WO 02/ 37176 PCT/ CHO1/ 00646 1 Switchable color filter The present invention
relates to a liquid crystal swtchable 5 color filter and, in particular,
to such aveot/anidilter that em ploys circularly polarizi PgT/SEOBCIGHE €
reflection bands of cho- lesteric filters; and to tinme-sequential col or
devices, for ex- anple projection devices, direct view displays and video
cam eras, conprising said color filter. 10 Fast switching color filters
whi ch provide the primary colors RG (R3d- G een-Blue) synchronized with a
fast imager represent the central unitl of tine sequential single panel
video projec- tors. This projector type is of particular interest because
of 15 its conpactness, |low cost, and | ow weight. Wiile the color fil- ters

generate the three col or conp %Ezﬁbfé def HligGol or pic- ture, the inager
determnes the gray |evels of-&:t;}lﬂ'ese—cmrpwrenrrﬁf t he switching frequency
is sufficiently high the human eye sinply mtegrates over the three color
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RGB (R2d-Green-Blue) synchronized with a fast imager represent
the central unit of time sequential single panel video projec-
tors. This projector type is of particular interest because of

.15 its. compactness, low cost, and low weight. While the color fil-
ters generate the three color components of the full-color pic-
ture, the imager determines the gray levels of these components.
If the switching frequency is sufficiently high the human eye
simply integrates over the three color components and generates

20 the intended mixed color. Analogously, time sequential direct
view displays are possible, and there exist also color video
cameras based on the time sequential technique. The latter gen-
erate three gray scale images of the three color components
which can be back transformed to the color image by calculating

25 the mixed color component or by time sequential projection.

Various designs of color switches have been proposed. One well-
known solution for RGB color generation is the mechanical color
wheel. Its main drawbacks are light induced degradation of the
30 color filters used, large volume of the device, and jitter due

to mechanical instabilities.

Another known solution are stacked retarder/polarizer combina-



2 tions wwth liquid crystal swtches, where unwanted col or conpo- nents are
renoved (absorbed) by the polarizer. However, these filters are difficult
to produsceootrsmiparticular, it is difficult to generate spCTCHDEWMG6E®! Or S
with thin stacked retarders, and 5 furthernore absorbing polarizers tend to
degrade under high light levels. Athird known sol ution uses stacked
cholesteric filters, com bined with |[iquid crystal switches. Instead of
bei ng absorbed, 10 the unwanted col or conponent is reflected by the
cholesteric filters. This alternative i2s particularly attractive because
the high light Ievel present in projectors tends to damage any ab- sorbing
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| f crosslinkakl ecpemmtic liquid crystals are used, the filters can be
produced as thin filnms that can easily be com bined with nonchiral
retarders to forma conplex stack struc- ture. 25 Subtractive col or
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high light level present in prOJectors tends to damage any ab-
sorbing component. Furthermore, cholesteric filters exhibit
steep selective reflection bands which result in excellent color

15 saturation. In addition, they generate circularly polarized
light within the reflection band of the filter in accordance
with its cholesteric helical structure which can be easily
transformed to linear polarized light without loss of intensit&.
Cholesteric filters are nematic liquid crystals with a helical

20 structure with a pitch that is comparable to the wavelength of
light. If crosslinkable nematic liquid crystals are used, the
filters can be produced as thin films that can easily be com-
bined with nonchiral retarders to form a complex stack struc-
ture.

25

Subtractive color switches and modulators based on cholesteric
filters and liquid crystal switches are known and for instance
described in the following publications: US patent 5,686,931
(Finfschilling et al.); J. Finfschilling and M. Schadt, Novel

30 ILCD Color Projectors Based on Cholesteric Filters, SID Interna-
tional Symposium, Digest of Technical Papers, XXVI, 597-600
(1995); and K. Schmitt, J. Finfschilling, M. %. Cherkaoui and

M. Schadt, Fast Time-Sequential Color Switch Based on Choleg-



M Schadt, Fast Tine-Sequential Color Switch Based on Choles WD 02/ 37176
PCT/ CHO1/ 00646 3 teric Filters and DHF-LCDs, EuroDi splay '99: The 19th

| nt er na- wo onai17®i spl ay Research Conference, Proceedi ngs, PABTHALW6(999) .
For conpari son purposes, the general structure of a known color 5 switch is
also illustrated in Fig. 1, and a schematic represen- tation of a
correspondi ng known band nodul ation filter is de- picted in Fig. 3. The
color switch consists of three stacked band nodulation filters (BMs) 1,
3, and 5, each capable of blocking ong of the primary colors R, G or B by
applying suit 10 able voltages to the electrodes of the liquid crystal
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band- pass-irdepensertd fradueRhNEShe£0lOrthe sense that each filter con-
trols a well defined wavelength band. At each switching state of
the time sequential color switch, two color bands are blocked

15 and one passes.

Independent BMFs in series are an optical concept which leads to
highly saturated colors. It can be implemented with fast LCDs,
such as ferroelectric LCDs. Used on a pixel-to-pixel basis, it

20 can also be used to generate true color projection systems.

Despite these advantages, the known cholesteric color switches
with their concept of independent BMFs 1in series still have
shortcomings. One is that the realization poses stringent pro-

25 duction tolerances on the LCDs.

Another, conceptual shortcoming is that they represent not the
most efficient way to split white light into saturated primary
colors. The reason for this is a peculiarity of the human color
30 perception: If one determines the brightest band-pass filters
that produce a given color saturation, one gets filter bands
that overlap unless the color saturation is extremely high. As

an example, the ideal band-pass-filters to produce NTSC color



WO 02/ 37176 PCT/ CHO1/ 00646 4 coordinates froma white Iight source have
transm ssion bands from 400..509 nm (B), 497..566 nm (G and 588..700 nm
(R, re- wpewsivel y. There is a considerable overlap (497pCBHQE01/d08)H6 of t he
blue and the green filter. 5 However, the requirenent for the independent
BMFs that at each switching state two col or bands are bl ocked and one
passes im plies that the bl ocking bands of two adjacent col ors nust over-
| ap. During the red period, for instance, no 'gap' is allowed 10 between
the green and the blue filter, or - in4other words - the respective filter
transm ssi on bands may not overlap. Conpared w th the ideal case,
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pol ari zat iwdith the ideal case, therefore, half of the light in this wave-
length region is lost by the requirement of non-overlapping fil-

ter transmission bands. For real filters with their finite

15 steepness of the filter characteristics the light loss is even

significantly higher.

A further shortcoming of the known cholesteric color switches
can best be explained with reference to Fig. 3, which gives a
20 schematic representation of a conventional BMF. It comprises two
cholesteric filters 13 and 15, which have an opposite handedness
of the cholesteric helix, but are otherwise identical. Sand-

wiched between the cholesteric filters are two gquarter wave
plates (A/4-plates) 17 and 19, and an LC switch 21. The LC switch

25 acts as a rotatable halve-wave plate (A/2-plate). The upper part
of the Fig. shows the blocking state of the BMF. An important
feature of this optical arrangement is, that the effective bire-
fringence of the combination 'A/4-plate / LC switch / A/4-plate’
is zero in the blocking state of the BMF. In this state, the two

30 other colors should pass unaltered, which is indeed true if the
total birefringence is zero. Note that a change of polarization
finally results in a reduced filter transmission. The precise

degree of compensation to zero birefringence is not very criti-



finally results in a reduced filter transm ssion. The precise degree of
conpensation to zero birefringence is not very criti W 02/37176

PCT/ CHO1MO6287176 cal in this respect. However, any resi dp@l/Caot/efené ngence
changes the bl ocking power of the filter, |leading to reduced col or satu-
ration. This inposes stringent tolerances for the optical retar- dation And
of the LC switch cell (An is the birefringence of the 5 LC material, d the
cell gap). In addition, sonme ferroelectric LC switch cells (e.g. DHF LC
cells) have intrinsic variations of An5 that |lead to significant (3..50)
residual transm ssion of the BM- in its blocking state. 10 It is therefore
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This invention provides a liquid crystal switchable color filter
15 for switching between a first, a second and a third color band,
which switchable color filter comprises a first switchable lig-
uid érystal cell, a first retarder layer which is a quarter-wave
plate for the first color band, a first cholesteric filter hav-
ing a selective reflection band for the first color bénd, a sec-
20 ond cholesteric filter having a selective reflection band for
the second color band, a second retarder layer which is a quar-
ter-wave plate for the second color band, a second switchable
liguid crystal cell, a third retarder layer which is a quarter-
wave plate for the second color band, a third cholesteric filter
25 having a selective reflection band for the second color band, a
fourth cholesteric filter having a selective reflection band for
the third color band, a fourth retarder layer which is a quar-
ter-wave plate for the third color band, a third switchable lig-
uid crystal cell, and a polarization blocking element, wherein
30 the switchable liquid crystal cells are capable of at least two
switching states, wherein the handedness of the second choles-
teric filter is equal to the handedness of the third cholesteric

