WO 01/ 79925 PCT/ US01/12079 1 5 POLARI ZED DI SPLAY W TH W DE- ANGLE
| LLUM NATI ON FI ELD OF THE | NVENTI ON The present invention rel ates
general | ywooi/tdes fi el d of polarized displays, including, P@rUkowmL079

limtation, liquid crystal displays, ferroelectric 10 displays, projection
di splays and other simlar illum nated display devices and systens. Mre
specifically, the present invention relates generally to polarized

di splays requiring illunmination and viehability across a wi de range of

viewi ng angles. The present invention is directed to nmethods and
apparatuses for maxim zing the light transmttance of a polarized display
in 15 the case where this wide angle illum nation is.desired. , BACKGROUND

OF THE 4 NVENTI ONPROLARIZED DiSHILAY ViTes WIDEANGILEE PSEURRKARgoNSe of the

uni que properties o rqurd crystalTtne naterral s, din a wde
variety of 20 applications. Common pol ari zed di splay systens are generally
configured with two fixed polarizers sandw ching two gl ass plates on either

side of a selectively polarizi teri i ipation with an array of
el ectrodes for applying el ectr%gwfﬁéh@?[@\/égﬂié&ed areas of the
selectively polarizing matrix. = The selectively polarizing material is

typical |y one whhehPexsgi irvesienceglates penerallynéenihe tigldvifc pottirizedr ent
pol ari zations of light in the materi-al can WD 01/79925 PCT/ US01/ 12079

displays, including, without limitation, liquid crystal displays, ferroelectric
10  displays, projection displays and other similar illuminated display devices and
systems. More specificélly, the present invention relates générally to
polarized displays requiring illumination and viewability across a wide range
of viewing angles. The present invention is directed to methods and
apparatuses for maximizing the light transmittance of a polarized’display in

15  the case where this wide angle illumination is.desired.

BACKGROUND OF THE INVENTION

Polarized displays, especially those making use of the unique

properties of liquid crystalline materials, are emplbyed in a wide variety of

20 applications. Common polarized display systems are generally configured
with two fixed polarizers sandwiching two glass plates on either side of a
selectively polarizing material in combination with an array of electrodes for
applying electrical fields to selected areas of the éelecﬁvely pollarizing matrix.

The selectively polarizing material is typically one which exhibits optical

25 birefringence by which different polarizations of light in the material can



- 2 propagate through the material at different rates. This allows the

pol arization state of the incident light to be selectively altered to

ot her polve®brzoedn states. The polarizing material can i pPCTUd&/@b1%enuati on
means, in which rays of one polarization state are selectively attenuated
relative to rays of another 5 polarization state. Aliquid crystal

di splay, also known as an LCD, is a well-known exanple of a polarized

di splay device. Liquid crystals have‘TVﬁginincipal properties nmaking them
useful in electronic display devices: (1) birefringence 10 and (2)
selective director alignnment. The 'birefringence property of liquid

crystal materials causes |ight passing through a speci nen of one of -these

material s fpposhgatedhidughpinenaatdriapat differati ratesasThis alleasethet ulariedtioror
exanpl e, the plane of polarization may be rotated. The sel ective director

al i gnment Bféte.e‘dftme%ciaeﬁfgﬁ‘grgﬁtb%ﬁ 8diachrilyp %ﬁelfe'&eto?éﬁwgisﬁﬁfariz‘élﬁoﬁ %fagleg.y

averaged 15 orientation o e ani sotropic nolecules in the I'iquid crystal
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device, incident light is polarized by a first polarizer to a first

pol ari zat i pelasizatien shatet he |i ght rays pass through the birefringent |iquid
crystal material, the polarization of the light rays in a given region is
altered to a second pol arization state. This change of polarization

A liquid crystal display, also known as an LCD, is a well-known
example of a polarized display device. Liquid crystals have two principal
properties making them useful in electronic display devices: (1) birefrfngen’ce

10 and (2) selective director alignment. The ‘birefringence property of liquid
crystal materials causes light passing through a specimen of one of these
materials to change its plane of polarization as it passes through. For
example, the plane of polarization may be rotated. The selective director
alignment property of these materials causes the director, or locally averaged

15 orientation of the anisotropic molecules in the liquid crystal material, to

temporarily align itself with an applied orienting field such as an electric field.

Polarized liquid crystal displays employ these two properties in concert

to selectively transmit or block light incident to selected areas of the display

20 screen as desired. In the typical LCD device, incident light is polarized by a
first polarizer to a first polarization state. As the light rays pass through the
birefringent liquid crystal material, the polarization of the light rays in a given

_region is altered to a second polarization state. This change of polarization



WO 01/ 79925 PCT/ US01/ 12079 - 3 state can take the formof a sinple
rotation of the polarization but can also result in other polarization
confi gur aoonm9Izsich as elliptical polarization. As the |PghUSexi20® t hrough
an exit polarizer, light rays not having the third polarization state of
the exit polarizer are absorbed. When the applied 5 electric field is
changed, the. correspondi ng second pol arization state is also changed, and
t he amount of |ight passing through t17e Sexi t pol ari zer can therefore be
controll ed. Numerous pol arized LCD nodes have been devel oped, i ncluding
tw sted nematic (TN), super-tw sted nematic (STN), ferroelectric,
antiferroelectric, cholesteric, phase-change, guest-host, vertical 10

al i gnnent (St#k, camigkeattee fori ohiangin(pl®tatieh exftthe qailazationt bal £&¢ also
birefringence’ (ECB), pi-cells and many others. Devices incorporating the

above descrbbgfin Mhéﬁb@l‘aﬁiaﬁér‘? c@hﬁ@ur%@ﬁs 'sﬂlcﬁyaéJeﬁphE’élt pol@ﬂzaﬁbrg5];ﬁ§88
H gh Effici ency Pol ari zed Di spl ay an 9, Met hod

for Making a t e t h n.
i ncor por até ]ﬁt ék'?%ftgr er@ﬁ%ﬂ? k%asl a’{ys ofte%&%&u@g g{”ed
backl i ghtin I rov pne s and br| ht ness the i ma ereon
" a backl FRIGEPR; Ste; doths) SN BSRREsh e SHRPS po Wae dhecRBuls
device, the effici ency of the display is 20 at a prem um due to the demand
for ext@nd&ledperigld snchanged, HEPrIREPPRAING $RERBA. PatRBZ AN Stete ihelssower
consunption of a backlit display is used for the

changed, and the amount of light passing through the exit polarizer can

‘therefore be controlled. Numerous polarized LCD modes have been
developed, including twisted nematic (TN), super-twisted nematic (STN),
ferroelectric, antiferroelectric, cholesteric, phase-change, guest-host, vertical-
10 alignment (VA), in-plane switching (IPSV), electrically controlled birefringence’
(ECB), pi-cells and many others. Devices incorporating the above described
principles are disclosed in my U.S. Pat. No. 5,751,388, High Efficiency
Polarized Display, and my U.S. Pat. No. 5,999,239, Method for Making a
Polarization Sensitive Optical Element, which are herein incorporated by

15 reference.

Polarized displays often make use of backlighting to improve the
sharpness and brightness of the image thereon. In a backlit polarized display
incorporated into a portable computing device, the efficiency of the display is

20 at a premium, due to the demand for extended operation and limited battery
power. The bulk of the power ¢onsumption of a backlit display is used for the

generation of light. Both the efficiency and performance of the polarized



generation of light. Both the efficiency and performance of the polarized
WO 01/ 79925 PCT/ US01/ 12079 -4 display device are directly proportional to
the effi sovenvy9Iné t h which the device concentrates and di PETUSO 126879
generated light in a useful manner. One device known to be useful in
increasing image brightness is an .5 optical film Optical filns are used
in liquid crystal display systens and in other applications where control
over the direction or polarization . of44ght transmitted or reflected is
desired in order to increase the brightness of a display. It is known that
the lum nance within a desired range of viewing angles of a polarized

di splay can be significantly increased through the use of 10 such an

optical filyg |E;$a@wcteaérbyduréaﬂylﬁ@bor&ubhaﬁoqamfﬂﬁ@néy Witk Whichitadtdevice
transm ssi bl e naterials that are designed to redirect |ight through

ref | oot ! 0N oo ELEARKE GG AU M1l BB g @GR\ Rdnghnghese. Wien used in

conj uncti on ay scree INnmcan significantly
i ncrease the brightness of a display within a certain desired range of
viewi ng angles by controlling and redirecting light that would otherw se
be absorbed or escape fromthe display at undesirable angles. Light that

woul d ot her vi se (Jee Wigyicedknewn éPIt@:tJé@Ibelm #197eRsiNgdMagedPrgdness Ba@p i nt o
the display or |ight source where a portion of it can be 20 "recycl ed" and

returnefl bapkictbfiithe @plical dilmanarengsed oy ligoidaerystel idisplapatystentowand it to

escape fromthe display. This recycling is useful because it can reduce
other applications where control over the direction or polarization. of light
transmitted or reflected is desired in order to increase the brightness of a
display. It is known that the luminance within a desired range of viewing

angles of a polarized display can be significantly increased through the use of

10  such an optical film.

