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(54) LIGHTING DEVICE AND PROJECTING SYSTEM

(57) An illumination device and a projection system
using the same are disclosed. The illumination device
includes two or more color channels each including one
or more light sources for generating a color light. At least
one of the color channels includes light sources of a first
type for generating a first (narrow band) light and light
sources of a second type for generating a second light.
The dominant wavelengths of the first and second lights
are within 50 nm of each other, and the width of the com-
bined spectrum (sum of normalized spectra of the first
and second lights) is greater than the width of the spec-
trum of the first light by at least 10 nm. A wavelength-
based light combiner is used to combine the color lights
from the color channels into a combined light
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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention is in the technical field of
illumination. More particularly, the present invention is in
the technical field of illumination devices and projection
systems using the same.

Description of the Related Art

[0002] Narrow band light sources, such as laser diodes
(LDs) and light emitting diodes (LEDs), emit light with a
narrow wavelength-band. Such narrow band lights are
typically highly saturated in color, which can produce
much more vivid colors than those usually seen in nature.
Wide band light sources, such as those employing phos-
phor materials excited by an excitation light, emit lights
with wide wavelength-bands. Such wide band light are
typically less saturated in color, which can produce nat-
ural and soft color similar to those usually seen in nature.
Such wide band light also has higher color rendering in-
dex, which is a measure of a light’s ability to show natural
colors of illuminated objects. The closer a white color is
to sun light in its spectrum, the higher its color rendering
index. Sun light has a continuous and relatively smooth
spectrum which covers the entire visible range.
[0003] In some applications, such as stage lighting and
decorative lighting, both narrow band light and wide band
light are desired. For example, when it is desired to
achieve high color contrast and vivid lights, narrow band
light sources can be used. When white light is used, it is
often desired to employ light with high color rendering
index so that the illuminated objects appear to be more
natural. Currently, lamps which emit white light are usu-
ally used together with color filters to achieve a color light.
However, it is very inefficient to generate highly saturated
color using lamps that emit white light. Also, such a meth-
od can only achieve a limited number of color lights, and
it is difficult to achieve a continuous transition from color
to color.
[0004] So solve the above problems, a known multi-
channel illumination device can be provided, as shown
in Fig. 1. In the illumination device shown in Fig. 1, lights
emitted from a green LED array 1, a red LED array 2 and
a blue LED array 3 are collimated by collimators 6, and
then combined by an X-shape dichroic filter set 5 into
one beam. The combined light is projected by an optical
system 8 onto a screen 9. In this device, red, green and
blue lights are used as primary lights to produce other
colored light or white light. For example, a yellow light
can be obtained by a mixture of red light and green light.
A white light can be obtained by a mixture of red, blue
and green lights, the spectrum 111 of which is shown in
Fig. 1a. The white light spectrum 111 contains a blue
peak 111a, a green peak 111b and a red peak 111c. By

independently controlling the intensities of the three pri-
mary colors (R, G, B) lights, it is possible to obtain every
color light with chromaticity coordinates located inside
the color gamut constructed by the three primary colors
(R, G, B) and the illumination efficiency is improved as
compared to the use of color filters. However, the mixed
color light and mixed white light often look unnatural and
their color renderings are often unsatisfactory. The prob-
lem comes from the fact that the three highly saturated
primary lights have narrow spectra, and the spectrum of
the mixed light has peaks and valleys, which is very dif-
ferent from the spectrum of sun light 110. As shown in
Fig. 1a, the spectrum of RGB LED mixed white light has
two valleys around 480nm and 590nm, making it difficult
to show cyan and amber colors.
[0005] To solve the problem of low color rendering in-
dex, Fig. 2 shows the optical structure of another known
illumination device, where RGB LEDs 151, 152, 153 are
used as primary color light sources, and white light emit-
ted from a set of white LED sources 25 are combined
with the primary color light bundle by lens 31 into a light
collector 4. The white source 25 is phosphor-converted
source (i.e. a source that generates light using phosphor
materials excited by an excitation light) and mixes yellow
light from the phosphor with unabsorbed blue excitation
light to generate a white light, which has a wide wave-
length-band as shown in Fig. 2a. The light emitted from
this illumination device looks more natural and has a high-
er color rendering index compared to the spectrum of
Fig. 1a because of the addition of wide band white light.
However, because of the large spectrum overlap be-
tween white light and the RGB primary color lights, the
white light cannot be combined with the primary color
lights by the dichroic filter set 154 as it would lead to
heavy losses, and a light combiner that combines light
in the spatial domain (e.g. lens 31) is needed. As a result,
the size of the mixed light bundle will increase as com-
pared to the size of the primary light from the RGB LEDs,
which will result in an increase of etendue and decrease
of brightness of the combined light.
[0006] It should be noted that for a low-saturation sin-
gle color light to look more natural, its spectrum needs
to be relatively wide so that it is more comparable to the
spectrum of natural light having low color saturation.
Then, the low fidelity of a low-saturation light and the low
color rendering index of a white light are the same prob-
lem at their base, which is the narrow spectrum width of
the light. Thus, it should be understood that when the
following descriptions refer to the low color rendering in-
dex of a white light, it also refers to the low fidelity of a
low-saturation light.
[0007] As seen from the above discussion, the use of
wide band white light in Fig. 2 can solve the problem of
low color rendering index, but tends to reduce the bright-
ness of the light source. There is a tradeoff between high
color rendering index and high brightness.
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SUMMARY OF THE INVENTION