filter and opposite to the handedness of the first and fourth



swi tching states, wherein the handedness of the second choles- teric filter
is equal to the handedness of the third cholesteric filter and opposite to
t he handedoexs’iaé the first and fourth WO 02/ 37176 PCT/ CHeAT/QB64@0646

chol esteric filter, and wherein for the blocking state of the respective
col or band the optic axis of the corresponding swtchable liquid crystal
cell is either substantially parallel or substantially perpendicular to
the light polarization direc- 5 tion. For the polarization bl ocking

el ement, two preferred enbodi nents are provided. In one enbodi ment, the
pol ari zation blocking ele- nment is formed by a linear polarizer. In the
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al ready |i¥: @ PobarHriZes; bipisingds ef gRetiths tyAc BreFrrreds enpgdigent s

pol ari zatigre gweReUedY B€het® dbodsehd,0 tnkl WolAalALtiRE BYGLGHhAblEecOl OF
fil- ter. Polarlzg%lon rggoveﬁﬁgschenes are known usi ng non-absor bi ng 25

pol ari zer SFHat* S pIFTeAnBYI &r 2R IRHETTAED: tHib Peathsr grpedimenént | y
pol ari zed it glni; fanded heyp &r aEsEonm thmmrarma@atrl nieh a00€ beamtheto t he
pol ari zat i f 1 her and_conbine thenlto si.n b e for
exanpl e US Bt %en“torigrzégném S B0TE I CRe P B tr?er?flg %aﬁélggg] ocfh
advantagedusﬂkeahumeromavheg a selective reflection band for the thlrd

color band.

15 In a preferred embodiment, a supplementary cholesteric filter
having a selective reflection band for the first color band and
a supplementary retarder layer which is a quarter-wave plate for
the first color band is added on the light input side. This em-
bodiment is directly suitable for unpolarized input light. On
20 the other hand, without the supplementary cholesteric filter and
retarder layer, input light can be used which is already line-
arly polarized; this is for instance the case if a polarization
recovery scheme is used to illuminate the switchable color fil-
ter. Polarization recovery schemes are known using non-absorbing
25 polarizers that split unpolarized light into two beams of dif-
ferently polarized light, and then transform the polarization of
one beam into the polarization of the other and combine them to

a single beam - see for example US patent 5,235,443.

30 Further embodiments make use of the advantageous feature of the
invention to allow cholesteric filters with overlapping wave-
length bands. Preferably, the short-wavelength cutoff of the

second cholesteric filter is different from the short-wavelength



invention to allow cholesteric filters wth overl appi ng wave- | ength bands.
Preferably, the short-wavel ength cutoff of the second cholesteric filter
is diffemedb2smoem t he short-wavel ength WO 02/ 37176 PCT/ CHBQT/Q@8%60644 cut of f
of the third cholesteric filter. Advantageously, the |ong-wavel ength
cutoff of the first cholesteric filter and the short-wavel ength cutoff of
the third cholesteric filter are at a substantially equal wavel ength,
which is shorter than the short 5 wavel ength cutoff of the second
cholesteric filter. Preferably, the |dng-wavel ength cutoff of the second
cholesteric filter is different fromthe |Iong-wavel ength cutoff of the
third cholesoftfero thet ethirAdvantlageertsd y £ilter | ongvammagbeﬂglyh cuhef f of
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paranmeters such as high brightness. 30 Wth a liquid crystal swtchable

color filter according to the
The 1liquid crystal switchable cells act as a rotatable halve-

wave plate. Many liquid crystal devices are capable of perform-
ing this optical function, in particular DHF-, SSF-, anti-
15 ferroelectric, thresholdless anti-ferroelectric or electroclinic

LC cells.

The invention is particularly suitable for a time-sequential
color device; it may, however, also be useful as a switchable

20 color filter for other applications.

A liquid crystal switchable color filter according to the inven-
tion can be used in projection optics and in direct view optics.
A further application is in color video cameras based on the

25 time sequential technique.

The invention solves the problems of the prior art devices de-
scribed at the beginning and moreover does not unfavorably in-
fluence other important parameters such as high brightness.

30
With a liquid crystal switchable color filter according to the
invention, the dependence of the contrast on And-variations ad-

vantageously is greatly reduced. This can for instance be under-



i nvention, the dependence of the contrast on And-variations ad-
vantageously is greatly reduced. This can for instance be under WO 02/ 37176
PCT/ CHO1LM0 6287178 st ood by conparing Fig. 3, schematical | pCT/€poes®né i ng a
prior art BMF configuration, and Fig. 4, representing a 'cholesteric
filter /| X/4-plate / LC switch / 2/4-plate / cholesteric filter,
configuration according to the invention, and observing the po 5 larization
of light within the selective wavel ength range as it passes through the
configurations. The unpol arized input Bight is circularly polarized by the
first cholesteric filter 13, only right (R) circularly polarized Iight
passes t hisobil bgr .cobperidg r Big K/ 3, pbatematicétinsteymssenhisg | agbtiont o
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(I'ower casggnp FRirgy é)ira@ﬁaﬂ@sa&aa_%w@&aﬂ&ﬁﬂ }%AQ&; B ORSeLYs 1agethe
state of polarization at the LC switch we see that in the bl _ockl ng state
of the newidesi §idinlarst Lat bdengfoEng. tHig Heighti nege pobesrilyatpeh ps- .
paral | gb taopthoal;an s frtheind C ot teh, and: conseausnily yariggions in
And have very [itt eg%gS i nf uenced_or_l the state o’;F;.lQp ari Zati on of %e_
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. . ol A
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i mposi ng not ~onl'y ‘stringent production [ erances on the cerl
transforms this 1light into R- (top) or L- (bottom) circularly
polarized light. In the version of the prior art (Fig. 3) the
15 exit cholesteric filter 15 reflects R-polarized light, i.e. the
upper case is the blocking, the lower case the transmitting con-
figuration. By contrast, in the new version proposed by the in-
vention, where the two cholesteric filters have equal handed-
ness, an exit cholesteric filter 23 blocks L-polarized 1light
20 (lower case in Fig. 4) and passes R-polarized light. By observ-
ing the state of polarization at the ILC switch we see that in
the blocking state of the new design illustrated in Fig. 4 the

linear polarization 1s parallel to optical axis of the

LC switch, and consequently variations in And have very little

25 influenuce on the state of polarization of the light. In con-
trast, in the prior art configuration illustrated in Fig. 3 And
has to match exactly the birefringence of the A/4-wave plates,
imposing not only stringent production tolerances on the cell
gap d, but also requires matched digpersion of the A/4-wave

30 plates and the liquid crystal material. The And-variations are,

of course, still present in a switchable color filter according

to the invention, but result by analogy in a 3..5% change of



gap d, but also requires matched di spersion of the 2/4-wave 30 plates and
the liquid crystal material. The And-variations are, of course, still
present iwOa2smiré chabl e color filter according to the i np€MCHONYOGhHaL
result by analogy in a 3..5%change of WD 02/37176 PCT/ CHO1/ 00646 9 (not
the dark but) the bright state transm ssion, which is far |ess damaging
than the corresponding increase in the blocking state. 5 Advantageously,
with a liquid crystal switchable color filter according to the invention
there are no nore three independent BMFs, but a single entity that
conprises retarders and liquid crystal switches in a way that cannot be
descri bed a&tawbadhrbf but hdepe ndeightByEste btitarame sbead, reganded &ar' fused’

Bl\/Fs Fig. 10,18 lustrate such a _concept .and shows bl ack 7 .of
' fused' E%I\ﬁ% n ¢ rrp rl‘u‘g}%n %ge he T Ht epgn nfn‘é’ﬁﬁ?ssel,m?)at edokgloﬁz(lfi‘?g. 1.
Thi s concegtetall ows to freely choose the bandwi dth of each color and to
manage the otherwi se critical birefringence of the BM in its bl ocking
state (Fig. 4 bottom. In this respect, a main 15 point is that although
| i ght i hsiffeanhedeetisdoni wetihefd ebiqwid grvsgal ofswihehdtillet egolios bflicl(t;hed,

l'ight outsiderkbhs £8Ngke Sﬂ?\i‘grﬁlogetﬁé?@sﬂé ted MI%hQ%Eegh%@% fent
wou result

pol ari zation. Three independent BMrs of Fig. 4 in series in
el |'i pti calf™FepolP&fi ZeFinglgheniitth Ebpl eXWNisarf FeFerdens |angt ildajdt hat

cannot be @930 PeNsHeedihYa SkdipltRatetAdRl e HONEMBa LBy IdbeRt Len
enables a ., confi gur ation where, at |east in_good approxinmation, the bire-

fringence BFPRBIBANE PFer SBE £H2 RS T6F2EHT (A%r' [96PAT | BYAS -0 19 n2t he
bl ocki ng si=at ei lAndtleew esutheapebacémat 0N sshangesiddk 7t e trmrsgrtting
st at e. Ingwﬂ,es Latter case_t e t.ot al b|r rin_25 Bence 4_s elther zero or a

full wavelBhRGt AOCOTRFECT™ 40t HE dREEPeRe Yo PE B tefy P Hﬁeﬁc%f i'S9dr dwn,
where for Tie bbockpthgldbatetd hixreedpt ChodBel shef bamdwildEhcef | edach patall el to

the Iight éﬁy %Eiﬁgﬁéég]the otherwise critical birefringence of the BMF in
its blocking state (Fig. 4 bottom). In this respect, a main

15 point is that although 1light inside the selective reflection
range of the filter is blocked, light outside this range should

be transmitted without change of polarization. Three independent
BMFs of Fig. 4 in series would result in elliptically polarized
light with completely different ellipticity that cannot be com-

20 pensated by simple retarders. However, the invention enables a
configuration where, at least in good approximation, the bire-
fringence of the BMF reverses the sign of circular polarization

in the blocking state and leaves the polarization unchanged in

the transmitting state. In the latter case the total birefrin-

25 gence ‘s either zero or a full wavelength A. In Fig. 4 the case
of zero birefringence is drawn, where for the blocking state the
optic axis of the LC cell is parallel to the light polarization
direction. Rotating the LC cell by 90° would lead to a retarda-
tion of A. Such a configuration, where for the blocking state the

30 optic axis of the LC cell is perpendicular to the light polari-

zation direction, is also a feasible.

