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ABSTRACT

Two different types of the achromatic TIR prism set are
designed to mini projector. Type1 prism set is the first
prism with a small Abbe number material stacked with the
second prism with a large Abbe number material. Type2
prism set is an opposite design to Type1 prism set.

1. INTRODUCTION

Nowadays, solid-state light sources, such as LED and
Laser, are widely utilized as a light source of a projection
system. As a solid-state light source is applied, an
additional component to generate RGB light is no more
needed. This is a great difference between the traditional
light source and solid-state light source. For a color display,
three Lasers respectively with red, green, and blue
wavelengths are necessary [1]. Compared to the laser,
LED as light source has some advantages [2-9].
Therefore, in this paper, the LEDs is chosen as our light
source for the projection system. However, there is
chromatic uniformity issue such as the lateral color
aberration at the corner of the projection screen. In order
to solve this issue, an achromatic design is necessary. In
order to reduce color aberration without extra lenses, an
achromatic total internal reflection (ATIR) prism set is
proposed.

2. RESULTS

2.1 Definitions of achromatic TIR prism

The schematic of ATIR prism is shown in Fig.1. ATIR
prism set consists of the first prism, the second prism
stacking with a Digital micromirror device (DMD), DLP®
0.3 WVGA DMD [10]. The first prism has an apex angle of
6, as shown in Fig.1. The second prism is an isosceles
right-angled triangle. The refraction index of the first prism
and the second prism is denoted by n; and n, ,
respectively. The optical axis ray passes through the ATIR
prism set and impinges on DMD chip with an angle of 6pp.
0;, is the incident angle of optical axis ray at the first prism
and 6p,p is the incident angle at the DMD active area. The
angle of 9;, is positive while the optical axis ray is rotated
clockwise to reach the normal of the entrance of the first
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prism. Moreover, the prism size decreases when 6in
increases due to the relation among prism size, 6;,, and
0;.

The ATIR prism is designed to reduce the lateral color
aberration. We choose appropriate prism combinations
to eliminate the lateral chromatic aberration. V; and V,
represent the Abbe number of the first prism and the
second prism, respectively. The difference of Abbe
number is responsible to eliminate the lateral color
aberration of the ATIR prism set [11]. As mentioned
before, type1 prism set consists of a small Abbe number
prism stacked with a high Abbe number one. In order to
optimized the achromatic capability of the ATIR prism set,
five optical materials with Abbe number lower than 50
are considered. The five optical materials are N-SSK8,
N-BAF10, N-LAF2, N-SF2 and N-SF57 [12]. The
material of the second prism is N-BK7. For type2 prism
set, the material of the first prism is assumed to be N-
BK7. The considered small Abbe number materials for
the second prism are N-SSK8, N-BAF10, N-LAF2, N-
SF2 and N-SF57. The optical performance of the various
prism set is simulated and analyzed by using optical ray
tracing software, Zemax.

2.2 Schematic of relay lens system

To analyze the optical performance of the ATIR prism
set in both of the paraxial system and the real system,
different relay lens system is designed. The relay lens
system consists of two relay lenses. The schematic of
relay lens system is shown in Fig. 2 for the two prisms
with BK7.

In Fig.2(a), paraxial relay system indicates the
combination of ideal relay system and ATIR prism. When
ideal relay system combines the TIR prism, the optical
path is considered and kept at constant. In the paraxial
relay system, the spot size variation at different regions
and the corresponding lateral color aberration are only
contributed by the ATIR prism owing the relay lens are
aberration-free. The relation among the spot size, 6in,
prism material and region of DMD is shown in [13].
Nevertheless, the paraxial relay system is only for
quickly evaluate the optical system and cannot be
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realized in a practical projection system. The real relay
lens system is needed to replace the paraxial relay system
for fully evaluating the performance of the optical system.
In the real relay system, the material of the relay lens is
chosen to be poly-methyl 2-methylpropenoate (PMMA) for
low cost.

