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ABSTRACT

Large real-time holographic displays with full cokre feasible with SeeReal’s new approach to hafdy and today’s
technology. The display provides the informatioroatbthe 3D scene in a viewing window at each oleseeye. A
tracking system always locates the viewing windaivthe observer eyes. This combination of diffrectnd refractive
optics leads to a significant reduction of requidigplay resolution and computation effort and éemlholographic
displays for wide-spread consumer applications. td&ted our approach with two 20 inch prototypeg tie®e two
alternatives to achieve full color. One prototypgesl color filters and interlaced holograms to gateethe colors
simultaneously. The other prototype generates thers sequentially. In this paper we review outhtezlogy briefly,
explain the two alternatives to full color and diss the next steps toward a consumer product.
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1. INTRODUCTION

The interest in displaying 3D information has bgeowing for several years. There is not only ameéasing availability
of 3D content but also of 3D displays. 3D displaysnprise stereoscopic displays (which include aatesscopic
displays), volumetric and holographic displays.r&becopic displays are already commercially avilaeand have
reached good image quality regarding for instams®lution, brightness and color reproduction. Hapgic displays,
however, are still on the level of prototypes.

Stereoscopic displays provide each user with &t lego different images of a 3D scene, one imageéeh eye. Each
eye perceives a view of the 3D scene from a diffieperspective. The human vision system combinesetimages and
thus gets a 3D impression. Multi-view displays whprovide more than two images allow for a lookeenw effect upon
user’s movement and increase the viewing regiom fachich the user can see the 3D scene. The diffémages are
displayed on a spatial light modulator (SLM) whichmost cases is a LCD. Separation of the imagdbeatyes is
achieved by either spatial or temporal multiplexing

The general drawback of stereoscopic displaysasttie images presented to the eyes are onlynflagés. Each image
shows a different perspective of the 3D scene diut itself only a flat front view of the 3D scer¥his leads to the so-
called accommodation-convergence mismatch. Theargewce of the eyes is toward the actual distah¢leeoobject
points in the 3D scene. However, the focus of e lenses is always fixed on the SLM surface, iedeent of the
actual distance of the object points. This may keaglye strain and fatigue and limits the use erfestscopic displays

In contrast thereto, holographic displays provilelepth cues that a real 3D scene would geneBaith convergence
and eye focus lead to the same depth informatidheasye lenses focus on the actual distance obpatt point of the
3D scene. This is because a holographic displaynstucts the wavefront that would be generated byal 3D scene
and therefore mimics natural viewing.

Volumetric displays are also capable of providiiglapth cues of a real 3D scene. However, the @& is inherently
limited to the volume of the display.

There are several prototypes of holographic displagsed on a classic approach to holography, wsthgr a high-
frequency acousto-optic SLMr a SLM with a large number of pixels, e.g. 18liom pixels® or 100 million pixels.
The lateral extent of the holographically reconsied 3D scene is determined by the pixel pitchhef LM and is
limited to approximately 10 cm for these prototypes



We developed an alternative approach to hologragisiglays which overcomes the barrier of the 3Dnecgize being
determined by the pixel pitch of the SEMPrototypes based on this technology were suadbssgiresented at several
international exhibitions (SID 2007, FPD Internatb 2007 and Finetech 2008). In this article wel wélview our
technology briefly and explain our solutions foll4eolor displays. Full-color is a feature that nsandatory for the
progress from prototypes to a consumer product.

2. TRACKED VIEWING-WINDOW TECHNOLOGY
2.1 Viewing window and sub-hologram

The fundamental difference between conventionabdralphic displays and our approach is in the pyngaal of the
holographic reconstruction. In conventional displatye primary goal is to reconstruct the 3D sc@ihis 3D scene can
be seen from a viewing region that is larger theneye separation.