Depending on the precise application, there may be polar-



direction. Rotating the LC cell by 90 would lead to a retarda- tion of 2.
Such a configuration, where for the blocking state the 30 optic axis of the
LC cell ivwopzmspendi cular to the light polari- zation direpCT/oR1/I®4@lI SO a
feasi bl e. Depending on the precise application, there nay be polar WO

02/ 37176 PCT/ CHO1/ 00646 10 izer/retarder conbinations added to the Iight

i nput and/or the |light output side. These are indicated in Fig. 1 and 2 as
conpo- nents 9 and 11. Although cholesteric color switches inherently act
as polarizers, it can be preferable toluse a |linear pre 5 polarizes, and
retarders may be required to match the linear po- larization accordingly.
Such a |i riear/peeamisirardombinasidmer dddedstancbe desghiabiguitn spager athe

pol ari zat 1\t eEYGhIN &1 RENCHRdS Ai8eEhal A LOCE 23R T he L f ONL OUbRUL Of the

| anp. Li kew'se, ch the output polartza |on 0 tﬁe subSe§GERY ™ i mager,
retar ders%ﬁésofb %dtljonamt}hduehe&hphgsmiar icodps' smaychys addedennlyrder to

achi eve the highnekarization patigs ﬁf-élééxfa%?ef% nfeghaqq%g;yhgm ec-

tors. To adapt the characteristics of a cholesteric | ter t 15 needs
of a |iquiRPleryiel a8 rehanierscBryrbe iamired clor diatght bhe tliaepnvent i on, a

chol ESterllQ’irﬁ.lzJa{:ﬂSn NBYeRRi0h1R. NBd @MRIRYy L¥RepdNaR zbHSt0RE | ayer of a
cholesteric Ii d crystal. For instance, it may also consist of nore than

one "chol $88FFc efr e Whi CIPS GyBPhRTLZACH oBsTer S lingl aPlgnepdrarped ng

filter hawOZﬂnbnga@ sihiet abber refdpaet boneHandmp Ornike@riBe | Cho Gfatthethe
chol esteri ¢ laver over ethe I?réer t hj ckness. For_ the cholesteric

filters pr é’ftgr ab??/laflflql?] ao%ry%ttékf POt FHRIEF 0sEPFHICETSnaRAOPRS
respect¢ vdlipnat by us@(hanzﬁgAplvbama@eeusmW heheaddequil 6fdesdt alo @lcanend s of

;P?gﬁogor Jﬂel%ﬂ h p599£1é£%£5ﬁokg§i r'EéJdﬂr%8r§brrE5§£cﬁﬂ§i %deigﬁégpes are

tors.

To adapt the characteristics of a cholesteric filter to the
15 needs of a liquid crystal switchable color filter according to
the invention, a cholesteric filter may be of a more complex
type than just one layer of a cholesteric liquid crystal. For
instance, it may also consist of more than one ‘cholesteric
layer, which together act as a circularly polarizing filter hav-
20 ing a suitable reflection band, or the pitch of the cholesteric

layer may vary over the layer thickness.

For the cholesteric filters preferably liquid crystal polymers
and crosslinked networks respectively are used.
25
Advantageously, the liquid crystal elements of the color filter,
that is cholesteric filters, retarders and switches, are aligned
by a photo-orientation technique. Among the different known
methods particularly well suited will be those using linear pho-
30 topolymerisation (LLP), also sometimes referred to as photoori-
ented polymer network (PPN). Backgrounds and manufacturing of
such elements are disclosed in, for example, US-A-5389698, US-A-
5838407, US-A-5602661, EP-A-689084, EP-A-0756193, WO-A-99/49360,



by a photo-orientation technique. Arong the different known nethods
particularly well suited will be those using linear pho 30 topol ynerisation
(LLP), alwooysmeéi nes referred to as photoori- ented pol yrer/CHet/oswsnk ( PPN)
. Backgrounds and manufacturing of such elenents are disclosed in, for
exanpl e, US-A-5389698, US-A- 5838407, US-A-5602661, EP-A-689084,
EP- A- 0756193, WO A-99/49360, WD 02/37176 PCT/ CHO1/ 00646 11 WO A- 99/ 64924,
and WO A- 00/ 36463. The invention will now be described by way of exanple
with ref- erence to the acconpanying driawi ngs, in which: 5 Fig. 1is a
sketch showi ng the general structure of a known color switch; Fig. 2 is a
sket ch i | lwes®rae/suptheasdoneeptoof3edeased’ BMFs in  conparison to the
i ndependent BMFs of Fig. 1; Fig. 3 is a schematic representation of a known
band nodulation 10 filter; Fig. 4 illustrates a 'cholesteric filter /
2/ 4- pl at e The L@vewdiah wil2 hdwpbetdescribed et ewyc ofi bkampleconthgues- tion
accordi ng d,a,the.d RYRNL LN, Jak8n, S@réwﬁnﬁg, airnewﬁ)igﬂgnat ory di agrams show ng
the basic ar- 15 rangenent "and operation of a first enbodi ment of the
present5i Mignt Lon:isFigy. slebdho sbevare bhel geransly sdiragrars showi kgowhe basic
ar- rangenent and Qperationtof a second enbodi nent of the present
invention, nodified as conpared with Fig. 5a to 20 5c; Fig. 7 is a graph
showi ng t st ssiif & e§eFeh HHEsERrE@I her cornamis o6f ' Busndf 8MFadin
enbodi ment; Fig. &owbawssdd adsBhés Sindebbe§edobubBeoegdi aent of Fig. 7, but
with an adFdi tional, out gu}tl retar der/elool arizer conbina- 25 tion; )

ig. 3 is a Schematic representation of a known band modulation

10 filter;
Fig. 4 illustrates a 'cholesteric filter / A/4-plate /

LC switch / A/4-plate / cholesteric filter' configura-
tion according to the invention;

Fig. 5a to 5¢ are explanatory diagrams showing the basic ar-

15 rangement and operation of a first embodiment of the
present invention;

Fig. 6a to 6c are explanatory diagrams showing the basic ar-
rangement and operation of a second embodiment of the
present invention, modified as compared with Fig. 5a to

20 5¢;

Fig. 7 is a graph showing transmissivities for the three color
bands of a preferred embodiment;

Fig. 8 shows transmissivities for the embodiment of Fig. 7, but
with an additional output retarder/polarizer combina-

25 tion;

Fig. 9 is a graph showing transmissivities for the embodiment
of Fig. 8, but with the output polarizer rotated by 90°;

Fig. 10 shows transmissivities for an embodiment comprising an
additional input retarder/polarizer combination;

30 Fig. 11 is a graph showing transmissivities for a further em-
bodiment of the invention, which is adapted to already
linearly polarized input light;

