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Outline 

Å Motivation for a digital holographic 3D imaging and display system 

Å Overview of the three-year European Commission ñReal 3Dò project 

Å Objectives and demonstrations 

Å Selection of results so far in year 3 (approx. 4 months from end) 

What kind of 3D display can holography give us? 

Well- and widely-known properties: 

Å Arbitrary number of viewers at arbitrary 

locations, each with a unique perspective 

Å Viewer movement permitted 

Å Motion parallax both vertically and 

horizontally, tilting head allowed 

Å Viewer can naturally focus at different 

depths in scene (no accommodation/ 

convergence rivalry) 

Å As with state-of-the-art: 

autostereoscopic and video frame rates 

Properties of conventional holograms 

Goodman ñFourier Opticsò 
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Objective: We will work towards eliminating the current 

obstacles in achieving a fully functional holographic 3D video 

capture and display paradigm for unrestricted viewing of real-

world objects. 

Digital holography for 3D and 4D real-world objects' 

capture, processing, and display (ñReal 3Dò) 

www.digitalholography.eu 

Demonstrator 1 

Macroscopic opaque objects 

Six cameras in a partial circle arrangement 

Video mode 

Processing (dc, twin, speckle, registration, tilting, phase) 

Compression, network transmission, decompression 

Optoelectronic reconstruction 

Infrared capture for large (human sized) objects 

Demonstrator 2 

Microscopic reflective objects 

Video mode 

Processing (dc, twin, speckle, phase unwrapping, EFI, tilted planes) 

Multiple wavelengths 

Network transmission 

Conventional stereo/multiview display 

Demonstrator 3 

Microscopic transparent or semi-transparent objects 

Tomography 

Processing (e.g. point cloud generation, computer generated hologram) 

Optoelectronic reconstruction 
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Demonstrator 4 

Nonvisible objects captured in infrared 

Microscopic structures (e.g silicon) with wavelength range 1.2-1.5 ɛm 

Macroscopic objects (e.g. organic polymer) with wavelength 10.6 ɛm 

Unique advantages (semiconductor, composite testing, scale) 

Phase object preparation 

Optoelectronic reconstruction 

Å Designing and/or constructing novel digital hologram capture devices 

Å employing multiple detectors and/or multiple wavelengths 

Å capturing amplitude, phase, and mixed amplitude-phase objects 

Å scalable to 360º range of perspectives for macroscopic moving objects 

Å two axis rotation for static objects 

Å macroscopic and microscopic regimes, for both scientific and consumer 

applications 

Brief overview of Description of Work 

 

Visual perception 

Display 

 

 

Conditioning 

Representation 

Processing 

Transmission 

Capture 
Market 

analysis 

Å Advanced signal/image processing techniques to appropriately condition the 

data between capture and display 

Å Appropriate representation of the data to facilitate handling, processing, 

transmission, and display 

 

 

Visual perception 

Display 

 

 

Conditioning 

Representation 

Processing 

Transmission 

Capture 
Market 

analysis 

Brief overview of Description of Work 

Å Designing novel digital hologram display devices 

- based on full-field 3D display technology 

- based on conventional 2D/autostereoscopic display technology 

 

 

Visual perception 

Display 

 

 

Conditioning 

Representation 

Processing 

Transmission 

Capture 
Market 

analysis 

Brief overview of Description of Work 
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Visual perception 

Å Studies on visual perception of 3D data encoded in digital holograms 

Å Designing methodologies to quantify 3D perception in holograms 

Display 

 

 

Conditioning 

Representation 

Processing 

Transmission 

Capture 
Market 

analysis 

Brief overview of Description of Work 

 

Visual perception 

Å Market analysis and forecasts cognisant of technology roadmaps 

Å Market preparation 

Å Encouraging industry to participate [defining standards, compiling a corpus of 

sound technical data, technology package ï combining some protected (for 

exclusive licencing) & some free] 

Display 

 

 

Conditioning 

Representation 

Processing 

Transmission 

Capture 
Market 

analysis 

Brief overview of Description of Work 

Problems developing digital hologram 

sensing and optoelectronic display system 

Å Large camera pixel pitch (3um ï 9 um) compared to holographic film (< 1 um) 

 

Å Small sensor size (~1 cm2) compared to holographic film (~1 m2) 

 

Å Large display pixels (> 10 um) 

 

Å Difficulties associated with off-axis arrangements with minimal angles 

 

Å Difficulty of extracting true 3D information from a digital hologram (common 

 2.5D limitation) 

 

Å 3D registration of nonoverlapping camera apertures (to map to arbitrary 

configuration of display devices) 

 

Å Maintaining alignment and coherent superposition of multiple displayed fields 

Demonstrator 1 

Macroscopic opaque objects 

Six cameras in a partial circle arrangement 

Video mode 

Processing (dc, twin, speckle, registration, tilting, phase) 

Compression, network transmission, decompression 

Optoelectronic reconstruction 

Infrared capture for large (human sized) objects 

dc reduction twin reduction 

tilted planes 

defocusing 

speckle reduction 

amplitude equalisation 
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The schemes of (a) holographic data capture by multiple CCDs and (b) display using LCoS SLMs in 

the circular configuration.  

Compact digital hologram camera  

Allows for the manipulation of the reference wave with LCoS (phase 

shifting capabilities, varying object position in lensless Fourier 

holography, correction of optical aberrations). 

