckle-based phase retrieval technique has been
established to be comparable with conventional interferome-
try [21, 22]. In [21], the interferograms resulting from the re-
trieved phase difference between tilted wavefronts were cor-
related to the physical rotation of the prism through which the
wavefront passes. In [22], interferograms of surface deforma-
tions due to thermal loading were analyzed. Traditionally, in-
terference pattern-based metrology has been carried out using
interferometric/holographic methods. The retrieved phase in-
terferograms in [21, 22] are analogous to double-exposure
holographic interferograms generated upon subtraction of re-
constructed phases obtained via DH [8]. The utilization of
retrieved phase interferograms in interferometric metrology
in [21, 22] and the aberration analysis in [19] are considered
small steps toward the convergence and unification of the two
parallel coherent wavefront reconstruction methods: interfer-
ometry/holography, on one hand; and phase retrieval, on the
other.

In the previous related studies on wavefront sensing, a plane
wave illuminated a phase object (lens/prism) [17, 18, 20, 21,
22] and the transmitted wavefront is made incident on a dif-
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fuser. Also in [22], a plane wave illuminated a Plexiglas sur-
face and the reflected wavefront is incident to a diffuser be-
fore detection. For the particular wavefronts tested, the per-
formance of the reconstruction technique in terms of phase-
front resolution is found satisfactory. In the method employed
in the previous studies, which will be referred to as the con-
ventional method, an iris aperture attached to the diffuser is
utilized to set the speckle size for efficient sampling at the de-
tector planes. The small iris aperture, however, limits the sys-
tem resolution which needs to be maximized especially if the
test object wavefront has high spatial frequencies.

The main motivation of this study is to reconstruct object
wavefronts with high spatial frequencies using a novel setup
for the speckle based phase retrieval technique. In the new
speckle illumination setup, a plane wave is made incident on
the phase diffuser to generate a PDSE. The PDSF, in turn, is
used to illuminate the various object specimens being inves-
tigated. The transmitted wave from a specimen is then di-
rected to the camera sensor (without any intervening opti-
cal elements like an iris aperture) for sampling. Compared
to the conventional method [18], the limiting aperture in the
proposed technique is the full sensing area of the photode-
tector, hence, in principle, has higher resolution. Also in the
present study, the performances of the different multiple in-
tensity methods (multiple diffraction method [14], conven-
tional speckle-based method [18] and the proposed speckle il-
lumination method) in the reconstructions of wavefronts with
high spatial frequencies are investigated.

2 BASIC PRINCIPLES

The mechanism for wavefront reconstruction using speckle il-
lumination is the modulation of the PDSF by the optical prop-
erties of the specimen. The amplitude and phase structures
of the specimen influence both the plane wave and scattered
wave components of the PDSF [18]. If the specimen is not
highly scattering, the transmitted light is still a PDSF. The
transmitted PDSF, bearing complete information of the object
wave, is then sampled using a photodetector at axially dis-
placed planes. Using the speckle intensity measurements, the
complete wavefront is reconstructed by an iterative use of the
angular spectrum method of solving the RS wave propaga-
tion equation. The sampled speckle patterns are represented
as m x n matrices and then are sent into the RS equation [14],
which in discrete form is given by

Uy (kAY', IAY, 2) =

-1 <% { [Ip (mAx,nAy)]l/z exp [iqbp (mAx,nAy)] }

) )

where U, ;1 is the complex amplitude calculated at the (p + 1)
plane, p = 1...19; (kAX,1Ay') and (mAx,nAy) are the co-
ordinates at the (p+1) and p planes, respectively; & indi-
cates 2D Fourier transformation; I, is the speckle intensity
distribution at p plane; and Ax x Ay are the dimensions of
the camera pixels. The phase (initially a guessed random
phase) is extracted from the calculated complex amplitude,