Fig. 12 1is a graph showing transmissivities for still a further



Fig. 9 is a graph showing transmssivities for the enbodinent of Fig. 8,
but with the output polarizer rotated by 90; Fig. 10 shows

transm ssW@0/383%6 f or an enbodi ment conprising an additi op@l/CHOpWi646
retarder/pol arizer conbination; 30 Fig. 11 is a graph show ng

transm ssivities for a further em bodi ment of the invention, which is
adapted to already linearly polarized input light; Fig. 12 is a graph
showi ng transm ssivities for still a further WD 02/ 37176 PCT/ CHO1/ 00646 12
enbodi nent of the invention; Fig. 13 is2a chromaticity di agram show ng the
approxi mati ons provided by the preferred enbodinent, to an NTSC TV sys-
tem 5 Fig. 14 is @mhmamidfi tie id@maMbeor respondi ng to the transms-

sivities shown Fig. 1 and, Fi 5is a chromaticity di agram

corr espona’ih t’ﬁe Br Fﬁ“%tlcétg’l t‘f‘lé‘grg‘ﬂo Oi”hnsfil §helfppiﬁx“§5’st|18ns
arrangenent and opddovdHeg ancape pieferrequetbaliyeha) tswnt shabdlw egkor

filter formng a fk;st enbodi nent of the inven- tion is schematically
illustrated in Fig.HBa, 5b and 5c. Each of the figures shows the node of
action PorFigneléf ishe rhrewtprityndiragrenl cosrgsRGBdimg tthe shexarmpisalis-Fi g. 5a

for the red perio | oD he. gr period and Fig. 5c for the
blue period. In t%gﬂﬁﬁg?gunpo a%%gid} E 5%2 i ndi cated by a white/bl ack

pair of &i%widd Ligir @bF@Eﬁd%ﬁCaélfaﬂaEer@ml foptesippnding rigl ¢hei ttaadmbback

arrow, R-polarizedsijights bhAnSENGkK; OREN arrow. The position of 20 the
arrows fromleft to right indicatesits color, ranging from blue (left
side) to red (right side). The color filter conprises three tines a

conbi nabi athsicX 4rirfetieht LQrﬁ!W' bﬁbléalZ/ dodaite’ orf Of tiNgusakeQhtal

i Ci 25 referred to,as 'swtch' and | abeled sw, sw2 and sw3, and
::Qpl ¢ ty'sw:Ltchab le color filter formgng a first embodiment of the inven-

tion is schematically illustrated in Fig. 5a, 5b and 5c. Each of
the figures shows the mode of action for one of the three pri-
mary colors (RGB in this example), Fig. 5a for the red period,

15 Fig. 5b for the green period and Fig. 5¢ for the blue period.

In the Fig, unpolarized light is indicated by a white/black pair
of arrows, L-circularly polarized light by a single filled black
arrow, R-polarized light by a single open arrow. The position of
20 the arrows from left to right indicates its color, ranging from

blue (left side) to red (right side).

The color filter comprises three times a combination
"A/4-plate / LC switch / A/4-plate', for the sake of simplicity
25 referred to as ‘'switch' and labeled swl, sw2 and sw3, and six
cholesteric filters, labeled cfbl, cfb2, cfgl, cfg2, cfrl and
cfr2. Fach of the retarder/switch-combinations and each of the
cholesteric filters are shown as a rectangular box extending
from left to right. For each cholesteric filter, the wavelength
30 range of selective reflection is marked within the corresponding
box by a filling, and the handedness is indicated by a '+' or

'-1 gign.



cholesteric filters, |abeled cfbl, cfb2, cfgl, cfg2, cfrl and cfr2. ,ach
of the retarder/sw tch-conbinations and each of the cholesteric filters
are showwa@se2/arirect angul ar box extending fromleft to riBor/CHBON06@@CH
cholesteric filter, the wavel ength 30 range of selective reflection is
marked within the corresponding box by a filling, and the handedness is
indicated by a '+ or '-' sign. WD 02/37176 PCT/CHO01/ 00646 13 In each of
the Fig. 5a, 5b and 5c, one of these switches is in the 'on' state
(hatched filling, no change of handedng&3s), and two in the 'blocking
state (crosshatched filling, change of handedness). The figures differ
only in the cadbr ofhahei 8ig5 i tsthedd' 64, . odetofushkseskwiliardssst he red

period (correspondi o Fi )as1-WiLth the red sw.tch ‘on' and the
bl ue swi tc%ﬂesvmo(%lanc?% tg ﬁ% (g?%%}hesa?vﬁltl%ﬁngmn @ offAnge § fu%ﬁ‘%ﬁ% 19FE4 whfte 1 ght
i s inpingitp fionthhe 'bédpching tétmte( blapshhotlest efildihgl t ehanddl ofI n t he
bl ue spect r o] i | ay.l ol arized |ight p S e
filter; th}éﬂlgeggrgr%%nén?h%s%%f#%gt ?&f¥5?ghoﬁ{ﬁbﬁ ?%e tﬂgre%%i%gngaf%d g%ect ral
range rEémeswigchaéhberyed (i.e. unpolar- ized) . Switch swi is in the

bl ocking state, that is, it changes the handedness of the light. Since
only the blue part of the spectrumis polarized, the change in handedness
af fects ontSF t4fe P2HSh| &SPt toF FRE BRYSOS URPTERRNGLABY t Be HidolSal i zati on
to the R pojriarizatian. sdwenmext cbel esh@r tee f bli®r sefdhd swhi ghai snaub-
stantially identical to cfbl, then blocks this light. Geen and red renain
unpol ar i ze¥=F5SFhe &9 oPTthe Iight in the green spectral range is very
sim- har. The light remains unpolarized until it hits the (green)

Unpolarized white light is impinging from the top onto the
(blue) cholesteric filter cfbl.

In the blue spectral range, only L-circularly polarized light
15 passes the filter; the R-component is reflected. Light in the
green and red spectral range remains unchanged (i.e. unpolar-
ized) . Switch swl is in the blocking state, that is, it changes
the handedness of the light. Since only the blue part of the
spectrum is polarized, the change in handedness affects only the
20 blue part of the spectrum, changing the L-polarization to the R-
polarization. The next cholesteric filter cfb2, which is sub-
stantially identical to cfbl, then blocks this light. Green and

red remaln unpolarized.

25 The case of the light in the green spectral range is very simi-
lar. The 1light remains unpolarized until it hits the (green)
cholesteric filter cfgl, where only the R-polarized light is
passed (note that the handedness of the green cholesteric fil-
ters is opposite to that of the blue and the red filters, see

30 below). Switch sw2 then reverses the polarization and the next

cholesteric filter cfg2 then blocks this light.

The case of the light in the red spectral range is different.



cholesteric filter cfgl, where only the R polarized light is passed (note
t hat the handedness of the green cholesteric fil- ters is opposite to that
of the bweoasm7¢ he red filters, see 30 below) . Switch sSReTACHeN0s@ser ses
the polarization and the next cholesteric filter cfg2 then blocks this
light. The case of the light in the red spectral range is different. WO
02/ 37176 PCT/ CHO1/ 00646 14 After passing the blue and green filter
sections unchanged, the red light is polarized by the (red) cholesteric
filter cfrl. The L-conponent of the r&d |ight passes and the R-conponent
isre- flected.. Switch sw3 is in the '"on' state and | eaves the polari 5
zation in Aftterl pstaimy EMuathghhnﬁhgweqma§5e3efhﬁEdﬁmbheshﬂmmahgeﬁLItné cfr2,

ielding re lari ht he eri Flg
%b), mhgreegklEagge £§%ﬁ%r%9£§;° i oAre ném%% Eﬁd%lgﬁﬁF hH W an% the red
swi t ch sw3-aomponent offf ' the sregll ilghht ypasges cawdpltheaRedomfement hiés bree
spectral I AGReal NeA S oe. EHANOSLOMRAN CHLLG LR 1Ll OGoagi [ arly,

the red spectral range renmains unpolar- i zed reac
chol est &ri%atiopt dm cfts , Lvidegeon(Tpet Réghs Ehe@rrpeﬁ%&ﬂ s selolastiechei s

changed t OfltlQ%chﬂzat %’lQXdilt? reﬁ\M ﬂ%l%‘ﬁ@z@@%&t%@g Zpi ked by the

chol esteric filter cfr2. The case of the green spectral range is different.
After passing the blue filter section unchanged, the green light is

pol ari zed TiD gipehNBetsvd e@nOuh Cihi FILr 5B gl wnddd alheP33ERS LG AR~ EREPONENt
only. The green smntgh in the 'on', state does not change this

pol ari zat iOh, Fhd PR I5PGhtPpEssTEtEE ¥ hoPRTi F88 Ixie&hts"flﬁé‘hn%’f& are
cholesuerltbﬂﬁ'ltE§ «ifigc1Fhedke kbRpsiddted.sw3 of the red filter section
changes the polarization state of the green light (at 25 least to a first
approximation) fromR to L. The output is thus L-polarized, green |ight.
Thi s crucikdr ithel béneespertivad gaess |thght by ddechaadefl cbtiresie€o the

red period. Similarly, the red spectral range remains unpolar-

ized until it reaches the cholesteric filter cfrl, were only the
15 L-component passes, which is changed to the R-state by the

switch sw3 and then blocked by the cholesteric filter cfr2.

The case of the green spectral range is different. After passing
the blue filter section unchanged, the green light is polarized
20 by the cholesteric filter cfgl, which passes the R-component
only. The green switch in the 'on' state does not change this
polarization, and the light passes as R-polarized light the next
cholesteric filter cfg2. Then, the switch sw3 of the red filter
section changes the polarization state of the green light (at
25 least to a first approximation) from R to L. The output is thus

L-polarized, green light.

This crucial influence on the green light by the red filter sec-
tion is in stark contrast to color switches of the prior art us-
30 ing independent band modulation filters, where the green 1light

passes the last BMF unchanged.