[0008] An object of the present invention is to provide
an new illumination device and projection system that
can generate a light having desired color rendering ability
and color brightness.
[0009] The present invention provides an illumination
device which includes: two or more color channels, each
color channel including one or more light sources for gen-
erating a color light, wherein for at least one of the two
or more color channels, each color channel includes one
or more light sources of a first type for generating a first
light and one or more light sources of a second type for
generating a second light, wherein the first light is a nar-
row band light, wherein a dominant wavelength of the
first light and a dominant wavelength of the second light
are within 50 nm of each other, and wherein a width of a
combined spectrum that is a sum of normalized spectra
of the first and second lights is greater than a width of a
normalized spectrum of the first light by at least 10 nm;
and a wavelength-based light combiner for combining
the color lights from the two or more color channels into
a combined light.
[0010] In another aspect, the present invention pro-
vides a projection system employing the above multicolor
illumination device.
[0011] By introducing a second type of light sources in
addition to a narrow band light source, a highly saturated
narrow band light and a less saturated wide band light
are simultaneously output, and the spectrum width is
broadened. This improves the coloring rendering ability
of the illumination device. Meanwhile, by using a wave-
length-based light combiner to combine lights from dif-
ferent channels, the size and etendue of the output light
is not increased compared to the size and etendue of the
individual channels, so that the brightness of the light is
maintained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

Fig. 1 illustrates a schematic view of a known multi-
color illumination device.
Fig. 1a illustrates a spectrum of the RGB LED mixed
light produced by the illumination device of Fig. 1.
Fig. 2 illustrates a schematic view of another known
multicolor illumination device.
Fig. 2a illustrates a spectrum of a white phosphor
LED light used in the illumination device of Fig. 2.
Fig. 3 illustrates a schematic view of an illumination
device according to a first embodiment of the present
invention.
Fig. 4 illustrates a schematic view of a phosphor ma-
terial on an excitation light source.
Fig. 5a shows an example of the spectra of a green
LED and a green phosphor LED useful in the illumi-
nation device of Fig. 3.