In contrast thereto, in our approach the primargl ge to reconstruct the wavefront that would beegated by a real
existing 3D scene at the eye positions. The reoactstd 3D scene can be seen if each observer gy@sisoned at a
virtual viewing window (VW). A VW is the Fourieransform of the hologram and is located in the Fyyslane of the
hologram. The size of the VW is limited to one uifftion order of the Fourier transform of the hotyg.
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Fig. 1 Side view of a holographic display with lens, SL&fie object point and observer eye. The left drgvginows the
wavefront information that is generated in the @tional approach (red) and the essential wavefrifotmation
(green) that is actually needed at a virtual vignivindow (VW). The essential wavefront informatisnencoded in a
sub-hologram (SH) on the SLM. The dashed blue lindicate a frustum in which the object points ¢enlocated.
The two right drawings illustrate a VW that is tad to the observer eye. The illumination of thé/Skas omitted in
these drawings for simplification.

Fig. 1 illustrates our approach and shows a Foarggrsforming lens, a SLM and an eye of an obse@eherent light
transmitted by the lens illuminates the SLM. Thevbis encoded with a hologram that reconstructslgaab point of a
3D scene. A 3D scene with only one object point ismdssociated spherical wavefront is shown. &vislent that more
complex 3D scenes with many object points are ptesbly superposing the individual holograms.

The conventional approach to holographic displagsegates the wavefront that is drawn in red. Theefvant
information of the object point is encoded on theole SLM. The modulated light reconstructs the cbpoint which is
visible from a region that is much larger than élye pupil. As the eye perceives only the wavefiofarmation that is
transmitted by the eye pupil, most of the informatis wasted. Therefore, much effort is done tggatolight into
regions where no observer eye is.



In contrast thereto, our approach limits the wasfinformation to the essential information. Tlogrect wavefront is
provided only at the positions where it is actualjeded, i.e. at the eye pupils.

Fig. 1 shows a virtual VW which is positioned cldsean eye pupil. The wavefront information is eted only in a

limited area on the SLM, the so-called sub-holog{&td). The position and size of the SH is deterghigeometrically

by projecting the VW through the object point otite SLM. This is indicated by the green lines friiva edges of the
VW through the object point to the edges of the SHly the light emitted in the SH will reach the Va&xd is therefore
relevant for the eye. Light emitted outside the &td encoded with the wavefront information of tiageot point would

not reach the VW and would therefore be wasteds Thindicated in Fig. 1 by the green spherical efiants for the

essential information and the red spherical wavefrdor the wasted information. The observer wilt notice that the
wavefront information outside the VW is not presenhot useful as long as each eye pupil is in a VW

The VW has to be at least as large as the eye pogiat most as large as a diffraction order inotheerver plane. This
ensures that light from only one diffraction ordéll reach the VW. Light emanating from other d#@tion orders of the
reconstructed object point is outside the VW anthé&efore not seen by the eye. The size of thed§bends on the
distance of the point from the SLM. The VW has gi¢gl size of several millimeters.

Our displays differs from prior art not only in bgram encoding but also in the optical setup. Paibrdisplays
reconstruct the 3D scene around the Fourier pladepeovide viewing regions behind the Fourier pla@ar displays
provide VWSs for observers in the Fourier plane. Bie scene is located between the Fourier planetiza®&LM or
behind the SLM.

The essential idea of our approach is that forlagnaphic display the highest priority is to recmnst the wavefront at
the eye positions that would be generated by aepdaling 3D scene and not the to reconstruct lne@ne itself.

2.2 Required pitch of the SLM

For conventional holographic displays, the recamsérd 3D scene is essentially the Fourier transfofrtine hologram.
The diffraction angle of the SLM determines theesd the reconstructed 3D scene and hence a sirall gitch is
needed. A large lateral size of the 3D scene g8 gnch) would require a pixel pitch of the ordédqum.