It should be further noted that the choice of opposite handed-



tionis in stark contrast to color switches of the prior art us- 30 ing

i ndependent band nodul ation filters, where the green |light passes the |ast
BMF unchamgezl37iré shoul d be further noted that the choi cepof/CHpposis e
handed WD 02/ 37176 PCT/ CHO1/ 00646 15 ness for the central (green) filter
section is an inportant as- pect of the invention, too. Choosing identical
handedness would |ead to colors with opposite polarizations. 5 Finally,
Fig. 5¢c shows the nost difficult case, nanely the pe- riod of the col or of
the first filter section. In the preseh8 exanple, this is the blue period,
where the blue switch swl is 'on' and the green switch sw2 and the red
SW t ch swanésss 'foff the 18edihmlr ddre@elctfidlerangetic HisoekedmasrtiamtFiag- 5b and

the green _spectr r is bl ocked .0 _Fi, T | ue spectral range
is L-pol ar}i’ezc%d qgfy%%ﬁeggﬁg#elsotnér ;%%Of [ Fﬁéﬁéérﬁ Icf g?nét aelnlﬁ%é@%%%estshew Oél\F/L\ngt ch sw
and the chbiasster feldrd wakk opesitbrdrdichglonsd.t h no change of

pol ari zation. Switch sw2 then approximately reverses the polarization to R
whereas switch sw3 reverses it back to L, giving L-polarized blue |ight
out put . 5 AE&H%%}YthEl&on%%p$hQﬁSiﬁﬂ&eﬂéﬁﬁeﬁ%fé;ﬂmdtnﬁéa$at¢%ﬂ¢hm lther ®eknown 20

fromthe pridd & terdoesibet o2Pphy sifse Potdart hectesh andh the reencfilter
section change theFEpI arization state of the blue spectral range. A second

enbodi ment®EI P Re FRAYENET ofPS LIehERELPEal YRELS IHRS- PoBet putiedr SHLIFLE. 6a,
6b and 6cC. 'dd' waasthderaduashageoss2 PasSithe| red towigfn ch@oskENGdhe fil ter
characteristics such that for the cholesteric filters overlapping
wavel engt h bands are possible. As discussed above, this is inportant if
the |igbt THe thel |speptrahovhbdeisudaderédi a6 eih | yig 30T hendraari rgeeaf the
arr ows andsother sxgpols ig Hﬁ% 6a,.6q“and

ge 1s blocked as’'in

pectfral ig. 5a.

The blue spectral range is L-polarized by the cholesteric fil-

ter cfbl, then passes the switch swl and the cholesteric filters ‘
15 c¢fb2 and cfgl with no change of polarization. Switch sw2 then

approximately reverses the polarization to R, whereas switch sw3

reverses it back to L, giving L-polarized blue light output.

Again, the concept of independent band modulation filters known
20 from the prior art does not apply since both the red and the
green filter section change the polarization state of the blue

spectral range.

A second embodiment of the invention 1s schematically illus-
25 trated in Fig. 6a, 6b and 6c. It uses the advantageous pogsibil-
ity of choosing the filter characteristics such that for the
cholesteric filters overlapping wavelength bands are possible.
As discussed above, this is important if the light of the lamp
should be used efficiently.
30
The meanings of the arrows and other symbols in Fig. 6a, 6b and

6c corivespond to those in Fig. 5.



6c correspond to those in Fig. 5. WD 02/37176 PCT/ CHO1/ 00646 16 Conpared
to the enbodi nent of Fig. 5, the enbodinment of Fig. 6 has two rel evant
changes: waor/sm76 ed part, the | ong-wavel ength cutoff of POECHoeerwsdilter
is at a |longer wavel ength than the short-wavel ength cutoff of the red
filter, i.e. the blocking 5 ranges overlap, with the desired result that a
defi ned wave- |ength band can be bl ocked conpletely. Wereas this feature
is also possible with the known concept of independent BMFs, the

green/ bl ue boundary, however, is diffet&nt. The two blue as well as the
two green cholesteric filters have different selective 10 refl ection bands.
Usi ng t he xapared@asontig @soddimeie dfsmsison thef eﬁbgdmﬁ;ntom fFigdsefrom

Fig. 6a that t velenthct- o eterlcfllte cf bl
t oget her vhfll1 éev%e E %\@tv\%l\l/aeq%engt cu%2 ffe ofpzfl g %gl letngrlcef el“?ér cf gl
det er m ne Ctdt@ffl ofigthavegkeenyt fiilherofifs @ft tehelangens wﬂvemhglc&luahbnghhe
Further, lﬁo}reoﬂéxfél%fngﬁﬂ %‘%o%kn@?f \{]}%t IE +ongsvavelen f ;Fgf the

chol esteric filter t oget her wit He short-wavel'e engt of the
chol est &r i x¥PEFt OVeEL R d@%‘@? nFhe deeizgforiesulgydbebgteh @Qﬁl@ﬁﬂ oBvehe

transm ttednkuephh@htan Sbélcﬁl&ﬁ‘:e%e coﬁﬂi%éae{]la/"va%g@@% h§hic.:arkeg%ufréeggy

chosen, advantageously any de- 20 sired ass characteristics can be
i mpl ement &d-SoTRRsgAsIYnVEbhcEM sk’%@gbr‘i%ﬁpéb&?el%@?ﬂ’?rr@ér ENEs. t 6hFig. 5

and 6 are gt%@h!dbl@dsd’l.@l&blﬁr ImbvﬁaWekgshﬁéwlcﬁﬂf@k@ﬁtfImlr{eert%oomlsauaiseweqmod
quality. However, the inplicit assupption that all switches 25 are

X/ 2- pl at e orS| T et Bh gt FECERT t EHHSF SoMAyCa it osFenimetRiSFtivae. As a
furtheroi nEfoQ‘éeﬁBdSﬁ msfnda; | Uglihgl €Hey Sdaile raw;&mhfgblae céal enef aldRissaeqor di ng
to the |nve{|tE| i

it is Elhedr fI(t)lr roepostd 0,9 imze lﬁj;er ative

arrangements or’ tﬁé 2om prbr?erﬁrg keﬂ)g S’ﬁ& 3?1 PHaHgE ‘?ﬂgt%f &Pt nst ance
an opti m zfifg oB80thé¢ gehblasmeadin bfeﬂu:sed.cfbl together with the short-
wavelength cutoff of the cholesteric filter cfgl determine the
long-wavelength cutoff of the transmitted blue light. Further,
15 from Fig. 6b one finds that the long-wavelength cutoff of the
cholesteric filter cfb2 together with the short-wavelength cut-
off of the cholesteric filter c¢fg2 determine the short-
wavelength cutoff of the transmitted blue 1light. Since these
cutoff-wavelengths can be freely chosen, advantageously any de-

20 sired band-pass characteristics can be implemented.

The design concepts described above with reference to Fig. 5
and 6 are useful and result in switchable color filters of quite
good quality. However, the implicit assumption that all switches
25 are A/2-plates for all wavelengths is certainly only approxi-
mately true. As a further improvement of a liquid crystal
switchable color filter according to the invention, it is there-
fore proposed to optimize the relative arrangements of the com-
ponents. To find such an arrangement, for instance an optimizing

30 algorithm can be used.

In a successful example, an algorithm was used, which consists

of a routine that calculates the transmission spectra of a given



In a successful exanple, an algorithmwas used, which consists of a
routine that cal cul ates the transm ssion spectra of a given WO 02/37176
PCT/ CHO1LMO6287176L7 configurati on and determ nes from t heseCHaHaU/@63®St
function that is a neasure of the quality of the configuration. The cost
function is mnimal if both, color saturation and brightness are

maxi m zed. An optim zation routine then varies the original con 5
figuration until a mininmnumis reached for the cost function. The algorithm
is described in nore detail below Figl77 shows the result of such an
optim zation, and Fig. 13 gives the corresponding chromaticity diagram

The excel |cmifigitatbonghdmbsdetanthinhe &lkpwsthpee f data cel arossatfmation are

evi dent from.thegs Si_nc h t. - of eg[% th hol es- teric
filters were pgrgt gpgg%%‘ereo&r}i %h%ag?%%tg? gfge\gﬁ%{e% t é@gagi at 'a%gl%alg85§
i |1 ustrat Eunlesippped tuimdoadf if Heotdyecpbyr fatuet inuendahdigiteegseene

spectral rangRi-d®. e JpRsMh Lo iR0WBuE thd ithhen /vaSRURRE! BLi#6d 11 BBHL |1 ght,
no ad- ditional retarder and no 'cleaning polarizer at the output (cf.

al so Tabl figpyatiqn gintdlsRoRpsnive festeachedr fohethnmosst ferctier- ®heh an
addi ti onala1Qut-putm red Aeder{NQ ahi A6Fe GRARLDANL1QR, it ex 20 hibits simlar
intensity as without polarizer, that is, the out- put light is already well

pol ari zed by the cholesteric filters alone. This can also be seen from
Fig. 9, wEe thesiwsputheparesiati o€r swak &At abethinatI0n, Thaserspecisa are

quite weak,, a di- rect indication of a high degree of polarization.
However, tHec<55 rilegnéllorég?s??{gé ongmbog'lagﬁglz@fi %ﬁagléa“é‘trgha ST SED

possi bLy hredhceetdheanir floy nEleetofpethiects udisieguesatutatiger ,are0 dvideat eani ng
pol ari zer Jmay C ryYe:ln jtian, the i.nperfection L.e.
And-vari ati ons;{%te%gt ?%g%f aaénf%gggéer#l% r?gtﬁcgaogf%% ncc)’\fnqcthlend%lﬁé%aent

seri al BMVRerig thiditersf fvegeatar®i |df ithet heptpgméganton procedure, these

data again illustrate the importance of the overlap of the blue
and the green spectral range.

