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or more modulated light beams into a combined light
beam carrying the color image.
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MULTI-PRIMARY COLOR DISPLAY

Field Of The Invention

The invention relates generally to color display devices and methods of displaying

color images and, more particularly, to multi-primary color displays using transmissive

Spatial Light Modulators (SLMs).

Background
Various types of color display technologies are known in the art. For example,

there are CRT display systems, LCD systems, and projection display systems. In front
projection displays, the projected jimages are viewed from a reflective viewing screen. In
rear projection displays, the projected images are viewed through a transmissive viewing
screen. -
To produce color images, existing display devices use three primary colors,
“typically, red green and blue, collectively referred to as RGB. In simultaneous projection
display systems, the three primary color componeﬁts of the image are modulated and
displayed simultaneously using one or more SLMs.
Fig. 1 schematically illustrates an optical configuration of a RGB display device
100 implementing three transmissive Liquid Crystal Display (LCD) panels to produce a
color image. The device includésj an illumination unit 101 and a dichroic mirror 102 to.
reflect the part of the light produced by unit 101 having a blue spectrum, and to transmit
the other parts of the light. The feﬂected blue light is further reflected by a mirror 104
and passes through a transmissive LCD panel 107 according to a pattern corresponding to
-a blue component of the image.‘: A dichroic mirror 103 reflects the part of the light
transmitted by mirror 102 having a green spectrum and transmits the other parts of the

" light. The reflected green light pésses through a LCD panel 108 according to a pattern

corresponding to a green component of the image. The part of the light transmitted by
mirror 103, is further reflected by mirrors 105 and 106 and passes through a LCD panel
109 according to a pattern correéponding to a red component of the image. An X-cube

110 combines the light tra;nsmitteﬁ by panels 107, 108 and 109 to form a combined light
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beam. The combined light beam is projected on a screen by a projection lens 111. The
device may include narrow band filters in order to increase saturation of the colors.

However, the use of the narrow band color filters will provide a decreased brightness of

the display.
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Summary Of Some Embodiments of The Invention

Embodiments of the present invention provide a multi-primary color display
device, e.g., a color projection display device, for producing a color image using four or
more primary colors. f

According to some exemplary embodiments of the present invention the display
device may include four or more transmissive spatial light modulators to modulate four or
more, respective, light beams in accordance with four or more, respective, primary color
image components of the color image to produce four or more, respective, modulated
light beams. !

According to some exemplary embodiments of the invention, the display device
may also include a beam combinihg arrangement to combine the four or more modulated
light beams into a combined light /beam carrying the color image.

According to some exemplary embodiment, at least one of the transmissive spatial
light modulators may include a transmissive liquid crystal display panel.

According to some exemplary embodiments, the four or more light beams may
include four or more, respective, primary color light beams having spectral ranges
corresponding to the four or more primary colors, respectively.

According to some exemplary embodiments, the device may include a
spectrum-splitting arrangement té split light of an illumination source into the four or
more primary color light beams. The spectrum-splitting arrangement may include, for
example, a plurality of dichroic mirrors to separate light of the illumination source into

said four or more primary color light beams. The device may additionally or alternatively

include one or more folding mirrors to direct one or more of the four or more primary

color light beams onto one or more of the spatial light modulators.

According to some exemplary embodiments, the combining arrangement may
include an X-cube to combine three of the four or more modulated light beams into a
three-color light beam, and a dichroic cube to combine a fourth modulated light beam of
the four or more modulated light beams with the three-color light beam. For example, the
X-cube may include two dichroic-coated surfaces, and/or the dichroic cube may include a

dichroic-coated surface.
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According to some exemplary embodiments, the combining arrangement may
include a prism block including five optical elements, each optical element having at least
one dichroic-coated surface.

According to some exemplary embodiments, the combining arrangement may
include a prism block having a first dichroic-coated surface to combine first and second
modulated light beams of the four or more modulated light beams into a first two-color
light beam, and a second dichroic-coated surface to combine third and fourth modulated
light beams of the four or more modulated light beams into a second two-color light
beam. According to some embodifments, the prism block may also include, for example, a
third dichroic-coated surface adapted to combine the first and second two-color light
beams. According to other embodiments, the prism block may include a dichroic-coating
X-configuration adapted to combipe the first and second two-color light beams.

