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Abstract: In this paper, a novel light separator with contrast ratio
enhancement but maintaining the optical efficiency of the DLP projection
system is proposed. The main capability of the novel light separator is to
direct the uncontrolled light away from the image system. The working
theorem for the novel light separator is derived as well. Uncontrolled light
is kept away from the image system by a total internal reflection surface,
thereby effectively improving the image quality. Compared with the
conventional contrast ratio enhancement method, the FO:FO contrast ratio
can be improved from 839:1 to 48250:1, the ANSI contrast ratio can be
improved from 180:1 to 306:1, while the image system efficiency remains
at 76.2%.
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1. Introduction

Nowadays, the projector is an important feature of the devices people use in their daily life,
and portability is an important factor, especially in small devices such as mobile phones [1].
Liquid Crystal Display (LCD), Liquid Crystal on Silicon (LCOS), and Digital Light
Processing (DLP) are the main technologies used in the projectors. Each technology has its
respective advantages, but the characteristics of the DLP system give it better light utilization,
resolution, and image quality [2]. However, there is one disadvantage in that the size of a
conventional lamp is bulky, so it is not suitable as a light source for mini projectors. For this
reason, the light-emitting diode (LED) projector [1] came into being. The advantage of LEDs
is that they are not only cheap, have a long life time, and are portable, but also generate less
heat than conventional light sources to avoid extra energy loss. LEDs also have the ability of
instantly powering on or off. Therefore, an illumination system with red, green, and blue
(RGB) LED sources would be suitable as a light source in a compact-size projector [1, 3].
The development of the LED projector has led to numerous applications such as in computer
monitors, laptops, or mobile phones [4-6].

DLP is a technology used in an all-digital projection display system that is based on Texas
Instruments Digital Micromirror Device (DMD) [7-11]. The DLP projection system has
many applications with better optical efficiency and a smaller system size than other display
systems. This is possible because the DMD system does not use polarized light. However, the
DLP-projector still cannot compare with other display systems in the terms of image quality
which is affected by several factors such as the contrast ratio. Here, we are interested in how
to increase the contrast ratio as affected by uncontrolled light. Uncontrolled light entering the
image system is caused by scattered light. In order to achieve higher optical efficiency, more
rays have to be collected in the pupil of the image system. A smaller f-number image system
is thus usually used in a DLP projection system to increase optical efficiency [12]. However,
more rays entering the image system also means more uncontrolled light entering the image
system. This phenomenon leads to decreasing contrast ratios and worsening image quality.
Adding an asymmetric aperture to the image system is one common method to increase the
contrast ratio and maintain the optical efficiency of DLP projection systems [12, 13]. An
asymmetric aperture has the ability to cut off uncontrolled light from the illumination system
passing through the image system aperture. However, this method also has some
disadvantages that have to be improved. One of the disadvantages is that it is difficult to align
the lens with the asymmetric aperture, a problem which can increase manufacturing costs. In
addition, the uncontrolled light is cut off by the asymmetric aperture. A decrease in the
contrast ratio of the DLP projection system because the extra scattered light may impinge on
the screen through multiple reflections within the image system.

In this paper, we propose a novel light separator design to be used instead of an
asymmetric aperture to increase the contrast ratio and maintain the optical efficiency of the
DLP projection system. The novel light separator design is able to reflect the uncontrolled
light away from the image system without the asymmetric aperture and avoids its
disadvantages. The novel light separator is designed mathematically while considering the
critical conditions. Optical software is used to simulate the projection system to offer proof
that this method can increase the contrast ratio and maintain the optical efficiency of a DLP
projection system. In order to find out why there is an increase in the contrast ratio, we also
analyze the optical ray path followed by the stray light. The proposed novel light separator
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design does in fact effectively increase the contrast ratio and maintains the optical efficiency
of the DLP projection system.

Comparison with the conventional contrast ratio enhancement method shows an
improvement in the full-on/full-off (FO:FO) contrast ratio, from 839:1 to 48250:1, the ANSI
contrast ratio can be improved from 180:1 to 306:1, while the image system efficiency
remains at 76.2%. The test results show the system with the novel light separator to have an
FO:FO contrast ratio of 4025:1 and an ANSI contrast ratio of 275:1.