Compact digital hologram camera Processing  

This project has a broad scope, however much of the 

work relates to capturing 3D scenes using holographic 

techniques and the optical or numerical display of this 

data for end-user applications. While holographic 

capture provides a method for accessing some 3D 

information contained in an optical scene, there are 

also several difficulties with the data that need to be 

addressed; both by carefully designing the capture 

and display architectures; and by performing 

appropriate numerical processing of the captured data.  

It is this later processing stage that is the focus of 

NUIMs work.  Here we discuss processing algorithms 

to reduce the deleterious effects of the DC and 

conjugate image terms, to improve the spatial 

resolution of captured holograms using synthetic 

aperture techniques, to describe and combat the 

effects of speckle noise, and implementing fast 

numerical algorithms to model the propagation of 

wave fields in optical systems and to process these 

propagated field.  
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Processing  

Synthesized 3D scene combining 

multiple optically recorded digital 

holograms of different objects. 

Compositing moving 3D objects in a 

dynamic 3D scene. 

Video can be displayed and observed 

in 3D. 

Demonstrator 1 

D.P. Kelly, D.S. Monaghan, N. Pandey, T. Kozacki, A. Michalkiewicz, G. Finke, B.M. 

Hennelly, M. Kujawinska, ñDigital holographic capture and opto-electronic 

reconstruction for 3D displays,ò Hindawi International Journal of Digital Multimedia 

Broadcasting, article no. 759323, 2010. 

Composition of two flat objects separated by 30 mm 

0o 3o 

Parallax Optical reconstruction (HUD) 
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Optical reconstruction (HUD) Optical reconstruction (HUD) 

Optical reconstruction (HUD) 

Pictures of (a) SLMs and SLM Modules, (b) side view of the 
setup, (c) cone mirror and (d) SLMs and beam splitter. 

Optical reconstruction (HUD) 
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Visual perception requirements   

SLM optical reconstruction, at visible wavelength, 

of digital holograms acquired in the long IR region 

(10.6 ɛm). 

Integrated recording-reconstruction of 3D object in 

far IR region. 

Paves the way to 3D vision in a spectral region 

that may be interesting for certain applications. 

Visual perception requirements   

We have decided on a methodology for the visual perception experiments: using 

perceptual thresholds.  By measuring perceptual thresholds it is 

possible to characterise perceptual display quality in a highly objective way. 

 

We have defined requirements for the tests, and the basic metrics (contrast, depth 

information, recognition of objects). 

 

A set of detailed requirements for the 3D scenes has been drafted, at the scene level, 

object level, physical requirements, properties to be avoided, dynamic properties. 

 

Motivation: to inform designers of optoelectronic hologram display device, suggest suitable 

test objects, compression guidelines, provide intermediary stereo display for holograms 

Visual perception requirements   

Visually lossless compression of digital hologram sequences 

Visual perception requirements   

We find that numerical quality metrics such as the NRMS error, that has been extensively 

used in similar studies, cannot predict reliably how visible the compression errors are. 

Compression ratio 

NRMS error 
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Visual perception requirements   

Comparing numerical error and visual quality in reconstructions from 

compressed digital holograms 

P
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Main technical achievements to date 
In Demonstrator 1, 

Å a compact hologram capture device has been developed, 

 

Å hologram requirements have been specified to maximise viewer impact, 

 

Å a comprehensive report has been developed on numerical twin and 

speckle reduction techniques with several examples implemented, 

 

Å the best procedures for hologram processing have been identified, 

 

Å hologram video has been compressed, 

 

Å the display side components have been fully specified and evaluated 

experimentally, and 

 

Å visual perception experiments have been designed. 

Demonstrator 2 

Microscopic reflective objects 

Video mode 

Processing (dc, twin, speckle, phase unwrapping, EFI, tilted planes) 

Multiple wavelengths to extend longitudinal range 

Network transmission 

Conventional stereo/multiview display 

Extended focus image 

Ferraro et al. 2008 
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Extended focus image 

Colomb et al., Opt Lett. 35, 1840 (2010) 

Fibre lengths: ~100 ï 400 µm 

Preparation of the data for stereo display 

 

 

0

2

4

6

8

10

12

14

16

18

20

22

Preparation of the data for stereo display 

d
is

p
a

ri
ty

 (
p

ix
e

ls
) 

Microscopic objects 
fibres on glass plate tilted in different angles 
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DISPLAYING HOLOGRAMS  
ÁThe other side of holography, reconstruction, can be performed: 

Á numerically by computer (2D or 2½D), displayed on 2D screens 
Á optoelectronically (full 3D field) 

 

ÁDrawbacks of optical reconstruction include speckle, cost, and 
technological limitations of current SLMs 
 

ÁDrawbacks of any single digital reconstruction include 
Á speckle 
Á limited depth of field 
Á single perspective (occlusions not overcome) 
Á calculation time grows superlinearly with hologram size 
Á not certain to give human a clear perception of sceneôs 3D features 

 

ÁThe challenge is to utilise the convenience of digital 
reconstruction while overcoming its drawbacks 

DISPLAYING HOLOGRAMS  

Preparation of the data for stereo display 

Optically captured digital holograms can be reconstructed either 

(i) numerically and displayed on a computer screen in 2D, or 

(ii) reconstructed optically and viewed directly by the eye in 3D.  

