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Crosstalk elimination in multi-view autostereoscopic display
based on polarized lenticular lens array*
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An autostereoscopic display composed of a directional backlight, an image display panel, a striped half-wave plate,
and a polarized lenticular lens array is proposed. The directional backlight emitting the parallel light can redirect the cones
of light to lenticular lens array and reduce the chromatic spatial-interference effect. The striped half-wave plate, located
in front of the image display panel, transformed the polarization direction of the lights from the directional backlight into
two mutually perpendicular directions. The polarized lenticular lens array not only can divide the light from the left and
right view images to send to left and right eyes but also can reduce the crosstalk of the stereoscopic images. The proposed
autostereoscopic display can produce high quality stereoscopic images without crosstalk at the optimal viewing distance.
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1. Introduction

Autostereoscopic displays have attracted much attention
due to creating the three-dimensional depth impressions with-
out wearing any viewing aid.['-%! The major technologies for
autostereoscopic displays are parallax barriers and lenticular
lens arrays (LLAs), which are often attached in front of actual
image display panels, such as the liquid crystal display (LCD)
panel.["~14 Particularly, LLAs have been widely used in prac-
tice because LLAs provide higher brightness than parallax bar-
riers in the autostereoscopic display.!!>! The light from the left
and right view images which is separated by the optical filters,
such as a parallax barrier and an LLA, should only reach the
left and right eyes in the autostereoscopic display, respectively.
However, imperfect separation of the light from the left and
right view images may be leaked to the right and left eyes, re-
spectively. The leakage of light from one view image channel
to another is a phenomenon known as crosstalk, which is often
a critical and primary factor causing eye fatigue and degrading
stereo image quality in an autostereoscopic display. 6]

In the LLA autostereoscopic displays, moiré pattern is in-
duced by the optical components with regular structures, such
as LCD panels and LLAs.!'”] In order to reduce the moiré pat-
tern, the most popular method is to assemble the lenticular
lens at a certain inclined angle in the LLA autostereoscopic
displays. Compared with the vertical LLA which only reduces
resolution in the horizontal direction, the slanted LLA can not
only minimize the moiré pattern but also balance the horizon-
tal and vertical resolution. In the LLA autostereoscopic dis-
plays, the covered shape of the subpixels by the slanted lentic-
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ular lens element is parallelogram and the shape of the subpix-
els on the image display panel is rectangular. The difference
between the parallelogram and rectangle brings about a conse-
quence that the slanted LLA element cannot cover the bound-
aries of subpixels exactly. The lights from parts of subpixels
pertaining to other views are leaked to the current view and

13.14.16] various methods have

cause considerable crosstalk.!
been proposed to reduce the crosstalk in the LLA autostereo-
scopic displays, such as two layer lenticular lenses through
focusing the light by the additional one layer lenticular lens,
correcting the intensity values of subpixels on synthetic im-
ages, and combining viewer tracking system and a synchro-

12-14.18] However the

signal LED scanning backlight module. !
methods presented above only reduce the crosstalk to some
degree, only compensate the observed image intensity for one
view image rather than for all view images at the same time or
require an extra tracking sensor.

In this paper, we propose an autostereoscopic display that
consists of a directional backlight, an image display panel, a
striped half-wave plate, and a polarized lenticular lens array
(PLLA), as schematically shown in Fig. 1. The proposed pro-
totype eliminates the crosstalk by blocking the leakage of light
from the parts of subpixels that belong to the other view image
to the current view image. The ray tracing simulation shows
that a high quality stereoscopic image without crosstalk is ob-
served at the optimal viewing distance in the proposed multi-

view autostereoscopic display.
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(a) (b) (©) )

Fig. 1. (color online) Structure of the proposed autostereoscopic dis-
play. (a) Directional backlight, (b) LCD, (c) striped half-wave plate,
and (d) polarized lenticular lens array.