According to some exemplary embodiments, the four or more primary colors may
include five or more primary colors, the four or more spatial light modulators may
include five or more spatial ;light modulators, respectively, and the combining
arrangement may include a prisrvn‘block having a first dichroic-coated surface to combine
the modulated light beams of first and second modulators of the five or more modulators
into a first two-color light bear(n, a second dichroic-coated surface to combine the
modulated light beams of third and fourth modulators of the five or more modulators into
a second two-color light beam; and a dichroic-coating X-configuration adapted to
combine the first and second twd-color light beams and the modulated light beam of a
fifth spatial light modulator of the five or more spatial light modulators.

According to some exemi)lary embodiments of the invention, the four or more
modulated light beams may trax}el substantially the same distance in the combining
arrangement.

According to some exemfplary embodiments of the invention, the device may
include a projection lens to proj ec::t the combined light beam onto a screen. According to
some embodiments of the inve:ntion, the device may include a controller able to
separately activate each of the foPr or more spatial light modulators to produce four or
more transmissive patterns corresponding to four or more primary components,

respectively, of a signal representing the color image. The device may also include a
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converter to convert a three-primary color input signal into the signal representing the
color image.

According to some exemplary embodiments of the invention, a method of
producing a color image using four or more primary colors may include modulating four
or more primary color light beams using four, respective, transmissive spatial light
modulators in accordance with four or more, respective, primary color image components
of the color image to produce four or more, respective, modulated light beams, and

combining the four or more modulated light beams into a combined light beam carrying

the color image.
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{

Brief Description Of The Drawings

The subject matter regarded as the invention is particularly pointed out and
distinctly claimed in the concluding portion of the specification. The invention, however,
both as to organization and method of operation, together with objects, features and
advantages thereof, may best be understood by reference to the following detailed
description when read with the accompanied drawings in which:

Fig. 1 is a schematic illustration of an optical configuration of a conventional
RGB display device;

Fig. 2 is a schematic illustration of the spectral output of a conventional
high-pressure mercury lamp; |

Fig. 3 is a schematic illustration of an optical configuration of a four primary
color display device including a cémbining arrangement in accordance with an exemplary
embodiment of the invention; |

Figs. 4, 5 and 6 are respective, schematic illustrations of three exemplary optical
configurations of combining arrangements, which may be implemented by the display
device of Fig. 3 in accordance with other embodiments of the invention;

Fig. 7 is a schematic illustration of graphs of four exemplary primary color
wavelength spectra, which may be implemented by display device of Fig. 3;

Fig. 8 is a schematic illustration of a chromaticity diagram representing a color
gamut resulting from the primary color spectra of Fig. 7;

Fig. 9 is a schematic illustration of an optical configuration of a five primary color
display device including a corhbining arrangement in accordance with exemplary
embodiments of the invention;

Fig. 10 is a schematic illustration of graphs of five exemplary primary color
wavelength spectra, which may be implemented by the display device of Fig. 9; and

Fig. 11 is a schematic illustration of a chromaticity diagram representing a color
gamut resulting from the primary color spectra of Fig. 10.

It will be appreciated that for simplicity and clarity of illustration, elements shown
in the drawings have not necessarily been drawn accurately or to scale. For example, the
dimensions of some of the elements may be exaggerated relative to other elements for

clarity or several physical components included in one functional block or element.
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Further, where considered appropriate, reference numerals may be repeated among the

drawings to indicate corresponding or analogous elements. Moreover, some of the blocks

depicted in the drawings may be combined into a single function.
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Detailed Description Of Embodinients Of The Invention

In the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the invention. However, it will be
understood by those of ordinary skill in the art that the present invention may be practiced
without these specific details. In other instances, well-known methods, procedures,
components and circuits may not'have been described in detail so as not to obscure the
present invention.

The following description ‘of exemplary embodiments of the invention relates to a
projection display system using a high-pressure mercury lamp, €.g., a UHP™ 100 Watt
lamp, available from Philips Lighting, a division of Royal Philips Electronics of
Eindhoven, Netherlands (“Philips UHP™), or any other suitable light source having a
similar spectral range. Fig. 2 scﬂematically illustrates the spectral output of the Philips
UHP lamp. It will be appreciated that other types of high-pressure mercury lamps may
have similar spectra and/or similar designs, and therefore the following examples may
apply to many other types of lamps, for example, the VIP lamp available from Osram of
Berlin, Germany.