2. The working principles of the novel light separator

Depending on the structure, there are two types of DLP projection systems, those with a
telecentric structure and those with a nontelecentric structure. In the telecentric structure the
exit pupil of the illumination system or entrance pupil of the projection system is located at or
near infinity from the DMD chip. In the nontelecentric structure the exit pupil of the
illumination system is located at a finite distance from the DMD chip. Moreover, for the
energy translation between illumination system and image system in the projection system,
the entrance pupil of the image system must be coincident with the exit pupil of the
illumination system [10].

In the telecentric structure, a light separator is usually used to reduce interference between
the illumination system and the image system. Telecentric structure has a higher uniformity of
illumination than the nontelecentric structure because of the telecentric condition at the
DMD’s active area [14]. Also, the illumination system and image system can be designed
independently, making system design easier. These advantages have made the telecentric
structure a quite common design in the DLP projection system.

The light separator in the telecentric design can significantly affect the contrast ratio of the
projection system. Removing light scattering in the flat-state is an important topic in contrast
enhancement. A schematic diagram of the novel light separator is shown in Fig. 1. The novel
light separator is composed of three light separators, labeled P1, P2, and P3, made of the same
material, with air gaps existing between the joints. The Spum air gaps are often used to prevent
astigmatism and overcome the limitations of the manufacturing technology [10, 15].
However, because of the existence of the air gaps, the direction of the ray path will be altered
by total internal reflection (TIR). In this design, there are two air gaps defined as the first TIR
surface (orange line) and the second TIR surface (red line).

second TIR
surface
critical condition (I) m /

Opmp

upward

marginal ray _ » DMD chip

—r—

on-axial ray

[~ first TIR
surface
downward

marginal ray

critical condition (IT)

Fig. 1. Schematic diagram of the ray tracing sequence when the DMD chip is in the on-state
and for critical conditions I&II.
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In the DLP projection system, there are three states: the on-state, the flat-state and the off-
state with corresponding tilt angles of the micromirrors of + 12 degrees, 0 degrees, and —12
degrees, depending on the image ray path and the working conditions of the DMD chip [11].
The novel light separator design in terms of the angular space and spatial space is discussed
below.

2.1 Angular space
2.1.1 DMD chip in the on-state

In Fig. 1, the optical ray path is divided into two main paths: the black line indicates the
illumination ray path and the blue line indicates the image ray path. Based on the working
theory, the illumination rays strike the first TIR surface at an angle smaller than the critical
angle Oc, so they will pass through the first TIR surface and directed toward the DMD chip.
After the rays are reflected by the DMD chip, they become image rays at the on-state. These
rays strike the first TIR surface at an angle larger than the O, so are reflected due to TIR
condition. As shown in Fig. 1, there is a limitation of 6 at P1 to correspond to the above
condition.

Equation (1) shows the limitation of 8g. Here, the rays impinge on P1 at an incident angle
Oin, n, indicates the index of the light separator, and Opvp represents the incident angle
between the DMD normal line and on-axial ray before impinging on the DMD chip. The
relationship between 6;, and g is shown in Eq. (1) below:

n,

sing, =n, sin[45° —sin™ (%J—HE]. )]
There is a balance between 0;, and 0g because of the aberration and the size of the light
separator, so we can acquire a suitable angle 0 [12].
When the DMD chip is in the on-state, the incident angle of the upward marginal ray is
the highest in the illumination system. In critical condition (I), the upward marginal ray
strikes the first TIR surface without TIR and the other rays will be able to pass through. The

critical condition (I) is formulated as in Eq. (2) below:

.1 1 . PO -1 1
—sin[6, + +0.< —), 2
sin {n sin[@,, +sin (2F/#)]} . <sin (n ) )

P P

where F# indicates the f-number of the illumination system. In critical condition (II), the

downward marginal ray strikes the first TIR surface with being reflected by TIR and the other
rays will be reflected. Critical condition (II) is formulated as in Eq. (3) below:

S 1
sin[sin 1(m) =6 +26)]

.o, 1 .
sin”™'(—)+sin™ <45°, 3)
n n

P P
where 0, indicates the tilt angle of the micromirrors on the DMD chip. From Egs. (2) and (3),
we can obtain the interval of n, for critical condition (I) and critical condition (II).