15
The results shown in Fig. 7 use unpolarized input light, no ad-
ditional retarder and no 'cleaning' polarizer at the output (cf.
also Table II). Fig. 8 shows the result for the same stack but
with an additional output retarder/polarizer combinatiom; it ex-

20 hibits similar intensity as without polarizer, that is, the out-
put light is already well polarized by the cholesteric filters
alone. This can also be seen from Fig. 9, where the output po-
larizer was rotated by 90°. These spectra are quite weak, a di-
rect indication of a high degree of polarization. However, the

25 signal of the wrong polarization is strong enough to possibly
reduce the performance of the subsequent imager, so the cleaning

polarizer may be necessary. In addition, the same imperfections

(i.e. And-variations) that degrade the performance of the known
independent serial BMFs in their off state will in the present
30 case degrade the polarization quality of our color switch in its
on state. However, a degradation of the polarization quality in
the on state is much less harmful; it leads to an additional re-

duction of brightness of 3 to 5 %, which is acceptable in view



30 case degrade the polarization quality of our color switch inits on
state. However, a degradation of the polarization quality in the on state
is much ve@szbAreful ; it |eads to an additional re- ductipar/cHobodeght ness
of 3to5 % which is acceptable in view WD 02/37176 PCT/ CHO1/ 00646 18 of
t he high overall brightness of the color swtch. In a variation of the
invention, the liquid crystal switchable color filter can al so be adapted
for input light that is already 5 linearly polarized, as is for instance
the case if a polariza tion recyclingi8chene is used to illumnate the
switchable fil- ter. In fact, the liquid crystal switchable color filter
may be siofipthd idghi oveédnls pasghtrase 6f ridte chbvestwdtch.filter as well as
the first k/4-plate can be omtted. Figured 11 shows an exanple 10 of
correspondi ng spectra. They are equally bright and saturated as the forner
spectra (d$eeaalVgsiatieoncorf edisorigivagtbdm.orrdei diltyid deeptam iswiFehpblid) .

Simlarlygqohdy afJfl'%reEhgénVé‘lréoatb'eogdégtédh?ok ny@ut' 98gni halétaiﬁ ailready
cholesteric filter can be omtted on the ht out put side a po arizer

is usedt Ilréfle%‘élﬁ’ pedarézehe Fulis IﬁthtlniSﬁ%%‘?ﬁsl‘% (6F ifii ghrrhaekEditi es

e.g. a pokaph Zké@f&i&ﬂ? 8Bhérhd e usElhO®b Fi thunfina88dc ks | dwiGRRabEe SeaN t hat
t he | ast cholesterlc ilter cfr2 serves to block one red circular

pol ari zat t6h: Burtafdr, HPomIe %Fi FYshal ndw trgetinerriare i bet Hehiienci pal

conponent sifplarifdd int €hiSeaiddeOnthé Tiaktbensranei-hat rihemagdesh blacki ng
action can_ also be achieved by a |inear polari zerlljr ust after the

LC swi t chEheTREESt (A& -RARER | FRY® J1° tHétEedr JHERrrallYy aHywsi anneramfgnged i f

the chod e%ﬁ‘feﬁbﬁrééﬂoﬁﬁﬁnﬁf EBedtaget RaEy Watd dhR 174 4p1eyie RIAl @athifatren
replaced by a linear polarizer. To inprove the quality of this emnbodinent,

it is howd¥elDEddaRTeietRREWS ERE §E1F% tipmat coreFRend Wgheeonat { pity
remai ni ngdspgean an Faggess)(.green and blue) are ab- sorbed by the linear
pol arizer as little as possible. One way to
Similarly, in a further wvariation of the invention, the 1last
15 cholesteric filter can be omitted if on the light output side a
polarizer is used that can handle the full light intensity (for
high intensities e.g. a polérizing beam splitter). From Fig. 5
and 6 it can be seen that the last cholesteric filter cfr2
serves to block one red circular polarization. Further, from
20 Fig. 4 showing schematically the principal components of a fil-
ter se:tion it can be seen that the needed blocking action can
also be achieved by a linear polarizer just after the LC-switch.

Thus, the handling of the red spectral range is not changed if

the cholesteric filter cfr2 together with the A/4-wave plate are
25 replaced by a linear polarizer. To improve the quality of this
embodiment, it is however advantageous to make sure that at the
same time the remaining spectral ranges (green and blue) are ab-
sorbed by the linear polarizer as little as possible. One way to
reach this goal is the optimization of the parameters of the re-
30 maining components, and the spectra shown in Fig. 12 as well as
the chromaticity diagram of Fig. 15 show that in this way indeed

a satisfactory color switch can be designed.



reach this goal is the optim zation of the paraneters of the re 30 maining
conponents, and the spectra shown in Fig. 12 as well as the chromaticity
di agram o¥Ob2/g17d5 show that in this way indeed a satisfBRCT/OHY1/CBHOr

swi tch can be designed. WO 02/37176 PCT/ CHO1/ 00646 19 For the cal cul ati ons
in the exanples given, the follow ng condi- tions have been used: The col or
filters are conposed of polariz- ers, retarders, cholesteric filters and
liquid crystal switches. The calculations use a 4x4-matrix formalism
Retarders, choles 5 teric filters and 1®if present - SSF LC cells use the
sanme nodel for the birefringence n, nanely n (/,) = no + n1 X2 / (X2 - X02
) , usi ndorhéhpacalimtietsoys ien the Fadides gbven heheetfat Hewing FopdiDHF LC
cells the tll'ohéfﬂéx%l%f‘e% h§e&“ fofrer 810 M4t ﬂ@rgw&évuoﬁngegg@ oStRhgs;: And taken
as 1.098 AnDHF and 1.513 AnDHF , where AnDHF i given by the paraneters
al so showersn Takgeders, Tﬁé@bes&@traché%ﬂeterlﬁeéﬂddb%‘é%% fEYstrbrawiéghesi qui d

crystal mopgeUlg$eulfMildnseiechi @mQﬁ&tﬂlﬂg%oﬁﬁ@l@pl Redat@ertd)e chbeas- and the
back surface, npdeled as a |inear decrease of the |sotrop|c refrac- tive

i ndex n°f rGALEhEL HAHSag8Yi ndklx PEESERE T SCEr HEr CSiate PPl To SaPs podel

A ass- andh TQAAY @k Se AF Srdaabest eqam;r | @ (4) par n;etnqrxm M2 X0y2r gt ar der
no 1.205 0.324 170.9 retarder ne 0.262 22 DHF no 1. 2095 0. 324

170.9 DHmsiag1 the7 rerepatens. gl‘fqil tJHé %ﬁ%%ﬂzaﬁqroﬁheomtﬁéd?ﬁ% f BPF owi ng

cost functgenre £811L2Q 10X Bi PéZeGgekad Cill afi@rbhgnt rinSkhBULWS-&HasRANssS (XF,
YF, ZF, XF, yF) for all three colors F =R G B, assumng a white (equal

en- ergy p?ératﬁm pafdirliem) as i §9&dumeeand nl b ¥edPomppl ("HGEE 0Almradis
vant agegus)i¥ehN8y SRAE! pHMAMRIccrB€aREE Ushowd QR 18RYECE. Ofndd2® dAkQ- have

been determined from real liguid crystal mixtures.
Antireflection coatings are applied to the front and the back
surface, modeled as a linear decrease of the isotropic refrac-
tive index n from the average index of the retarder material to

15 n = 1. Glass- and ITO-layers are neglected.