  
(a) (b) 

  
(c) (d) 
Figure 1. Different perspectives. (a) showing the scene fr om left perspective, (b) showing  
the scene from right perspective, (c) hologram data of left perspective, (d) hologram data of 
right perspective. 
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ÁOn vertical axis percentage of yes 
responses to question: ñAre details 
completely visible?ò  

 

 

 

 

ÁIncreased detail visibility ïeffect 
- more details visible in stereo 
image than average of the two 
single images 

 - for some window sizes, even 
more than each of the single 
images 

RESULT: Increased detail visibility ïeffect 
Details completely visible 

Visual perception example 

Left eye image Right eye image 

47 

Examples of computationally fused images  

p = -4 p = 0 

p = +4 p = +8 

Cumulative distributions of sharpness matches at a viewing 

distance of 150 cm for four observers. 

 

   Experimental results 
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Enhancement of 3D perception of numerical 

hologram reconstructions by motion and stereo  

Stereoscopic depth estimation tool Stereoscopic depth estimation tool 

K562 leukaemia cell captured using a transmission 

DHM T1000®) and provided by: 

Tristan Colomb, Yves Emery 

Lyncée Tec Inc, 1015 Lausanne, Switzerland  

Stereoscopic depth estimation tool 

For the cell object presented as non-

stereo and with rotational back and forth 

motion the matched stereoscopic depth 

was 1.78 cm and when presented as 

stereo and with motion it was 4.26 cm. 

The true depth on the display was about 

5.8 cm. 

 

The difference between static and motion 

presentation was statistically highly 

significant. 

 

Note that without motion depth estimates 

for the cell object, with or without 

stereoscopic presentation, could not be 

produced. Thus, the interaction of motion 

and stereo was particularly substantial in 

this case. 

8.0 

5.3 

Enhancement of 3D perception of numerical 

hologram reconstructions by motion and stereo 
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In the basic research literature, nearly all studies of cue interaction seem to have used 

synthetic computer generated objects. Our study with natural like complex objects 

confirms the existence of the interaction of stereo and motion.  

 

The present study clearly demonstrates that the viewing method can have a great 

effect on depth perception of numerical hologram reconstructions presented on 

conventional displays. If depth cues are weak in holographic reconstructions, it will 

probably be highly beneficial for the observer to have a possibility to use both motion 

and stereo presentation in order to maximise 3D information. 

 

This conclusion is particularly relevant in such cases where the objects viewed are 

novel to the observer - as was in the case of the microscopic cell object of this study - 

and, therefore, the interpretation of image features and monocular depth cues can be 

difficult. 

 

It also suggests that motion has a particularly strong relative additive effect on 

perceived depth when stereoscopic cues are weak or ambiguous ð as in the case of 

blur or when only high spatial frequencies are present. 

 

   When the stereoscopic cues are strong the additive effect of motion is 

   absent or small. 

Enhancement of 3D perception of numerical 

hologram reconstructions by motion and stereo 

Display on conventional 3D displays 

Benefits of the work in general: 

Å Can simulate all properties of conventional hologram (except vertical parallax, 

accommodation-vergence rivalry) 

Å More convenient way to illustrate 3D info (for microscopic data) with potential commercial 

possibilities. 

Å Consumer electronics brings DH to a wider audience. 

Å Can feedback into optoelectronic display (macroscopic objects) by allowing us to prepare 

for their arrival, e.g. 3 publications attached to D8.3 on visual perception of holograms 

The haptic display (left) is 

particularly interesting and we are 

discussing possibilities of 

exploitation and use with our 

industrial consortium partners. 

 

The last stage of the research 

outlined here will involve synthesis 

of conventional display 

techniques, e.g. combining 

headtracking with stereo display. 

EXPERIMENTAL STUDY: MOBILE DEVICE 

WITH INTERACTIVE TILT 
ÁHolograms used for 1st data set: 

 

 

 

 

 

Á Holograms used for 2nd data set:  
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ÁSubjective evaluations done by 9 test users 

ÁEffect of noise was evaluated on scale 1=disturbs very little, 7= 
disturbs very much 

ÁEvaluations showed,  
that using tilt decreases  
the amount of  
perceived noise. 

ÁTilting supports   
3D perception. 

EXPERIMENTAL RESULTS WITH TILT 
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Main technical achievements to date 

In Demonstrator 2, 

Å holograms of microscopic objects have been captured with dual 

wavelengths, 

 

Å the data has been processed to admit extended focus images and 

reconstructions on tilted planes, 

 

Å the data has been conditioned for conventional stereo displays and to 

allow efficient manipulation of 3D properties of scenes, 

 

Å and visual perception experiments have been conducted. 

Demonstrator 3 

Microscopic transparent or semi-transparent objects 

Tomography 

Processing (e.g. point cloud generation, computer generated hologram) 

Optoelectronic reconstruction 

3D reconstruction of an amoeba 

I. Bergo±nd, N. Pavillon, F. Charri¯re and C. Depeursinge, ñOptical 

tomography with digital holographic microscopy,ò 3rd EOS Topical Meeting on 

Optical Microsystems, article no. 2310, Capri, Italy, 2009 

Demonstrator 3 

A tomographic digital 

holographic microscope 

including object rotation on two 

axes and beam scanning has 

been built (Figure 1) and used 

to record holograms that are 

directly displayed on opto-

electronic device (SLM) or 

used for tomographic 

reconstruction (result on Figure 

2).  