Essentially, optical films comprise films of light transmissible materials

that are designed to redirect light through reflection, refraction, scattering or a
combination of these. When used in conjunction with a display screen, an

15  optical film can significantly increase the brightness of a display within' a
certain desired range of viewing angles by controlling and redirecting light that
would otherwise be absorbed or escape from the display at undesirable
angles. Light that would otherwise be wasted is reflected or otherwise
redirected back into the display or light source where a portion of it can be

20 "recycled" and returned back to the film at an angle or polarization that allows
it to escape from thé display. This recycling is useful because it can reduce

power consumption needed to provide a display with a desired level of



power consunption needed to provide a display with a desired |evel of WO
01/ 79925 PCT/ US01/ 12079 - 5 brightness. The follow ng patents and PCT

publ i cat voasvad®sTri be various optical filns, which are i PRcDUpaVEOEd herein
by reference: U S. Pat. No. 5,783,120 (PCT Publication WO 97/32222), A

Met hod for 5 Making an Optical Film PCT Publication WO 97/32223, An
Optical Filmw th Co-Continuous Phases; U S. Pat. No. 5,825,543, Diffusely
reflecting polarizing elenent including-a first. birefringent phase and a
second phase; 10 PCT Publication WO 97/32224, An Optical Film PCT

Publ i cati on WO 97/ 32225, Light Fixture Containing Optical Film PCT

Publ i cati on WO 97/ 32226, Bri ghtness Enhancenent Film PCT Publication WD

97/ 32227, ' Fi |l ' HRE T od S84
I nci dence; %@QQ%SS SPUWF%M&?IPyAWOF%%éV\D 9%%%3 p%{&?gglﬁggeggﬂ gl\?vie\t%ahrmlﬂSght

Extractor. %g?%l fﬁ%ag@@@%ﬁ@gé%?ﬁ%r*%sré%ﬁ@ffe?&e%ém’ however, clearly

show t hat or man or view ng angles close to
the vector normal to the display screen. At wider viewing angles, it is
known that the 20 performance of such filnms suffers. There remains in the

field a need for display devices having displ a*xldpro erties and efficiency
superior to thodkS. Pat. No. 5,783,120 (PCT Publication 97/32222), A Method for

5 Making an Optical Film;

PCT Publication WO 97/32223, An Optical Film with Co-Continuous
Phases;

U.S. Pat. No. 5,825,543, Diffusely reflecting polarizing element
including a first.birefringent phase and a second phase;

10 PCT Pleication WO 97/32224, An Optical Film;
~ PCT Publication WO 97/32225, Light Fixture Containing Optical Film;

PCT Publication WO 97/32226, Brightness Enhancement Film:

PCT Publication WO 97/32227, Optical Film with Increased Gain at
Non-Normal Angles of Incidence; and

15 PCT Publication WO 97/32230, Optical Fiber with Light Extractor.

Test data from the foregoing types of films, however, clearly show that
performance of these films is best for viewing angles close to the vector
normal to the display screen. At wider viewing angles, it is known that the

20 performance of such films suffers. There remains in the field a need for
display devices having display properties and efficiency superior to those

produced by the traditional architecture.



produced by the traditional architecture. WO 01/ 79925 PCT/US01/ 12079 -6
BRI EF SUMVARY OF THE | NVENTI ON The present invention conprises an apparatus
and net howo Por9923 nprovi ng the brightness of a pol ari zed dpeplUagr/o79%vi ewi ng
angles off of the 5 vector normal to the display screen, hereinafter
referred to as "off normal brightness." The advantages of the present

I nvention are pronounced when .enployed in applications in which the

view ng angle requirenents are asynweté+e, such as for avionics
applications that require cross-cockpit viewability of the display. In
such a case, the desired view ng envel ope m ght 10 be wide in the

hori zontal axis (e.g., +l- 55 degrees), for exanple, and narrower in the
vertical dinmension (e.g., less than 30 degrees). Asynmmetric Vview ng

requi renents are also present in many other display applications, such as

t it dt 1 S| ' bet hor i t al
and verti cal directi ons. BRINE SUMMARY OETHE NIRRT ' Gesi ranie to 15

mai ntain symetric perfornmance fromside to side. In nost devices suitable

for use with théh@r pssenti inventiopncormprises appapealaius eitht methadbder ed

behi nd the pol ari zed di splay. As di scussed above, test data has shown t hat

certai n opimpralvingl treebtightness lof as polarized! difplaymst iewingOasglgsi off ofitihé y

i nprove the brightness of a polarized display within the optinmal view ng

envel ope. Edt¥r HormBe s tROtdissthy fddreEn," RERIiMbitErAPEEd Qo APV Sormal
brightness.” The advantages of the present invention are pronounced when
employed in applications in which the viewing angle requirements are
asymmetric, such as for avionics applications that require cross-cockpit
viewability of the display. In such a case, the desired viewing envelope might

10 be wide in the horizontal axis (e.g., +/- 55 degrees), for example, and

narrower in the vertical dimension (e.g., less than 30 degrees). Asymmetric
viewing requirements are also present in many other display applications,
such as computer monitors and television. Despite the asymmetry between

horizontal and vertical directions, however, it is still often highly desirable to

15  maintain symmetric performance from side to side.

In most devices ‘suitable for use with the present invention, a rear
optical element is located behind the polarized display. As discussed above,
test data has shown that certain optical elements, such as optical films, can

20 significantly improve the brightness of a polarized display within the optimal
viewing envelope. Many of these optical films remain inadequate, however,
for significantly improving the off normal brightness at the wider angles

required for many applications.



for significantly inproving the off normal brightness at the w der angles
required for many applications. WO 01/ 79925 PCT/US01/ 12079 - 7 The prior
attenpt s woohzeees optim zed illumnation for wide angle ppCEUS@e0™ spl ays
have suffered froma nunber of drawbacks and limtations. For exanple, the
resulting display screen may have its wdest illumnation 5 angle in a

pl ane oriented al ong the diagonal of the display screen, rather than al ong
the horizontal direction along which—+t7woul d be nost useful. The present

i nvention overcones the difficulties described above by introducing a

pol ari zation rotation el enent between the display and the rear 10
elenment(s) in the display to rotate the plane of polarized |ight
transmtted fromthe rear optical elenents to the rear polarizer. The

pol ari zation rotation elenment can take any of many fornms. The choi ce of

whi ch parti cul ar,_ el nt 0 _.Us 111 depend uppn the details and demands
of a particul arﬁ-ggpﬁ%%te\tt@ﬁwptgé%%\’? tOBBBBZ%CgH@H’H@Pﬁannfodht"'"i’%cﬁ"aﬂi%, for
exanmpl e, dispersion, tolerance of 15 chromaticity shifts, efficiency and
cost. ThroB@R"zae disdaws havr syiferedritomispembesal deawbaakgmnd imiiatiens.t he
angl e of sufficient off normal brightness is broadest can be reoriented to
a pl ane t hhor iexampig, theerdsulting tisplayasticenl aay bane its avidest iltumisation
dramatically inproving the overall performance and efficiency of such

di spl ayss. afigle in a plane oriented along the diagonal of the display screen, rather than

along the horizontal direction along which it would be most useful.

The present invention overcomes the difficulties described above by
introducing a polarization rotation element between the display and the rear
10 elemeni(s) in the display to rotate the plane of polarizéd light transmitted from
the rear optical elements to the rear polarizer. The polarization rotation
element can take ény of many forms. The choice of which particular element
to use will depend upon the details and demands of a particular application.
Factors to be considered might include, for example, dispersion, tolerance of
15 chromaticity shifts, efficiency and cost. Through the use of the present
invention, the plane in which the angle of sufficient off normal brightness is
broadest can be reoriented to a plane that is most ideal for the particular
application, thus dramatically improving the overall performance and
efficiency of such displays.
20
The present invention described herein offers a significant advantage

in display transmittance for wide viewing angles, and dramatically increases



The present invention described herein offers a significant advantage in
display transmttance for wi de view ng angles, and dramatically increases
WO 01/ 79926 0P®DL3S01/ 12079 - 8 the conpatibility of optie@l/usdierrert s such
as pre-polarizers with wide-viewing angle polarized displays. BRI EF
DESCRI PTI ON OF THE DRAW NGS 5 The acconpanying figures, in which |ike
reference nunerals refer to identical or functionally-simlar elenents

t hroughout the separate views and whidh—are incorporated in and form part
of the specification, further illustrate the present invention and,
together with the detailed description of the invention, serve to explain
the principles of the present invention. 10 FIG 1 depicts a prior art

pol ar i zed_HeSebafiilily et Gptical BRnilris At s Bro-Y Ba RSP Witk -Blebithg patents

but al so shows deS|re Vi ng enve ope to an actua V|e

envel ope i | ay devi ce. 15 FI G 2 depicts a polarlzed

di spl ay deQP@SRFw@§¥%§$§SF§§ one enbodi nent of the present invention. FIG
3 depicts a polarized display device incorporating a second enbodi nent of
the present invention. 20 FIG 4 depicts a polarized display device

incorporating a third

BRIEF DESCRIPTION OF THE DRAWINGS
5 The accompanying figures, in which like reference numerals refer to
identical or functionally-similar elements throughout the separate views and
which are incorporated in and form part of the specification, further illustrate
the present invention and, together with the detailed description of the

invention, serve to explain the principles of thg present invention.

10 |

FIG. 1 depicts a prior art polarized display device such as disclosed in
my above noted prior patents but also shows desired viewing envelope

compared to an actual viewing envelope in a polarized display device.