2. Structure and principle

As shown in Fig. 2, a conventional LCD panel and slanted
LLA with the angle tan~'(3/9) are configured in an eight-
view autostereoscopic display. In the LLA autostereoscopic
display, for simplicity, only the subpixels with the rectan-
gular shapes corresponding to the fourth view image illumi-
nated with white color are prepared to display through the di-
rectly above lenticular lens on the synthetic image, as shown in
Fig. 2. After attaching the slanted LLA, the observed subpix-
els’ shape through the LLA is parallelogram but not rectangu-
lar. The subpixels observed through the lenticular lens consist
of the main parts of subpixels from the fourth view image and
some parts of subpixels from the third and fifth view images
as shown in Figs. 2(b) and 2(c). Therefore the light from the
neighboring view images leads to the main crosstalk towards
the observed image in the slanted LLA autostereoscopic dis-

play. Crosstalk can be defined by the following expression: (16!

I
crosstalk = M, €))

signal
where lieaage 18 the intensity of light leaking in the wrong
viewing zone and Ign, is the intensity of light in the right

viewing zone.
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crosstalk

() (b) (©)

Fig. 2. (color online) Distribution mode of the subpixels of each view
image on the synthetic image. (a) The fourth view image prepared to
display, (b) illustration of crosstalk and (c) the fourth view image ob-
served through the LLA.

In the LLA autostereoscopic display, only a limited
cone of lights is effectively utilized and the other lights

cause crosstalk which increases with the increase of the view
number.!!”) Traditional backlight with Lambertian distribution
is replaced by directional backlight to collimate light illu-
mination, enhance efficiency of light utilization and improve
the wide view zone and resolution in the autostereoscopic

displays.[20-211

symmetric focusing foil

light source grooved light guide

Fig. 3. (color online) Structure of a directional backlight.

The directional backlight used in our proposed prototype
is an improvement based on the directional backlight proposed
by Chien. " The proposed directional backlight composed of
a grooved light guide in combination with a symmetric focus-
ing foil, as shown in Fig. 3. The vertex angle of grooved light
guide and the half vertex angle of symmetric focusing foil are
a and @, respectively. To analyze the relationship between the
light emitted from the grooved light guide with 8 and the light
emitted from the directional backlight with 83, the following
relations can be obtained using the ray tracing method: 2"’

nysin(6;) =sin[6 — (o — )], 2)
6, =29 -6, 3)
(p—93=71'/2—92, (4)

where ny, 0y, and 6, are the refractive index of the focusing
foil, the refracted angle at the interface of grooves, and the in-
cident angle at the interface of grooves, respectively. When the
emitted angle of directional backlight 83 is zero, the direction
of propagation of emitted light is parallel which is perpendicu-
lar to the LLA. In practice, a simple method for converging the
light from the traditional backlight in parallel is to assemble a
collimating lens in the front of the image display panel.*?!
The profile of the collimating lens can be calculated by Lens-
maker’s formula.[>’!

The intensity profile is simulated to analyze the influ-
ence on the intensity distribution using the directional back-
light instead of the traditional backlight via the ray tracing
method.[>1924] The light emitted with an angle ¢ from the
position x will reach the viewing plane at position X after
passing through the LLA, as shown in Fig. 4(a). The fol-
lowing equations can be obtained according to the geometric
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relationship: *]

X = G(¢,x)
Rsin(y+¢) — (L—d —Rcos(y+¢))tan(B), (5)

where

Rsin(y+¢) =x+ (d+Rcos(y+¢))tan(¢), (6)
B =sin"!(nasin(y)) — (¢ +w), ™

where R is the radius of lenticular sphere, d is the distance
between the center and the image display panel, L is the view-
ing distance between the image display panel and the viewing
plane, 7 is the gap between the lenticular lens and image dis-
play panel and n; is the refractive index of LLA, as illustra-
tively shown in Fig. 4. The intensity of light can be obtained
by summing of all light rays from a subpixel

"X+ W
L= [ aef0)s(X ~G(9.x).  ®
where x; is the starting position of the subpixel and w is the
width of a subpixel. The backlight is the conventional back-
light, f(¢) = [ g;M d¢ cos @, and cos ¢ denotes the Lambertian
light source, ¢g = —tan~! ((x+w)/h), ¢y = tan~ ((w —x) /h).
The backlight is the directional backlight, f(¢) = 1. The light
emitted with an angle ¢ from the position x only reaches the
viewing position X, which contributes to the intensity of light
in position X. Figure 5 shows the intensity distribution from
subpixels in the right and left pixels on the viewing plane
for a four view autostereoscopic display with a traditional
backlight and a directional backlight, respectively. Compared
with the intensity distribution with the traditional backlight as
shown in Fig. 5(a),l!”! the intensity distribution with a direc-
tional backlight contributed by the subpixel through the di-
rectly above lenticular lens coincides very well, and the inten-
sity contributed by the combinations of subpixels through the
adjacent lenticular lens is eliminated, as shown in Fig. 5(b).
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Fig. 4. (color online) Illustration of ray tracing in an LLA autostereo-
scopic display with (a) a traditional backlight and (b) a directional back-
light.
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Fig. 5. (color online) Simulated intensity distribution on the viewing
plane for a four-view autostereoscopic display with (a) a traditional
backlight!'”! and (b) a directional backlight.