Demonstrator 3 
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Demonstrator 3 

 Section of the 3D 

reconstruction of two red blood 

cells using 669 images. 
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Demonstrator 3 

Three different views of the reconstructed object from simulated scattered fields. Internal 

features and the refractive index distribution are well reconstructed.  

-A software for tomographic 

reconstruction using Bornôs theory of 

diffraction tomography [1] has been 

written, using both object rotation and 

beam scanning. A direct model has also 

been implemented to compute 

diffracted fields from a given 3D object. 

It has been used to numerically 

generate fields for tomographic 

reconstruction (Figure 3) and opto-

electronic display. 

Main technical achievements to date 

In Demonstrator 3, 

Å the two-axis rotation setup has been finalised and data has been 

captured of transmissive biological specimens 

 

Å on the processing side, a tomographic reconstruction algorithm has been 

finalised to accurately obtain volumetric data 

 

Å for display, multi-colour holographic reconstructions from phase-only 

SLMs have been obtained using LED illumination 

Å Optical Setup  

 

 

F.Yaras and L.Onural, ñColor Holographic Reconstruction Using Multiple SLMs and LED 

Illumination,ò IS&T / SPIE Electronic Imaging 2009 18-22 Jan. 2009 San Jose, CA, USA 

F. Yaraĸ, H. Kang and L Onural, ñReal-time phase-only color holographic video display 

system using LED illumination,ò Applied Optics 48, 34, pp. H48-H53, 2009  
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Fahri Yaraĸ and Levent Onural  

 

 

 

 

 

 

 

 

Å Multiple SLMs under RGB LED Illumination  

Å Original 3D                 Computer        Optical  

         Reconstruction           Reconstruction  

REAL-TIME COLOR HOLOGRAPHIC VIDEO DISPLAY SYSTEM, F. Yaras, H. 

Kang and L. Onural. 3DTV-CONFERENCE 2009 

Demonstrator 4 

Nonvisible objects captured in infrared 

Microscopic structures (e.g silicon) with wavelength range 1.2-1.5 ɛm 

Macroscopic objects (e.g. organic polymer) with wavelength 10.6 ɛm 

Unique advantages (semiconductor, composite testing, scale) 

Phase object preparation 

Optoelectronic reconstruction 

Amplitude  

Phase  Hologram  Phase  

Amplitude  Scratches in a wafer a different depth  

Depth 1  
Depth 2  

Demonstrator 4 

Focusing the top (a) and bottom (b) scratches engraved into 

two silicon wafers. 

Holograms of silicon micro-objects 

have been recorded in transmission 

using digital holographic microscopy 

in infrared (1.5 microns). Internal 

structures at several heights have 

been identified by propagation of the 

measured complex field from one 

hologram. 
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Main technical achievements to date 

In Demonstrator 4, 

Å holograms have been acquired in the infrared and promising novel 

applications have been demonstrated such as capturing objects of 

relatively large dimensions and silicon defect analysis 

 

Å procedures are available to optoelectronically display the resulting data 

on versatile relatively-compact setups and on wider-viewing-angle setups 

using multiple displays 

Real 3D project is funded by the  

European Community's Seventh Framework  

Programme FP7/2007-2013 under grant  

agreement n° 216105  

 Conclusion 

 

Å A European Commission ïfunded project has begun in the area of digital holography 

Å Microsystems technologies are used for both 3D imaging and 3D display 

Å Objective: eliminating the current obstacles in achieving a fully functional holographic 3D video 

capture and display paradigm for unrestricted viewing of real-world objects 

Å A broad range of results have been achieved in the first year 

Å Years 2 and 3 will focus on demonstrators of the full chains from capture, processing, 

transmission, and display. 

For all publications, please go to www.digitalholography.eu/publications.html 

 

Real 3D project, funded by the European Community's Seventh Framework 

Programme FP7/2007-2013 under grant agreement n° 216105 (acronym ñReal 3Dò) 

Extra material 
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Tristan Colomb, Nicolas Pavillon, Jonas Kühn, Etienne Cuche, Christian 
DepeursingeΣ ŀƴŘ ¸ǾŜǎ 9ƳŜǊȅΣ ά9ȄǘŜƴŘŜŘ ŘŜǇǘƘ-of-focus by digital 
ƘƻƭƻƎǊŀǇƘƛŎ ƳƛŎǊƻǎŎƻǇȅέΣ hǇǘ- Lett. 35, 11, 2010 

Microlens array imaged by (a) AFM and (b), (c) 
DHM in (b) phase and (c) amplitude contrasts 
with a 50Ĭ MO (NA ¼ 0:75) and with a 
ǿŀǾŜƭŜƴƎǘƘ ƻŦ ˂ ѻ сунΥр ƴƳΦ 

(a) 2D unwrapped image of Fig. 2(b); (b) phase and (c) 
amplitude EDOF images obtained from the 
topography (a). 

Amplitude (1) and phase (2) 
reconstructions of a high aspect ratio 
retroreflector (ns ¼ 1:52) immersed in 
distilled water (nm ¼ 1:332) measured 
in transmission with a 60Ĭ MO, NA ¼ 1:3 
for different reconstruction distances (a) 
3:6 cm, (b) 6:6 cm, (c) 11:0 cm, and (d) 
with the presented EDOF method. 