2.3 ATIR prism in paraxial relay system

In the paraxial relay system, the lateral color aberration
of illumination system is only determined by ATIR prism
because the paraxial relay system ignores the chromatic
aberration. The relation between the lateral color
aberration, prism size, and 6;, in the paraxial relay lens
system is shown in Fig.3. For different optical materials,
the trend of the lateral color aberrations as a function of
0, is similar. The angle as lateral color aberration goes to
minimum is defined as 6. In addition, the hollow symbols
represent the prism size as a function of 8;,. In order to
obtain a compact prism size, the 8, is limited within —20°
to 20° [1]. For —20° < 6;,, <20°, we are able to find 6y,
which means a solution of the achromatic prism set.

There is the minimum lateral color aberration at 6.
Different optical materials result in different 6,,.In addition,
when 6;, increases from 6,,, the lateral color aberration
increases. Almost all materials follow this trend, except for
N-SF57 in type2 prism set. On the other hand, 6, is
positive value for type1 while 8y, is negative value for type
2. With different materials, Abbe number affects the value
of 8. It shows negative correlation between Abbe number
and 6,, for the type1 prism set. On contrary, it shows
positive correlation between Abbe number and 6M for the
type2 prism set.
2.4 ATIR prism in real relay system

In real relay system, the lateral color aberration is both
contributed by real relay system and ATIR prism set. The
lateral color aberration and the prism size as a function of
0;, for the real relay system is shown in Fig.4. As shown
in Fig.4(a). 6, exists at a specific 6;, which presents an
achromatic condition. When Abbe number (V;) decreases,
6, becomes larger. The performance of lateral color
aberration in the real relay system is similar to that of the
paraxial relay system. Due to the effect of real relay
system, N-LAF2 and N-SF2 have almost the same 6,,.
Under the same 6,,, the prism size and n1 are in negative
correlation, as discussed in the previous section.
Therefore, N-LAF2 has smaller prism size due to large n1.
In type2 prism, the lateral color aberration and the prism
size as a function of 8in are shown in Fig.4(b). The solid
symbols represent the lateral color aberrations as a
function of 6;,. Similar to the result of the paraxial relay
system, the 6,, of N-SF57 is located at 8;,, <—20°. When
the optical material with an Abbe number (V) is applied, it
leads to a larger 6,,. The prism size decreases for a
decreasing 6,,.

Here, we make a comparison of Fig.3 and 4. For the
lateral color aberration issue, we obtain the similar
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performance between paraxial and real relay system,
such as the effect of Abbe number. Nevertheless, the 6,
of the paraxial relay system is different from that of the
real relay system. When ATIR prism is analyzed in the
real relay system, the lateral color aberration is also
affected by the real relay system due to the dispersion
nature of a real lens. In addition, there is similar
phenomenon in type2 prism. For the prism size issue,
the variation of prism size with different 6;,, is almost the
same in real and paraxial relay system because the
architecture of prism will not be affected by the real relay
system. Nevertheless, the prism size decreases
because of an increasing 6,,. With the same material,
the prism size in real relay system is smaller than that in
paraxial relay system.

2.5 Angle loss and efficiency loss

Besides of the chromatic aberration, the efficiency is
also considered. In order to rapidly evaluate the
efficiency loss, a factor, angle loss, is defined as the rays
which cannot pass through the surfaces and interfaces
of prisms. The angle loss occurs when rays pass through
the interface between the prisms and air gap. There are
two positions where the angle loss might occur, i.e.
surface1 and surface2, as shown in Fig.5. Therefore, we
simply divide the angle loss into two parts: one is angle
loss1 at the surface1, another is angle loss2 at the
surface2

At the surface1, the angle loss1 exists when TIR
happens at the upward marginal ray in illumination
system. Here, the angle of the upward marginal ray at
surface1 is denoted by 0,4, and the angle of the first
prism is denoted by 6,, respectively. In addition, the
difference between 6,,, and the critical angle at
surface1 is defined as 6p,. For 8,; >0, 6,4, is larger
than the critical angle. Consequently, the angle loss1
occurs due to TIR effect. For a larger 6,4, the angle loss1
increases. On contrary to the surface1, the surface2 is a
reflective surface based on TIR effect. At surface2, the
incident angles of rays reflected from the DMD chip
smaller than the TIR angle lead to the angle loss2. Under
the projection lens system, the chief ray, upward
marginal ray and downward marginal ray are shown in
Fig.1. The angle loss2 occurs at downward marginal ray
in projection lens system. The angle of the downward
marginal ray at surface2 is denoted by 6,4, and the
difference between 6,4, and critical angle at surface2 is
denoted by 6,, respectively. As 0, <0, it suffers from
the angle loss 2. The angle loss2 increases for a smaller
Op-.