The primary differences between the traditional backlight
and the directional backlight are the divergence angle. Fig-
ure 4 schematically shows the light propagation with a tradi-
tional backlight and a directional backlight. Light from sub-
pixel with a traditional backlight emitting diverging light could
pass through all parts of the lens directly above and the adja-
cent lens as shown in Fig. 4(a), which results in the unexpected
spectral and spatial interferences,!'”! However, light from sub-
pixel with a directional backlight emitting parallel light could
only pass through the upper parts of the lens directly above
as shown in Fig. 4(b), which reduces the unexpected spectral
and spatial interferences. Therefore, the parallel light from the
observed pixel of the fourth view images only pass through
the corresponding upper parts of the lens directly above (indi-
cated by the red rectangles) when the LLA is assembled with
a slanted angle, as shown in Fig. 6.

Figure 7 depicts the detailed structure and operation prin-
ciple of the proposed autostereoscopic display. The similar
operation principle has been used in polarized glasses-based
stereoscopic displays.[>>3] The striped half-wave plate act-
ing as polarization switch was attached in front of the dis-
play panel. The polarized lenticular lens can be fabricated
by attaching the patterned polarizer layer on the back side
of the lenticular lens. The period length of the striped half-
wave plate is equal to the subpixel pitch, where A /2 optical
retardation and zero optical retardation are adjacent to each
other. The polarization direction of the image light from the
image display panel is supposed to orient horizontally. The
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polarization direction of the incident image lights does not
change and changes by 90° with respect to the initial direc-
tion after passing through the zero and A /2 optical retarda-
tion, respectively.!?0-28] Therefore, the polarization direction
of the incident image lights from the first row of subpixels
corresponding to the view 2, view 4, view 6, and view 8 is
still horizontal direction after passing through the striped half-
wave plate because the optical retardation of the striped half-
wave plate panel is zero, as shown in Fig. 7(b). Similarly, the
polarization direction of the incident image lights from the first
row of subpixels corresponding to the view 1, view 3, view 5,
and view 7 becomes vertical direction after passing through
the striped half-wave plate because the optical retardation of
the striped half-wave plate panel is A /2, as shown in Fig. 7(b).

——» image display panel
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Fig. 6. (color online) Illustration of light from the observed pixel of the
fourth view images with directional backlight only passing through the
corresponding upper parts of the lens directly above (indicated by the
red rectangles).
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Fig. 7. (color online) Detailed structure of the proposed autostereoscopic display. (a) Sectional view of the proposed autostereoscopic
display, (b) scheme of the striped half-wave plate, and (c) scheme of the PLLA.

In this proposed autostereoscopic display, the backlight is
transformed into two mutually perpendicular polarized lights
after passing through the striped half-wave plate. After that,
two polarized lights with horizontal and vertical direction pass
through the corresponding polarizer units of each period of
the PLLA. Every individual PLLA is composed of two iso-
metric and mutually perpendicular polarizers, polarizer 1 with
vertical direction and polarizer 2 with horizontal direction, as
shown in Fig. 7(c). The lights with the horizontal polariza-
tion direction from the first row of subpixels for view 2, view
4, view 6, and view 8 can pass through the polarizer 1 of the
PLLA because their transmission directions are the same and
are blocked by polarizer 2 of the PLLA because their trans-
mission directions are mutually perpendicular. Similarly, the
lights with the vertical polarization direction from the first row
of subpixels for view 1, view 3, view 5, and view 7 can pass
through the polarizer 2 of the PLLA because their transmis-
sion directions are the same and are blocked by polarizer 1 of
the PLLA because their transmission directions are mutually
perpendicular.