. A2m? A2\ 12
X exp {(12712/)\) (1 ~ A2 Ty2>

¢ = tan~! [Im (U)/Re (U)] . The successive propagation be-
tween the measurement planes is iterated to enhance the re-
construction. Upon reconstruction, the wavefront can then be
propagated at specific specimen planes to characterize its in-
tensity and phase structures. The intensity is obtained from
the square of the absolute value of the complex amplitude
and the phase is derived from the angle of the complex-valued
wavefront. To display the desired wavefront phase, the recon-
structed phase is numerically filtered to remove the rapidly
varying phase of the scattered wave component of the PDSF. It
is noted that the low-pass filtering of the speckle phase with a
suitable filter size does not decrease the system resolution but,
mainly, enhances the display of the desired wavefront phase.
Intensity of reconstruction may be brought into focus and can
be utilized in the localization of planes of interest within a vol-
ume specimen. Phase distribution for a curved or tilted wave-
front is represented by a fringe pattern where the bright (or
dark) bands indicate regions of constant phase with values
wrapped in 27t. Further discussions on the principles of the
algorithm may be found in the cited related works.

The spatial resolution of the reconstruction of object wave-
fronts with high spatial frequencies using the proposed setup
is similar to that in DH. During recording, both the proposed
technique and DH do not use a physical aperture [8]. During
the numerical reconstruction, both methods use wave propa-
gation from the measurement/hologram plane to an observa-
tion/object plane [8]. In DH, the hologram is the aperture of
the optical system with side length NAx, where N is the num-
ber of pixels and Ax is the pixel size along x —direction [8]. The
diffraction limited resolution of the reconstructed wavefront,
in free space, is given by A/N.A., where N.A. = NAx/z is the
effective numerical aperture, with z being the object to sen-
sor distance [8]. Similar expression for resolution applies to
the proposed speckle-based technique. The recorded speckle
pattern is the aperture of the optical system with side length
NAx. For the case of the conventional method applied to test
object wavefronts with high spatial frequencies, the diameter
of the iris aperture is used in place of NAx. In this study, var-
ious types of transmitting objects that introduce small pertur-
bations on the PDSF are considered. Pure amplitude objects
are characterized by complete or partial absorption of light
intensity. Pure phase objects do not appreciably absorb light
but changes the wavefront phase of the incident light. When
light travels through a phase object, the phase of transmitted
light is shifted by an amount proportional to the optical path
(refractive index X thickness) traveled within the object.

3 EXPERIMENTS

Figure 1 shows the schematic diagram for the speckle illu-
mination of a specimen and generation of speckle intensity
patterns (I1, I». . ., I) to be recorded. The laser beam (HeNe
laser, A = 633 nm) incident on a phase diffuser generates a
PDSF [18]. The speckle field illuminates the specimen which,
in turn, further scatters the field. The mean speckle size at
the specimen plane is set by the diffuser aperture (diame-
ter, @ = 1.7 mm), A and the distance from the aperture to
specimen. The distance from diffuser aperture to specimen is
20 mm.
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Plane wave Speckle Speckle intensity
A=633 nm illumination measurements
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0 20 mm

Diffuser Specimen Phase retrieval
@=1.7 mm

FIG. 1 Schematic diagram of the setup.

The phase diffuser is the key element of the setup. The follow-
ing summarize the experimental conditions during its fabri-
cation [18]. The photolithographic process is carried out in a
clean room environment. The photoresist (51805) is spun onto
the glass plate to a thickness of 500 nm. To ensure the linear
response of the photoresist with respect to intensity, the plate
is pre-illuminated for 2 sec in ultraviolet light. The photore-
sist is exposed to a fully-developed speckle field (mean trans-
verse speckle size, 10 ym) generated when a laser beam (He-
lium Cadmium, A = 442 nm, max. power of 300 mW) is inci-
dent on a ground glass diffuser. The photoresist plate is then
chemically developed, rinsed and dried to produce the phase
diffuser. Photoresist, as the phase diffusing medium, was cho-
sen since the maximum roughness height can be controlled
by varying the exposure time. Speckle projection was chosen
as the mode for etching the photoresist since the mean trans-
verse size of the projected speckles and, in turn, that of the
phase diffuser indentations, can be controlled.

For this study, specimens with various amplitude and phase
distributions are investigated. The speckle patterns transmit-
ted from the specimen are measured sequentially at N = 20
equal interval planes using a CMOS camera (Opticstar PL-
130M, 1280(H) x 1024(V) pixels, pixel dimensions: 5.2 ym x
5.2 ym) mounted on a motorized stage. The distance from
the specimen to the first measurement plane is about 10 mm
(N.A. = 0.263) and the sequential measurement distance (Az)
is 1 mm. The sampling period to complete 20 cycles of speckle
recording and moving the camera in the measurement planes
is about 1 minute. For phase retrieval, the speckle intensity
patterns are input into the computer algorithm described in
Section 2 of this paper and in [18].