Fig. 5b shows another example of the spectra of a
green LED and a green phosphor LED.
Fig. 5c shows colors of two types of green light sourc-
es in the illumination device of Fig. 3 in the Interna-
tional Commission on Illumination (CIE) 1931 color
space.
Fig. 6a shows an example of the spectra of two red
LE lights used in an illumination device according to
a second embodiment of the present invention.
Fig. 6b shows an example of the spectra of three red
lights, including the two red LED lights shown in Fig.
6a and a third red light.
Fig. 7 illustrates a schematic view of an illumination
device according to a third embodiment of the
present invention.
Fig. 8 shows the emission spectra of a green phos-
phor and a red phosphor used in the illumination de-
vice of Fig. 7.
Fig. 9 shows the spectrum of a mixed light from a
green phosphor and a red phosphor of Fig. 8 after
being combined by a dichroic filter set.
Fig. 10 illustrates an exemplary spectrum of a white
light generated by an illumination device according
to the second or third embodiment of the present
invention.
Fig. 11 illustrates a schematic view of an example
of spatial arrangement of light sources for a color
channel in an illumination device according to an em-
bodiment of the present invention.
Fig. 12 illustrates a schematic view of an illumination
device according to a fourth embodiment of the
present invention.
Fig. 13 illustrates a schematic view of another ex-
ample of spatial arrangement of light sources for a
color channel in an illumination device according to
an embodiment of the present invention.
Fig. 14 illustrates the spectra of two lights in the green
channel and two lights in the red channels and the
transmittance characteristics of the dichroic filters in
the illumination device of Fig. 12.
Fig. 15 illustrates a schematic view of another ex-
ample of spatial arrangement of light sources for a
color channel in the illumination device of an embod-
iment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0013] The present invention relates to a illumination
device which includes at least two color channels, each
color channel including at least one light source for gen-
erating a color light, wherein for at least one of the at
least two color channels, the color channel includes at
least one light source of a first type for generating a first
light and at least one light source of a second type for
generating a second light, the first light being a narrow
band light. In the same color channel, the first and second
lights generated by the first and second types of light
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sources have the same color, which should be under-
stood in this disclosure to mean that they have similar
dominant wavelengths. Under the definition of dominant
wavelength, lights with similar dominant wavelengths
have similar perceived colors. As used in this disclosure,
two lights are considered to have the "same color" if their
dominant wavelengths are within 50 nm of each other.
In the above illumination device, of the first and second
light of the same color, the first one is a narrow band light,
such that the combined spectrum that is the sum of the
normalized spectra of the first and second light has a
spectrum width that is larger than the spectrum width of
the first light by at least 10 nm. Using these two types of
lights, the spectrum is broadened and the color rendering
index of the illumination device is improved. Moreover,
the multiple channels are combined using a wavelength-
based light combiner, so that the size and etendue of the
combined light are not increased compared to those of
each channel (in fact, the etendue of the combined light
is similar to those of each channel), and the brightness
of the illumination device is not degraded
[0014] The multiple channels can be independently
controlled to turn on and off and/or to change intensity
to generate the mixed light of desired colors. Further,
each type of light within a color channel can be independ-
ently controlled to turn on/off or change intensity. For
each channel, to ensure the combined spectrum has a
spectrum width that is larger than the spectrum width of
the first light by at least 10 nm, the first light is a narrow
band light, and the second light may be a wide band light
with a soft, natural color, whose spectrum width is wider
than that of the first light by at least 10 nm. Alternatively,
the second light may be another narrow band light, i.e.,
the spectrum width of the second light is not broader than
that of the first light by 10 nm or more, but the difference
between the peak wavelengths of the first and second
lights is more than 10 nm, so that the spectrum width of
the combined light is broadened.
[0015] As used in this disclosure, the terms "narrow
band light" and "wide band light" are relative concepts;
in other words, when the spectrum widths of two light are
different by more than 10 nm, the narrower band light is
referred to as the "narrow band light" and the broader
band light is referred to as the "wide band light", and
when their spectrum widths are not different by more than
10 nm, both are referred to as "narrow band light". Spec-
trum widths may be defined in a number of ways, includ-
ing by FWHM (Full Width Half Maximum), i.e. the spec-
trum’s full width at the spectrum intensity which is half of
its maximum intensity. In embodiments of the present
invention, the narrow band light may be a light emitted
by a LED or LD or other narrow band light source, and
wide band light may be excited light (converted light)
emitted by a phosphor material, or other wide band light
sources. In the following descriptions, LEDs are used as
examples of narrow band light sources, but other types
of narrow band light sources such as LDs may also be
used to implement the invention. Phosphors are used as