3. Results and discussion

Figure 8 illustratively shows an enlarged light polariza-
tion direction and distribution of the mj-th row and my-th
column observed pixel on the synthetic image after passing
through the striped half-wave plate when the viewer located in
the range of the fourth view image along the optimal viewing
distance. The observed pixel consists of the subpixel from the
fourth view image and the subpixel from the third view image
located at the top left corner of the observed pixel and the fifth
view image located at the bottom right corner of the observed
pixel. We assumed that the polarization direction of the light
emitted from the fourth view image is the horizontal direction
after passing through the striped half-wave plate. As can be
seen from Fig. 7, the polarization direction of the light emitted
from the third and fifth view images is vertical direction after
passing through the striped half-wave plate. According to the
definition of the crosstalk given in Eq. (1), the light emitted
from the top left and bottom right corner of the observed pixel
is the major source of crosstalk, because that light from the
corner areas does not belong to the fourth view image. There-
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fore, blocking the light from the top left and bottom right cor-
ner of the pixel should help reducing crosstalk. The light from
the subpixel of the fourth view image with horizontal direc-
tion is observed through the corresponding polarizer unit of the
PLLA because the polarization direction of the corresponding
polarizer unit of the PLLA is also vertical direction. However,
the light from the subpixel of the third view image and the
fifth view image is blocked because the polarization direction
of the light is perpendicular to the polarization direction of the
corresponding polarizer unit of the PLLA. This means that the
crosstalk is eliminated when the light from top left and bottom
right corner of the observed pixels is blocked.
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Fig. 8. (color online) Illustration of light polarization direction and dis-
tribution of the observed pixel in the m-th row and m;-th column pixel.

The normalized intensity distribution of the eight view
images along the horizontal direction at the optimal viewing
distance in the conventional LLA autostereoscopic display by
simulation using ray tracing method is schematically shown
in Fig. 9(a).['>] The normalized intensity distribution calcu-
lated using ray tracing method coincides very well with that
from experiment measurement.!'3] When the viewer located
in the range of the fourth view image along the optimal view-
ing distance, the viewer observed the stereoscopic image with
crosstalk which results from the third and fifth view images
because the viewing zones overlap, as shown in Fig. 9(a). Ac-
cording to the definition of the crosstalk in Eq. (1), the min-
imum crosstalk is about 0.33 in the conventional LLA au-
tostereoscopic display. However, it can be seen from Fig. 9(b)
that the viewing zones do not overlap in the proposed au-
tostereoscopic display. The crosstalk is very close to zero in
the PLLA autostereoscopic display. Compared with the other

methods for reducing crosstalk, [12-14.18]

the proposed method
is simple and effective. Moreover, it does not change the pa-
rameters of the lenticular lens, process the view image and
need auxiliary viewer tracking system. The viewer will ob-
serve the high quality stereoscopic image without crosstalk
when the viewer is located in the range of the fourth view im-
age along the optimal viewing distance, because the light from
the third and fifth view images causing crosstalk were blocked
by the corresponding polarizer units of the PLLA. Thus, the
crosstalk of the obsearved view images caused by the neigh-
bouring view images is eliminated in the proposed multi-view
autostereoscopic display.
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Fig. 9. (color online) Normalized intensity distribution on the viewing
plane for an eight view autostereoscopic display based on (a) lenticular
lens array and (b) polarized lenticular lens array.

4. Conclusion

The multi-view autostereoscopic display based on a po-
larized lenticular lens array with a directional backlight and
a striped half-wave plate was proposed. To concentrate the
light emitted from the image panel, the directional backlight
is adopted to replace the traditional backlight. The polariza-
tion of the light emitted from the directional backlight is trans-
formed into two mutually perpendicular directions after pass-
ing through the striped half-wave plate located onto the front
of image display panel. The polarized lenticular lens array
can not only separate the left and right image light to create
the three-dimensional perception of image but also block spe-
cific polarization direction of lights. The operation principle
of proposed prototype to reduce crosstalk is that the light with
the same transmission direction as the PLLA can pass through
the PLLA and with the perpendicular transmission direction
as the PLLA is completely blocked by the PLLA. The sim-
ulation results indicate that the crosstalk is eliminated in the
proposed autostereoscopic display. As a result, the viewer will
observe high quality stereoscopic images without crosstalk at
the optimal viewing distance.
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