4 RESULTS AND DISCUSSION

Figure 2(a) shows the intensity (left image) and filtered phase
(right image) of the reconstructed wavefront through the dif-
fuser without any specimen. This wavefront reconstruction
serves as a control to compare qualitatively the results when
specimens are placed in the setup. The planar phasefront is
the unperturbed wavefront phase component of the PDSF
transmitted by the diffuser. It is remarked that a quantitative
analysis using Zernike polynomials and Strehl ratios [19] and
extended Nijboer Zernike vector diffraction theory [23] may
be carried out to determine the nature and extent and also

@)

FIG. 2 Complete wavefront reconstructions: intensity (left image) and filtered phase
(right image) for various types of object specimens. (a) Control (plane wave illumina-
tion). (b) Pure amplitude (positive resolution target). (c) Amplitude-phase (mosquito
wing with venation). (d) Pure phase (lubricating oil spread on the right side of a
glass slide). (Movie of wavefront propagation, videosize: 1.6 MB, format: mov, see

Fig2.mov).

to numerically correct for the phase errors. Figures 2(b)-2(d)
are the experimental results for the different types of speci-
mens investigated. Figure 2(b) shows the reconstructed inten-
sity and phase of a positive resolution target (chrome pattern
on clear background, IMT) which is considered to be a pure
amplitude-type specimen. The phase is nearly constant in the
areas outside the parallel bars. It is noted that the target glass
plate oriented parallel to the diffuser phase plate did not in-
troduce any significant phase shift. The intensity plot reveals
the speckle-illuminated portion of the target. For imaging ap-
plications where intensity distribution is the final output, this
undesired speckle effect may be reduced by averaging several
sets of reconstructions. Speckle reduction may also be carried
out by space and wavelength diversity [24]. Shown in Fig-
ures 2(c) and 2(d) are the reconstructions for the specimens
that are considered as semi-transparent due to the partial ab-
sorbance of the incident beam. In Figure 2(c), the specimen
shown is a portion of a mosquito wing. The darker portion of
the intensity plot on the left side is attributed to a thicker wing
venation and higher absorbance of the incident light. For the
same portion of the wing, the phase plot reveals some charac-
teristic phase structures. Lighter portion in the intensity plot
on the right side which covers a broader area indicates thinner
wing venation and less light absorbance. For the same portion
of the wing, the phase exhibits a gradient along the vertical
direction. Two interpretations may be inferred: 1) The wing’s
thickness is tapering towards the edge, assuming a uniform
refractive index; or, 2) The refractive index is spatially vary-
ing, assuming even thickness. Since only an approximate av-
erage wing thickness of less than 5 microns was obtained us-
ing a Vernier caliper, the exact interpretation may be estab-
lished upon further validation.

In Figure 2(d), the specimen used is lubricating oil spread
thinly on a microscope glass slide. For demonstration pur-
poses, the illuminated area is the boundary between sections
with oil and without oil. The intensity plot shows a faint trace
of the interface of the two sections. The phase plot evidently
reveals the distinction between the two sections. On the right
hand portion, where the oil is spread, fringe contours indi-
cate a gradual decrease in the oil thickness. The glass slide
oriented parallel to the diffuser phase plate also did not in-
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troduce any significant phase shift. With a refractive index
of about 1.47 for lubricating oils, a sample calculation for oil
layer thickness per fringe is A /1.47 = 0.43 um. It is noted that
if the oil were uniformly spread with a single height, the fringe
pattern would have exhibited a single gray level indicating a
uniform phase shift. As a further note on the choice of sam-
ples, the technique relies on the detection of partially devel-
oped speckles upon modulation by the object properties. If
the wave transmitted through an optically thick sample (like
a biological tissue) does not exhibit partially developed speck-
les, the present setup cannot be used. A movie file displays the
propagation of the reconstructed wavefront. The importance
of this video rendering is the enhanced visualization wherein
the phase and intensity components of the complete wave-
front are shown side by side. Propagation distance between
successive frames is A /8 or 0.079 ym.