The examples herein are described in the context of high-pressure mercury type
lamps because such lamps are commonly used in projection display devices. However,
other types of light sources, for example, Xenon (Xe) type light sources, as are known in
the art, may be used. | '

Embodiments of monitorsg and display devices with more than three primaries, in
accordance with exemplary embédiments of the invention, are described in U.S. Patent
Application No. 09/710,895, entitled “Device, System And Method For Electronic True
Color Display”, filed November 14, 2000, and in International Application
PCT/I.03/00610, filed July 24, 2003, entitled “High Brightness Wide Gamut Display”
and published January 29, 2004 as PCT Publication WO 2004/010407, the disclosures of
which are incorporated herein by reference.

Fig. 3 schematically illustrates an optical configuration of a display device 300 in
accordance with some exemplary embodirﬁents of the invention. The exemplary
configuration of Fig. 3 is particularly adapted for devices using four transmissive Spatial
Light Modulators (SLMs), e.g., transmissive Liquid Crystal Display (LCD) panels,
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wherein each panel may produce one primary-color image component, as described
below.

Device 300 may include an illumination unit 301, which may include any suitable
light source known in the art, e.g, a white light source as described above. Illumination
unit 301 may also include a polar:ization conversion element (not shown) as is known in
the art, to provide a desired linear polarized light beam.

Device 300 may also iﬁclude an arrangement, e.g., including three dichroic
mirrors 302, 303 and 304, and fdur folding mirrors 305, 306, 307 and 308, for splitting
the light of illumination unit 301 ‘into four primary-color light beams and directing, e.g.,
reflecting, the four primary color light beams to four transmissive SLMs, e.g., four
transmissive LCD panels 309, 3 IQ, 311, and 312, respectively, as described below.

It will be appreciated by those skilled in the art that that any other arrangement
may be used for producing anci/or spatially modulating the four primary-color light
beams. For example, any suitable‘SLM configuration may be used instead of LCD panels
309, 310, 311 and/or 312. Additiofnally or alternatively, any suitable splitting arrangement
may be implement to split the light of illumination unit 301 into two or more of the four
primary-color light beams and/or to respectively direct the primary color light beams onto
the SLMs.

Device 300 may additionally include a combining arrangement 320 to combine
modulated primary-color light beams transmitted by panels 309, 310, 311, and 312 into a
combined light beam, as described below. The combined light beam may be projected
onto a screen 367, e.g., using a prbj ection lens 315.

According to the exemplary embodiments illustrated in Fig. 3, each of dichroic
mirrors 302, 303, and 304 may be adapted to reflect a part of the light having a spectral
range corresponding to one of thei four primary colors, and to transmit the remaining part
of the light, as is known in the art. Thus, according to these embodiments, dichroic
mirrors 302, 303 and 304 may ;be arranged to provide each of the transmissive LCD
panels with a light beam having a spectral range corresponding to one of the four primary
colors, e.g., as described below. ’

According to exemplary émbodiments of the invention, dichroic mirror 302 may

be adapted to reflect a part of the polarized light beam having a spectral range

1
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corresponding to a first primary color, e.g. blue. A folding mirror 305 may be used to
reflect the light beam, e.g., the blue light beam, reflected by mirror 302 towards LCD
panel 309. Dichroic mirror 302 may transmit the remaining part of the light beam, whose
spectral range may not cover the t}rst primary color. Dichroic mirror 303 may be adapted
to reflect a part of the light ﬁmsmiﬁed by mirror 302, having a spectral range
corresponding to a second primarir color, e.g. green. A folding mirror 306 may be used to
reflect the light beam, e.g., the green light beam, reflected by mirror 303 towards LCD
panel 310. Dichroic mirror 303 may transmit the remaining part of the light beam, whose
spectral range may not cover the; first and second primary colors. Dichroic mirror 304
may be adapted to reflect a part of the light transmitted by mirror 303, having a spectral
range corresponding to a third primary color, e.g. yellow, towards LCD panel 311.
Dichroic mirror 304 may transmit the remaining part of the light beam, which may have a
spectral range substantially corre?ponding to a fourth primary color, e.g. red. A folding
mirror 307 and a folding mirror 308 may be arranged to reflect the light beam transmitted
by mirror 304 towards LCD panel 312.