15 FIG. 2 depicts a polarized display device incorporating one

embodiment of the present invention.

FIG. 3 depicts a polarized display device incorporating a second
embodiment of the present invention.
20
FIG" 4 depicts a polarized display device incorporating a third

embodiment of the present invention.



enbodi nent of the present invention. WO 01/79925 PCT/US01/ 12079 - 9 FIG 5

depicts, a polarized display device incorporating a fourth enbodi nent of
the presewooi/meenti on. FIG 6 depicts one enbodi nent of aP@DU&s/2619% on
rotation elenment 5 according to the present invention. FIG 7 depicts a
pol ari zed di spl ay device incorporating a fifth enbodi mrent of the present
invention. 10 FIG 8 depicts neasured i nprovenent in performance for an
enbodi ment of the present invention. —FI9%S—9 depicts a polarized display
devi ce incorporating an enbodi nent of the present invention. 15 DETAI LED
DESCRI PTI ON OF THE | NVENTI ON The present invention is directed toward a
w de view ng angle display in which the view ng angle requirenents are

asymet i c, - SUCk@s 4 Godibon £81aran! UERI P ARR e AR OSsLARCKR!

viewability of t suc cation, deal "view ng
envel ope is wder i e horizontal. axis (perhaps up to 55 degrees off
nor mal ) anSWMFBRB{]OfiI‘EGtH{%S‘?)ﬁH?Y%P”di mensi on (perhaps |ess than 30
degrees). Simlar viewi ng conditions can be found in other display
applications such as conputer nonitors -and tel evisions.

FIG. 6 depicts one embodiment of a polarization rotation element

5 according to the present invention.

FIG. 7 depicts a polarized display device incorporating a fifth

embodiment of the present invention.

10 FIG. 8 depicts measured improvement in performance for an

embodiment of the present invention.

FIG. 9 depicts a polarized display device incorporating an embodiment
of the present invention.
15
DETAILED DESCRIPTION OF THE INVENTION
The present invention is directed toward a wide viewing angle display
in which the viewing angle requirements are asymmetric, such as for avionics
applications that require cross-cockpit viewability of the display. In such an
20 application, the ideal viewing envelope is wider in the horizontal axis (perhaps
up to 55 degrees off normal) and narrower in the vertical dimension (perhaps
less than 30 degrees). Similar viewing conditions can be found in other

display applications such as computer monitors and televisions.



WO 01/ 79925 PCT/ US01/12079 - 10 In nost devices suitable for use with the
present invention, one or nore rear optical elenents are |ocated behind a
pol ari zewwadobwspoay panel. The optical el enments have transPCTAUSNCER0OEr SUS
viewi ng angl e characteristics that 5 are pol ari zati on dependent such as,
for exanple, those polarization-sensitive scattering elenents described in
my U S Pat. No. 5,751,388, H gh Efficiency Polarized D splay, and ny U. S
Pat. No. 5,999, 239, Method for Mking 40 -Pol ari zation Sensitive Opti cal
Element. Due in part to polarization-sensitive reflections at air
interfaces and internal interfaces, it is possible for such 10 elenents to
exhi bit higher transmttance when the transmtted |ight approaches
Brewster's angle and the polarization axis of the light falls in or near

t he plane of incidence/reflection.- In other words, higher transmttance is
obtained for angles that are oriented in the direction of the pass axis of
the rear optich MQst C%Pﬁ'ﬁtg%rf%fusten@" i §191 Ryesgdyilpwentipy, @ie fich
scenario is shown in FIG 1, depicting a polarized display device 100
conpri si ngmareg eerreptioal elemeantgaratoqated behinsda gokasizad display paoel. Enel a rear
el ement 104 having a linear polarization or pass axis 106 substantially

al i gned wi pftiddhelgrasstsaicve tdiismaittahbe veesus ielitig aRgle (dhelractbAsiDs #at

di sposed on the back surface of pixellated display panel 102. The rear

el enents 104 ByaR28R5H 88perd¥nt YRR foPeRARPROUBELS BblarizhtibrisOREGI&! | Y

scattering elements described in my U.S. Pat. No. 5,751,388, High Efficiency
Polarized Display, and my U.S. Pat. No. 5,999,239, Method for Making a
Polarization Sensitive Optical Element. Due in part to polarization-sensitive
reflections at air interfaces and internal interfaces, it is possible for such
10 elements to exhibit high'er transmittance when the transmitted light
approaches Brewster's angle and the polarization axis of the light falls in or
near the plane of incidence/reflection. In other words, higher transmittance is
obtained for angles that are oriented in the direction of the pass axis of the
rear optical element polarizer of the display device.
15
One such scenario is shown in FIG. 1, depicting a polarized display
device 100 comprising a generally rectangular pixellated display panel 102
and a rear element 104 having a linear polarization or pass axis 106
substantially aligned with the pass axis 108 of the rear polarizer (not shown)
20 disposed on the back surface of pixellated display panel 102. The rear
element 1'04 may comprise, for example, a pre-polarizer. It is generally
required for high efficiency that a high proportion of the light transmitted by

the rear element 104 be transmitted by the rear polarizer. As such, the pass



required for high efficiency that a high proportion of the Iight
transmtted by the rear elenent 104 be transmtted by the rear polarizer.
As such, waer/pass WO 01/ 79925 PCT/ US01/ 12079 - 11 axi s 1P6raobovear el ement
104 generally needs to be closely aligned with the pass axis 108 of the
rear polarizer. Furthernore, design considerations generally preclude
arbitrary rotation of the pass axis 108 of the rear polarizer of the

di spl ay device 100. For exanple, thend¥t—comon twi sted nematic 5 display
configuration for direct view ng has diagonal front and rear pass axes.

The pass axis is also sonetines referred to as the polarization axis or
transm ssion axis of a polarizer. The |ight sources and other structured

el enents ofyi h@sdéfsfaaaye@.%iﬁﬁQol%%é-lﬁ‘éﬂl;ﬂﬂéé& ?&‘B%%b%l?ﬁal@ﬁ%%vbiﬁﬁﬂw% " ovi ce

above noted prior patents. 10 The desired view ng envel op
I's driven t he. | i lon,.. Th ransi ttance enyel.ope 110, represents
t he asymré%lsf \%%'(Shqa naﬁc@%%?fe?he"f?r?r%m t'@tuﬁt&{'@gnﬁe’ré%?'g I%qpémeri‘ggfnﬁ or the
pol ari zati on sebfcted by rear polarizer pass axis 108. For exanpl e,
envel ope 19enes8lly Breclyds arhisanmrotafionset theapass aXiard8 eidhederr peasizesent i ng
the angles for which el ement 104 has equal transmttance. This design
exhi bi ts refdbeedisplegrdaica 400e Bor sxample, dhglnesstodomimenvivested nematid ope 120
(possibly even |ower efficiency at those angles than would result w thout-
the redr eligprgicoafigatdtibnduedirectt\iewirgstas Biagonal front and rear pass axes.
The pass axis is also sometimes referred to as the polarization axis or
transmission axis of a polarizer. The light sources and other structured
elements of the display device 100 may advantageously be described in
above noted prior patents.
10
The desired viewing envelope 120 for a device is driven by the
application. The transmittance envelope 110 represents the asymmetry with
angle of the transmittance of rear element 104 for the polarization selected by
rear polarizer pass axis 108. For example, envelope 110 could relate to an
15 iso-transmittance contour, representing the angles for which element 104 has
equal transmittance. This design exhibits reduced transmittance at steep
angles of the viewing envelope 120 (possibly even lower efficiency at those
angles than would result without the rear element at all) due to the mismaich
between envelopes 110 and 120. In the device 100 shown, the major axis
20 112 of transmittance envelope 110 of rear element 104 is disposed
approximately 45 degrees off of the wider axis 122 of the desired viewing

envélope 120 due to the orientation of the pass axis 106 of rear element 104.

As can be seen in FIG. 1, there is a substantial mismatch between actual



bet ween envel opes 110 and 120. In the device 100 shown, the major axis 20
112 of transmttance envel ope 110 of rear elenent 104 is di sposed

appr oxi mweby7992s degrees of f of the wider axis 122 of thePdr@so1eto% ewi ng
envel ope 120 due to the orientation of the pass axis 106 of rear el enent
104. As can be seen in FIG 1, there is a substantial m smatch between
actual WD 01/79925 PCT/US01/ 12079 - 12 envel ope 110 and desired envel ope
120. This mismatch represents a sigm 12cant performance gap. As shown in
FIG 2, a display device 200 illustrative of one 5 enbodinent of the
present invention overconmes the difficulties described. above by the

I ntroduction of a polarization rotation el enment 230 between the rear

el enent  20dnalighd NE10 edid RJsAEHZBAVAIOREE FAPWITHAN rhilfhaias keptddepts #f the
pi xel | ated di spl ay panel 202. Light rays froma w de-angle illumnation

source (noéiﬂﬁim&ﬁt)p%?@rrﬁ%ed@éﬁ. upon rear element 204. Rear el enent 204 10

acts upon ese l'i'g rays, transmtting at least a portion of said rays in
the general direction of rotation elenment 230. Rotation el ement 230
rotates the |light polarization froman incom ng orientation 232, matching
rear element pass axis 206, through angle 234 to outgoing orientation 236,
matching rear P9l ehower ipabiGaxd,s a2alisplay, devieed2ne illistrativen ebpete of ny
invention, the 15 orientation 206 of the rear elenent 204 is not fixed to
t he orifentanbodin?&d of thé hpresentr invehtion z@rercéaes uitie, difffcalifsas gesaiitse @06 of
rear element 204 can be

above by the introduction of a polarization rotation element 230 between the

rear element 204 and the rear polarizer (not shown) on the back surface of

the pixellated display panel 202. Light rays from a wide-angle illumination

source (not shown) are incident upon rear element 204. Rear element 204

10  acts upon these light rays, transmitting at least a portion of said rays in the

general direction of rotation element 230. Rotation element 230 rotates the

light polarization from an incoming orientation 232, matching rear element

pass axis 206, through angle 234 to outgoing orientation 236, matching rear

polarizer pass axis 208. In accordance with an aspect of my invention, the

15  orientation 206 of the rear element 204 is not fixed to the orientation 208 of

the rear polarizer. As such, the pass axis 206 of rear element 204 can be

oriented to a position optimizing the luminance envelope 210 having major

axis 212 of the rear element 204 to more closely conform to the desired

envelope 220, having major axis 222. Thus, this embodiment yields optimal

20 performance at wide viewing angles.