Table I

parameter g n; Ao

retarder ng 1.205 0.324 170.9
retarder ne 1.368 0.262 221.2
DHF ng 1.205 0.324 170.9
DHF ne 1.417 0.174 246.7

In the optimization routine the following cost function @ is
20 minimized: Calculate the tristimulus-responses (Xr, Yr, Zr, Xr,
yvr) for all three colors F = R,G,B, assuming a white {(equal en-
ergy per nm bandwidth) light source. In a real application, ad-
vantageously the spectrum of the actual light source of the pro-

jection system should be used. With the data calculate

25 G=F %GB g, ((cp=xm0)* +r =) )+ 827 (Yr —Y)?

and minimise G by with respect to the above listed parameters.
X and yw denote the target wvalues x,y £for the colour co-

ordinates (taken as the NTSC colour co-ordinates in our exam-



jection system should be used. Wth the data calculate 25 G = Y_ 9IF. ((XF
-XF0)2 +(YF -YFO) 2)+g2F(YF - TFO 2 F=R G B and mininmse Gby with respect
to the abwoe2silzé ed paraneters. xFO and yFO denote the tRpeTeHOIVElWES X,y
for the colour co- ordinates (taken as the NTSC col our co-ordinates in our
exam WO 02/ 37176 PCT/ CHO1/ 00646 20 ples). The target values for the

bri ghtness, YFO are determined fromthe brightness of an ideal col our
filter. This ideal filter has a transmission of 1 in a given wavel ength
band and falls off to O over 10 nm ore®each side. The bandw dths of the
filter are 5 chosen as wide as possible while still retaining the desired
col our satpueaj i O'nhe l\mnegetthaatalhes dospelts fhrcighesigs, the aod ubdterhangd
spectrum I}as t iXed |{|at hl? Cfll(tptilo%trl on ot The The s léﬂ t1| g, br r| ght ness
of the thréé co ours o hese i‘deal ersT 15 Ueed a5 tar et varues fo

t he col ouhaswet ttengmisgien casd, ithe QDvesmlwaesl@mgatIObami @ndZEaaﬁld o5 for

F= R G BorGSBGEL Y6ldy JNCadraliifs. Ofndaili@ihihbeol alereitpap. put cl ose

to, the maxi mrum that ca e attained oqr . that t
maxi nung tcheaski 88i sides aB. Papgable Whel?)oﬁbﬂ]zergtamhégmhtdesar%iret ers

g are choseRoPt 8L AGEd 4@y, N%‘ébu%hgg E§EUESIS¥@JZYﬁlCS%l%tﬂatthghgcgtéafl ze of
corresponding terms in G after the optinisation are. simlar hin a

factor of P8R, SBPEFEIMLIS tH Y . SRl oHEScAPhER BLEFES IR GORT Be 12€3how t he
cal cul at eguli E8AG NbSigIRineBsSPECEha thrddicdiiues swWi teB NI &dAat esiebrsever al
enbodi - 20 nents of a sw tCh:gb| e col or filter accordi n% to the invention.
Tabl es |1 EndSe 2% i FheVROHToMEAt §°F RAICYEISEHT  hefr “Parsdfe: t8Fs. wo
02/ 37176 REILEK0ALH06AL, :blefaé):hda d.bs Parareter usedespectiv@lgal thé ati ons
of the data Sggm@fl I}FFISIQ redS b7e tloar]ger than, but close to, the maximum
that can be attained for each colour. Note that the maximum
transmission is 0.5 due to the polarizers. The weight parameters
g are chosen interactively, adjusted recursively, such that the
15 size of corresponding terms in G after the optimisation are

gimilar (within a factor of ten, preferably three).

As described above, Fig. 7 to 12 show the calculated transmis-
sion spectra in the three switching states of several embodi-
20 ments of a switchable color filter according to the invention.
Tables II and III list the components involved and their parame-

ters.



No conponent angle / center wavelength / nmthickness | Fig. 7 Fig.8 Fig.9
Fig 10 Fig.11 (retarders, (cholesteric filters) mLC cells) 1 olarizer 74
123- 2 ravoom3B46 0. 97 x 3 cfbl 422 ; 445 ; 471 ; 498 X X RCRCHA1/06s8é . 1 - 12
0.942 x x x x 5 sweelll (DHF) 107.5 2.00 x x x x X 6 retl.2 -12 0.942 x X
X X X 7 cfb2 422 ; 450 ; 474 x x x x X 8 cfgl -530 ; -560 x x x x x 9
ret2.1 75 1.25 x x x x x 10 smcelll (DHF) 195 2.40 x x x x x 1l ret2.2 75
1.25 x x x x x 12 cfg2 -484 ; -551 ; -570 x x x x x 13 cfrl 591;
630; 660 x x x X X 14 ret3.1 35 32 X X X X x 15 swcell 3 (DHF) 155 2: 90
X X X X X 16 ret3.2 35 1. 32 X X x x x 17 cfr2 630; 660 x x x x x 18

ret-out 81 1.21 X X X X olarizer 39 129 39 39 Table Il1l: Paraneters
used in the ca t f onent angl e
| center mve#%%gq%ya tePs lhédnﬁglgg{gaﬁam%%tﬂge& !eérsgcwn m% “esgﬁ’ qg filters) m
LCcells 1 poN@t Cpf!zmmeml) amleévvc@brltdrqumﬂﬁty,/ nml BhiRne&0| Fig3 | Fig | Fid [Fid BFig01]93 4
cfb2 422 : 45Q ; |474 5 cfiretarders; FeholesteRgiters) um '
LC cells)

1 |polarizer 74° 1123°

2 |retin 34 0.97 X

3 |cibd 422 ;445,471 ; 498 X X X X

4 rett.1 -12 0.942 X X X X

5 |sweell (DHF) [107.5 2.00 X X X X X

6 |retl.2 -12 0.942 X X X X X

7 J|cth2 422 ;450 ; 474 X X X X X

8 |cigl -530 ; -560 X X X X X

9 [ref2.1 75 1.25 X X X X X

10 |swceli2 (DHF) [195 240 X X X X X

11 ret2.2 75 1.25 X X X X X

12 |cfg2 -484 ; -517 ; -651; -570 X X X X X

13 |cfrt 591, 630; 660 X X X X X

14 |ret3.1 35 1.32 X X X X X

15 |sweell3 (DHF) [155 2:90 x | x | x 1 x| x

16 |[ret3.2 35 1,32 X X X X X

17 |cfi2 630 ; 660 X X X X X

18 |ret-out 81 1.21 X X X X

19 . ipolarizer- 39° 1129°1 39° | 39°

Table IIT: Parameters used in the calculations of the data shown in Figure 12

No |component |angle/°® |center wavelength /nm [thickness/
(retarders, |(cholesteric filters) pm '
LC cells)

1 |polarizer 0

2 |sweelll (DHF) -15 2.00

3 ret1.2 -135 0.93

4 cfb2 422 ;450 ; 474

5 |[cfgl -530 ; -560

6 |ref2.1 96 1.28

7 |swcell2 (DHF) |216 2.88

8 [ret2.2 75 1.28

9 |cfg2 -484 , -5617 , -545 ; -670

10 |cfr1 502 ; 610; 655

11 Iretd.1 11 047

12 |sweell3 (DHF) 231 2.08

13 |polarizer 306




6 ret2.1 96 1.28 7 swcelll DHF 216 2.88 8 ret2.2 75 1.28 9 cfg2 -484;
-517; -545; -570 10 cfrl 592; 610; 655 11 ret3.1 111 0.47 12 swcell 3 (DHF)
231 2. 08was82purari zer 306 WO 02/ 37176 PCT/ CHO1/ 00646 22rCTCHaE0d6ab! es,
angles are given with respect to an arbitrary |aboratory-frame axis; the
sign of the center wavel ength indi- cates the handedness; nore than one
nunber given in the center wavelength colum indicates that in order to
get the desired 5 bandw dth, several cholesteric filters were used in
series (be- cause the birefringence of22 he nematic host material used was
smal ler than required for getting the needed bandwi dths with only one

chol est er im fiHet etgdbleand ahbBesiuaber §igpry e tar eretdpeceemo ta@;r aamtei:efggt h of

t he select|¥p rgfle%tlon bangs tf tgese %th;O gg qT ‘ gs t hat
this compoRenterEhrEdsat **8hd Bt & iHiea 558 3r|z%¥e Qﬁ%{lnaF ates the
angl e of tde¢epokhei zendedmess; moreurizer omeamsmber poiwen Zer the weeteat that
position i a Mg) 1/ 2 liquid
crystal sv‘\'/l&t c%gﬁ?tzé c:é) t q1’t%1elr%2¥g§ g%‘% CIEQ Qg go &eténtgerl%eé%r ﬁ\ second
and a thi rh#ném@fl‘ﬁhrbwerﬂiltﬁhtalelatgmc @Bﬂtﬂﬁmawng wsd4qd gint sempas $bele and a
light outpulssi dge ﬁo@?effﬂ{%@hcg' Ee'i:hgo'i[@ﬁ\ét?icpghost il $h1 SULLENGDL €

liquid crystal cell (swcell capab | east two sw tching states;
smaller than requlred for gettlng the needed bandwidths with

only one cholesteric filter), and the numbers given are the cen-
ter wavelength of the selective reflection bands of these sub-
10 layers; an 'x' means that this component is present; and a num-
ber in a polarizer row indicates the angle of the polarizer
axis, no number means no polarizer is used at that position in

the stack.