Among the three states of DMD chip operation, the flat-state is the major cause of
uncontrolled light scattering [12]. In order to reduce the scattering of uncontrolled light, a
second TIR surface is designed. After being reflected from the first TIR surface, the on-state
rays easily pass through the second TIR surface. The flat-state rays are reflected away from
the image system at the second TIR surface by TIR.

#211076 - $15.00 USD Received 30 Apr 2014; revised 20 Jun 2014; accepted 24 Jun 2014; published 3 Jul 2014
(C) 2014 OSA 14 July 2014 | Vol. 22, No. 14| DOI:10.1364/0E.22.017016 | OPTICS EXPRESS 17019



2.1.2 DMD chip in the flat-state

As shown in Fig. 2, when the DMD chip is in the flat-state, the illumination rays will also
pass through the first TIR surface without TIR into the DMD chip. After the rays are reflected
by a DMD chip in the flat-state, the rays will become flat-state rays. The flat-state rays strike
the first TIR surface at an angle larger than the 6, so will be reflected. The existence of flat-
state rays will reduce the contrast ratio, so P3 is designed at 64 to direct the flat-state rays
from the image system by the second TIR surface.

There are two critical conditions in the design of the 04 at P3 as shown in Fig. 2. Here, we
want the flat-state rays to be reflected at the second TIR surface, while the on-state rays just
pass through. In critical condition (III), the downward marginal rays strike the second TIR
surface and are reflected while the other rays are reflected at the second TIR surface. Critical
condition (I1I) is formulated as in Eq. (4) below:

1
2F | #
In critical condition (IV), the upward marginal ray strikes the first TIR surface without

TIR, while the other rays will be able to pass through the first TIR surface. Critical condition
(IV) is formulated as in Eq. (5) below:

)} 4)
n, P

0,>sin"' (LJ —sin™ {L sin[@,,,,, —sin”’
n

0,< %{Sinil (L]_Sinl{isin[emw +sin”( )]} +45%. )

n, n, 2F 1 #

From Egs. (4) and (5), we can acquire the interval of 0, for critical condition (IIT) and
critical condition (IV).

critical condition (IIT) second TIR
surface
critical condition (IV)

upward 7 .
marginal ray fr—T- » DMD chip
on-axial ray
first TIR
surface
downward

marginal ray

Fig. 2. Schematic diagram of the ray tracing sequence when the DMD chip is in the flat-state
for critical conditions ITII&IV.

2.2 Spatial space

As can be seen in Fig. 3, in the flat-state, the position of the second TIR surface is an
important factor influencing the ray tracing sequence. The upward marginal ray indicates the
top edge of the illumination rays and the downward marginal ray represents the bottom edge
of the illumination rays. The illumination rays will pass through the first TIR surface without
TIR into the DMD chip. After they are reflected by the DMD chip in the flat-state, the flat-
state rays are reflected away from the image system by the second TIR surface. If the position
of the second TIR surface overlaps limit point 1, the upward marginal rays cannot be directed
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away from the image system. Limit point 2 can be calculated by using the appropriate 0, in
Eqgs. (1)-(5).

The position of the second TIR surface is easily described using a coordinate axis as
shown in Fig. 3. The original point (0, 0) (marked in red) is located at the bottom of the first
TIR surface. Equations (6) and (7) below is used to calculate the positions of limit point 1 (L,
a) and limit point 2 (b, 0) (both marked orange). In Egs. (6) and (7), L is the edge length of an
isosceles right triangle at P2 and P3; d1 is the distance which the downward marginal ray is
traced in the novel light separator at P1 and P2; d2 is the distance between the DMD chip and
the novel light separator; k is the distance between the top of the first TIR surface and the
intersection of the downward marginal ray and the first TIR surface. The limit point is:

a=L-{ ! [ksin(45°+6A)—%sin[9DMD+sin’l(ﬁ)]—
1—tan[8,,  +sin”'(—— n
an[@,,,, +sin (2F/#)] p ©)
. 1
2d, tan[@,,,,, +sin 1(m)]
and
b=L-(L-{ ! [ksin(45°+9A)—%sin[6DMD+sin"( ! )]-
1-tan[8,,,, +sin” (=——)] "y 2F /# 7)
: 2F | #
2d, tan[@,,,,, +sin”' (2F ; #)]}) tand,.
second TIR
surface

X

\ <_T
y limit point 2 (b, 0)

L]

limit point 1 (L, a) y

P3

eDMD

upward
marginal ray

on-axial ray

original point (0, 0)

downward
marginal ray

first TIR
surface

Fig. 3. Schematic diagram of the ray tracing sequence when the DMD chip is in the flat-state
and limit points 1&2.