examples of wide band light sources, but other wave-
length conversion materials may be used, such as dyes,
quantum dots, etc., and other wide band light sources
may be used.
[0016] Fig. 3 illustrates a schematic view of an illumi-
nation device according to a first embodiment of the
present invention. The illumination device includes red
(R), green (G) and blue (B) primary color channels whose
light are combined by an X-shaped dichroic filter set in-
cluding filters 350, 351. In the illustrated embodiment,
the dichroic filter 350 reflects red light and transmits green
and blue lights, and the dichroic filter 351 reflects blue
light and transmits green and red lights. As a result, the
combined light containing red, green and blue lights is
output to the right of the dichroic filter set 350, 351 in Fig.
3. In this embodiment, the red and blue channels include
red LEDs 311 and blue LEDs 312, respectively, emitting
narrow band red and blue lights.
[0017] In conventional technologies, the green chan-
nel only includes green LEDs. To broaden the spectrum
of the green channel, in this embodiment, the green chan-
nel includes two types of light sources, where the first
green light source generates a narrow band green light
(first green light) and the second green light source gen-
erates a wide band green light (second green light), such
that the combined spectrum that is the sum of the nor-
malized spectra of the first and second green lights has
a spectrum width that is larger than the spectrum width
of the first green light by at least 10 nm. Specifically, the
first green light source is green LEDs 302 which do not
contain a phosphor, emitting a narrow band green light;
the second green light source is green phosphors 301
excited by an excitation light source, emitting a wide band
green light.
[0018] Fig. 4 illustrates an example of a light source
11 having a phosphor and an excitation light source. In
this example, the phosphor 13 is coated on the LED chip
12 which acts as the excitation light source. The LED 12
can be an ultraviolet (UV) or a blue LED. The phosphor
13 absorbs the light from LED 12 and generates light with
a wavelength range different from that of the LED 12 light.
Emitted light from phosphors generally has a broad spec-
trum compared to the light generated by an LED without
wavelength conversion. For convenience, in this disclo-
sure, an LED with a phosphor material is referred to in
this as "phosphor LED".
[0019] Fig. 5a show exemplary spectra of the two
green lights of the green channel in the embodiment of
Fig. 3. The normalized spectrum of the narrow band light
from the green LEDs 302 is shown as curve 501, with a
FWHM spectrum width of about 40 nm. This light appears
as a vivid green color. The normalized spectrum of the
wide band light from the green phosphor LEDs 301 is
shown as curve 502, with a FWHM spectrum width of
about 105 nm. This light appears as a soft green color.
The difference in spectral shape of these two lights leads
to different perceptions of the green color. Generally,
when two spectra in the green region have an FWHM
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difference greater than 10 nm, the two lights will have
different visual perceptions. Fig. 5b shows the spectrum
506 of another green phosphor, with an FWHM of 54 nm.
The spectrum width of this green phosphor light is wider
than that of the spectrum 501 by 14 nm. Further, to make
the two green lights closer to being perceived as "the
same color", preferably, the dominant wavelengths of the
two green lights are less than 25 nm apart.
[0020] In the embodiment, two types of light sources
are independently controlled by control circuitry (not
shown) to turn on and off or change intensity. This may
be done, for example, by different drive currents in a con-
tinuous driving mode or by different duty cycles in a pulse
driving mode or a combination thereof. Therefore, the
luminous flux contributions from the two types of green
light sources can be adjusted, so that the spectrum, chro-
maticity coordinates, brightness, and saturation of the
resulting combined green light are tunable. When a more
vivid green light is desired, the green LEDs 302 can be
turned on with the phosphor LEDs 301 turned off. Simi-
larly, when softer green light is desired, the green phos-
phor LEDs 301 can be turned on while the green LEDs
302 are turned off. Moreover, the two types of light sourc-
es can be turned on at the same time to generate a com-
bined green light which has a color saturation between
those of the green LEDs and green phosphor LEDs.
[0021] In more detail, Fig. 5c shows exemplary colors
of the two types of green light sources of Fig. 3 in an
International Commission on Illumination (CIE) 1931
color space. In this example, the green lights from green
LEDs 302 and green phosphor LEDs 301 have chroma-
ticity coordinates 503 (0.23, 0.72) and 504 (0.38, 0.59),
respectively. The output green light of the green channel
is the combination of the two green lights and its chro-
maticity coordinates 505 fall on the straight line connect-
ing the two points 503 and 504. By controlling the inten-
sities of these two green lights change, the chromaticity
coordinates of their combined light 505 shift along the
line connecting points 503 and 504 in the color space, to
provide controllable chromaticity and color saturation.
For example, if a more vivid green light is desired, the
intensity of the LEDs 302 may be increased and the in-
tensity of the phosphor LEDs 301 may be decreased or
both; if a softer green light is desired, the intensity of the
LEDs 302 may be reduced and the intensity of the phos-
phor LEDs 301 may be increased or both. Further, the
number of LEDs 302 and phosphor LEDs 301 in the illu-
mination device may be adjusted depending on the prac-
tical application; for example, if the illumination device is
for stage lighting, it will tends to require more vivid light,
so more LEDs 302 and fewer phosphor LEDs 301 may
be provided.
[0022] Compared with the conventional technology
shown in Fig. 2, in the embodiment of Fig. 3, the green
primary light outputted by the green channel has a broad-
er spectrum, so the combined light of the three channels
have a higher color rendering index. Meanwhile, by using
dichroic filters to combined the three channels, the size