Each of LCD panels 309, 310, 311 and 312 may include an array of pixels, as is
known in the art, which may be selectively activated to produce a transmissive pattern
corresponding to one of a plurality of primary color images. In the example described
herein, each transmissive LCD panel may be separately activated by a controller 369 to
produce a transmissive pattern cqrresponding to one of four independent primary color
images, in accordance with an inp;ut signal representing a four-primary-color image. Such
an input signal may be geneli‘ated using any of the methods described in the
above-referenced US Patent Application and/or the International Patent Application, e.g.,
using a converter 371 for coflvertmg a three-primary-color image signal into a
four-primary-color image signal.’ As described below, each transmissive pattern may
modulate a corresponding primarjy color light beam to produce a corresponding primary
color image component. ’

Each pixel of transmissive LCD panels 309, 310, 311 and 312, when activated to
an “on” state, may allow transniittance of the polarized light, as is known in the art.
Accordingly, each pixel of transmissive LCD panels 309, 310, 311 and 312, when at an

. | . . . . .
“off” state, may substantially block transmittance of the polarized light, as is known in

10
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1

the art. Thus, in accordance with these embodiments of the invention, panels 309, 310,
311 and 312 may be controlled, as described above, to produce four modulated primary
color light beams, respectively, carrying four, respective, primary color image
components. !

According to the exemplary embodiments illustrated in Fig. 3, combining

arrangement 320 may include two prism blocks, e.g., a dichroic combiner 314 and a

" dichroic combiner X-cube 313, as are known in the art. X-cube 313 may combine the

modulated light beams produced by panels 310, 311, and 312 into a three-color light
beam, e.g., by transmitting the modulated light beam produced by panel 311 and by
reflecting the modulated light beams produced by panels 310 and 312. Dichroic combiner
314 may reflect the modulated light beam produced by panel 309 and may transmit the
three-color light beam of X-cube 313.

Thus, arrangement 320 may direct a combination of the modulated light beams of
panels 309, 310, 311 and 312 towards projection lens 315. It is noted that all of the
modulated light beams may travel substantially the same distance in combining
arrangement 320.

~ Projection lens 315 may project the combined light beam, e.g., including all four
modulated color light beams, i.e., including all four primary color image components,
onto viewing screen 367.

According to this exemplary embodiment, combining arrangement 320 may

include six optical elements, e.g.; glass elements 330 and 331 of dichroic combiner 314

and glass elements 332, 333, 334  and 335 of combining X-cube 313, as is known in the

art.

Part of the discussion herein may relate, for exemplary purposes, to a combination
arrangement, e.g., combination afrangement 300, including one or more prism blocks for
combining four or more modulated colored light beams. However, embodiments of the
invention are not limited in thiSjregard, and may include, for example, a combination
arrangement including, alternatively or additionally, one or more optical elements, optical
units, optical blocks, optical squces, optical polarization elements, prism surfaces, prism
elements, glass elements, dichroic elements, dichroic surfaces, or the like, e.g., as

dgscribed below.

11
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It will be appreciated by tHose skilled in the art, that there are many other possible
configurations fdr implementing combining arrangement 320, for example, as described
herein. It will be appreciated by those skilled in the art, that the number and/or
arrangement of the dichroic min;)rs and/or the folding mirrors and/or the LCD panels
illustrated in Fig. 3 represent only one of many possible arrangements, and that any other
suitable arrangement may be u:sed, for example, the other combining arrangement
configurations described herein.

Figs. 4, 5 and 6 schematically illustrate three alternative optical configurations,
420, 520, and 620, respectiveiy, for implementing a combining arrangement in
accordance with other exemplary embodiments of the invention.

Referring to Fig. 4, conﬁguration 420 may include a prism block 421 to combine
modulated light beams of LCD ioanels 401, 402, 403 and 404. Prism block 421 may
include five optical elements, e. g, glass elements 405, 406, 407, 408 and 409. Each of the
optical elements may have at least one dichroic-coated surface. For example, element 405
may have a dichroic-coated surface 41 1, element 406 may have dichroic-coated surfaces
411, 412 and 414, and elements 407, 408 and 409 may have dichroic-coated surfaces 414
and 415, 413 and 415, and 412 aﬁd 413, respectively. Thus, the modulated light beams of
LCD panels 402 and 404 may be reflected by an “X-configuration” 430 formed by
surfaces 412, 413, 414 and 415.