The polarization rotation element 230 can take any of many forms,

including an approximately half-wave or A/2 plate. The choice of which



oriented to a position optim zing the | um nance envel ope 210 havi ng naj or
axis 212 of the rear elenent 204 to nore closely conformto the desired
envel ope w@01/7992%1 ng maj or axi s 222. Thus, this enbodi nenpCyUsdidR0TPt | mal
20 performance at wi de view ng angles. The polarization rotation el ement

230 can take any of many forns, including an approxi mately hal f-wave or
X/'2 plate. The choice of which WO 01/79925 PCT/US01/ 12079 - 13 particul ar
el enent to use will depend upon the‘pai‘@rr:ul ar requirenents of the

application. Factors to be considered m ght include, for exanple,
di spersion, tolerance of chromaticity shifts, and efficiency. Sone
non-limting exanples of suitable elenents rotation el enment 230 include

the fol | ovparficular efétiEsMd %@Wllfééﬁéhiﬁhpé#‘%ﬁe f%ﬁnﬁ’ctﬂéasﬂédu%n%rﬁé dfde 9

nx > ny = nz), approximtely half- wave ve A-plate (e.g., nx < ny =

3 TSR S RN A5y i n

structure,, such as_.a t f ve | ate or S|mlar mul ti -l ayer
struct ure © F oranes ofi G &me{"a&ﬂ%h'ﬁ%m %’M@:#%' e SO BpMlniting examples over
the rotation angle within the retarder, such as a TN LCD cell w thout

of suitable elements rotation element 230 include the following:

* Conventional retarder such as a positive A-plate (e.g., nx > ny =
nz), approximately half-wave.
* Negative A-plate (e.g., nx < ny = nz), approximately half-wave.
* Biaxial retarder (nx != ny != nz), approximately half-wave in nx-ny
10 plane.
. Multi-layer retarder structure, such as an achromatic half;wave
plate or similar multi-layer structure.
* Twisted optic-axis retarder, where the optic axis twists over the
rotation angle within the retarder, such as a TN LCD cell without
15 polarizeré, or a similar birefringent polymer structure (such as could
be fabricated using polymerizable liquid crystal (LC) or polymeric
LC).
* Stacked, high transmittance birefringent layers such as polarizers
or retarders) where the optical axis rotates gradually from layer to

20 layer from front to back of the stack.

There are many materials known in the art which are suitable for use

as these retarders, including, without limitation, polycarbonate, acrylic,



15 polarizers, or a simlar birefringent polynmer structure (such as could
be fabricated using polynerizable liquid crystal (LC) or polyneric LC).

St acked, wd gh7e9eansmi ttance birefringent |ayers such as pPCEUS@ER879 or
retarders) where the optical axis rotates gradually fromlayer to 20 |ayer
fromfront to back of the stack. There are many materials known in the art
which are suitable for use as these retarders, including, wthout
limtation, polycarbonate, acrylic, YW18+-79925 PCT/US01/ 12079 - 14

pol ysul fone, polyester, polyvinyl alcohol (PVA), PET, nylon, acrylonitrile,
polymer liquid crystals, tri-acetyl cellulose (TAC) and ot hers and

conbi nations thereof. 5 In one formof the enbodinent of FIG 2, the

pol ari zat i gays@kcHd, OBolyeb hg%ﬁ,i ' | g5g atngﬂn 0 E
pol ari zer gf ydi spl ayﬁpﬁe@g?g I | ilﬁg?ﬁggpyé)’m%ﬂt h er{ﬁb%ﬁ%élgﬁ%gf FI G
2, the pol ary LON: hon.el enent, 230 4 I.rect | am nat ed t.0 the rear
ci erent " 2000 VAR AR ot Felass chBChrRa R FSopbatgns
pol ari zat itg]n rotation elenment 230 is captured 10 between the rear
pol ari zer W&#¥he rear el enent 204. In one specific enbodiment of the
present invention, the pixellated display panel 202 shown in FIG 2 is an
active matrix liquid crystal display panel having a rear polarizer angle
pass axis 208 of -45 degrees fromthe
5 In one form of the embodiment of FIG. 2, the polarization rotation
element 230 is directly laminated to the rear polarizer of display panel 202. In
another form of the embodiment of FIG. 2, the polarization rotation element
230 is directly laminated to the rear element 204. In yet another form of the
embodiment of FIG. 2, the polarization rotation element 230 is captured

10  between the rear polarizer and the rear element 204.

In one specific embodiment of thé present invention, the pixellated
display panel 202 shown in FIG. 2 is an active matrix liquid crystal display
panel having a rear polarizer angle pass axis 208 of —45 degrees from the

15 horizontal axis 210 of device 200. The rear element 204 is a backscattering,
back-reflecting, or diffusely reflecting pre-polarizer. Pre-polarizer 204 serves
to increase the efficiency of the display by returning the unused polarization to
the backlight cavity (not shown) as described in U.S. Pat. Nos. 5,751,388 and
5,999,239.

20

The embodiment shown in FIG. 2 provides extended illumination or
viewing envelopes, represented by envelopes 210 and 220 in FIG. 2. Other

possible designs useful for rotation of light polarization include configurations



15 horizontal axis 210 of device 200. The rear element 204 is a
backscattering, back-reflecting, or diffusely reflecting pre-polarizer.
Pre- pol awaet/ 7P, serves to increase the efficiency of pawruUSigpbmy by
returning the unused polarization to the backlight cavity (not shown) as
described in U S. Pat. Nos. 5,751,388 and 5,999,239. 20 The enbodi nent
shown in FIG 2 provides extended illum nation or view ng envel opes,
represented by envel opes 210 and 226— #5FG 2. Other possible designs
useful for rotation of light polarization include configurations WO

01/ 79925 PCT/ USO1/ 12079 - 15 in which polarization is rotated for
relatively collimated light. The npbst significant effect or benefit of the

enbodi mentin JHidH>potar@iionS 1 Rodesd g?i réﬁtilvél%e%ﬁiﬁfa%é ¥l"gr{é1?.f‘! gﬁtgdn'io%t concert

with applications requiring w de-an nati on. rays in
t hi s enbodj;nep | Cl one.or,.nore. 5-interfaces wi,thin the,
system ot ognprft dectiordralert BF Thed Bt RaringFIck £ ovBE st ipdnsys
direction. In _fallﬁc?g‘ordance ith i nvention, the display may be utilized in
a direct VPRRFMNGSI¥ PR IMnt Ai nith e ABBlCations; fredyising avide-angle have a
desired envel ope containing angles of nore than 20 degrees off of normal.
Mor e pr ef eillamiiygtionhellve §ghnigyanytids emtyodimentare incidernd uponeneesrsmbée of 30
degrees fromnornmal, but to obtain maxi mum benefit fromthis enbodi ment of
the pr&senintérfacsat iMthin tthe spstbmedt dignifioantcangleaPeelaByYe to the normal

(perpendicular) direction. In accordance with my invention, the display may

be utilized in a direct view mode without intervening lenses or diffusers and

may have a desired envelope containing angles of more than 20 degrees off

of normal. More preferably, the viewing angles may contain angles in excess

10 of 30 degrees from normal, but to obtain maximum benefit from this

embodiment of the present invention, the desired viewing envelope may

include angles in excess of 50 degrees from normal.

FIG. 3 depicts another embodiment of the present invention. As

15  shown in FIG. 3, display device 300 incorporates a polarization rotation
element 330 between the rear element 304 and the rear polarizer (not shown)

on the back surface of the pixellated display panel 302. Rotation element 330
rotaies the light polarization from incoming orientation 332 through angle 334

to outgoing orientation 336, matching rear polarizer pass axis 308. It is

20 readily seen that these elements are essentially equivalent to elements 200 -

236 of FIG. 2.