The requirements on the pitch of the SLM are sigaiftly lessened by our approach. The VW is therieotransform
of the hologram. The diffraction angle of the SLMtekrmines the size of the VW. A moderate pixeltpitd 50 pm
generates a VW with lateral size of 20 mm at aadis® of 2 m. These are typical values for a holadgradisplay for TV
applications. The size of the reconstructed 3D esé¢gemot limited by the pixel pitch but by the safethe SLM. The 3D
scene can be located anywhere in a frustum defigetthe VW and the SLM. This frustum is indicatedthg dashed
blue lines in Fig. 1. The 3D scene can be locatdtbint of and behind the SLM.

Therefore, our approach makes holographic disgdlayrge 3D scene reconstructions feasible.
2.3 Observer tracking

The display is equipped with an eye position deteahd a real-time tracking system. The eye pasitietector and the
tracking system always locate the VWs at the olegsegyes. Tracking is illustrated in the two righawings of Fig. 1.
The tracking system adapts the SLM illumination #reSH location on the SLM to the positions of thserver eyes.

There are two alternatives for the tracking syStem

Light source tracking

Shifting the position of the light source also shthe position of the VW. The position of the liglource does
not have to be shifted mechanically. A light souncay be an activated pixel in an additional LCDttisa
illuminated by a homogenous backlight. By activgtia pixel at the desired position on the LCD trghti
source can be shifted electronically without medatelrmovement.

Beam-steering element

With a beam-steering element after the SLM thecaptpath from the light source to the SLM can bptke
constant. The beam-steering element deflects g difter the SLM and directs the light toward tieserver
eyes. As an example, the beam-steering elementbmayased on electro-wetting. Two non-mixable liguid
with different refractive indices are in a cell ielectrodes at its walls. Applying a voltage te tectrodes



determines the interface angle between the ligaiod thus the deflection angle of the light pasding
interface.

3. FULL-COLOR HOLOGRAPHIC DISPLAY

3.1 Full-color holography in general

As holography is based on diffraction and as difitm is wavelength-dependent, the 3D scene hbs &eparated in its
color components. Usually, these are red, greerbhred Three holograms are computed (one for ealdn component)
and the 3D scene is reconstructed using three Bghtces with the corresponding wavelengths. Tlageeseveral
methods to combine the three holograms and the thglet sources, for instance:

Spatial multiplexing

The red, green and blue holograms are spatiallgraggd. For instance, they may be displayed or theparate
SLMs that are illuminated by red, green and blgtlisources An arrangement of dichroic beamsplitters
combines the output of the SLMs. The optical séupulky, above all for large displays.

Temporal multiplexing
The red, green and blue holograms are displayedes¢iqlly on the same SLM. The red, green and e
sources are switched in synchronization with th&18(% Fast SLMs are required to avoid color flickering.

3.2 Components of our monochrome and full-color prototpes

Our current prototypes are improved versions offagt monochrome 20 inch holographic display dis earliet™.
They are based on the same principles but areusiit better components and are less bulky. Theootoome and the
two full-color versions differ only in few componsn Therefore, a common description will suffice explain the
fundamentals of the three versions. We alreadyt lauilll-color 8 inch holographic display that usasall projection
micro displays which are optically enlarged, ascdesd earlief.

Fig. 2. Setup of the 20 inch prototype. The compthare (from left to right): LED backlight, shuttdisplay, Fourier
lenticular, SLM and beam-splitting lenticular. Tineet shows two interlaced holograms on the SLM #éha separated
by the beam-splitting lenticular in order to genetsvo VWs.



Fig. 2 shows the setup of the 20 inch prototypee @dmponents are LED backlight, shutter displayrieo lenticular,
SLM and beam-splitting lenticular (from left to hg.

The LED backlight consists of red, green and blightbrightness LEDs with wavelengths 627 nm, 530amd 470 nm.
The spectral linewidth (FWHM) 30 nm provides sufficient temporal coherence.