In order to analyze the angle loss, the 6,44, 6,4, and
critical angle with different materials are discussed. The
041, 0142, Critical angle as a function of 6;,, is shown in
Figs.6 and 7. In order to prevent angle loss, 6,4, is less
and 0, ,, is greater than the critical angle. In order to
analyze the relationship between angle loss and



efficiency loss, these designs are simulated using the
commercial raytracing software, Lighttools. The efficiency
loss can be divided into efficiency loss1 and efficiency
loss2, respectively. The efficiency loss1 due to the angle
loss 1. Table1(a) lists the efficiency type 1 prism set.
Almost all rays arrive the surface 2 and the efficiency loss1
are less than 1%. Nevertheless, the efficiency loss2 is
significant and the total efficiency decreases. Table1(b)
lists the efficiency loss, 6y, Op2, 6141, OL42 @nd critical
angle for type2 prism set. When N-LAF2 and N-SF57 are
applied as the materials of the second prism, there are
significant efficiency loss1 due to large refractive index.

3. CONCLUSION

In this paper, two type ATIR prisms are designed and
analyzed. For type1 prism, the lateral color aberration,
prism size, cost and efficiency loss, are compared for five
different materials. Thus, N-SF2 is chosen for the first
prism. When 8, is 14", the lateral color aberration is 0.65
pm in the real relay system. The prism size is 2305 mm?.
The efficiency loss is 15.05% due to angle loss. In type2
prism, the optical performance of five materials is also
compared under the reasonable range of 6,,. Therefore,
N-SSK8 is chosen as the second prism. When 6, is —3°,
the lateral color aberration is 0.61 pym. The prism size is
3000 mm3. The efficiency loss is less than 1%. Based on
the above result of two type ATIR prisms, their advantages
and disadvantages are all analyzed and discussed. Type
1 prism performs a smaller prism size, lower cost but with
a high efficiency loss. On the other hand, type2 prism
performs a low efficiency loss.

Fig. 1. Schematic of the optical path of the ATIR
prisms with different materials.
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Fig. 2. Optical path of the investigated relay lens
system. (a) Paraxial Relay System with the ATR
prism. (b) Real Relay System.
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Fig. 3. Lateral color aberration and prism size as a
function of fin in paraxial relay system.
(a) Type 1 prism. (b) Type 2 prism.
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Fig.4. Lateral color aberration and prism size as a
function of fin in the real relay system. (a) Type1

Fig. 5.

~—1

(b)

Prism sze

N-SSK8 || 4500
N-BAF10)
s N-LAF2 ([

N-SF2
—o— N-SF57

Lateral Cdor Aberration (ym)
(,wiw) 02)8 Wslig

Oin (degree)
@)

TLateralcolor  Prism sze
Aberration

120 - N-SSK8 N-SSK8 (|- 4500
*  N-BAF10 N-BAF10
N-LAF2

Lateral Color Aberration (ym)
(wuw) 21 wsug

reeyizliiapanett?

-10

°
6in (degree)

prism. (b) Type2 prism

Lateral color  Prism size

—=— N-SSK8  —o— N-SSK8 (|- 4500
N-BAF10

Lateral Color Abemation (um)

$ixry,, T
““ﬁﬂ}h..‘ 328

20 5 -0 - o H 10 15

6in (degree)
(a)

Tlateraicolor  Prism size

Aberration

o N-SSK8 || 4500
N-BAF10]

(ww) 9218 usug

.,..00“"
-

v

vy
s4288281 2000

0

] s
:-.3 tragy .v-v~"';,,ggaztti“

Lateral Color Aberration (sm)
3

20 15 10 5 ] H 10 15
Oin (degree)

(b)

Schematic of the incident angles at each
surface of the ATIR prism.
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Fig.6. (a) OLA1, (b) LA2, and critical angle as a N-SSKS  N-BAFI0  N-LAF2  NSFZ  N-SFS7
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