The performances of the three different modes of the multiple
intensity approach in reconstructing high spatial frequency
wavefronts are investigated. Figure 3 shows the three setups
considered: 1) plane wave — object — camera (Figure 3(a), setup
without diffuser, [14]); 2) plane wave — object — diffuser aper-
ture — camera (Figure 3(b), conventional setup, [18]); and 3)
plane wave — diffuser aperture — object — camera (Figure 3(c),
proposed speckle illumination setup). To evaluate the quality
of wavefront reconstruction, separate experiments for the in-
tensity and phase are carried out. For the wavefront intensity,
a negative mask resolution target (clear pattern of a chrome
background, IMT) is used and considered as a pure ampli-
tude type object. For the wavefront phase, a positive pho-
toresist resolution target (photoresist relief pattern on a flat
background) is used and considered as a pure phase type
object. For each of the experiments, good reconstruction is
achieved when the edges of the equally-spaced bars in the ob-
ject wavefront reconstruction are well defined. In this compar-
ative study, N = 20, 10 iterations and Az = 1 mm are main-
tained for each of the three setups. In Figure 3, only 3 intensity
measurements are depicted for simplicity.

(@) Object (b) Object Diffuser () Diffuser Object
= — #
10mm 10mm 30 mm 20 mm 10 mm

FIG. 3 Various setups for multiple-intensity phase retrieval (PR): (a) multiple diffraction
pattern PR; (b) conventional setup for speckle-based PR; and, (c) proposed speckle

illumination speckle-based PR.

The following experimental conditions for the distances are
set so that comparisons can be made with the proposed tech-
nique. In the setup without diffuser, a plane wave illuminates
the object specimen which is positioned 10 mm from the first
measurement plane (N.A. = 0.263). In the conventional setup,
the distance from the specimen to diffuser aperture is 10 mm
(N.A. = 0.085) and the distance from diffuser aperture to the
first measurement plane is 30 mm. In the speckle illumina-
tion setup, the distance from diffuser aperture to specimen is
20 mm and the distance from specimen to the first measure-
ment plane is 10 mm (N.A. = 0.263).

=
= M=
M= 6
140pm
=
-
kY

(e) re 4 #@1 7mm; m“‘m\f‘ﬁ

i ‘u

e

1 !.

ﬁ 160pm

FIG. 4 (a) Negative mask resolution target (pure amplitude type object) and the recon-

structed intensities for various setups (b-d). (e) Positive photoresist resolution target

and the reconstructed phases for the various setups (f-h).

Figure 4(a) shows a photographic image of a portion of the
negative mask resolution target. A reconstructed wavefront
is expected to exhibit an intensity distribution, at the object
plane, bearing similar parallel bars. However, it is remarked
that for the 2 speckle-based methods, the expected inten-
sity distribution inside the transmitting bars is modulated by
speckles due to the introduction of the diffuser. Outside the
bars, on the other hand, there should be no transmitted in-
tensity distribution and speckles. Figure 4(b) shows the re-
constructed intensity for the setup without diffuser. The well
defined edges of the parallel bars indicate wavefront recon-
struction. For the conventional setup (Figure 4(c)), the edges
of the bars are not resolved and the region outside the bars
is degraded with speckle noise. The poor overall quality is
due to the small iris aperture (indicated by the circular area)
of the diffuser used. The small aperture was not able to cap-
ture the high frequencies of the object wavefront. Figure 4(d)
shows the reconstructed intensity using the speckle illumina-
tion setup. Compared to Figure 4(c), the edges of the bars are
well resolved and the speckle noise outside the bars is nomi-
nal. The significant improvement in the quality of reconstruc-
tion is attributed to increases in effective aperture size and
N.A. In Figure 4(d), the observed speckles inside the transmit-
ting bars are due to the diffuser, as expected. With the given
the experimental conditions and the negative mask target
used, the setup without diffuser (multiple diffraction method)
and speckle illumination setup both yield good reconstructed
intensities. For the speckle illumination setup, speckles inside
the parallel bars may be reduced by speckle averaging tech-
niques as mentioned earlier in the discussion of Figure 2(b).