10 - a first retarder |layer (retl.2) which acts for the first color band
as a quarter-wave plate; - a first cholesteric filter (cfb2) having a

sel ecti vavoet/sace tion band for the first color band; - aPEBCHNT00646
cholesteric filter (cfgl) having a selective re- 15 flection band for the
second col or band; - a second retarder layer (ret2.1) which acts for the
second color band as a quarter-wave plate; - a second switchable liquid
crystal cell (swcell2) capable of at least two switching states; 20 - a
third retarder |ayer (ret2.2) which acts for the second color band as a
quarter-wave plate; - a third cholesteric filter (cfg2) having a selective
reflec- tion band for the second color band; - a fourth cholesteric filter
(cfrl) ha%hngma selective re- 25 flection band for the third col or band; -
a fourth retarder | ayer (ret3.1) which acts for the third color band as a
gquarter-wave plate; - a third switchable liquid crystal cell (swcell 3)

capabl e of, at,| gfp t L4 chi. es. . - ol.ar.l ion_ bl ocki ng
el enent ; léﬁar%cﬁe.lgé ¥%¥% a%wﬁg?%éfiaiéé%ﬂgggg% t'g %@%ﬁnggéhg esteric
filter cftyepni & fagahl eosehentharribdmeblingd adert bend. chotleseerightilter

(cfg2) WOLQA2{31L{8.5CL/ Q‘E’%Moﬁ%ﬁt 243@ndn@PROSii LRt ButPe: hapgedness of the

first (cfb2) and fourth cfrl) cholesteric filtér; and - for the bl ocking

state of teOFeSheEr ¢t Iband the op- tic axis of the correspondi ng
swi tchabl e | i qai gty statcelile 18quid eddyRer] sedst anptially) rRapabhel oor

substanti%klXeggéqggpggyéggidgostggggli ght polarization direction.
10 - a first retarder layer (retl.2) which acts for the first
color band as a quarter-wave plate;
- a first cholesteric filter (cfb2) having a selective reflec-
tion band for the first color band;
- a second cholesteric filter (cfgl) having a selective re-
15 flection band for the second color band;
- a second retarder layer (ret2.1l) which acts for the second
color band as a quarter-wave plate;
- a second switchable liquid crystal cell (swcell2) capable of
at least two switching states;
20 - a third retarder layer (ret2.2) which acts for the second
color band as a quarter-wave plate;
- a third cholesteric filter (cfg2) having a selective reflec-
tion band for the second color band;
- a fourth cholesteric filter (cfrl) having a selective re-
25 flection band for the third color band;
- a fourth retarder layer (ret3.l) which acts for the third
color band as a quarter-wave plate;
- a third switchable liquid crystal cell (swcell3) capable of
at least two switching states; and
30 - a polarization biocking element;
characterized in that
- the handedness of the second cholesteric filter (cfgl) is

equal to the handedness of the third cholesteric filter (cfg2)



2. Aliquid crystal switchable color filter according to Caim1l, wherein
the polarization blocking elenent is forned by 10 a |inear polarizer. 3. A
i quid crwabvas713wmi t chabl e color filter according to O ai PCT/CHoMT@N6@6 N t he
pol ari zation blocking elenent is formed by a fifth retarder layer (ret3.2)
whi ch acts for the third color 15 band as a quarter-wave plate and a fifth
cholesteric filter (cfr2) having a selective reflection band for the third
color band. 4. Aliquid crystal switchable color filter according to any
20 preceding claim which conprises, addled on the light input side, a
suppl ementary cholesteric filter (cfbl) having a selective re- flection
band for t&el fopsisicel op baadhandednesspplfentet giyst e{ctlar)dednd aferrthret| . 1)

whi ch acts,far .t i .CO an S a quarter-wave plate. 25 5. A
liquid cr ygcf%l)s%ﬁ?%%%l égckoj(r)%tre fi g?%r according to any preceding claim

wherein the cutfoff thmidloshgrhsstoitet hé thé ertspeetivefdodoti bandarie ob-t he
chol esterig; {iddier $¢atfe COOSRNLIUGING Nai + Bl £38uli WO P séﬂeeéal%sps second

and third c.o{or bands overlap "30 inits transm ssive state. I quid
cryst al Sswittgieablsebebinrialilyt @prattdr dithgubstanylaldve pedbagdidudam teher ei n

the short-waveligRgt fo1citioht i dihecsesn WO 02/ 37176 PCT/ CHO1/ 00646 25 and
cholesteric filfer (cfgl) is different fromthe short- wavel ength cutoff of

the third cholesteric filter (cfg2). 7. Aliquid crystal sw tchable col or
filter accordi ag 1oqaRy cbyptLcedivigedrliem by eicnitde lRegravue! eagt h

cutoff of the first. cholesteric filter (ctb2). and_the short-wavel ength
cutof f of ???elm thi PECTHG & eerplogaﬁﬁtépn( ﬁ@%m‘% S50 sthstEMTaly equal
wavel engt ha Miniealr pslegticeter than the short-wavel ength cutof f of

3. A 1liquid crystal switchable color filter according ,to
Claim 1, wherein the polarization blocking element is formed by
a fifth retarder layer (ret3.2) which acts for the third color
15 band as a quarter-wave plate and a fifth cholesteric filter
(cfr2) having a selective reflection band for the third color

band.

4. A liquid crystal switchable color filter according to any
20 preceding claim, which comprises, added on the light input side,
a supplementary cholesteric filter (cfbl) having a selective re-
flection band for the first color band and a supplementary re-
tarder layer (retl.l) which acts for the first color band as a
quarter-wave plate.
25
5. A liquid crystal switchable color filter according to any
preceding claim, wherein the cutoff wavelengths of the selective
reflection band of the cholesteric filters are chosen such that
at least two of the first, second and third color bands overlap

30 in its transmissive state.

6. A liquid crystal switchable color filter according to any

preceding claim, wherein the short-wavelength cutoff of the sec-



the second cholesteric filter (cfgl). 10 8. A liquid crystal swtchable
color filter according to any preceding claim wherein the |ong-wavel ength
cutof f ofwohz3me€- ond cholesteric filter (cfgl) is differPemCHbt/o64¢ he

| ong- wavel ength cutoff of the third cholesteric filter (cfg2). 15 9. A
liquid crystal switchable color filter according to any preceding claim
wherein the | ong-wavel ength cutoff of the third cholesteric filter (cfg2)
is at a longer wavel ength than the short-wavel ength cutoff of the fourth
chol esteric filter (cfrl). 20 10. A li2quid crystal swi tchable color filter
according to any preceding claim wherein at |east one of the sw tchable
liquid crystialcerkksetric offiacdef depgr) Heki xaikgereet eGrbinC HaHF}hdype or

of a Surface abi lized rroel ect.r. F) type._25 11. l.iquid crystal
swi t chabl e "gdf oerngftllhl f’létf'o’g%codc‘r gli“ﬁgttfl %a%%slo%stegcéi frflgl%frt (Scéiz)wher ein at
| east one of the switchable liquid crystal cells is of a

anti-ferroel ectfig; e egl r dl .
anti-ferr oZI'eth{ i %l yge.c(}%ﬁg%g. gé}&ﬁH%‘B?% g?%é{]ajleﬁg\%rt é%%éf%mgoltoor FH ter
accor di rig poeegdingf claimi mehelretip Yhe wvagewaveltergshstulrfE off the Siwstchabl e

i d | OTYRbALSERIL rh SO RlFne) ek Al Bhbrl WSe1 UK ALIAELED of the
PCT/ CHO1/ 00646 26 13. A liquid crystal swtchable cofor filter according
to any pré&Bésd ngheleatRrishi Il tesnplctges, shet e |18 gPbsbanpiallsi deqwsd ad-

ditional cheasidigthy! dhidelis BnbdreA UL LAEAMEM-FhvE Y cndUESes of
Contalnlngtgelééggﬁa gﬁgféggeric filter (cfgl).

10
8. A liquid crystal switchable color filter according to any
preceding claim, wherein the long-wavelength cutoff of the sec-
ond cholesteric filter (cfgl) is different from the long-
wavelength cutoff of the third cholesteric filter (cfg2).

15
9. A liquid crystal switchable color filter according to any
preceding claim, wherein the long-wavelength cutoff of the third
cholesteric filter (cfg2) is at a longer wavelength than the
short-wavelength cutoff of the fourth cholesteric filter (cfrl).

20
10. A liquid crystal switchable color filter according to any
preceding claim, wherein at least one of the switchable liquid
crystal cells is of a Deformed Helix Ferroelectric (DHF) type or
of a Surface Stabilized Ferroelectric (SSF) type.

25
11. A liquid crystal switchable color filter according to any of
Claims 1 to 9, wherein at least one of the switchable liquid
crystal cells is of a anti-ferroelectric type or especially of a
thresholdless anti-ferroelectric type.

30
12. A liquid crystal switchable color filter according to any of
Claims 1 to 9, wherein at least one of the switchable liquid

crystal cells is of an electroclinic type.



switchabl e color filter according to any of Clains 1 to 13. 15. An optical
projection device containing a liquid crystal 10 switchable color filter
accordi ngwoo02/amye of Clainms 1 to 13. 16. A direct view di SpPCRZHODM6aé ni ng a
liquid crystal switchable color filter according to any of Clainms 1 to 13.
15 17. A video camera containing a liquid crystal switchable color filter
according to any of Clains 1 to 13.

26

13. A liquid crystal switchable color filter according to any
preceding claim, which comprises on the light output side an ad-

ditional cleaning polarizer.

14. A time-sequential color device containing a liquid crystal

switchable color filter according to any of Claims 1 to 13.

15. An optical projection device containing a liquid crystal

10 switchable color filter according to any of Claims 1 to 13.

16. A direct view display containing a liquid crystal switchable

color filter according to any of Claims 1 to 13.

15 17. A video camera containing a liquid crystal switchable color

filter according to any of Claims 1 to 13.