According to exemplary embodiments of the invention, the dichroic coating of
each of the surfaces may correspfond to dichroic coatings of dichroic mitrors 302, 303,
and 304 (Fig. 3), which may be selected according to the desired primary colors, e.g., as
described above with reference to Fig. 3. The modulated light beams of LCD panel 403
may be transmitted by conﬁgurafion 430. Dichoroic coated surface 411 may reflect the
modulated light beam of LCD f)anel 401 and transmit the combined light beams of
X-configuration 430. !

Thus, prism block 421 may direct a combination of the modulated light beams of
panels 401, 402, 403 and 404 towards a projection lens 495. It is noted that all of the
modulated light beams may traveli substantially the same distance in prism block 421.

Referring to Fig. 5, conﬁg’ruration 520 may include a prism block 521 to combine

. modulated light beams of LCD ipanels 501, 502, 503 and 504. Prism block 521 may

12
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include four optical elements, e.g., glass elements 530, 531, 532 and 533 having
dichroic-coated surfaces 505, 505 and 507, 506 and 507, and 506, respectively.
According to this exemplary embodiment, the LCD panels and/or dichroic mirrors 302,
303, and 304 and/or any other elements of display 300 (Fig. 3) may be arranged
differently than the arrangementi illustrated in Figs. 3 and 4, in order to allow the
primary-color light beams, e.g., of dichroic mirrors 302, 303, and 304 (Fig. 3), to be
received by the LCD panels. According to this embodiment, dichroic-coated surface 506
may combine the modulated light beams of panels 503 and 504 into a first two-color light
beam, e.g., by transmitting the ﬁlodulated light beam of panel 503 and reflecting the
modulated light beam of paneli504. Dichroic-coated surface 505 may combine the
modulated light beams of panels 501 and 502 into a second two-color light beam, e.g., by
transmitting the modulated light beam of panel 501 and reflecting the modulated light
beam of panel 502. Dichroic-coiated surface 507 may combine the first and second
two-color light beams, e.g., by tré.nsmitting the first two-color light beam and reflecting
the second two-color light beam.

Thus, prism block 521 may direct a combination of the modulated light beams of
panels 501, 502, 503 and 504 towards projection a lens 515. It is noted that all of the
modulated light beams may travel substantially the same distance in prism block 521.

Referring to Fig. 6, configuration 620 may include a prism block 621 to combine
modulated light beams of LCD panels 601, 602, 603 and 604. According to this
exemplary embodiment, LCD panels 601, 602, 603 and 604, dichroic mirrors 302, 303,
and 304 (Fig. 3), and/or any other elements of display 300 (Fig. 3) may be arranged
differently than the arrangement illustrated in Figs. 3 and 4, e.g., in order to allow the
primary color light beams, e.g., of the dichroic mirrors, to be received by the LCD panels.
Prism block 621 may include six optical elements, e.g., glass elements 630, 631, 632,
633, 634 and 635, each having at least one dichroic-coated surface. Accordingly, prism
block 621 may include two dicThroic—coated surfaces, 605 and 606, and an X-cube
dichroic coating configuration 607 including dichroic-coated surfaces of elements 630,
631, 632 and 634. Dichroic-coated surface 605 may combine the modulated light beam of
panels 601 and 602 into a first tvx?o-color light beam, e.g., by transmitting the modulated
light beam of panel 601 and ;reﬂecting the modulated light beam of panel 602.

13
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Dichroic-coated surface 606 may combine the modulated light beams of panels 603 and
604 into a second two-color light beam, e.g., by transmitting the modulated light beam of
panel 604 and reflecting the modulated light beam of panel 603. Coating configuration
607 may combine the first and seicond two-color light beams, e.g., by reflecting the light
beams produced by surfaces 605 and 606.

Thus, prism block 621 may direct a combination of the modulated light beams of
panels 601, 602, 603 and 604 toiwards a projection lens 615. It is noted that all of the
modulated light beams may traveli substantially the same distance in the prism block 621.