Figure 4(e) shows a photographic image of a portion of the
positive photoresist target. The details of target exposed to
ultraviolet light, during its fabrication, become soluble to the
photoresist developer leaving a relief image of the target. The
thickness of the photoresist is 1.95 ym which is measured us-
ing a Dektak profilometer. The refractive index of the photore-
sist (51805) at 633 nm is about 1.65. Figure 4(f) shows the phase
reconstruction when regular diffraction patterns are used in
the phase retrieval. The faint traces of the parallel bars with
poor background contrast may be considered a poor recon-
struction. This is attributed to the insignificant intensity vari-
ation between the axially displaced diffraction patterns when
the pure phase type object used. It is noted that in the case
of the negative mask target (Figure 4(a)), the opaque edges of

09002- 5



Journal of the European Optical Society - Rapid Publications 4, 09002 (2009)

P. F. Almoro, et. al.

the submillimeter-size target bars resulted in diffraction pat-
terns that vary significantly between the measurement planes.
For the transparent photoresist target, enhanced diffracted in-
tensity variation is facilitated by the use of the phase dif-
fuser which generates a PDSFE. Using the conventional setup,
the contrast between the parallel bars and the background
(Figure 4(g)) is increased compared to Figure 4(f). This is at-
tributed to the significant speckle intensity variation between
the measurement planes which aids in the phase retrieval.
However, the edges of the bars are still not well resolved. This
is attributed to the small iris aperture and N.A. Using the pro-
posed setup, the edges of the parallel bars are well resolved
and the contrast is more enhanced (Figure 4(h)). The corre-
sponding line scans of the phase fronts show that the sharpest
transition between the phase bars and background and correct
bar width are evident in Figure 4(h). For the given experimen-
tal conditions and the particular pure phase object used, the
proposed speckle technique yields the most enhanced phase
reconstruction.

One of the benefits of wavefront reconstruction is the reso-
lution of contiguous planes of three-dimensional (3D) spec-
imens by numerical focusing. When a wavefront is brought
into focus at a particular plane, this plane appears to be sharp
whereas the other planes are blurred. To demonstrate this at-
tribute of the technique, two optical fiber tips axially sepa-
rated by 2 mm are illuminated with speckled light. The trans-
mitted light is then sampled and input into the phase retrieval
algorithm to reconstruct the wavefront. Figure 5 shows the
intensities of the reconstruction at different axial positions
(1 mm increment): (a) foreground, (b) location of the first fiber
tip, (c) between the two fiber tips, (d) location of the second
fiber tip, and (e) background. The outlines of each of the fiber
tips and traces of line-focused intensity are revealed at their
respective axial locations demonstrating 3D localization (Fig-
ures 5(b) and 5(d)). The phase plot (Figure 5(f)) shows two nar-
row vertical strips that are shifted with respect to the nearly
constant background phase. A movie file shows the intensi-
ties of the reconstructed wavefront by numerical focusing at
different axial positions demonstrating 3D localization. Movie
rendering of the wavefront focusing gives a visual account of

FIG. 5 (a)-(e) Intensities at various planes demonstrating 3D localization of 2 glass

fibers (axially separated by 2mm). (f) Phase at center plane. (Movie depicts 3D local-

ization, videosize: 1.3 MB, format: mov, see Figs.mov).

the exact locations of different objects in a volume space. It is
remarked that similar movies are also found in digital holo-
graphic studies but, to our knowledge, have not been utilized
in any phase retrieval studies. The propagation distance be-
tween successive frames is Az = 0.5 mm.

5 CONCLUSIONS

A novel setup for the speckle-based phase retrieval method by
illuminating the object with a PDSF is proposed. The proper-
ties of the specimen are impressed upon the plane wave com-
ponent of the incident PDSF which, then, are coherently trans-
mitted in the sampled speckle patterns. Complete wavefront
reconstruction using the sampled speckles and an iterative al-
gorithm based on RS equation is demonstrated. The proposed
setup for the speckle-based phase retrieval method offers in-
creased resolution compared to the conventional setup. The
high frequency wavefront components from the object speci-
men propagate at a large angle. In the conventional setup, the
diffuser aperture filters out the high frequency components of
the object wavefront which adversely affect the information
gathering capability of the system. The interest in using the
proposed speckle illumination setup is to maximize the reso-
lution of the reconstruction since, in this technique, the limit-
ing aperture is the whole detector sensing area.
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