The SLM used in this prototype is a standard morarae LCD with 20 inch diagonal and 15 million antpdie-
modulating pixels. The pixel pitch is 156 um horita and 52 um vertical. The hologram was encoddte display by
detour-phase encoding using three pixels to reptesee complex numb&rThe sizew of the VW is one third of one
diffraction order and is given hy= >d/p. This results in a VW sizeav=6 mm with the smallest wavelength

=470 nm at an observer distartte 2 m and a pitclp = 156 um. The hologram is a vertical-parallax-onbjogram
with holographic reconstruction in the verticaledition. The vertical VW sizev = 6 mm is sufficient for an eye pupil
and facilitates eye focusing to a reconstructe@attyjoint.

A lenticular comprising approximately 60 horizon@flindrical lenses is used, instead of a singlé&yurourier-
transforming lens. Each cylindrical lens is illumiad by a horizontal line light source. A line liggource is comprised
of activated pixels in an additional LCD which sesvas a shutter display and which is illuminatedtiey LED
backlight. The display with the encoded hologranillisminated by the multitude of light sources, aadch lens
performs an optical Fourier transform of a parthef hologram in the vertical direction. As the ligburces are mutually
incoherent the eyes see a reconstructed 3D scahésthomposed of mutually incoherent partial 3Br&s. This may
lead to brightness inhomogeneities that can be eosgied in the hologram calculation.

Two VWSs, one for each eye, with a horizontal sefianeof approximately 65 mm are generated by spatidtiplexing.

Two holograms are interlaced in the display. Aitanar is used as a beam-splitting element andeptsjlight from one
hologram to the left eye and light from the oth@logram to the right eye. This technique is welbwn from

stereoscopic displays. In our case, each eye séetographic 3D scene reconstruction that is gdedray its own
hologram.

An eye position detector controls the positionsttef VWS in real time. Vertical and axial trackirg achieved by
adapting the positions of the line light sourcedlmshutter display. Horizontal shifting of theddgram content on the
SLM facilitates horizontal tracking.

3.3 Prototype with temporal color multiplexing

The colors are displayed sequentially for tempoaddr multiplexing. The SLM sequentially displaygtholograms of
the red, green and blue 3D scene components andathdight is switched between red, green and blEBs. Both
processes are synchronized.

However, two obstacles have to be taken into addousichieve good reconstruction quality:

The pixels of the SLM have a finite response tifiar. a LCD, this is the time the liquid crystals dee align
to the electric field applied to the pixel cell. @#hCD panel which we use as SLM stems from a médic®
and has a long response timg ¥ Ty = 30 ms.

The pixels do not switch simultaneously acrossSh#l as the pixels are addressed in columns and. roias
rows of the SLM are addressed sequentially, with fsame period needed from the first to the last.rAs a
consequence, there is a time lag of up to one fizemied across the SLM.

Both effects have to be taken account as eachdgbatie hologram has to be illuminated with the esponding
wavelength. For instance, if SLM and backlight wenétched from red to blue simultaneously, the tasts of the SLM
would still display the red hologram when the bag is already switched to blue. Therefore, weduaescanning
backlight and a time lag between switching the Sdmd the backlight.

Fig. 3 illustrates this process. The top graph shtive states of the SLM rows versus time and thilmograph the
states of the backlight rows versus time,

The gradual color transition along the time axishaf SLM graph illustrates the finite response tafter switching from
a hologram of one color component to the holograthe next color component. There is no sharp ttiansfrom one
hologram to the next hologram but an intermediaterval in which the pixels of the SLM transit ttetnext state. The
color transition along the row axis of the SLM dnélftustrates that the SLM is addressed row-by-r8iva point in time



at which the last row has just received the dath@fcurrent frame the first row will already reeeihe data of the next
frame. As an example, at the second dotted vetireglthe last row has just settled to the reabEm whereas the first
row already starts to transit to the green hologram

The intermediate states are indicated by the slagtadual color transition. At these points in tjnige state of the
respective SLM pixel is undefined, and illuminatioy the backlight has to be avoided. Thereforepwi#t a scanning
backlight in which the rows of LEDs are groupedL& groups. Switching of these groups is illustratethe backlight
graph of Fig. 3. These groups are switched on &insequentially such that the corresponding patthe hologram are
only illuminated if its pixels are in a settledtst®f the associated color.