Fig. 7 schematically iliustrates graphs of four exemplary primary color
wavelength spectra, which may be implemented by a color display including the
combining arrangement of Fig. 3, Fig. 4, Fig. 5 or Fig. 6.

Fig. 7 shows the wavelength spectra of a set of four primary colors, which may be
produced by dichroic coatings, fci>r example, coatings of dichroic mirrors 302, 303 and
304 of Fig. 3, and/or of the dichroic-coated surfaces of Figs. 3, 4, 5, and/or 6. .

According to embodiments of the invention, the specific color choices of the
primary color wavelength ranges shown in Fig 7 may result in a significantly wider color
gamut and/or image brightness, compared to prior art RGB color display devices, as
described below. ‘

Fig. 8 schematically illustrates a chromaticity diagram representing the resulting
color gamut of the primary color spectra of Fig. 7.

As clearly shown in Fig.i 8, the color gamut produced by a theoretical NTSC
gamut display is substantially coxLered by the gamut of the four primary colors of Fig. 7.
As further shown in Fig. 8, the; white point coordinates obtained by the sum of all
primaries are x=0.312 and y=0.345. The luminance values for the colors obtained by this
configuration are in general equétl to or higher than the luminance values that can be
obtained for the same colors frorgl a theoretical NTSC gamut display. Thus, in general,
all the colors that can be repro?uced by a theoretical NTSC gamut display are also

reproducible by the primary color selections of Fig. 7, both in terms of color coordinates

|
i

and in terms of intensity. . ‘
It should be appreciatevdfthat although the primary color selections of Fig. 7

provide desirable results in terms of image color and brightness, there may be other

b
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suitable selections of four primary colors that provide similar (or even better) results, in
accordance with specific implementations.

According to another exemplary embodiment of the invention, there is provided a
device for combining five primaty colors, e.g. blue, cyan, green, yellow and red, for a
wide gamut display using five traﬁsnﬁssive LCD panels, wherein each panel may produce
one primary color. According fo this embodiment, such combination of five primary
colors may allow further expansion of the color gamut, compared to the four-primary
combination described above, witilout significant loss of brightness.

Fig. 9 schematically illustfrates an optical configuration of a five-primary display
device 900 in accordance with exémplary embodiments of the invention.

According to exemplary embodiments, device 900 may include an illumination
unit 901, which may include any éuitable light source as is known in the art, e.g., a white
light source as described above. ?Illumination unit 901 may also include a polarization
conversion element (not shown)f as is known in the art, to provide a desired linear
polarized light beam. |

Device 900 may also include an arrangement, e.g., including dichroic mirrors 902,
903, 904 and 905, and folding mirrors 906, 907 and 908, for splitting the light of
illumination unit 901 into five primary-color light beams and directing, e.g., reflecting the
five light beams onto five transmissive SLMs, e.g., five transmissive LCD panels 909,
910,911, 912, and 913, as describ]ed below.

It will be appreciated by those skilled in the art that that any other arrangement
may be used for producing and/or spatially modulating the five primary-color light
beams. For example, any suitabl;a SLM may be used instead of LCD panels 909, 910,
911, 912, and/or 913. Additionaily or alternatively, any suitable splitting arrangement
may be implement to split the ligfht of illumination unit 901 into two or more of the five
primary-color light beams and/or ;to direct the primary color light beams onto the SLMs.

Device 900 may additionially include a combining arrangement 920 to combine
modulated light beams produced’ by panels 909, 910, 911, 912, and 913, as described
below. The combined light from':arrangement 920 may be projected onto a screen 967,

e.g. by a projection lens 917.
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According to the exemplary embodiments illustrated in Fig. 9, each of dichroic
mirrors 902, 903, 904 and 905 may be adapted to reflect a part of a received light beam
having a spectral range corresponding to one of the five primary colors, and to transmit
the remaining part of the light: Thus, in analogy to the above description of the
four-primary display of Fig. 3, dichroic mirrors 902, 903, 904 and 905, and folding
mirrors 906, 907 and 908, may be;arranged to provide each of LCD panels 909, 910, 911,
912, and 913 with a respective light beam having a spectral range corresponding to one of
the five primary colors.