and etendue of the combined light are not increased com-
pared to those of each channel (in fact, the etendue of
the combined light is similar to that of the individual chan-
nels), and the brightness of the illumination device is not
degraded.
[0023] In this embodiment, by introducing the green
phosphor LEDs 301, the light of the green channel has
a broadened spectrum, which is wider than the spectrum
of the green LED light by more than 10 nm. Further, by
independently controlling the two green lights, the output
green light of the green channel is adjustable between
the vivid narrow band color and the soft wide band color.
Alternatively, the wide band output green light can be
achieved by using two narrow band green lights, as gen-
erally described earlier and as will be illustrated by the
example of the second embodiment described below.
[0024] In a second embodiment of the present inven-
tion, the illumination device employs two red LEDs as
examples of two narrow band light sources. As shown in
Fig. 6a, the spectrum of the light generated by the first
red LEDs is 601, whose spectrum width FWHM is 15 nm;
the spectrum of the light generated by the second red
LEDs is 602, whose spectrum width FWHM is also 15
nm, but the peak wavelengths of the two lights 601 and
602 are 16 nm apart from each other. The spectrum 603
is the spectrum of the combined light of 601 and 602,
and its FWHM is 31 nm. This demonstrates that the com-
bination of two narrow band lights with different peak
wavelengths can be combined to produce a wide band
light. The peak wavelength of a spectrum refers to the
wavelength at which the spectrum power is the highest.
Typically, when the peak wavelengths of two narrow
band lights are separated by more than 10 nm, the com-
bined light will have a spectrum width that at least 10 nm
wider than the spectrum width of the narrower one of the
two lights, resulting in a different visual perception than
a narrower band light. Preferably, when both the first and
second lights are narrow band lights, and the peak wave-
length difference between the two is approximately the
same as the average value of the FWHMs of the two
lights, the combined light will have a smooth shape with
a broad spectrum width. It should be noted that in the
context of this disclosure, when the difference in spec-
trum widths of two lights is less than 10 nm, both lights
are considered narrow band lights; in other words, wheth-
er each light is considered a narrow band light is deter-
mined by the difference in spectrum widths, not the ab-
solute spectrum width of each light. Thus, for example,
when the two lights are emitted by two different phosphor
LEDs and the difference of their peak wavelengths is less
than 10 nm, both phosphor LEDs are considered narrow
band lights, and the broadening of the spectrum is
achieved by the different peak wavelengths of the two
lights.
[0025] It should be noted that, in the second embodi-
ment, the spectrum width is measured by the FWHM;
when the peak wavelengths of the two lights 601 and 602
are separated by a relatively large distance, it is possible
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for the combined light spectrum 603 to have a valley be-
tween two peaks where the valley is lower than one half
of the peak intensity of the combined spectrum. In such
a case, the spectrum width of the combined light 603 is
defined as the sum of the FWHM of the first spectrum
601 and the FWHM of the second spectrum 602.
[0026] To distinguish the first and second embodi-
ments described above, in this disclosure, when a pri-
mary channel includes at least two light emitting devices
emitting two (first and second) lights and the FWHM of
the first light is wider than the FWHM of the second light
by at least 10 nm, the first light is referred to as a wide
band light and the second light is referred to as a narrow
band light. This is the case in the first embodiment (e.g.
Fig. 5a and Fig. 5b). When the two FWHMs of the first
and second lights are different by less than 10 nm, then
both the first and the second lights are referred to as
narrow band lights, even if both lights are lights emitted
by phosphors or other wide band light sources. If their
peak wavelengths are separated by 10 nm or more, the
combined light of the two lights is a wide band light. This
is the case in the second embodiment.
[0027] In the second embodiment, similar to the first
embodiment, the two light sources can be independently
controlled to turn on or off or change intensity. The color
and spectrum of the combined light can be adjusted as
a result.
[0028] In the first and second embodiments described
above, each of the primary color channels includes two
types of light sources. Alternatively, each channel may
include three or more types of light sources. As shown
in Fig. 6b, in addition to the first and second lights 601
and 602, a third red light source is added, which is a red
phosphor LED having a spectrum 604. The spectrum
width of the third light 604 is about 105 nm, much larger
than the widths of the first and second lights (15 nm).
This can be considered a combination of the first and
second embodiments: the lights 601 and 602 are two
narrow band lights with peak wavelength separation of
more than 10 nm, satisfying the characteristics of the
second embodiment; relative to lights 601 and 602, the
third light 604 is a wide band light, satisfying the charac-
teristics of the first embodiment.
[0029] In the first and second embodiments, one of the
primary color channels has two or more types of light
sources. In other embodiments of the present invention,
two or more primary channels may each have two or
more types of light sources. An illumination device ac-
cording to a third embodiment of the present invention is
shown in Fig. 7. In this embodiment, the red channel in-
cludes red LEDs 511 and red phosphor LEDs 513, the
green channel includes green LEDs 502 and green phos-
phor LEDs 501, and the blue channel includes blue LEDs
512 and blue phosphor LEDs 514. The light from the
three channels are combined by an X-shape dichroic filter
set including filters 550 and 551 which may be similar to
the dichroic filters 350 and 351 in the first embodiment.
[0030] To make the two blue lights in blue channel and