Height profile computed from the phase  measured along 
white lines defined in Fig. 5 for different reconstruction 
distances and for EDOF DHM. 

Melania Paturzo, Francesco Merola, and Pietro Ferraro, ñMulti-imaging 

capabilities of a 2D diffraction grating in combination with digital 

holographyò, Opt. Lett., 35, 7, 2010 

Experimental setup used for 

the interferometric 

measurements and (b) close-

up of the main 

elements and distances. 

(a) Typical acquired hologram with 

the different diffraction orders well 

visible. (b) Magnified view showing 

the overlapping among 

interference fringes. 

(a) Reconstructed intensity 

map at a distance ZT/3 from 

the LN-ASF. (b) Reconstructed 

in-focus virtual images and out 

of focus real images for each 

diffracted order, for d=d1+d2 

(on the target plane). (c) 

Magnified view of the infocus 

multi-images [central part of 

(b)]. 

DHM R1100® setup. Two lasers sources can be 

alternatively switched on. The object wave Oi 

passes through a condenser CL and a  

microscope objective MO to illuminate the 

sample with a collimated beam. The reflected 

wave interferes with the reference wave Ri, 

whose optical path length can be adjusted with 

the optical path retarder OPR. 

Test target reconstructed wavefronts (a,c) amplitude and (b,d) 

phase images for ɚ1 (a,b) and ɚ2 (c,d). Steps are manufactured 

to be nominally 375, 525, 975, 1200 and 1275 nm high. The 

rectangles in (a) correspond to the ROIs used for the spatial 

averaging of complex data for RIs determination, the dashed 

rectangle in (b) defines the ROI used for the phase 

normalization. 

Tristan Colomb, Stefan Krivec, Herbert Hutter, Ahmet Ata Akatay, 

Nicolas Pavillon, Frédéric Montfort, Etienne Cuche, Jonas Kühn, 

Christian Depeursinge, Yves Emery, ñDigital holographic 

reflectometryò, Optics Express, 18, 4, 2010 

3-layers (Au/SiO2/Si) SIMS sample reconstructed 

wavefronts (a,c) amplitude and (b,d) phase images for ɚ1 

(a,b) and ɚ2 (c,d). The dashed rectangle in (a) delineates 

the ROIused for phase normalization. 

(a) Topographic image of SIMS crater sputtered in 

three layers of 40 nm Au, 100 nm SiO2 and Si; (b) 

profile comparison between DHM [8 pixels average 

profile along red line] and Tencor Alphastep 200 

profilometer. 

Topography of (a) low, and (c) high resolution test 

targets; (b, d) respective profiles 

comparison between DHM [8 pixels average profile 

along red line in (a,c)] and Tencor 

Alphastep 200 profilometer. The standard deviations 

between the vertical lines are used to 

define the uncertainty in Table 1. 

Tristan Colomb, Stefan Krivec, Herbert Hutter, Ahmet Ata Akatay, 

Nicolas Pavillon, Frédéric Montfort, Etienne Cuche, Jonas Kühn, 

Christian Depeursinge, Yves Emery, ñDigital holographic 

reflectometryò, Optics Express, 18, 4, 2010 
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SIMS sample reconstructed wavefronts (a,c) amplitude 

and (b,d) phase images for ɚ1. The SiO2 layer 

thicknesses are assumed to be respectively (a,b) 100 

nm and (c,d) 35 nm. The dashed rectangles delineate 

the ROI used for the spatial averaging for the phase 

normalization and the plain line rectangles define the 

ROI for bottom crater average values. 
(a,c) Topographic images of SIMS crater sputtered in 

two layers of (a) 100 nnm and (c) 35 nm SiO2 and Si; 

(b,d) profiles comparison between DHM [8 pixels 

average profile along red line] and Tencor Alphastep 

200 rofilometer. 

Tristan Colomb, Stefan Krivec, Herbert Hutter, Ahmet Ata Akatay, 

Nicolas Pavillon, Frédéric Montfort, Etienne Cuche, Jonas Kühn, 

Christian Depeursinge, Yves Emery, ñDigital holographic 

reflectometryò, Optics Express, 18, 4, 2010 

Yves Delacréetaz and Christian Depeursinge, ñDigital holographic 

microscopy for silicon microsystems metrologyò, Proc. SPIE vol. 

7719, 77191M, 2010 

DHM transmission configuration. CL: Collimating lens. 

L1 + P + L2: reference beam cleaner. M: Mirrors. L3: 

Condenser. S: Sample. MO: 10x 0.3NA Microscope 

Objective. BS: Cube beam splitters. Cam: 

InGaAs/CMOS hybrid IR Camera with 30ɛm pixel pitch. 

Fused silica micro-

lens. (a): hologram, 

(b): reconstructed 

amplitude, (c): 

reconstructed phase, 

(d):unwrapped phase 

to quantitative height 

measurement. 
2 stacked Si wafers with scratches. (a): 

hologram, (b): amplitude and phase for 

d = 5cm, (c): amplitude and phase for d 

= ī10cm. 