Each of LCD panels 909, :910, 911, 912, and 913 may include an array of pixels,
as is known in the art, which m‘:ay be selectively activated to produce a transmissive
pattern corresponding to one of a plurality of primary color images, as described above
with reference to Fig. 3. Thus, 1n analogy to the above description of the panels of the
four-primary display of Fig. 3, p;anels 909, 910, 911, 912, and 913 may be controlled,
e.g., using a controller 969 and/or a converter 971, to produce five modulated primary
color light beams, respectively, carrying five, respective, primary color image
components.

According to the exemplary embodiments as illustrated in Fig. 9, combining
arrangement 920 may include optical elements, e.g., glass elements 930, 931, 932, 933,
934 and 935. Each of the glass elements may have at least one dichroic-coated surface, as
described above. Thus anangeﬁlent 920 may include an X-cube dichroic coating
configuration 916 and dichroic-coated surfaces 914 and 915 of elements 934 and 932,
respectively. Surface 914 may cor;nbine the modulated light beams of panels 909 and 910
into a first two-color light beam, -8 by transmitting the modulated light beam of panel
909 and reflecting the modulated élight beam of panel 910. Surface 915 may combine the
modulated light beams of panels 913 and 912 into a second two-color light beam, e.g., by
transmitting the modulated light :beam of panel 913 and reflecting the modulated light
beam of panel 912. Dichroic coating configuration 916 may combine the modulated light
beam of panel 911 and the first e:md second two-color light beams, e.g., by transmitting
the modulated light beam of pafnel 911 and reflecting the modulated light beams of
surfaces 914 and 915. “

1
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Thus, combining arrangement 920 may transmit a combination of the modulated
light beams of panels 909, 910, 911, 912, and 913 towards projection lens 917. It is noted
that all of the modulated light beams may travel substantially the same distance in
combining arrangement 920.

The projection lens may f)roject all five modulated colored light beams, i.e., all
five primary color image componénts, onto viewing screen 967.

It will be appreciated by those skilled in the art, that there are many other possible
configurations for implementing combining arrangement 920. It will be appreciated by
those skilled in the art, that the nugmber and/or arrangement of the dichroic mirrors and/or
the folding mirrors and/or the LCD panels illustrated in Fig. 9 represent only one of many
possible arrangements, and that any other suitable arrangement may be used.

Fig. 10 schematically illustrates graphs of five exemplary primary color
wavelength spectra, which ma'y be implemented by a color display using the
configuration of Fig. 9. Fig. 10 shows the wavelength spectra of a set of five primary
colors, which may be produced, for example, by dichroic-coatings, e.g. coatings of
dichroic mirrors 902, 903, 904 and 905 of Fig. 9, and/or the dichroic-coated surfaces of
combining arrangement 920 of Fig. 9.

According to embodiments of the invention, the specific color choices of the

primary color wavelength ranges shown in Fig 10 may result in a significantly wider
{

" color gamut and/or image brightness compared to prior art RGB color display devices, as

described below.

Fig. 11 schematically illustrates a chromaticity diagram representing the resulting
color gamut of the primary color sipectra of Fig. 10. As clearly shown in Fig. 11, the color
gamut produced by a theoretical | NTSC gamut display is substantially covered by the
gamut of the four primary colors c}f Fig. 10. As further shown in Fig. 11, the white point
coordinates obtained by the suirn of all primaries are x=0.310 and y=0.344. The
luminance values for the colors obtained by this configuration are in general equal to or
higher than the luminance values that can be obtained for the same colors from a
theoretical NTSC gamut display. EThus, in general, all the colors that may be reproduced
by a theoretical NTSC gamut display are also reproducible by the primary color

selections of Fig. 10, both in terms of color coordinates and in terms of intensity.
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It should be appreciated that although the primary color selections of Fig. 10
provide desirable results in terms of image color and brightness, there may be other
suitable selections of four primary colors that provide similar (or even better) results, in
accordance with specific implementations.

While certain features of t'he invention have been illustrated and described herein,
many modifications, substitutions, changes, and equivalents may occur to those of
ordinary skill in the art. It is, therefore, to be understood that the appended claims are
intended to cover all such modiﬁ;cations and changes as fall within the true spirit of the

invention.
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CLAIMS
1. A display device for producing a color image using four or more primary colors,
comprising:

four or more tran$missive spatial light modulators to modulate four or
more, respective, light beams in accordance with four or more, respective,
primary color image components of said color image to produce four or more,

respective, modulated light beams.