two red lights in red channel respectively closer to being
perceived as "the same color", preferably, the dominant
wavelengths of the two red lights are less than 35 nm
apart, the dominant wavelengths of the two blue lights
are less than 15 nm apart.
[0031] The generation of wide band yellow light is used
as an example below to explain how wide band combined
light is generated in the illumination device of the third
embodiment. A wide band yellow light is formed by com-
bining a wide band red light and a wide band green light.
Thus, the red phosphor LEDs 513 and the green phos-
phor LEDs 514 are turned on, while other light sources
are turned off. The emission spectra of the red phosphor
LEDs 513 and green phosphor LEDs 514 are shown in
Fig. 8. After passing through the dichroic filter set
550/551, both spectra experience certain loss. This is
because the two spectra shown in Fig. 8 have a range
of overlap, which leads to losses in the combining proc-
ess using a dichroic filter set. More specifically, the long
wavelength side of the green spectrum is weakened, and
the short wavelength side of the red spectrum is weak-
ened. The combined light output from the dichroic filter
set is shown in Fig. 9. It can be seen that this spectrum
is quite broad; compared to the spectrum shown in Fig.
1a which is formed by combining saturated lights, the
unsaturated yellow light spectrum in Fig. 9 is more con-
tinuous and the light appears to be more natural and soft-
er.
[0032] In the third embodiment, the red channel and
the green channel employ wide band light sources 513
and 514, respectively. Because the spectral ranges of
the two wide band lights are sufficiently separated, they
can be combined into one light beam using a dichroic
filter or filter set, and the combined light remains a wide
band light. Contrary to the conventional technology
shown in Fig. 2, the present embodiment maintains the
sizes of the light beam and therefore the brightness of
the light sources.
[0033] In the above embodiments, the two dichroic fil-
ters in the X-shaped filter set are preferably perpendicular
to each other. Such a light combiner has a compact
shape. Those skilled in the art will appreciate that besides
X-shaped dichroic filter sets, other color combiners can
be used to combine the red, green and blue lights without
increasing the beam size. Examples of such color com-
biners include an X cube color combiner, parallel placed
dichroic color filters, dichroic filters configured in other
arrangements, etc. Any wavelength-based light combin-
er which does not increase the size of the beam may be
used.
[0034] In the third embodiment shown in Fig. 7, each
of the three primary color channels includes two types of
light sources. For each channel, the two types of light
sources may be according to the principle of the first em-
bodiment (a narrow band light and a wide band light), or
according to the principle of the second embodiment (two
narrow band lights).
[0035] The illumination device shown in Fig. 7 can pro-
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duce white light with high color rendering index, as shown
in Fig. 10. This exemplary spectrum includes contribu-
tions from multiple types of light sources, as indicated by
spectral peaks labeled red 1, red 2, blue 1, blue 2, and
green 1 and green 2 (mixed). Red 1 and red 2 are narrow
band lights which form a wide band red light according
to the principle of the second embodiment; blue 1 and
blue 2 are narrow band lights which form a wide band
blue light according to the principle of the second em-
bodiment; and green 1 and green 2 are narrow and wide
band lights, respectively, which form a wide band green
light (the two peaks are not distinguishable) according to
the principle of the first embodiment. The intensities of
these six lights can be independently controlled to adjust
the shape of the white spectrum. Compared with the
spectrum in Fig. 1a or Fig. 2a, this spectrum of Fig. 10
has much shallower valleys and is perceptually more sim-
ilar to sun light (spectrum 1001). That is because in each
of the three channels, the two or more types of lights are
combined to form a spectrum broader than the narrow
band spectrum in Fig. 1a. The white light generated this
way has a spectrum with a relatively smooth shape which
covers the entire visible spectral range. The color ren-
dering index of this light is about 92, much higher than
that of the spectrum shown in Fig. 2a, which is 76.
[0036] In each of the three channels, various spatial
arrangement patterns of the two types of light sources
may be employed. For example, in one implementation,
the two types of light sources can be arranged as shown
in Fig. 11, where light sources of different types 21, 22
are arranged in a distributed or dispersed manner such
that each light source of one type has light sources of
the other type as neighbors. In this way, a substantially
spatially uniform output light can be obtained.
[0037] The choice of spatial arrangement may be in-
fluenced by other factors such as spectral overlap. Be-
cause spectra of different colored phosphor LEDs are
quite broad, they may have overlaps. For example, the
green phosphor LED’s spectrum can have overlap with
the spectra of the red phosphor LED, as seen in Fig. 8.
These spectrum overlaps can lead to energy loss when
light from different channels are combined in the wave-
length domain by using dichroic filters. The problem
caused by spectral overlap may be reduced by arranging
the two types of light sources in each channel in a spatially
concentrated manner.
[0038] A fourth embodiment of the present invention,
shown in Fig. 12, provides an illumination device which
employs a concentrated spatial arrangement of different
light sources. In the illumination device shown in Fig. 12,
the blue channel includes one type (or two types) of light
source, e.g. blue LEDs 912 (or 912 and 914), while the
red and green channels each include two types of light
sources, i.e., green LEDs 902 and green phosphor LEDs
901 and red LEDs 911 and red phosphor LEDs 913. For
each of the red and green channels, the two types of light
sources are arranged in a concentrated spatial pattern
shown in Fig. 13, with each of the two type of light sources