L. Miccio, A. Finizio, S. Grilli, V. Vespini, M. Paturzo, S. De Nicola, and 

Pietro Ferraro, ñTunable liquid microlens arrays in electrode-less 

configuration and their accurate characterization by interference 

microscopyò, Optics Express, 17, 11 pp. 8709-8718, 2009 

(a) Optical microscope image of a typical  PPLN with 

a square array of hexagonal reversed domains; (b), 

(c) schematic views of the sample cross section 

corresponding to the wave-like lenses regime and to 

the separated lenses regime of the microlens array, 

respectively. In both cases the temperature of the 

substrate is decreasing. The difference between the 

two regimes stands in the liquid thickness. The black 

arrows indicate the orientation of the spontaneous 

polarization. 

Schematic view of the interferometric 

configuration. PBS polarizing beam 

splitter; MO microscope objective; PH 

pin-hole; M mirror; BS beam splitter. 

Movies showing the evolution of the wrapped 

mod 2ˊ phase map during (a) the heating 

(Media 1) and (b) the cooling process (Media 

2). 

Experimental and fitted 1D profiles of the 

unwrapped phase distribution corresponding 

to (a) the heating and (b) cooling process; (c) (d) 

focal length variation as a function of 

temperature in case of the heating and the 

cooling process, respectively. 

Two-dimensional representation of (a) the wrapped and (b) the 

unwrapped phase map corresponding to 4×4 microlens array. 

8. Profile of the 

phase distribution 

during (a) heating 

and (b) cooling; 

(c),(d) temperature 

dependence of the 

focal length for the 

heating and the 

cooling process, 

respectively, in 

case of separated 

lenses. 

L. Miccio, A. Finizio, S. Grilli, V. Vespini, M. Paturzo, S. De Nicola, and 

Pietro Ferraro, ñTunable liquid microlens arrays in electrode-less 

configuration and their accurate characterization by interference 

microscopyò, Optics Express, 17, 11 pp. 8709-8718, 2009 
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(a) Measured phase  

istribution and (b) 

corresponding fitted 

surface; surface 

distribution of (c) the 

focus term, (d) the 

third order spherical 

aberration, (e) the 

astigmatism at 45° 

term, (f) the 

astigmatism at 90°, (g) 

the triangular 

astigmatism on x 

base, (h) the 

triangular astigmatism 

on y base 

Movies of the wrapped phase distribution evaluated for a portion 

of the lens array in case of separated lenses SRL (a) heating 

(Media 3) and (b) cooling (Media 4). 

(a) Measured and fitted phase profile; (b) list of the coefficient 

values of the linear expansion resulting from the fitting process 
Optical microscope movie 

(Media 5) of a single liquid 

lens of an array of 

separated lenses after 

formation and successive 

thermal tuning. 

L. Miccio, A. Finizio, S. Grilli, V. Vespini, M. Paturzo, S. De Nicola, and 

Pietro Ferraro, ñTunable liquid microlens arrays in electrode-less 

configuration and their accurate characterization by interference 

microscopyò, Optics Express, 17, 11 pp. 8709-8718, 2009 

Lisa Miccio, Melania Paturzo, Simonetta Grilli, Veronica Vespini, and 

Pietro Ferraro, ñHemicylindrical and toroidal liquid microlens formed by 

pyro-electro-wettingò, Opt. Lett., 34, 7, 2009 

(a) Image of the PPLN sample used for 

the cylindrical lens. (b) Image of a part of 

the domain wall used for single toroidal 

lens. (c) Typical periodic hexagonal 

structures used to form a microarray of 

toroidal lenses. Due to the strong 

refractive index variation along the 

domain walls, these are clearly visible 

with an optical microscope. 
Schematic pictures of the poled 

region for (a) the PPLN sample and 

(c) the single domain wall. Optical 

microscope image of  (b), Media 1] 

cylindrical liquid lens and (d) toroidal 

lens. 

Liquid microarray of liquid toroidal 

structures. The liquid follows the 

nonuniform geometry of each 

hexagon. (b) DH setup based on a 

MachïZehnder interferometer 

(a) Wrapped phase distribution 

(Media 2) and (b) unwrapped 

phase distribution of the optical 

wavefront of the final frame at 

30° (Media 3). (c) Fitted 

surface obtained by the two-

dimensional fitting procedure, 

(d) focal length measurement 

at the stationary condition. 

P. Maddaloni, M. Paturzo, P. Ferraro, P. Malara, P. De Natale, M. 

Gioffrè, G. Coppola, and M. Iodice, ñMid-infrared tunable two-

dimensional Talbot array illuminatorò, Appl. Physics Letters, 94, 121105, 

2009 

A 3 m coherent radiation beam is produced by a DFG process. 

Then, a TAI is realized by propagation through a tunable, 2D 

phase grating. The latter consists of a domain-engineered Z-cut 

lithium niobate crystal covered with a couple of ITO electrodes. 

The actual domain structure in a selected region of the PA 

sample is also shown. The following legend holds: 

ECDL=external-cavity diode laser, EYDFA =erbiumytterbium-

doped fiber amplifier, M=mirror, DM=dichroic mirror, 

AL=achromatic lens, L=lens, GeïF=germanium filter, and HVG 

=high-voltage generator. 

Transmittance curves recorded 

by FTIR spectroscopy 

for a 400-nm-thick ITO film 

deposed on a LiNbO3 substrate 

by the dcpulsed and rf 

technique, respectively. 

