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Trichroic prism assembly for separating
and recombining colors in a compact projection display

Hoi-Sing Kwok, Po-Wing Cheng, Ho-Chi Huang, Hai-Feng Li, Zhen-Rong Zheng,
Pei-Fu Gu, and Xu Liu

A trichroic prism assembly design, believed to be new, is proposed and demonstrated. This new design
has the advantages of low s- and p-polarization dependence in the reflectance spectra of the optical
coatings. Hence it can be used for both color separation and color recombination with polarization
change. This new trichroic prism assembly is especially useful in a compact color projector employing
reflective liquid-crystal light valves. © 2000 Optical Society of America
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1. Introduction

Current liquid-crystal projection displays are based
mainly on transmittive LCD light valves as the image
generator. A major drawback of this kind of trans-
mittive light valve is that the aperture ratio ~AR! of
he pixels is small. It gets smaller as the resolution
f the light valve increases. For example, the AR is
0.67 for SVGA ~super video graphics adapter! dis-
lays and is ;0.5 for XGA ~extended graphics array!
CD panels.1 In addition to low-light utilization ef-
ciency, low AR also requires a black matrix to hide
he transistors. This black matrix produces a pix-
lation effect on viewing and is quite noticeable. De-
ixelization techniques such as optical filtering are
herefore necessary, adding complexity to the optical
ystem design. In this type of transmittive projector
ifferent sets of color filters are used for the separa-
ion of the input light into three primary colors and
or recombining them after they travel through the
CD light valves. Color recombination is usually
erformed with the X cube.2
Reflective-mode silicon complementary metal-

oxide semiconductor ~CMOS! liquid-crystal light
valves can overcome the drawback of low AR in trans-
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mittive LCD panels. The AR of silicon-based
CMOS LCD can be as high as 92%, regardless of the
resolution. This is because the transistor can be
hidden beneath the reflective mirror on the pixel.3–5

The size of the reflective mirror and hence the AR is
limited only by the microfabrication resolution of the
wafer process. Thus light utilization efficiency for
the CMOS light valve is very high. Moreover, no
black matrix is necessary, and the quality of the pro-
jected image can be greatly improved. No pixelation
can be observed in these reflective displays on pro-
jection, and the image appears continuous, which is
highly desirable for high-quality projectors.

Obviously, there are other advantages for the
CMOS light valve, such as much easier electronic
integration of the drivers.3 In this paper, however,
we concentrate only on the optics of these projectors,
and in particular, on the color filters. The projection
optics of the reflective light valve are considerably
more complicated than the transmittive ones. For
example, the optical system etendue is quite limited
so that all the optical elements have to be carefully
designed.6 In the case of the color filters, one par-
ticular difficulty with reflective light valves is the
change of s and p polarization upon reflection. This
presents significant challenges to optical coating de-
signs, because it is difficult to achieve coatings that
are insensitive to light polarization. Current ap-
proaches use separate coatings for color separation
and for color recombination. In this paper we pro-
pose what to our knowledge is a new scheme whereby
color separation and recombination can be performed
in a single set of optical elements with high color
fidelity and high light efficiency. In addition to be-
ing compact, this new optical subassembly should
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potentially save considerable costs in that fewer op-
tical elements and coatings are needed for the pro-
jector.

2. LCD Projector Optics

A full-color projector can be either a time-sequential
type5 that employs one reflective LCD panel or a
three-panel type with all three primary colors on at
the same time. Here we shall be concerned with the
latter. Such projectors require an optical subsystem
to separate the primary colors from the input white-
light source ~typically an arc lamp! and another sub-
system to recombine the three primary colors after
modulation by the reflective light valves. The color
separator and the color recombiner can be the same
piece of optics, or they can be physically different.
For a compact projection system the former is much
preferred.