911/902 and 913/901 located on one side of an imaginary
line (the dashed line in the figure). The light from the red
LEDs 911 and the light from the green phosphor LEDs
901 are combined by a dichroic filter 952 which is dis-
posed on the path of these two lights, and the light from
the red phosphor LEDs 913 and the light from the green
LEDs 902 are combined by a dichroic filter 953 which is
disposed on the path of these two lights. In the illustrated
embodiment, the dichroic filters 952 and 953 are dis-
posed on the same plane and form an X-shaped filter set
along with a third dichroic filter 951.
[0039] The spectra of light sources in green and red
channels and the transmittance characteristics of dich-
roic filters 952 and 953 are illustrated in Fig. 14. As seen
in Fig. 14, although the spectra of red phosphor LEDs
and green phosphor LEDs have a relatively large overlap,
the spectra of red phosphor LEDs and green LEDs, and
the spectra of red LEDs and green phosphor LEDs may
have relatively small overlap. The dichroic filters 952 and
953 have different transmittance characteristics, and
each of them is used to combine a wide band light and
a narrow band light which have a relatively smaller over-
lap. The dichroic filter 952 transmits light from the green
phosphor LEDs 901 and reflects light from the red LEDs
911; the dichroic filter 953 transmits light from the green
LEDs 902 and reflects light from the red phosphor LEDs
913. Because there is no need to combine the red phos-
phor LED and green phosphor LED spectra which have
a large overlap, there is relatively less energy loss when
combining the red and green channels, which increases
energy efficiency.
[0040] Moreover, even when the red channel has only
red LEDs 911 and no red phosphor LEDs 913, the prin-
ciple described above still applies. This is because while
the spectrum of red LED light does not substantially over-
lap with that of the green LED light, it overlaps with the
spectrum of the green phosphor LED light. Thus, the two
dichroic filters 952 and 953 with different transmission
characteristics will help reduce loss. Specifically, the di-
chroic filter 952 is used to combine the lights from the
red LEDs and green phosphor LEDs, and its transmission
curve preferably has its dropping edge located near the
intersection point of the two emission spectra for best
efficiency. The dichroic filter 953 is used to combine the
lights from the red LEDs and green LEDs, and its trans-
mission curve preferably has its edge located between
the two emission spectra. The edge of the transmission
curve to the dichroic filter 952 is within the range of the
red LED, but the edge of the transmission curve to the
dichroic filter 953 is not. Thus, in this situation, the two
dichroic filters 952 and 953 having different transmission
characteristics will lead to an overall reduction of loss.
[0041] In the embodiment of Fig. 12, the dichroic filter
951 combines light from the green and blue channels.
As these two channel’s spectra have relatively small
overlap, a single dichroic filter 951 can provide good per-
formance. The LEDs used in the blue channel may be
blue LEDs, or royal blue LEDs, or cyan LEDs, or various
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combinations of two or three of them.
[0042] Fig. 15 shows a spatial arrangement of the two
types of light sources according to an alternative imple-
mentation of the fourth embodiment. For each of the red
and green channels, the light sources are arranged such
that each of the two types of light sources 911/902 and
913/901 is located in two diagonal quadrants. Corre-
spondingly, the dichroic filters used to combine the red
and green channels are arranged in four quadrants, two
diagonal quadrant having transmittance characteristics
similar to dichroic filter 952 and the other two diagonal
quadrant having transmittance characteristics similar to
dichroic filter 953. The quadrants of the red and green
channels and the quadrants of the dichroic filters are ar-
ranged spatially so that appropriate combination of lights
is accomplished according to similar principles described
above in connection with Figs. 12-14. Compared to the
arrangement shown in Fig. 13, the arrangement shown
in Fig. 15 offers a more uniform output light while provid-
ing low loss.
[0043] It should be noted that while the spatial arrange-
ments illustrated in of Figs. 13 and 15 each include equal
or similar numbers of the two types of light sources, the
numbers of the two types of light sources in any given
channel can be unequal, and the numbers of each types
of light sources of each channel may be dependent on
the light emitting efficiency of the particular LEDs or phos-
phors and/or the intended use of the illumination device.
[0044] The illumination devices according to embodi-
ments of the present invention can be used in a projection
system. The projection system includes an illumination
device according to an embodiment of the present inven-
tion.
[0045] While the foregoing written description of the
invention enables one of ordinary skill to make and use
what is considered presently to be the best mode thereof,
those of ordinary skill will understand and appreciate the
existence of variations, combinations, and equivalents
of the specific embodiment, method, and examples here-
in. The invention should therefore not be limited by the
above described embodiment, method, and examples,
but by all embodiments and methods within the scope
and spirit of the invention as claimed.

Claims

1. An illumination device comprising:

two or more color channels, each color channel
including one or more light sources for generat-
ing a color light,
wherein for at least one of the two or more color
channels, each color channel includes one or
more light sources of a first type for generating
a first light and one or more light sources of a
second type for generating a second light,
wherein the first light is a narrow band light,

wherein a dominant wavelength of the first light
and a dominant wavelength of the second light
are within 50 nm of each other, and wherein a
width of a combined spectrum that is a sum of
normalized spectra of the first and second lights
is greater than a width of a normalized spectrum
of the first light by at least 10 nm; and
a wavelength-based light combiner for combin-
ing the color lights from the two or more color
channels into a combined light.