I nclude angles in excess of 50 degrees fromnormal. FIG 3 depicts another
enbodi nent of the present invention. As 15 shown in FIG 3, display device
300 i ncowopat®es a pol arization rotation elenment 330 bet ReBUStIR0TCAr

el enent 304 and the rear polarizer (not shown) on the back surface of the
pi xel | ated di splay panel 302. Rotation elenment 330 rotates the |ight

pol arization fromincom ng orientation 332 through angle 334. to outgoing
orientation 336, matching rear pol ar_l“z@r—pass axis 308. It is 20 readily
seen that these elenents are essentially equivalent to elenents 200 - 236
of FIG 2. WD 01/79925 PCT/ USO1/ 12079 - 16 In addition to elenents 302 -
336, the enbodi nent shown in FIG 3 incorporates an additional

pol ari zati on r dh additivre ke @ierheRb030R s B36; dhererhbédinier® Shosw frRFeGOoB t he
pi xel | ated di splay panel 302. Element 340 rotates the polarization of the

light transs8rbbfeddh é’cfldifi&l?alfﬁoﬁﬁza'ii%frﬁfa‘ﬁo‘ﬁfelbhf‘eﬁ'giz'ﬁ@: gl)éeg%&gbn tﬁgﬁoiznf rom

orientation 342 through angle 3 to orientatron e se
FIG 3 th ri t] 3 |.e | ong the [or axis of the desjred
Vi ewi ng eg{?&?()slb@a}jgoa.’fo{h?eﬁ&ﬁh%tﬁaiﬁsglggc%ar'}el\rgd%ﬁ tEﬁ%mﬁﬁg?&Brri‘? tes BBt i cal
devices, orientation of the polarization along axis 322 has the effect of
10 f urt hePolRzatIeR ok e fighturanamiied ytrbibe frentiswufasgjafithadisplappang! t he
desired view ng envel ope 320."' Envel ope 310 represents the actual
t ransndt t S2drorewvientasion 341 throughudingle 3ddetof drierdatiom822.nsi ¢ transmi ttance
envel ope (not shown)
It can be seen in FIG. 3 that orientation 322 lies along the major axis of
the desired viewing envelope 320. When used in concert with the appropriate
optical devices, orientation of the polarization along axis 322 has the effect of
10  further broadening the viewing envelope in the major axis 322 of the desired
viewing envelope 320. Envelope 310 represents the actual transmittance
envelope, not including the fixed, intrinsic transmittance envelope (not shown)
of display panel 302, that would result absent rotation element 340, while
envelope 348 represents the envelope of device 300 incdrporating rotation
15 element 340. Similarly, front rotation element 340 could be used

advantageously in such a system independently of the presence of elements

304 and 330.

FIG. 4 depicts another embodiment of the present invention. In this

20  embodiment, the polarization rotating element 430 is placed directly behind
the display panel 402. Polarization rotating element.430 is oriented such that

light incident from the rear which is polarized along the major axis 422 of the

desired viewing envelope 420 has its polarization rotated to match the rear



of display panel 302, that would result absent rotation el ement 340, while
envel ope 348 represents the envel ope of device 300 incorporating rotation
15 el erewo8t@o28i milarly, front rotation el ement 340 coubPdrvsouery

advant ageously in such a systemindependently of the presence of elenents
304 and 330. FIG 4 depicts another enbodi mrent of the present invention. In
this 20 enbodi nent, the polarization rotating elenent 430 is placed
directly behind the display panel 46217Pol arization rotating el enment 430
is oriented such that [light incident fromthe rear which is polarized
along the major axis 422 of the desired view ng envelope 420 has its

pol ari zation rotated to match the rear WO 01/ 79925 PCT/US01/ 12079 - 17

pol ari zer _méﬁz@XFaséoﬁxiquosﬂabT & REbIBetH iHehefits It %i@%gb%%} foar

pol arization rotating el ement 430 is preferably index matI a1 |
pol ari zer e di P I It i,s directly m nat ed or
ot herwi se %‘?@%ﬁg’ﬁ \fm&%a ﬂ%%tagﬁﬁnﬁméﬁ%ﬁé@%'&’d%éx ‘IIHI"IEE%&SI & Heaf ealr 5
surface reflection 0 be mnimzed thrqughout the desired view ng angle.
Si i | ar | y,PHRIER" B&%ﬁi slisnian Rastels rerRring it tds, ditastbh lagingted ephbly .
index nmatched to the front of display panel 402, rotates the polarizati.on
442 of |i giherwisg sattagheich yithiosblaay intaruening 2itt gapat dhis redlowsj the agas 422 of
the desired view ng envel ope 420. Wile the angles are shown in FIG 4 are
10 r epbesenurkceveeflettions ot ypimnimized twobglesutaiheotssiréd &idwingnange. shoul d
be

Similarly, front polarization rotation element 440, which is preferably index

matched to the front of display panel 402, rotates the polarization 442 of light

rays exiting display panel 402 to match the major axis 422 of the desired

viewing envelope 420. While the angles are shown in FIG. 4 are

10  representative of many typical LCD configurations, the invention should be
understood to be general in nature, as the exact angles vary for different LCD

modes and different applications.

FIG. 5 shows another embodiment of the present invention. While

15 similar to the embodiment of FIG. 2 (see discussion with respect to FIG. 2 for
elements that are common to FIG. 5 and, accordingly, those commonalities

will not be discussed again), this embodiment utilizes a rear element 504 that

does not have a pass axis. For example, the rear element rﬁight consist of

one or more layers of glass, diffuser material, Indium tin oxide (ITO) or other

20 materials which do not function as a pre-polarizer. Rather, the polarization
rotation is utilized to reduce the surface reflections from these elements in the
outer angles of the desired viewing envelope 520. As shown in FIG. 5, a

display device 500 incorporating the present invention introduces a



understood to be general in nature, as the exact angles vary for different
LCD nodes and different applications. FIG 5 shows another enbodi nent of
the presewooi/meenti on. Wiile 15 simlar to the enbodi nenPCDUSHIIZN792 (see
di scussion with respect to FIG 2 for elenments that are comon to FIG 5
and, accordingly, those commonalities wll not be discussed again), this
enbodi nent utilizes a rear elenent 504 that does not have a pass axis. For
exanpl e, the rear el enent m ght consts#86t. one or nore | ayers of gl ass,
diffuser material, Indiumtin oxide (I1TO or other 20 materials which do
not function as a pre-polarizer. Rather, the polarization rotation is
utilized to reduce the surface reflections fromthese elenents in the

out er angl gslafifzatidrersigton efbrvéevb6IW betwedrrtR 2l cldvmehh 808 dnd theGeab, a
di spl ay device 500 incorporating the present invention introduces a WO

01/ 19925 PETAISRLRYBur) ohAnBURK! ARELBT A1) Bl BBy Gfgineen L he

rear el enent ear polarizer (not shown sur face of
the pixellated.di splay panel 502. A portion,of. any.light, rays_jncident on
the back H%%PEBPQJ'@EW&'”@&?@'\W% theyack of @Ss‘i'%'g?:’tq%'c?/%@@l"‘é i zed by
surface reflections provided that the rays are 5 incident uRon any surfaces
at non- nor PPt laast partigliyiralaizeckby suace meflegtions pipdded aatdthedqys aret at i ng
any light polarization along an inconmng orientation 532, through angle
534 t o bout igoidegt arpcanary sarfadeitat mer-ohimal arepes. p Rotaticreelenpsd $38xdcts 508.
Wth this design, the natural reduction of reflectance for

upon these rays, rotating any light polarization along an incoming orientation

532, through angle 534 to outgoing orientation 536, matching rear polarizer

pass axis 508. With this design, the natural reduction of reflectance for

certain polarizations at certain angles of incidence is leveraged to optimize

10 transmittance over the desired envelope 520. As such, this embodiment

yields optimal performance at wide viewing angles.

The rear element 504 of FIG. 5 can take other forms as well. In one
embodiment, the rear element 504 is a directional control film, such as the

15  prismatic Brightness Enhancement Film (BEF) available froh the Minnesota
Mining and Manufacturing Company (3M™). With a suitable backlight
configuration, films such as these concentrate the light into a confined angular
range. The present invention can significantly increase the display output

near the edges of the angular range. The effect of surface reflections with

20 these films can be significant due to the large angles of incidence associated

with rays passing through the prismatic film.



certain polarizations at certain angles of incidence is |everaged to
optimze 10 transmttance over the desired envel ope 520. As such, this
enbodi mrewo oy7®bsls opti nmal performance at w de vi ewi ng anpC®ES01TRe79 ear

el ement 504 of FIG 5 can take other forns as well. In one enbodinent, the
rear element 504 is a directional control film such as the 15 prismatic
Bri ght ness Enhancenent Film (BEF) available fromthe M nnesota M ning and
Manuf act uri ng Conpany (3MIM. Wth asdPtrabl e backl i ght configuration,
films such as these concentrate the light into a confined angul ar range.
The present invention can significantly increase the display output near

t he edges of the angular range. The effect of surface reflections with 20

these filns canTheowjrout thegnbnbeglirhentshend poReizanieh ¢6tatibnidieieanRgs
associated wth rays passing through t he prismatic film WD 01/79925

PCT/ US01/ 18?&9 desﬁ%@rﬁé'g g%\gglﬁwpbz'gta‘?ﬂho‘?Pdm”toﬁe t&%nﬁ’é’ﬁcﬁ{ | Gt

rotation .elenent been as pI’OVI ding rotation from one
anoth orjentation

orientation line arlzalont
ol ar' 2at | BRETFRISE RS apBMal qfehah PR Roir iRy, Ehod skles! R3S o
singl e ideal sol ution exjists for doing this 5 for all wavel en hs and all
i nci dent aAf WY reqpgrize shawevandaat ee single I’ﬂ?a| [Soddion: exiatpeior idoing jhis
provi ding polarization rotation that is substantially from one |inear
pol ari Zat i tor alb wavetdngthd iamelaall jotidenzangles, @hisi is aecornmedatdek in diesi r ed
performance or view ng envel ope.

present invention by providing polarization rotation that is substantially from

one linear polarization to another linear polarization, optimized over the

desired performance or viewing envelope.