There are several designs for the optical subassem-
bly for color projectors based on reflective light
valves. The basic element for a reflective light valve
is a polarizing beam splitter ~PBS!, which reflects
s-polarized light and transmits p-polarized light. In
the most straightforward designs, three PBS’s can be
used for the three primary-color panels. Color sep-
aration and color recombination can be performed in
separate sets of filters similar to the transmittive
projectors. Figure 1 shows the basic setup. Di-
chroic reflectors are used to separate the three pri-
mary colors from the arc lamp. The red, green, and
blue channels are sent to the three PBS’s and to the
three light valves. The image-modulated reflected
lights are then sent to the color-recombining X cube
for projection. Because the reflective coatings in the
X cube work best for s-polarized light, half-wave
plates are usually needed for the red and the blue

Fig. 1. Optical system for a reflective color projector with conven-
tional configuration. R-LCD, G-LCD, and B-LCD stand for red,
green, and blue LCD light valves.
channels to rotate the p-polarized light from the re-
flective LCD. This system is thus quite complex.

Alternatively, for compact color projectors employ-
ing reflective light valves, the color separation and
the color recombination can be performed with the
same set of optical coatings. A common optical as-
sembly for accomplishing this task is the so-called
Philips prism.7 This trichroic prism assembly ~TPA!
works in conjunction with only one PBS to form the
core of a compact color reflective projector. This sys-
tem is shown in Fig. 2.

The PBS first sends either the s- or the p-polarized
light into the TPA. The choice of s or p polarization
depends on the position of the arc lamp and the pro-
jector lens. The coatings on the prism surfaces are
used to separate out the blue and the red colors. Air
gaps are provided as shown so that total internal
reflection ~TIR! can occur to reflect the red and the
lue beams out of the way.
The three separate red, green, and blue channels

mpinge on the respective reflective LCD light valves.
he function of the nematic liquid-crystal light valve

s to modulate the polarization state of the reflected
ight.8 Many optical modes have been proposed for

the LCD panels. In all cases the reflected light re-
mains linearly polarized with the polarization ideally
rotated by 90° with respect to the input for the se-
lected pixels. On reflection the light beams retrace
the same light paths as the incident beams. They
recombine inside the TPA as the opposite polariza-
tion.

Hence the high-reflectance coatings for both the
blue and the red lights have to function for both s-
nd p-polarized light. This is a difficult requirement
or coating design. It is well known that it is impos-
ible for a dichroic coating to have no polarization
ependence unless the angle of incidence is zero.9

Because of the requirement of TIR, the angle of inci-
dence on the blue color filter surface is limited to at
least 25°. Usually a 30° prism is used. Thus the
conventional TPA has severe polarization depen-
dence in its reflectance spectrum. This so-called s–p

olarization split causes severe loss of light efficiency
nd loss of color fidelity in the display.

Fig. 2. Optical system for a reflective color projection display
employing a TPA.
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Figure 3 shows the calculated reflectance spectra
for the red and the blue coatings for three different
incidence angles of 16°, 30°, and 45°. The red and
the blue edge filter spectra are plotted in the same
figures, representing three-color separation. The
solid curves are for the p-polarized light, and the
dashed curves are for the s-polarized light. The
coatings are assumed to be wedged between glass
with an index ng of 1.5163. It can be seen clearly
that, as the angle of incidence increases, the sepa-
ration of the spectra between s and p polarizations
increases greatly. As a matter of fact, this is the
principle of ordinary PBS. This so-called s–p po-
larization split will cause a loss in reflected light
intensity. There will also be a shift in the color
coordinate of the separated and the recombined
light.

Fig. 3. Calculated reflectance spectra for the red and the blue
edge reflection coatings for incidence angles of ~a! 16°, ~b! 30°, and
~c! 45°. Solid curves, p-polarized light; dashed curves, s-polarized
light.
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3. Trichroic Prism Assembly

The s–p polarization split for optical coatings comes
rom the fact that the specific admittance of light is
ifferent for s- and for p-polarized light. The admit-
ances are functions of the incident angle and the
olarization state of the light.10 They are given by

his 5 ni cos u for s polarization, (1)

hip 5
ni

cos u
for p polarization. (2)