The novel light separator can be modeled using Eqs. (1)—(7) for the three states of DMD
chip operation, as shown in Fig. 4. The on-state rays are directed into the image system
without TIR by the second TIR surface, as shown in Fig. 4(a). The flat-state and the off-state
rays are directed away from the image system by the second TIR surface, as shown in Figs.
4(b) and 4(c), respectively.
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Fig. 4. Arrangement of the novel light separator, the DMD chip, and the image system when:
(a) on-state rays are directed into the image system; (b) flat-state rays and (c) off-state rays are
reflected away from the image system.
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3. Optical simulation of the projection system
3.1 Novel light separator for a projection system

The DLP projection system with the novel light separator is shown in Fig. 5, and the whole
system is set up by the optical software “LightTools” [16]. The DLP projection system is
composed of three major subsystems: an illumination system, a relay system and an image
system [2]. An RGB LED is used as the light source in the illumination system, one
condenser lens is used to collect light, and one integration rod is used to get uniform light.
After the illumination system, the rays strike the DMD chip after passing through the relay
system. Micromirrors on the DMD chip are used to control the progress of the image rays
toward or away from the image system. In this design, the Opyp is set at 26 degrees and the f-
number of the illumination system is 2.4. The size of the DMD chip is 0.3 inch (7.62 mm) and
the tilt angle of the DMD chip is + 12 degrees. The f-number of the image system is 2.0 to
collect more light [12].

I )

—> Image system stop

# —>  Image system

-

Red LED DMD chip

Condenser lens

Cover glass

|

Integration rod

/

Relay lens Light separator

Green LED
X-cube

Blue LED

Fig. 5. Schematic diagram of the novel light separator for the DLP projector.
3.2 Analysis of the contrast ratio for the novel light separator

There is a trade-off between the contrast ratio and optical efficiency in the DMD based
projector [12]. The two common methods for measuring the contrast ratio of the projection
system are the FO:FO contrast ratio [10, 17] and ANSI contrast ratio [17, 18]. The FO:FO
contrast ratio is defined as a ratio between the darkest dark (which represents a 100% dark
level) and the whitest white (which represents a 100% white level) that the display is able to
produce. The ANSI contrast ratio is measured using a 4 x 4 checkerboard pattern that shows
black and white at the same time. The image system efficiency is defined as the luminous flux
on the screen divided by the luminous flux on the receiver set between the cover glass and the
novel light separator.

The relationship between the FO:FO contrast ratio, image system efficiency and 0, is
illustrated in Fig. 6. As the 0, increases gradually, more and more flat-state rays are reflected
by the second TIR surface and the FO:FO contrast ratio will also get larger until reaching the
maximum value at an 0, of 29.8 degrees. On the other hand, when the 0, increases, fewer and
fewer on-state rays are able to pass through the second TIR surface. Therefore, the image
system efficiency decreases gradually. From the above results we can see that there is a trade-
off between FO:FO contrast ratio and the image system efficiency. As shown in Fig. 6, we
can get the maximum FO:FO contrast ratio when the 04 is set at 29.8 degrees; the FO:FO
contrast ratio can increase to 48250:1 and the image system efficiency is about 76.2%.
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However, if the 0, is too large, the flat-state rays are reflected at the second TIR surface and
there is a gradual decrease in FO:FO as shown in Fig. 7.

ao
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30000

20000 -
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FO:FC contrast ratio
{o5) Aouz131ua Waishs abew

0 T T T T T T T
28.5 280 285 300 305 310 .5

8, (degrees)

Fig. 6. The relationship between the FO:FO contrast ratio, image system efficiency and 0.

Fig. 7. Schematic diagram of the ray tracing sequence with 64 set to 31.0 degrees when DMD
chip is in the flat-state.