Deposition settings for the 

former are the same as those 

given in the text except for 

duration 20 min in this case, 

while for the latter technique the 

list of optimized parameters is 

power 

=100 W, temperature=300 °C, 

Ar flux=20 SCCM, pressure 

=0.025 mbar, and duration=20 

min. Absorption features due to 

atmospheric CO2 and OHī ions 

present in LiNbO3 are also 

visible. 

Optical transmission values 

for three different ITO 

thickness values as 

measured by the DFG source 

emitting at 3.07 m. 

Triangles squares data points 

correspond to the dc-pulsed 

rf case; the ratio between 

them exhibits a linear 

behavior as a function of 

thickness see inset. 

Intensity distribution patterns 

generated at different fractions of 

the Talbot distance ZT=43 cm for a 

fixed applied voltage V=6 kV. Each 

frame in the upper row is shown 

together with its corresponding 

complementary in the same 

column. The election of the 

reported Talbot planes was 

due to the fact that such planes 

showed sharper intensity features. 

For the sharpest distributions 

planes 18/43ZT and 26/43ZT, a 

power exceeding 60 W in each 

spot is measured corresponding to 

an optical intensity of about 100 

mW/cm2. 

P. Maddaloni, M. Paturzo, P. Ferraro, P. Malara, P. De Natale, M. 

Gioffrè, G. Coppola, and M. Iodice, ñMid-infrared tunable two-

dimensional Talbot array illuminatorò, Appl. Physics Letters, 94, 121105, 

2009 
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I. Bergoënd, N. Pavillon, F. Charrière, C. Depeursinge, ñOptical 

tomography with digital holographic microscopyò, 3rd EOS Topical 

Meeting on Optical Microsystems, article no. 2310, 2009 

Transparency view of a tomographic measurement of a tek amoeba, in (a) 

angular view and (b) x-y projection. Colors correspond to refractive index value 

range: Blue: 

1.448-1.467, Green: 1.474-1.478, Yellow: 1.478-1.493, Red: 1.493-

1.513.White: refractive index of the immersion medium. 

Tristan Colomb, Jonas Kühn, Christian Depeursinge and Yves Emery, 

ñSeveral micron range measurements with sub-nanometric resolution 

by the use of dual-wavelength digital holography and vertical scanningò, 

Proc. SPIE vol. 7389, article no. 73891H, 2009 

Behavior and limitations of 

unwrapping algorithms. (a-d) 

Successful 2-D unwrapping 

on phase images of a micro-

corner cubes array, 

respectively an aspherical 

microlens; (e) Phase image of 

a up to 1.2ɛm high Silicium 

goldcoated staircase sample 

obtained in reflection with 

clear phase ambiguities; (f) 

Erroneous 2-D unwrapping of 

(e) with phase ambiguities still 

remaining and failures in 

some edge regions; (g) Phase 

image of a moving MEMS 

micro-mirror with phase jumps 

in presence of dust particles 

and structure edges; (h) 

Failing 2-D unwrapping of (g) 

with white saturation region 

removed for better visibility. 

Moiré pattern phenomena when 

mixing two different close-

wavelength signals. (a) Schematic 

of two sinusoids with close 

frequencies; (b) Resulting pattern 

when superposing  the two signals 

of (a), with high frequency 

oscillations modulated by a slowly-

varying envelop. 

Dual-wavelength DHM experimental 

setup. ɚ/2: half-waveplate; M: mirrors; 

PBS: polarizing beamsplitter; BS: non-

polarizing beamsplitter; DL: delay line, 

BE: beam-expander with pinhole-based 

spatial filtering; L: lens; CL: 

condenser lens; MO: achromatic 

microscope objective; S: specimen; TL: 

tube lens. 

Phase reconstructions for (a) ɚ1 and (b) ɚ2; (c) phase difference. The phase offset 

is adjusted to have a mean value inside the white rectangle equal to -150 

degrees. (d) Synthetic phase map obtained with unwrapping procedure. 

Height measurement obtained from 

phase difference or after the 

application of the unwrapping 

procedure 

Tristan Colomb, Jonas Kühn, Christian Depeursinge and Yves Emery, 

ñSeveral micron range measurements with sub-nanometric resolution 

by the use of dual-wavelength digital holography and vertical scanningò, 

Proc. SPIE vol. 7389, article no. 73891H, 2009 

(a) vertical scan measurement; synthetic phase mapped 

on vertical scan and (c) single phase mapped on (b). 

Height measurement obtained from 

vertical scan and unwrapping of the 

synthetic phase and single 

wavelength phase along the white 

line drawn on Fig. 6b. 

Tristan Colomb, Jonas Kühn, Christian Depeursinge and Yves Emery, 

ñSeveral micron range measurements with sub-nanometric resolution 

by the use of dual-wavelength digital holography and vertical scanningò, 

Proc. SPIE vol. 7389, article no. 73891H, 2009 
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Yves Delacrétaz, Isabelle Bergoënd and Christian Depeursinge, ñDigital 

holographic microscopy for micro-systems investigation in near 

infraredò, 3rd EOS Topical Meeting on Optical Microsystems, article no. 

2302, 2009 

DHM transmission configuration. DFB: Distributed 

feedback laser. CL: Collimating lens. L1+ P + L2: 

reference beam cleaner. M: Mirrors. L3: Condenser. S: 

Sample. MO: Microscope Objective. BS: Cube beam 

splitters. Cam: InGaAs/CMOS hybrid IR Camera. 

