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In spite of their many advantages, limited image depth still remains as an obstacle to three-dimensional displays
based on integral imaging. In this Letter, by combining multiple polymer-dispersed liquid-crystal films and a
dual-depth configuration, we propose a method to enhance the depth range of the integral imaging display
system. © 2010 Optical Society of America
OCIS codes: 110.2990, 100.6890, 220.2740.

Integral imaging is an autostereoscopic three-
dimensional (3D) display technique using a lens array.
A set of elemental images is loaded into an two-
dimensional (2D) display panel, and the light emanating
from the elemental images is directed to different direc-
tions by the lens array so that the spatioangular distribu-
tion of the object light rays, which is also called the ray
space [1] or light field [2], is reconstructed. In integral
imaging, there is a trade-off between the viewing angle
and the depth range of the displayed 3D images. The
viewing angle is determined by the angular range of
the ray reconstruction, which is inversely proportional
to the f number of the individual lens in the array. On
the contrary, the depth range is determined by the depth
of focus of the reconstructed ray and is proportional to
the f number. Consequently, it is not possible to obtain
both a large depth range and wide viewing angle at the
same time.
To increase the depth range beyond the limitation from

the trade-off relationship, a few methods have been pro-
posed. In one approach, the focal plane of the lens array,
which is usually called a central depth plane (CDP), is
located at infinity in order to maximize the depth of focus
[3,4]. In this method, however, the depth enhancement is
achieved only with significant loss of resolution. In an-
other approach, multiple layers of the elemental images
are used [5,6]. By overlaying multiple display panels or
electrically controllable screens with a projection sys-
tem, multiple CDPs are generated in the 3D image vo-
lume, resulting in depth range enhancement. This
method has been demonstrated by using either liquid-
crystal (LC) panels as displays or polymer-dispersed
liquid-crystal (PDLC) films as variable screens. A disad-
vantage of this method is that the quality of the displayed
3D image deteriorates quickly as the number of elemen-
tal image layers increases. Because the LC panels or the
PDLC films are not completely transparent, there is a lim-
itation on the maximum number of layers.
Recently, a technique that creates dual depths from a

single layer has been reported [7]. Using a combination
of two crossed quarter-wave plates (QWPs), a reflective

polarizer, and a half mirror, the reported method causes
the light of one polarization to encounter additional inter-
nal reflections before it escapes from the device, causing
it to look farther away to the viewer.

In this Letter, we propose a depth-enhanced integral
imaging display that combines multiple PDLC projection
with a dual-depth configuration. With the help of the
dual-depth configuration, the effective number of PDLC
films is doubled, creating a larger depth range than con-
ventional multilayer methods. The configuration of the
proposed method is shown in Fig. 1. The proposed con-
figuration consists of a projector, PDLC films, an LC po-
larization switch, a lens array, two crossed QWPs (fast
axis at �45°), a half mirror, and a reflective polarizer
(transmitting 0° polarized light).

During operation, the PDLC films are electrically con-
trolled so that a PDLC film, for instance the ith PDLC
film, becomes diffusive while others are transparent. The
projector projects a set of elemental images to the se-
lected ith PDLC film. The elemental images at the PDLC
film are polarized either 0° or 90° by the LC polarization
switch and integrated by the lens array into the 3D
images around the CDP. The distance Di of the CDP from
the lens array is given by the Gaussian lens law as

Di ¼
f di

di − f
; ð1Þ

where di is the distance between the ith PDLC film and
the lens array and f is the focal length of the lens array.

Fig. 1. (Color online) Concept of the proposed method.
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The dual-depth configuration shifts the CDP distance
Di according to the polarization. When the elemental
images are polarized to 0°, the first QWP with a fast axis
atþ45° changes it to a circular polarization. After the half
mirror, the polarization of the light returns to 0° linear
polarization by the second QWP with a fast axis at −45°.
Because 0° coincides with the transmitting axis of the re-
flective polarizer, the effective CDP distance remains as
Di without any change. When the elemental images are
polarized to 90°, however, the effective CDP distance is
shifted. The crossed QWPs do not change the polariza-
tion as before. But the 90° polarization is now orthogonal
to the transmitting axis of the reflective polarizer; hence,
the light is reflected back toward the half mirror. This
light then propagates through the second QWP to the half
mirror, where it is reflected back toward the viewer
again. By propagating through the second QWP twice,
the polarization state of the light is now changed to 0°,
which is possible to pass through the reflective polarizer.
Because of this additional reflection, the effective CDP
distance is shifted to