2. The device of claim 1 comprising a beam combining arrangement to combine said

four or more modulated light beams into a combined light beam carrying said color

image. i
3. The device of claim 2, wherein said combining arrangement comprises:
an X-cube to combine three of said four or more modulated light beams
into a three-color light beém; and
a dichroic cube to combine a fourth modulated light beam of said four or
more modulated light beams with said three-color light beam.
4. The device of claim 3, wherein said X-cube comprises two dichroic-coated

surfaces, and wherein said dichroic cube comprises a dichroic-coated surface.

5. The device of claim 2, wherein said combining arrangement comprises a prism
block including five optical el;ements, each optical element having at least one

dichroic-coated surface.

1

6. The device of claim 2, whetein said combining arrangement comprises:

a first dichroic-coated surface to combine first and second modulated light
beams of said four or mc}re modulated light beams into a first two-color light

beam; and

a second dichroic-coated surface to combine third and fourth modulated
light beams of said four or more modulated light beams into a second two-color

light beam.
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7. The device of claim 6, wherein said combining arrangement comprises a third

dichroic-coated surface adapted to combine said first and second two-color light beams.

8. The device of claim 6, wherein said combining arrangement comprises a
dichroic-coating X-configuration adapted to combine said first and second two-color light

beams.

9. The device of claim 2, wherein said four or more primary colors comprise five or
more primary colors, wherein said four or more spatial light modulators comprise five or
more spatial light modulators, respectively, and wherein said combining arrangement

comprises:

a first dichroic-coated surface to combine the modulated light beams of
first and second modulato;s of said five or more modulators into a first two-color

light beam;

i
a second dichroic-coated surface to combine the modulated light beams of

third and fourth modulators of said five or more modulators into a second
two-color light beam; and
a dichroic-coating X-configuration adapted to combine said first and

second two-color light beams and the modulated light beam of a fifth spatial light

modulator of said five or more spatial light modulators.

10.  The device of any one of claims 1-9, wherein at least one of said transmissive

spatial light modulators compriseé a transmissive liquid crystal display panel.

11.  The device of any one of claims 1-10, wherein said four or more light beams
comprise four or more, respective, primary color light beams having spectral ranges

corresponding to said four or more primary colors, respectively.

12. The device of claim any one of claims 1-11, comprising a spectrum-splitting
arrangement to split light of an illumination source into said four or more primary color
light beams.

13.  The device of claim 12, wherein said spectrum-splitting arrangement comprises a
plurality of dichroic mirrors to separate light of said illumination source into said four or

more primary color light beams. -
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14.  The device of any one of claims 11-13, comprising one or more folding mirrors to
direct one or more of said four or more primary color light beams onto one or more of

said transmissive spatial light modulators.
{

15.  The device of any one of claims 1-14, wherein said four more modulated light

beams travel substantially the same distance in said combining arrangement.

16.  The device of any one of claims 1-15 comprising a projection lens to project said

combined light beam onto a screen.
|

17.  The device of any one of claims 1-16 comprising a controller able to separately
activate each of said spatial ligh:t modulators to produce a four or more transmissive
patterns corresponding to four or more primary components, respectively, of a signal

representing said color image.

18.  The device of claim 16 comprising a converter to convert a three-primary color

input signal into the signal representing said color image.
19. A method of producing a color image using four or more primary colors
comprising: ‘

modulating four or more primary color light beams using four, respective,
transmissive spatial light modulators in accordance with four or more, respective,
primary color image components of said color image to produce four or more,

respective, modulated light beams.

20. The method of claim 19, comprising splitting light of an illumination source into

said four or more primary color light beams.

21.  The method of claim 19 or claim 20 comprising combining said four or more

modulated light beams into a combined light beam carrying said color image.

22.  The method of claim 21, wherein combining said four or more modulated light

beams comprises:

combining three of said four or more modulated light beams into a

three-color light beam; and
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combining a fourth modulated light beam of said four or more modulated

light beams and said three-color light beam into said combined light beam.

23.  The method of claim 21, wherein said four or more primary colors comprise five
or more primary colors, and wherein combining said five or more primary colors
comprises: M
combining three of said five or more modulated light beams into a
three-color light beam; and
combining said three-color light beam and fourth and fifth modulated light

beams of said five or moref modulated light beams into said combined light beam.
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