Fused silica micro-lens. (a): phase image, (a): 

thickness profile line. 

Wrapped phase image of a cantilever excited 

at 4.5 kHz. The diagrams of the right part of 

the figure show the axial and transverse 

profile of the cantilever displacement after 

phase unwrapping 

Wrapped phase image of a cantilever excited 

at 87 kHz. The diagrams of the right part of the 

figure show, after phase unwrapping, the axial 

and transverse profiles of the cantilever 

displacement 

a) Synthetic phase images of the cantilever at various excitation frequencies. b) 

Amplitude response as a function of excitation frequency 

Christian Depeursinge, Isabelle Bergoënd, Nicolas Pavillon, Jonas 

Kühn, Tristan Colomb, Frédéric Montfort, Etienne Cuche, Yves Emery, 

ñMeasuring Shape and Surfaces down to the 

Nanometer and Nanosecond scales by Digital Holographic 

Microscopyò, Fringe'09, 6th International Workshop on Advanced 

Optical Metrology pp. 411-415, 2009 

3D representation of the topography of the cantilever 

at 87 kHz 

Christian Depeursinge, Isabelle Bergoënd, Nicolas Pavillon, Jonas 

Kühn, Tristan Colomb, Frédéric Montfort, Etienne Cuche, Yves Emery, 

ñMeasuring Shape and Surfaces down to the 

Nanometer and Nanosecond scales by Digital Holographic 

Microscopyò, Fringe'09, 6th International Workshop on Advanced 

Optical Metrology pp. 411-415, 2009 

Transmission setup 
used for acquiring 
holograms 

Amplitude reconstruction of 2ς2 square (4.49 line pair/mm) 
and 0ς2 square (1.12 line pair/mm) of USAF test target. 

Anna Pelagotti, Massimiliano Locatelli, Andrea Giovanni Geltrude, Pasquale 
Poggi, Riccardo Meucci, Melania Paturzo, Lisa Miccio, and Pietro Ferraro, 
άwŜƭƛŀōƛƭƛǘȅ ƻŦ о5 LƳŀƎƛƴƎ ōȅ 5ƛƎƛǘŀƭ IƻƭƻƎǊŀǇƘȅ ŀǘ [ƻƴƎ Lw ²ŀǾŜƭŜƴƎǘƘέΣ  
Journal of Display Technology, 6, 10, 2010 
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Amplitude reconstruction of a 1 euro coin 
hologram 

First reflection setup used. 

Second reflection mode setup used. 
Two test metal objects, one of 

them Augustus) was sanded to 

obtain a different surface. 

Anna Pelagotti, Massimiliano Locatelli, Andrea Giovanni Geltrude, Pasquale 
Poggi, Riccardo Meucci, Melania Paturzo, Lisa Miccio, and Pietro Ferraro, 
άwŜƭƛŀōƛƭƛǘȅ ƻŦ о5 LƳŀƎƛƴƎ ōȅ 5ƛƎƛǘŀƭ IƻƭƻƎǊŀǇƘȅ ŀǘ [ƻƴƎ Lw ²ŀǾŜƭŜƴƎǘƘέΣ  
Journal of Display Technology, 6, 10, 2010 

Speckle hologram achieved 

Amplitude reconstructions of 

the two metal objects 

Third reflection setup with negative 

lens 

Amplitude 

reconstruction of 

Augustus 

hologram with 

reflection setup 

with negative lens. 

Anna Pelagotti, Massimiliano Locatelli, Andrea Giovanni Geltrude, Pasquale 
Poggi, Riccardo Meucci, Melania Paturzo, Lisa Miccio, and Pietro Ferraro, 
άwŜƭƛŀōƛƭƛǘȅ ƻŦ о5 LƳŀƎƛƴƎ ōȅ 5ƛƎƛǘŀƭ IƻƭƻƎǊŀǇƘȅ ŀǘ [ƻƴƎ Lw ²ŀǾŜƭŜƴƎǘƘέΣ  
Journal of Display Technology, 6, 10, 2010 

Claas Falldorf, Christoph von Kopylow, ñLiquid Crystal Spatial Light 

Modulators in Optical Metrologyò, Information Optics (WIO), 2010 9th 

Euro-American Workshop on, pp.1-3, 2010. 

4f-configuration with an SLM in the 

corresponding Fourier domain 

4f-configuration with an 

SLM in the 

corresponding Fourier 

domain 

a) Result obtained by 

phase retrieval, b) 

comparison to 

interferometry. 

Digital holographic sensor with adaptive reference wave 

(left: photo of the system; right: corresponding layout). 

Fourier transform (modulus) of 

a hologram captured a) with 

and b) without adapted 

reference wave (inset: phase 

distribution of the SLM). 

Grzegorz Finke, Tomasz Kozacki, Mağgorzata KujawiŒska , òWide 

viewing angle holographic display with a multi spatial light modulator 

arrayò, Proc. SPIE vol. 7723, 77230A,2010 

The setup of a multi CCD digital capture 

system. 

The sustem geometry in the  tilted plane algorithm 
ŀύ ŀƭƎƻǊƛǘƘƳ {[aΩǎ ƴƻǊƳŀƭΣ ōύ ƛƭƭǳƳƛƴǘŀƛƻƴ ƻŦ ǘƛƭǘŜŘ 
SLM 