10 Depending upon the detailed characteristics of the rear element and
the components of the display panel, it is generally preferred to deviate
slightly from a simple polarizaﬁon rotation design to optimize performance
fully over the desired envelope. This can be done by iteratively adjusting the
polarization rotation element empirically or by simulation until an appropriate

15  merit funétion is optimized over the desired envelope. As a non-limiting
example, most polarizer films used as rear or front polarizers in LCDs
incorporate a transparent polymer substrate such as TAC on the outside of
the actual polarizing layer.  Generally, this transparent film exhibits
birefringence which can affect the angular performance. It is desirable to

20 adjust the design of the polarization rotation element to compensate for this

birefringence in a manner favorable to the desired viewing envelope.



10 Dependi ng upon the detailed characteristics of the rear elenment and the
conponents of the display panel, it is generally preferred to deviate
slightlywoeonr®si npl e polarization rotation design to oppPCTUS@®/peTf or mance
fully over the desired envelope. This can be done by iteratively adjusting
the polarization rotation elenment enpirically or by sinmulation until an
appropriate 15 nerit function is optim zed over the desired envel ope. As a
non-linmting exanple, nost polarizer 20tms used as rear or front

pol arizers in LCDs incorporate a transparent polyner substrate such as TAC
on the outside of the actual polarizing |layer. Cenerally, this transparent
filmexhibits birefringence which can affect the angul ar performance. It

i s desirable toggeciAchING taridp H66draANEE Wihﬁaﬁeih@wafégbb%f TRy Hveitionl ement

to conpensate for this” birefringence in a nmanner vorabl e’ to the desired

coor dancani pcFAR AL R R 5 Y HOGlR Byn? el nERBCHes BT RIS, ot on
el enent is e |l ayer half wayve retarder which, relatively uniform

i ngl i -
per f or rranc@?@ti’legg‘t"é'fq pgompice @fohtﬁ@ﬁgéﬁc@gr}%toif Hidenge variey aetrainge.

This can be provided, for exanple, by a conventional 5 polycarbonate or PVA
retarder, WidebyaageacrVhisnicani be psovdedr for examipleniby i & econwrdlopmbr
retarder, such as described in U S. Pat. No. 5,867,239, herein

i ncor pdr atpelyéarbonber enPYA estardergor byt @ derylditrilegetairded ar acrylonitrile
characteristics. Another enbodinent is illustrated by FIG 6., which shows
a copolymer retarder, such as described in U.S. Pat. No. 5,867,239, herein

incorporated by reference, or other retarder having similar characteristics.

Another embodiment is illustrated by FIG. 6., which shows a

10  polarization rotation element 630 including retarders 650 and 652. The
retarder 650 has optic axis 654 oriented at angle 656, and retarder 652 has

opfic axis 658 oriented at angle 660. The retardances and angles are
adjusted to provide optimal rotation for the display in which the rotator is
used. In this embodiment, each of the two retarders 650 and 652 is a positive

15  A-plate preferably having an in-plane retardance of about 200 nm. Angles
654 and 656 are preferably 14 degrees and 129 degrees respectively.
Rotation element 630 is effective for use as element 230 in the embodiment

of FIG. 2 and substantially rotates thé polarization by an angle 234 6f
approximately 45 degrees. The layers are preferably laminated together and

20 also laminated to the polarizer. It may also be used in the embodimenté
shown in other Figures herein as well. Those skilled in the art will recognize

that analogous rotator elements can be made by using properties of



10 pol arization rotation elenent 630 including retarders 650 and 652. The
retarder 650 has optic axis 654 oriented at angle 656, and retarder 652 has
optic axiwo6E6®923 i ented at angl e 660. The retardances andrangkesi2arie
adjusted to provide optinmal rotation for the display in which the rotator
Is wused. In this enbodi nrent, each of the two retarders 650 and 652 is a
positive 15 A-plate preferably havi ng an in-plane retardance of about 200
nm Angles 654 and 656 are preferabfy 214—degrees and 129 degrees
respectively. Rotation elenent 630 is effective for use as elenent 230 in
t he enbodinent of FIG 2 and, substantially rotates the pol arization by an
angl e 234 of approximtely 45 degrees. The | ayers are preferably | am nated

toget her agghmafbtdl 18otA8pRRIrEALBA ith Bihé?‘lin%&hé@é emc‘:lihaﬂ‘f’c)théiL Iltﬁﬂe% in the

enbodi rrents shown in other Figures herein as wel Those s t he
art will rotator el errents can be made by using
propertles @ﬁ%@%r}%%ggggbg%%FlZO?Q - 21 symmetry to rotate
pol arization in other directions and that other nultiple |ayer
configurations can be constructed. Measurenents using the configuration
just described show minimal 5 effects at normal incidence, as expected for
a pol ari zati on Meesugmenisdusingsthenrenfiguratiom jusiagdesdripad shewi tinimed at
wi der angl es such as 55 degrees and -55 degrees fromnornmal in the
hori zorl al effiéctecati narmdleicidemeee asoesdpedted fonsd polarizatiohetotaldl, aadra
el enents, including bare glass, ITO glass, BEF filns
significant increase in transmittance at wider angles such as 55 degrees and
-55 degrees from normal in the horizontal direction. Tests were conducted
using a variety of rear elements, including bare glass, ITO glass, BEF films,
pre-polarizers diffusers and the exterior surface alone, as in the embodiment
10 of FIG. 4. The degree of increase was reasonably consistent with
straightforward predictions or measurements of the polarization sensitive

transmittance of the air interfaces or rear element.

Yet another embodiment of the present invention is shown in FIG. 7,

15 which is a reflective mode display device. Front polarizer 764 polarizes light
rays, not shown, which are incident on the front of the display device 700.

The source of these rays, including wide angle rays, could be ambient light, or
could instead be light specifically generated and directed toward the front of

the display device. Addressable polarization control element 762 selectively

20 changes the polarization state of light rays transmitted by front polan;zer 764.
These light rays then pass through polarization rotation element 730. A
portion of the rays are reflected, or backscattered, by optical element 704 and

either exit through the elements in reverse order or are absorbed by front



pre-polarizers diffusers and the exterior surface alone, as in the

enbodi nent 10 of FIG 4. The degree of increase was reasonably consistent
with stmvadghtdes ward predictions or neasurenents of the pol/asiizanisoon
sensitive transmttance of the air interfaces or rear elenent. Yet another
enbodi nrent of the present invention is showmn in FIG 7, 15 which is a

refl ective node display device. Front polarizer 764 polarizes |ight rays,
not shown, which are incident on thefP@8mt of the display device 700. The
source of these rays, including wi de angle rays, could be anbient |ight, or
could instead be light specifically generated and directed toward the front
of the display device. Addressable polarization control elenment 762

sel ecti vel yoldRzeh7Bgesr pHariPMcH caafrblosleficht &7 V\o@jbéssrawé polaaflbht ed by

front polarizer 764. hese |ight rays then pass through poI arization
t at t
backscat t crohsiént 29?%%@%?9%%4@#5@@%%rcfeﬁxf%efﬁtﬁ B8l ) ement s
d be b f PCT/ US01/ 12079 - 22
pol ar | zer - pRangrd sipalay LEPomAc: PG 7 ADiEaL SIreored  zat i on

control elenment 762 can conpri se, for exanple a deV|ce ut|I|Z|ng any of
the pol ar¢odd @ospirieg Lary nelesenir avhictus sybstastiallybediffusplyi celleats ewent 704
could conprise any el ement which substantially diffusely reflects or 5
backscd t ebackscgtiersolightt dfia fitst llineaapoladkatiore ahilersublstdrtialiy kbsensinglor y
absorbing or transmtting light of a second polarization orthogonal to the
first. Somgansmitting light of a second polarization orthogonal to the first. Some

examples would be a reflective or backscattering polarizer such as a

polarization sensitive scattering element (PSSE) as described in U.S. Pat.

Nos. 5,751,388 and 5,999,239, or an assembly of an absorbing polarizer and

10 a reflector behind it.

Optical element 704 is preferably a backscattering PSSE. The
scattering profile of such an element is a function of the morphology, such as
shape, size, orientation or aspect ratios, of the microstructure of the element.

15 For example, a PSSE including long oriented rods, droplets or fibers will fend
to have a different directionality of scatter than a PSSE including flat domains.
The present invention provides an additional degree of freedom in that the
PSSE axis can be oriented largely independently of the design of elements
762 and 764. This allows optimization of the viewing enveiope for the

20 reflective mode as well.