SLM rows

-
Backlight
rows

P

Time

Fig. 3. State of SLM rows (top) and backlight rofls®ttom) versus time. The SLM graph illustrates dfiect of finite
response time and row-by-row addressing of the Siffdr switching from one hologram to the next hotog. The
backlight graph shows delayed and row-by-row sviitgtof the backlight to compensate these effects.

A complete cycle comprises three frames with coleds green and blue and three intermediate tranditames. As the
frame rate of the SLM is 60 Hz, the full-color framate is 10 Hz. The human vision perceives achllbr holographic
reconstruction, albeit with color flickering. Coldlickering will disappear and a steady reconsinrciwill be visible

with availability of faster SLMs.

3.4 Prototype with spatial color multiplexing

A display with spatial color multiplexing shows thieree backlight colors and the three hologramsréadr, green and
blue color components simultaneously. A large hapgic display using three separate SLMs for theettholograms
and dichroic beamsplitters to combine the light lddoe too bulky. Rather, the three holograms aterlsced on the
same SLM. A color filter is used to achieve thatlehologram is illuminated with its associated wawgth only.

Six holograms have to be interlaced on the SLMedhed, green and blue holograms that generatéwhéor the left
eye VW and also three holograms to generaterVW beam-splitting lenticular is used to separéie light for VW
and V\Wk. Color filters are used to separate the wavelength

Fig. 4 illustrates top views of two possible arramgnts of color filters. The left arrangement usasr filters that are
integrated in the SLM pixels. One lens of the bespiitting lenticular is assigned to two pixels bétSLM. The light of
all left pixels at the lenses coincides in the obseplane and generates \WWice versa the right pixels generate YW
The color filters are arranged in columns such #ath column of the filter extends over two colurohshe SLM, as
illustrated in the left graph of Fig. 4.

Such an arrangement of color filters integratethan SLM pixels and two neighboring pixels having same color is
not commercially available. Standard LCD panelsehesor filters with color changing from pixel taxpl. An external
color filter laminated on the cover glass of theglavould have a disturbing separation betweenl gird color filter.



Fig. 4. Top view of an arrangement of color filtémsa holographic display with spatial color muléiping. The left graph
shows color filters integrated in the SLM pixeld §&+ CF) and the right graph separate color fil#2§&). The graphs
show three lenses of the lenticular (L) that splis light to generate left viewing window (MVand right viewing
window (VWR). For simplification, only the light illuminatinyWg is shown and the light illuminating V\Wis
omitted. The light sources and the Fourier-tramsfog lenses are not shown.

Therefore, in our prototype we used the arrangeifiastrated in the right graph of Fig. 4. The aolfitters are attached
directly to the structured surface of the beamtspdj lenticular. This arrangement avoids a distgbseparation
between lenticular and color filter and facilitateacked VWSs in the same way as with a monochroisplay. The
functional principle is analog to that of the agament in the left graph of Fig. 4.

3.5 Improvements toward a product

Fig. 5 shows a picture of our full-color holograptdisplay. The dinosaur is only an illustration ashigh-quality
photograph is difficult to achieve due to limitedghtness and lens aperture. The aperture of teeilens would have
to be within a VW with a size of 8 mm.

Our two holographic displays reconstruct full-coB® scenes with a diagonal of 20 inch. User tragkinachieved with
an eye position sensor and a tracking system teantegrated in the display housing. The hologranescalculated in
real time with 60 frames per second on two linkeabbics cards of a PC. This is a prototype solutinly, integration
of hologram calculation on a compact dedicated doath FPGA and ASIC is on progress.