2. The illumination device of claim 1, wherein a width
of the normalized spectrum of the second light is
greater than the width of normalized spectrum of the
first light by at least 10 nm.

3. The illumination device of claim 2, wherein the light
sources of the first type comprise light emitting di-
odes (LEDs) and/or laser diodes (LDs) emitting the
first light, and the light sources of the second type
comprise a wavelength conversion material which
converts an excitation light to the second light.

4. The illumination device of claim 1, wherein a differ-
ence between widths of the normalized spectra of
the first and second light is less than 10 nm, and a
distance between peaks of the normalized spectra
of the first and second light is at least 10 nm.

5. The illumination device of claim 4, wherein the dis-
tance between the peaks of the normalized spectra
of the first and second light is equal to an average
value of the widths of the normalized spectra of the
first and second light.

6. The illumination device of claim 4, wherein the light
sources of the first and second types both comprise
light emitting diodes (LEDs) and/or laser diodes
(LDs) emitting the first and second light, respectively.

7. The illumination device of claim 1, wherein the two
or more color channels includes a green channel
generating a green light, the green channel including
green light sources of a first type for generating a
first green light and green light sources of a second
type for generating a second green light.

8. The illumination device of claim 7, wherein the two
or more color channels further includes a red channel
generating a red light, the red channel including red
light sources of a first type for generating a first red
light and red light sources of a second type for gen-
erating a second red light.

9. The illumination device of claim 8, wherein the green
and the red light sources of the first type comprise
light emitting diodes (LEDs) and/or laser diodes
(LDs), and the green and the red light sources of the
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second type comprise wavelength conversion ma-
terials.

10. The illumination device of claim 9,
wherein the plurality of green light sources of the first
type are located in a first area and the plurality of
green light sources of the second type are located
in a second area,
wherein the plurality of red light sources of the first
type are located in a third area and the plurality of
red light sources of the second type are located in a
fourth area,
wherein the wavelength-based light combiner in-
cludes a first dichroic filter for combining light gen-
erated by the green light sources of the first type and
light generated by the red light sources of the second
type, and a second dichroic filter for combining light
generated by the green light sources of the second
type and light generated by the red light sources of
the first type.

11. The illumination device of claim 7, wherein dominant
wavelengths of the first and second green lights are
within 25 nm of each other.

12. The illumination device of claim 1, wherein the two
or more color channels includes a red channel gen-
erating a red light, the red channel including red light
sources of a first type for generating a first red light
and red light sources of a second type for generating
a second red light.

13. The illumination device of claim 12, wherein domi-
nant wavelengths of the first and second red lights
are within 35 nm of each other.

14. The illumination device of claim 1, wherein the two
or more color channels includes a blue channel gen-
erating a blue light, the blue channel including blue
light sources of a first type for generating a first blue
light and blue light sources of a second type for gen-
erating a second blue light.

15. The illumination device of claim 14, wherein domi-
nant wavelengths of the first and second blue lights
are within 15 nm of each other.

16. The multicolor illumination device of claim 1, wherein
at least one of the two or more color channels in-
cludes a plurality of light sources of the first type and
a plurality of light sources of the second type ar-
ranged in a dispersed spatial arrangement relative
to each other.

17. The illumination device of claim 1,
wherein a first one of the two or more color channels
includes a plurality of first color light sources of the
first type located in a first area and a plurality of first

color light sources of the second type located in a
second area,
wherein a second one of the two or more color chan-
nels includes a plurality of second color light sources
of the first type located in a third area and a plurality
of second color light sources of the second type lo-
cated in a fourth area,
wherein the light combiner includes a first dichroic
filter for combining light generated by the first color
light sources of the first type and light generated by
the second color light sources of the second type,
and a second dichroic filter for combining light gen-
erated by the first color light sources of the second
type and light generated by the second color light
sources of the first type.

18. The illumination device of claim 1, wherein the two
or more color channels includes first, second and
third channels, and wherein the wavelength-based
light combiner includes a dichroic filter set.

19. The illumination device of claim 18, wherein the di-
chroic filter set includes a first and a second dichroic
filter forming an X-shape, wherein the first dichroic
filter reflects light from the first channel and transmits
lights from the second and third channels, and the
second dichroic filter reflects the light from the third
channel and transmits the lights from the second and
first channels.

20. The illumination device of claim 1 to 19, wherein the
plurality of color channels are independently control-
lable to turn on and off or to change intensity.

21. The illumination device of claim 1 to 19, wherein the
light sources of the first type and the light sources of
the second type of each channel are independently
controllable to turn on and off or to change intensity.

22. A projection system comprising the illumination de-
vice of claim 1 to 21.
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