In addition to the reflective mode as described, the device can also be

suitable for backlighting, depending upon the nature of the rear element 704.



exanpl es woul d be a reflective or backscattering polarizer such as a

pol ari zation sensitive scattering elenent (PSSE) as described in U S. Pat.
Nos. 5, 7MOQ88®9and 5, 999, 239, or an assenbly of an absorbrPayupalaniszer and
10 a reflector behind it. Optical elenent 704 is preferably a
backscattering PSSE. The scattering profile of such an elenment is a
function of the norphol ogy, such as shape, size, orientation or aspect
rati os, of the mcrostructure of t heeR8ment. 15 For exanpl e, a PSSE
including | ong oriented rods, droplets or fibers will tend to have a
different directionality of scatter than a PSSE including flat domains.
The present invention provides an additional degree of freedomin that the

PSSE axi s eRife bggdini ané egsd asfomley tpbrui@aﬁmeméﬁbrpfelérhenﬂwog BllGWs eid?nent >
762 and 764. This allows optim zation of the view ng envel ope for the

reflective, t d |bed

t he device ggn a W@l Ith Vﬂ?\’ﬁﬂgeéé %gcﬁl | gh?‘ghﬁa@ Q%‘g%%glﬁ ﬂﬁﬁ}
PﬁL”LEe‘)Lft?ﬁ%ﬁoﬁﬁ&aﬁ Bew?r?efntg}“%é%l Iifeiis Fscanpe 8%%#:»0@5122%&??2%”’
of the view ng geonetry of the display_ device. Yet a further wvariation of
t he enbodi F@fﬁ? o element 73Q and @ diffusingdSBRbi0daini ey apalogouamannaras a

rotation elenment 730 and a diffusing PSSE 704 in an anal ogous nanner as a
5 front5 or froabor agjprejection screearfof polappédtiglzied |1 ght .

One set of measured data is shown in FIG. 8. The experimental setup
for this measurement was based upon the embodiment of FIG. 2. A normally
white “twisted nematic cell was used as the display panel, and the rear

10  element was a commercially-available 3M™ Diffuse Reflective Polarizer. The
polarization rotation element and polarizer angles were configured as
described in the embodiment of FIG. 6. The assembly was diffusely backlit
and luminance was measured both without and with the present invention. In
the nominal configuration (see FIG. 1), the rear element polarization axis was

15 aligned with’ the rear polarizer polarization axis. In the improved
configuration, the polarization axis of the rear element was rotated to
horizontal, and the polarization rotation element was laminated to the rear
polarizer. The increase in luminance as a function of horizontal viewing
angle, at zero degrees vertical viewing angle, is shown in FIG. 8 as

20 percentage improvement (Limproved/lnomina-1)*100. A significant relative
increase of as much as 23% is seen as the horizontal angle deviates from

perpendicular.



One set of neasured data is showmn in FIG 8. The experinental setup for
this neasurenent was based upon the enbodinment of FIG 2. Anormally white
tw sted meomat/i2gel | was used as the display panel, and theT/vsari20® el enent
was a commerci al ly-avail able 3MIM Di ffuse Refl ective Polarizer. The

pol ari zation rotation el enent and pol ari zer angles were configured as
described in the enbodi nent of FIG 6. The assenbly was diffusely backlit
and | uni nance was neasured both withouB4amd with the present invention. In
the nom nal configuration (see FIG 1), the rear elenent polarization axis
was 15 aligned with the rear polarizer polarization axis. In the inproved
configuration, the polarization axis of the rear elenent was rotated to

hori zontal , andat figthee| @hbéaimem 60fR bRsscrh SAPStMSs IsABWAAIEFIGO o he rear
pol ari zer. The ' increase in lumnance as a function of horizontal view ng

angl e, at vertd gal Wi . W : ' I..ﬁ% [ K 20
per cent ageﬁlggf%Flggng;gﬁ?nl% i#pﬁ%vgé%ﬁ%%%&ng{;@i@gl%% ?g}anﬁnﬁélgﬁgq@lﬁat Ive
i ncrease of h,as 23%is seen as. the horizontal angle deviates from
er pend curadTiongh ighf FediastpgAemeafiisnigd aTBIcHRlkanelEr BIbAFIRNS of t he
present invention is shown in FIG 9. Here the ‘?rope_rties of the
pol ari zat i @sideoview elga dlagkiitrdisplay copfiguiadian R0 The avide angle illughnator
redirecting elenents to yield additional benefits. FIG 9 shows a side
vi ew of5 a 98@ blrovides Kgihtaays @821 whichtthem pa8s thrbughweede elengdret 904, URBpat or
984 exit rear element 904 in a general direction 986 and are incident upon
light redirecting element 988. Rays 984 are redirected by light redirecting
element 988 to a new direction 990, after which they pass through
polarization rotating element 930 and polarized display panel 902. The
10  operation of polarization rotating element 930, rear element 904 and display
panel 902 is as described previously. Combination of these elements with
light redirecting element 988 allows simultaneous optimization of wide angle
performance and viewing envelope matching. Light redirecting element 988
can take any of several forms, including those known to those skilled in the
15 art, such as a Fresnel lens, Fresnel prism, diffractive element, holographic

element, polarization preserving diffuser and others. For each input direction

986 there is one or more corresponding output directions 990.

Numerous variations of the present invention are possible as will
20 become apparent to those skilled in the art. In addition to varied orientations
of the envelopes and component axes, and the varied options for the form of

the polarization rotator, the present invention can be used advantageously in -

combination with other rear elements, either instead of or in conjunction with

1



5 980 provides light rays 982 which then pass through rear el enment 904.
Rays 984 exit rear elenent 904 in a general direction 986 and are incident
upon |i ghoor/edes ecting el enent 988. Rays 984 are redirecredubyr/120pht
redirecting elenent 988 to a new direction 990, after which they pass
through polarization rotating el enment 930 and pol ari zed di spl ay panel 902.
The 10 operation of polarization rotating el enment 930, rear elenent 904 and
di splay panel 902 is as described pre@dously. Conbination of these
elements with light redirecting el ement 988 allows sinmultaneous

optim zation of wde angle performance and view ng envel ope nat chi ng.

Light redirecting elenent 988 can take any of several forns, including

those knowq ga-ddisRrs K ExhRtbléd o‘f%chf’oﬁﬁéefl SIBRTEMS iRcilifg Hetef gib%s Fresnel

prism diffractive elenment, hol ographic elenment, polarization presérving

di ffuser a er : b j lhect | 986, t here i ne _or_nore
cor  espondiiyeed sipcliiaui flns Baer iR o Bacu 4t tubre ertfaih s ulon;

i nvention are, possiple as will 20 becone apparent to those skilled in the
art. In ad‘d?‘(vf%af‘algvbmitéﬁo‘&?’i el Py slesiger of g amaltitast of dha deiafirmhent
axes, and the varied options for the formof the polarization rotator, the
present i nvaibteé of ten elemerike @ndditanpelgtzatidnsséensitive ritsnsaittancavi t hFot her

rear elements, either instead of or in conjunction with WO 01/79925

PCT/ USGL/ 1a¥hffiple; ugd of theepreskal inventiofocauitl esdue #iecheodtibeakpaisivent s
include heater glass, diffusers, directionality films or EM filters. Each
of these cami-RARtibh Scéihgs on such elements. The polarization sensitivity of

transmittance in prismatic directionality films can be leveraged.

The embodiments and examples set forth herein are presented to best

10  explain the present invention and its practical application and to thereby
enable those skilled in the art to make and utilize the invention.  Those skilled

in the art, howéver,-will recognize that the foregoing description and examples

have been présented for the purpose of illustration and example onlly. Other
variations and modifications of the present invention will be apparent to those

15 of skill in the art, and it is the intent of the appended claims that such
variations and modifications be cbvered. The description as set forth is not
intended to be exhaustive or to limit the scope of the invention. Many
modifications and variations are possible in light of the above teaching without
departing from the scope of the following claims. It is contemplated that the

20 use of the present invention can involve components having different
characteristics. It is intended that the scope of the present invention be
defined by the claims appended hereto, giving full cognizance to equivalents

in all respects.



viewing angle limtations, either by design or as an artifact of the
detailed nature of the elenent and its polarization-sensitive
transm t ve@oue799Br 5 exanpl e, use of the present inventiobPCTO8bId20®duce t he
need for expensive anti-reflection coatings on such elenents. The

pol ari zation sensitivity of transmttance in prismatic directionality
films can be | everaged. The enbodi nents _and exanples set forth herein are
presented to best 10 explain the prES%ﬁr'invention and its practi cal
application and to thereby enable those skilled in the art to nake and
utilize the invention. Those skill edCLAIMS8he art, however, will recognize
that the foregoing description and exanples have been presented for the

purpose of illupgpphi on and exanple only. Qther variations and
nodi fications of the present invention will be apparent to those 15 of
skill in the art, and it is the intent of the appended cl ains that such

vari ations and nodifi cati ons be covered. The description as set forth is
not intended tgo be ustl t mt .the scope of the invention.

Many rodi fi cat i?ons ?/%Q%S'ﬁe{ﬂ%ré’ep%‘é?%?@ qx,papp@qtar@fe phe above
teaching w thout departing fromthe scope of the following clains. It is
cont end at Bumimation flee opbmigiag @f viewingmngle in aidesivad iptane momprissigze
conponents having different characteristics. It is intended that the scope

of the present invenhipotarixed displapgadnky dnde cl ai s appended hereto, giving
full cognizance to equivalents in all respects. WO 01/79925 PCT/ US01/ 12079

- 26- a polarization rotating element proximate to a surface of the
polarized display panel, wherein said polarization rotating element rotates

light polarization between a first polarization orientation and a second

10  polarization orientation.