3.3 Comparison of the traditional light separator with an asymmetric stop

When the f-number of the image system F/2.0 is smaller than that of the illumination system
F/2.4, the pupil of the image system will be slightly larger than the pupil shown in Fig. 8. The
overlap between the image system pupil and the flat-state pupil implies a flat-state light
leakage into the image system which causes the contrast ratio to decrease. One common
method of contrast ratio enhancement is to use asymmetric stops to block flat-state light
leakage [12]. Here, v is the distance from the edge of the asymmetric stop to the edge of the
image system pupil. If y = 0 the asymmetric stop is located at the edge of the image system
pupil, and does not block any light passing into the image system. As y increases gradually,
the asymmetric stop will move closer to the center of the image system pupil.
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Illumination system F/2.4  Illumination system F/2.4 Illumination system F/2.4
at on-state at flat-state at off-state

Fig. 8. Schematics of the pupils. The pupil of the image system F/2.0 is slightly larger than the
pupil of the illumination system F/2.4. The deep blue board presents an asymmetric stop. The
overlapping area between the projection and flat-state pupil shows the flat-state light leakage
into the image system.

The relationship between the FO:FO contrast ratio, image system efficiency and
asymmetric stop position is illustrated in Fig. 9. As can be seen from the figure, when the
asymmetric stop position y is at 0.4mm, there is a balance between the FO:FO contrast ratio
and image system efficiency. Here, the image system efficiency is 82.04%, and the FO:FO
contrast ratio is 839:1.
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0 . ; : ! . r . : : 72

00 0.2 04 06 0.8 10

Asyrmmetric stop position ¥mm)

Fig. 9. The relationship between the FO:FO contrast ratio, image system efficiency and
asymmetric stop position y

The ANSI contrast ratio is also a common factor considered for ensuring image quality.
We compare the ANSI contrast ratios obtained for the novel light separator and the
conventional asymmetric stop in Fig. 10. The results indicate that the ANSI contrast ratio is
roughly greater with the novel design than that under the asymmetric stop. For the novel light
separator, when 0, increases from 28.4 to 29.8 degrees, the ANSI contrast ratio will increase
from 260:1 to 306:1. For the conventional light separator with an asymmetric stop, when the
asymmetric stop is moved from 0.0 mm to 1.4 mm, the contrast ratio will increase from 96:1
to 180:1. Obviously, the novel light separator would offer a higher contrast ratio than the
conventional light separator with an asymmetric stop in a LED projector system.
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Fig. 10. Comparison of the ANSI contrast ratios for the novel light separator and asymmetric
stop.

A comparison of the FO:FO contrast ratios, ANSI contrast ratios and image system
efficiency obtained with our design and the traditional design is shown in Table 1. A
photograph of the novel light separator is shown in Fig. 11. The testing results of the system
with the novel light separator show an FO:FO contrast ratio of 4025:1 and an ANSI contrast
ratio of 275:1.

Table 1. Comparison of the novel light separator and the traditional asymmetric stop

method
Condition Novel light separator Asymmetric stop conventional
with 0, = 29.8 degrees light separator with y = 0.4mm
FO:FO contrast ratio 48250:1 839:1
ANSI contrast ratio 306:1 180:1
Image system efficiency 76.2% 82.0%

////m///m/mm“""“'"""""\\\\\\\\\\\\\

q

Fig. 11. A sample of the novel light separator.
4. Ghost ray analysis

As noted in the above results, the contrast ratio of the novel light separator is higher than that
of the conventional light separator with an asymmetric stop. The higher contrast ratio
indicates that the novel light separator should have smaller amounts of ghost rays. In order to
find the reason for this high contrast ratio, the ghost rays are analyzed using ray path analysis.
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As shown in Fig. 12, there are three main ghost ray paths, labeled 1, 2, and 3, in the
projection system in the conventional light separator with an asymmetric stop, named Design
1. Paths 1, 2, and 3 are caused by Fresnel reflection when the flat-state light passes through
the image system. In the flat-state, Fresnel reflection happens in the rear part of the image
system. In Design 1, ghost ray path 1 produces about 1.885 Im (51.01%), ghost ray path 2
produces about 0.840 Im (22.73%), and ghost ray path 1 produces about 0.689 Im (18.65%),
as shown in Table 2. These three paths comprise 92.39% of the ghost rays’ total power in
Design 1. The only method to remove the ghost rays before they hit the rear part of the image
system is to use the novel light separator to change their path.