Both prototypes were built with commercially availa components and demonstrate that our approahblegraphy
can be extended to full-color displays. The usdggvailable components leads to limitations of phetotypes that can
be overcome by designing improved components foafiplication in a future mass-market product:

Our prototype with temporal color multiplexing hagull-color frame rate of only 10 Hz. This leadgvitably
to strong color flickering perceived by human visid’he low frame rate is caused by the slow LCDepan
which we have to use. Large high-resolution monocta panels are currently used only in medical digpl
and are therefore not optimized with respect tpoase time and frame rate. On the other hand, drer&CD
panels for TV applications on the market with frarates of 180 Hz and higher. The technology fot 3D
panels exists and has only to be applied to highlstion monochrome panels. This would facilitat#-€olor
holographic displays without color flickering.

The prototype with spatial color multiplexing haslar filters attached to the beam-splitting lenkiou A
display manufacturer could easily alter the manuf@aeg process of color filters integrated in theMBpixels
to our required configuration. Such color filterave to be non-scattering in order to preserve euteer of
light.

Furthermore, both prototypes are using an amplitaddulating SLM to encode the hologram. This issitus,
albeit with a low diffraction efficiency of the oced of 1% and therefore low brightness. A phase-radihg



SLM would increase the diffraction efficiency an@nce the brightness by approximately one order of
magnitude. Small projection displays are alreadyjilakile with phase modulation. It would be a sretdp for a

display manufacturer to apply this LC configurattonlarger displays in order to get a large phaselutating
SLM.

The required alterations to existing LCD panelsracelerate and are justified as the display manurfarg get access to
the new market of full-color holographic displays.

Fig. 5. Picture of our full-color holographic digglwith a screen diagonal of 20 inch. The dinogaonly an illustration.

4. CONCLUSIONS

After presentation of our monochrome display in 20@ now reached a further milestone on the roadimaprd a

consumer product. We demonstrated that a full-cetdographic display with 3D scene size of 20 ilkpossible with
existing technology.

This success is made possible by our new appradabldgraphy. A virtual viewing window is locatetieach eye of an
observer through which the observer sees the 3Besche relevant information is present in thesaving windows

only. The viewing windows are tracked to the obseryes in real time. This approach saves 3 oddrerof magnitude
of the SLM resolution and computation power comgaceconventional holographic displays and makegelaeal-time

holographic 3D scene reconstructions possible.

We demonstrated that full color can be achievetiloyalternatives:

The colors may be generated sequentially. The hafog for the red, green and blue color componerdstze
backlight colors are switched synchronously. A ssiptated control of the backlight compensatesdélayed
and inhomogeneous response of the SLM. This terhpotar multiplexing requires fast SLMs in order to
avoid color flickering and color breakup.

Spatial color multiplexing uses color filters. Aopotype arrangement has the color filters on trenbeplitting
lenticular whereas color filters integrated in 8leM pixels would be the solution for a product. § hiternative
requires a resolution of the SLM that is highemtheith sequential colors, but is content with a éovELM

frame rate. The required SLM resolution alreadg#sxin available LCD panels.

The required amendments to existing LCD panelsrarderate. Faster LCD panels with higher resoluimemerging
more and more on the market as there is an inogagmand of such panels for TV applications.



Our approach to real-time holographic displays ke step toward wide-spread application of 3D ldigp in high-end
professional as well as in consumer markets. Halalgjc displays show no accommodation-convergensenatch that
is inherent in stereoscopic displays. This mismaiay cause less viewing comfort and will hinder gemeral use of
stereoscopic displays for consumer applicationg 3D scene depth of stereoscopic displays has tioniied in order
to keep this mismatch at an acceptable level. Golpgraphic displays can show natural 3D scenek witlimited

depth. Therefore, we consider holography as théepesl option for 3D displays. Our full-color rei@ihe holographic
displays demonstrate that holography is feasiblevide-spread application with existing technology.
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