D0
i ¼ Di − 2Δ; ð2Þ

where Δ is the gap between the half mirror and the re-
flective polarizer. Therefore, with a single PDLC film, two
CDPs can be created by controlling the polarization of
the elemental images. In integral imaging, the 3D images
can be displayed within a depth of the focus centered at
the CDP. Hence, by doubling the number of CDPs, the
final depth range where the 3D images can be located
is enhanced by a factor of 2. With N PDLC films, the pro-
posed method generates 2N CDPs, enhancing the depth
range of the 3D images.
Note that, though the depth range is enhanced in the

proposed method by generating twice as many CDPs, the
maximum number of PDLC films is still limited by their
imperfect transparent state. The nonzero haze rate of the
PDLC films blurs the elemental images projected on the
film, reducing the sharpness of the displayed 3D images.
Therefore, for practical application of the proposed
method, development of the clear PDLC films is essen-
tial. Also note that, in the proposed method, the light
of 90° polarization experiences more light loss than 0°
polarization due to additional reflection and transmis-
sions through the half mirror, second QWP, and reflective
polarizer. Therefore, during operation, the brightness of
the corresponding sets of the elemental images should be
compensated accordingly.
In an experiment, the 3D scene shown in Fig. 2 was

displayed by the proposed method and the conventional
method. The 3D scene consisted of a pyramid 60 mm in
thickness and a sphere with a 7:5 mm radius at the top of
the pyramid. The pyramid object was represented by a
stack of 12 hollow squares with 5 mm spacing. The 3D
scene is located such that the central hollow square is
placed 50 mm from the lens array, covering the volume
extending from 20 mm to 80 mm from the lens array. The
lens array used in the experiment consists of rectangular
elemental lenses that have 5 mm × 5 mm size and 10 mm
focal length.
In the conventional method, only a single PDLC film

was used without dual-depth configuration. Hence the

experimental setup for the conventional method con-
sisted of a projector, a single PDLC film, and a lens array.
The distance between the PDLC film and the lens array
was set to 12:5 mm so that the CDP is located at the
center of the 3D scene, i.e., Di ¼ 50 mm. The elemen-
tal images for entire 3D scene were projected to the
PDLC film and integrated into 3D images, as shown in
Figs. 3(a)–3(c). As evident from Figs. 3(a)–3(c), many
parts of the displayed 3D scene are distorted owing to
the insufficient depth range of the conventional integral
imaging system.

In the proposed method, two PDLC films were used
with dual-depth configuration, creating four CDPs. The
PDLC film is 210 mm × 297 mm in size and shows 75%

Fig. 2. (Color online) 3D scene used in the experiment.

Fig. 3. (Color online) Experimental results: (a)–(c) left, cen-
ter, and right view of the 3D image displayed by the conven-
tional method, (d)–(g) center view of partial 3D image
displayed by the proposed method, and (h)–(j) left, center, and
right view of the 3D image displayed by the proposed method
(synthesized by adding partial 3D images digitally).
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and 20% transmittances for transparent and diffusive
states, respectively, when it is driven by 110 V voltage.
Two PDLC films were located at d1 ¼ 11:6 mm and d2 ¼
13:07 mm from the lens array, and the gap between the
half mirror and the reflective polarizer was set to Δ ¼
7:5 mm. Consequently, from Eqs. (1) and (2), four CDPs
were created at 27.5, 42.5, 57.5, and 72:5 mm from the
lens array, dividing the 3D scene volume, which extends
from 20 to 80 mm from the lens array into four 15 mm
thickness parts. Four sets of elemental images were pre-
pared for corresponding parts, i.e., the first set of the
elemental images, which corresponds to the CDP at
27:5 mm, accounts for the 3D scene from 20 to 35 mm,
the second set accounts for from 35 to 50 mm, and so on.
Each set of the elemental images was projected sequen-
tially to the corresponding PDLC film, which was electro-
nically controlled to be diffusive, while another PDLC
film was controlled to be transparent. The polarization
of the light was controlled manually using a static linear
polarizer instead of an LC polarization switch. Although
use of the static polarizer prohibits real-time operation,
the principle of the proposed method still can be verified.
Figures 3(d)–3(g) show the central view of the displayed
3D images for each set of the elemental images. For com-
parison with the conventional case, four images shown
in Figs. 3(d)–3(g) were added by image processing to
yield a complete 3D scene, as shown in Fig. 3(i). For left
and right views, the same process was repeated for
Figs. 3(h) and 3(j). By comparing Figs. 3(h)–3(j) with
Figs. 3(a)–3(c), especially around the sphere object,
which is far apart from the CDP in the conventional meth-
od, it can be observed that the proposed method displays
the 3D image with much less distortion than the conven-

tional method. Therefore, the depth enhancement of the
proposed method can be verified.

In conclusion, a novel method that enhances the depth
range of 3D displays based on integral imaging was
proposed. The proposed method combines the multiple
PDLC screens with the dual-depth configuration. With N
PDLC screens, the proposed method generates 2N CDPs,
enhancing the depth range accordingly. The principle of
the proposed method was verified experimentally, con-
firming its feasibility.
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