Ghost ray path 1 Ghost ray path 2 Ghost ray path 3

(@) (b) (©)

Fig. 12. Three main ghost ray paths in Design 1: optical engine with conventional light
separator: (a) path 1, (b) path 2, and (c) path 3.

Table 2. Ghost Ray Analysis of the Projection System with the Conventional Light

Separator
Type Luminous flux (Im) Percentage (%)
Ghost ray path 1. 1.885 51.01
Ghost ray path 2. 0.840 22.73
Ghost ray path 3. 0.689 18.65
Total ghost rays 3.695 100

As shown in Fig. 13, there are three main ghost ray paths labeled 1, 2, and 3 in the
projection system with the novel light separator, named Design 2. Paths 1, 2, and 3 are caused
by Fresnel reflection at the second surface of the novel light separator and the rear part of the
image system. Here, ghost ray path 1 produces about 0.066 Im (72.41%), ghost ray path 2
produces about 0.008 Im (13.79%), and ghost ray path 3 produces about 0.005 Im (8.62%) for
a total in model 2 of 0.1411m, as shown in Table 3. These three paths comprise 94.82% of the
ghost rays’ total power in Design 2.
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Ghost ray path 1 Ghost ray path 2 Ghost ray path 3
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Fig. 13. Three main ghost ray paths in Design 2, the optical engine with the novel light
separator: (a) path 1, (b) path 2, and (c) path 3.

Table 3. Ghost Ray Analysis for the Projection System with the Novel Light Separator

Type Luminous flux (Im) Percentage (%)
Ghost ray path 1. 0.066 72.41

Ghost ray path 2. 0.008 13.79

Ghost ray path 3. 0.005 8.62

Total ghost rays 0.058 100

Comparison of the ghost ray analysis results between the two designs shows that ghost ray
paths 1, 2, and 3 in Design 1 can be removed by using the second TIR surface, as is done with
the novel light separator in Design 2. The three ghost ray paths are caused by Fresnel
reflection as the flat-state rays pass through the image system. However, in the novel light
separator, the flat-state light is removed away from the image system; therefore paths 1, 2,
and 3 do not happen in Design 2. In other words, the three main ghost ray paths in Design 1
can be efficiently removed by using the novel light separator, so that better contrast ratio
enhancement can be easily achieved in Design 2.

5. Comparison to a previous design

A comparison of the novel light separator design to a previous design [19] under the same
illumination system and image system appears in Table 4. The novel light separator has 80%
the volume of the previous design. Obviously, the novel light separator design is more
compact and has a higher contrast ratio, so it is also more suitable to be a component in a
DLP projection system. Although there may be a slight decrease in the system efficiency of
the novel light separator’s image, the improvement in the image efficiency is still enough to
warrant its use.

Table 4. The Comparison of Novel Light Separator and Previous Work

Condition previous work [19] novel light separator
FO:FO contrast ratio 46296:1 48250:1

ANSI contrast ratio 295:1 306:1

Image system efficiency 79.3% 76.2%

Prism volume 16 mm x 23 mm X 17 mm 16 mm X 21 mm x 15 mm
Weight 15.7g 12.6g

Light path in the illumination system TIR surface — DMD chip DMD chip — TIR surface
Prism number 3 3

Testing result for FO:FO contrast ratio ~ 2050:1 4025:1

Testing result for ANSI contrast ratio 206:1 275:1
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6. Conclusion

In this paper, we present a novel light separator that offers an enhancement of the contrast
ratio while maintaining the optical efficiency of the DLP projection system. The novel light
separator has the ability to direct the uncontrolled light away from the image system when the
DMD chip is in the flat-state. This novel light separator design can achieve contrast ratio
enhancement over that obtained using the asymmetric stop design. Compared with the
conventional design, the FO:FO contrast ratio can be improved from 839:1 to 48250:1, and
the ANSI contrast ratio can be improved from 180:1 to 306:1, while the image system
efficiency remains at 76.2%. The test results for the system with the novel light separator
show and the FO:FO contrast ratio of 4025:1 and ANSI contrast ratio of 275:1. Also, through
ghost ray analysis, we know that the ghost rays can be removed effectively away from the
image system. The difference between the novel light separator and asymmetric stop designs
can be easily understood. With the advantage of a high contrast ratio, the mini projector can
project a more vivid image and the image quality can be effectively improved.
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