In Eqs. ~1! and ~2! the subscript i stands for the ith
ayer in the coating stack. It is obvious that the
ffective admittance h of the thin film changes as the
ncident angle of light is changed. And the differ-
nce between the s and the p polarization spectra
ecomes much larger as the incident angle increases.
herefore large incident angle will induce a large
eparation between the reflectance spectra of s- and
-polarized light. This is evidenced in the calculated
pectra in Fig. 3.
The crux of the problem of optimizing the trichroic

olor separation–recombination prism is in reducing
he incidence angle of the light on the dichroic coat-
ngs. This incidence angle is limited by the require-

ent of TIR for the blue and the red channels. We
ropose here a new trichroic color separation–
ecombination prism assembly in which the incidence
ngle on the dichroic coatings is reduced to 16°.
The design of this prism is shown in Fig. 4. The
ain idea is that we can allow the PBS to have an odd

hape rather than the conventional cubic shape.
his will relax the design conditions and allow for a
maller angle of incidence. The basic construction of
his new TPA is similar to the conventional one.
he blue high-reflectance coating is applied on sur-

ace BC, and the red high-reflectance coating is ap-
lied on surface CD. We assume that the incident
ngles of the two dichroic coatings are the same and
enote them as u. Now the condition of TIR on the
wo inside surfaces ~AB and BC! must be maintained.

Moreover, we can assume surfaces AB and CD to be

Fig. 4. New TPA together with the new noncubic PBS.
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parallel. The relation between the various angles of
the TPA must satisfy the following conditions:

u 5 f, (3)

f12 $ sin21S1
nD 1 sin21 NA, (4)

f22 $ sin21S1
nD 1 sin21 NA, (5)

f3 5 90° 2 u. (6)

Therefore

u .
1
3 Fsin21S1

nD 1 sin21 NAG. (7)

In these equations, n is the refractive index of the
prism material and NA is the numerical aperture of
the projection system. Therefore, if the refractive
index of the prism is 1.52, and the f number of the
optics is 4, then from Eq. ~8! the smallest angle of
incidence u allowed is 16°. Additionally, we can see
that f 5 16° and f3 5 74°. The size of the prisms, of
course, depends on the size of the LCD light valves.

Our prism assembly is a simple one in which the
two dichroic coatings have the same angles of inci-
dence. Prisms ABC and BCD are similar, thus mak-
ing mass production easier. It is obvious from Fig. 3
that this TPA has small and acceptable polarization
effects. Moreover, the small angle of incidence im-
plies a smaller dispersion effect on the incidence an-
gle. Therefore the dichroic coatings can have large
acceptance angles or a large etendue. All in all, this
new prism structure can improve the numerical ap-
erture of the entire optical system greatly while
maintaining excellent color-separation properties.

4. Experimental Results and Conclusions

Both the conventional TPA and the new TPA were
constructed for comparison. The dichroic coatings
applied have been optimized for red and for blue light
separation. Eighteen layer stacks were used to en-
sure reasonable sharpness in the reflectance spectra.
Figure 5 shows the measured results for the conven-
tional 30° TPA. The data were taken with a Photo
Research Model PR650 spectrometer. The reflec-
tance for the various polarizations and color coatings
has been normalized for comparison. The three
peaks in Fig. 5 correspond to the output from the red,
green, and blue channels of the TPA. It can be seen
that, in general, the designated colors can be
achieved. But there is a shift in the spectra for s and

polarizations. The p-polarized reflectance is
hifted to the blue by as much as 10 nm. These data
re in general agreement with the numerical calcu-
ations presented in Fig. 3.

Figure 6 shows the measured reflectance spectra
or the new TPA, with an angle of incidence of 16°.
n this case it can be seen that there is negligible s–p
olarization split. This result again is in good agree-
ent with the numerical results in Fig. 3. The spec-
ra for both the s-polarized and the p-polarized light
re sharp and identical. This TPA should be useful
or a compact color projector as shown in Fig. 2.

In summary, we have shown that the major limi-
ation for the design of a compact color projector with
eflective LCD light valves is in the design of the color
eparator and recombiner. By modifying the design
f the conventional TPA, we have been able to achieve
marked improvement in the problem of s–p polar-

zation split.
The optical etendue and the spectral–polarization

ffects are the two major properties of the optical
rojection system that need to be optimized. This is
rue for both reflective- or transmittive-mode projec-
ors. For reflective projectors the optical coatings
re the major limits to the system etendue. The
olarization splitting effect on the TPA is a signifi-
ant cause of degradation of the optical system per-
ormance. The optical system proposed here
rovides a significant improvement over existing de-
igns. The new TPA should find major applications

Fig. 5. Measured reflectance spectra for the conventional 30°
TPA.

Fig. 6. Measured reflectance spectra for the new 16° TPA.
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in compact projectors such as desktop monitors and
flat-panel televisions.
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