2. The polarized display device of claim 1 wherein said first
polarization orientation comprises an incoming orientation and said second

polarization orientation comprises an outgoing orientation.

15
3. The polarized display device of claim 2 wherein said incoming
orientation comprises a rear element pass axis and said outgoing orientation
comprises a rear polarizer pass axis.
20 4. The polarized display device of claim 1 wherein said polarization

rotating element is index matched to the polarized display panel.



CLAIMS | claim 1. A polarized display device having an expanded angl e of
5illumnation for optimzing a viewing angle in a desired plane

conpri si MmO 0/299pdl ari zed di splay panel; and a pol ari zat i opCT/@S@120Ty el enment
proximate to a surface of the polarized display panel, wherein said

pol ari zation rotating elenent rotates |ight polarization between a first
pol ari zation orientation and a second 10 pol ari zation orientation. 2. The
pol ari zed display device of claim1 whéfern said first polarization
orientation conprises an incomng orientation and said second polarization

orientation conpri seFhampoizpa digplayidenicatdf@imlb wherdihehedirstr i zed di spl ay
device of claim2 wherein said incomng orientation conprises a rear

el enent pa ! i h B i i i ear polari zer
p gg%ﬁggﬁ%ﬁgdag od Wit 4%haBy 3 At atddshied ORI &Reldhd.

pass axis. arized di spl ay vice of ¢ wherein said
pol arization rotating elenment is index matched to the pol arized displ ay
panel . WD 01/79925 PCT/ US01/ 12079 -27 5. The pol arized display device of

claim1l wherein_the II_ rst polarization is aligned with a major, axis of a
desi red vi ewi ngfenvel bgep_olanzed display device of claim 1 wherein said polarization

5 rotating element is located in front of the polarized display panel.

7. The polarized display device of claim 1 wherein said polarization

rotating element is located to-a rear of the polarized display panel.

10 8. The polarized display device of claim 1 further comprising an
optical element adjacent to a first side of said polarization rotating element
and the polarized display panel adjacent to a second side of said polarization

rotating element.

15 9. The polarized display device of claim 8 wherein the optical
element has polarization-sensitive asymmetric transmittance characteristics

related to Brewster angle effects.

10.  The polarized display device of claim 8 wherein the optical

20 element has a polarization axis.

11.  The polarized display device of claim 10 wherein the optical

element comprises a polarization sensitive scattering element.



6. The pol ari zed di splay device of claim1 wherein said polarization 5
rotating elenent is located in front of the polarized display panel. 7. The
pol ari zewwadbspoay device of claim 1l wherein said pol ari zapCOUSOWI2OE | NQ
element is located to -a rear of the polarized display panel. 10 8. The

pol ari zed di splay device of claim11 further conprising an optical elenent
adj acent to a first side of said pol ar'ééati on rotating elenent and the

pol ari zed di spl ay panel adjacent to @ second side of said polarization
rotating element. 15 9. The pol ari zed di splay device of claim8 wherein the
opti cal el emeni2.hasThepatdrizadi displagdsvicewd cleypnheihersinttha poldrizaéione
characteristics related to Brewster angle effects. 10. The pol ari zed

di spl ay deptgngélefictit ofpriesel mehibferin & grotlp COrNidiNg oS rddarder,
pol ari zation axis. 11. The pol arized di splay device of claim 10 wherein the

01/ 79625 FETPIRGNT TIOR8 R ket AR o Bt oBr e o

wherein the polarization rotating elenment conprises a nenber fromthe
group consisting of a retarder, a halfwave retarder, a nultilayer retarder
and a twisted optical axis elenent. 5 13. The polarized display device of
cl ai m P wher ei n13he Thewrplpiizeddlisplay deviga dislpim Wwhereinghe ateyenaf 25E to
60E from normal .

angle has an angle within a range of 25E to 60E from normal.

14.  The polarized display device of claim 1 further comprising front
and rear polarizing filters and wherein the polarized display panel comprises a
10  polarization modular situated between front and rear polarizing filters, and
wherein said polarization rotating element is situated external to a region

between said front and rear polarizing filters.

15.  The polarized display device of claim 1 wherein the polarized

15  display panel is an active matrix liquid crystal display.

16.  The polarized display device of claim 8 wherein the optical

element is an optical film.



14. The pol arized display device of claim11 further conprising front and
rear polarizing filters and wherein the pol arized di spl ay panel conprises a
10 pol ar iwabi/m92srodul ar situated between front and rear ppCEUS@IMGYilters,
and wherein said polarization rotating element is situated external to a
region between said front and rear polarizing filters. 15. The pol ari zed
di splay device of claim1 wherein the polarized 15 display panel is an
active matrix liquid crystal display.—1%#9—Fhe pol ari zed di spl ay device of
claim8 wherein the optical elenment is an optical film W 01/79925

PCT/ US01/ 12079 129 1An appasppefatinhrodngithd visndlity Rhardtuedtidsidha
characteristics of a polarized display panel conprising: a polarization

sensitive fifdd &QS%W B ll’@ghﬁ)a first polarization axis; and 5 a

pol ari zation rotatin enent attachied to one surface of the pol arizatijon
sensitive scattering e nt,. 18. The invention of claim1l7 _wherein sai

pol ari zation rotati gga bgﬁgﬁéﬂ?n gg”?}'ﬂ%@(l‘c’ T?%rlq%epﬁéerﬁ&aé{mgz%&r i spl ay panel,
and a polarization axis of 10 said polarization sensitive scattering

el ement i s RYERON BiSANhat a major axis of a transnittance envel ope
associated wth said polarization sensitive scattering elenent is oriented
al ong abdesired vi ewianpolanigation rotating element attached to one surface of the

polarization sensitive scattering element.

18.  The invention of claim 17 wherein said polarization rotating
element is proxirhate to the polarized display panel, and a polarization axis of
10  said polarization sensitive scattering element is oriented such that a major
axis of a transmittance énvelope associated with said polarization sensitive

scattering element is oriented along a desired viewing angle.

19. A method 6f projecting light using a polarized display, the
15  method comprising the steps of:
transmitting light from a rear optical element in an asymmetric
angular pattern for a first polarization and having a transmitiance envelope
with a major axis for the first polarization;
receiving light by a polarization rotating element from said rear
20 optical element in the first polarization;
rotating light to a second polarization by the polarization rotating
element; and
receiving light from the polarization rotating element in the

second polarization by a polarized display panel having a rear polarizer.



19. A nethod of projecting |light using a polarized display, the 15 nethod
conprising the steps of: transmtting light froma rear optical elenent in
an asymmwobu799ahgul ar pattern for a first polarization aPdT/aw/1g79%
transm ttance envelope wth a major axis for the first polarization;
receiving light by a polarization rotating elenment fromsaid rear 20
optical elenent in the first poIarizat#Qn; rotating light to a second

pol ari zation by the polarization rotatitnhg elenent; and receiving |ight
fromthe polarization rotating elenent in the 'second polarization by a
pol ari zed di spl ay panel having a rear polarizer. W 01/79925 PCT/ US01/ 12079
-30 20. The nethod of claim 19 further conprising the step of selecting a
range of angl es20.0 b®hephéthbdef cldim2(O fufiher oBinpeiding thelstéprobéeletimgn 20
wherein the step of selecting a range of angles conprises selecting a

materi al fQrahheoPh@btiebhbYbtinntadi Nng el enent that corresponds with the
sel ected angl eé@zz. @he nmet g{e)d of claim21 wherein the step of selecting a

material 10 conprises selecting a nmaterial with predetermnm ned retardances
and angles. 23. A polarized display device conprising: a rear optical

el ement_ transm fting._]ight i ttern andhaving a
5 é} . gThe ethoc? o?c%?m of claim 20 wheregln the step of selecting a

range of angles comprises selecting a material for the polarization rotating

element that corresponds with the selected angle.

22.  The method of claim 21 wherein the step of selecting a material

10  comprises selecting a material with predetermined retardances and angles.

23. A polarized display device comprising:
a rear optical element transmitting light in a pattern andhaving a
first polarization;

15 a polarized display pane having a rear polarizer oriented to
receive light from the rear optical element in the first polarization and transmit
light in a second polarization; and

a polarization rotating element receiving light form the polarized
display pane in the second polarization, rotating the light to a third

20  polarization, and trasmitting the light.



first polarization; 15 a polarized display pane having a rear polarizer
oriented to receive light fromthe rear optical elenent in the first

pol ari zatwonr/zgs transmt |ight in a second pol ari zat i onPCEUE01A12079

pol ari zation rotating elenent receiving |light formthe polarized display
pane in the second polarization, rotating the light to a third 20

pol arization, and trasmtting the |igh WO 01/ 79925 PCT/ USO01/12079 -31
24. The pol arized display device of cI ?ﬁTZS wherein the pattern of [|ight
transmtted by the rear optical elenment has a major axis and a mnor axis,
the major axis being aligned wth the pass axis of the polarized display 5
panel and being significantly broader than the m nor axis.

24.  The polarized display device of claim 23 wherein the pattern of
light transmitted by the rear optical element has a major axis and a minor
axis, the major axis being aligned with the pass axis of the polarized display

5 panel and being significantly broader than the minor axis.



