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Abstract—Color sequential projection display using a vertical
field switching (VFS) polymer-stabilized blue phase liquid crystal
(BPLC) is proposed. The VFS-BPLC exhibits submillisecond
response time which is useful for suppressing color breakup.
The proposed projector also has a small throw ratio. With phase
compensation, the distortion from oblique LC panel could be
corrected.
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(BPLC),
Fig. 1. Device structure of the proposed transmissive projection system. (a)
Whole system. (b) Coupling film on top of the polarizer. (c) Collimated LED.

I. INTRODUCTION

C

OLOR-SEQUENTIAL single-panel LCD projectors
offer several advantages over the three-panel ones, such
as higher optical efficiency, simpler projection optics for compact size, and lower cost [1], [2]. However, color breakup
would be noticeable if the liquid crystal response time is not
fast enough ( 1 ms) [3]–[5]. Presently, 90 twisted nematic
cell [6] has been commonly used in three-panel transmissive
LCD data projectors, while vertical alignment nematic [7],
mixed-mode twisted-nematic [8], and ferroelectric LC [9] have
been attempted for single-panel reflective LCOS projectors (or
pico projectors using LED backlight). To achieve fast response
time, the gap of these LC cells is controlled at around 1 m
which makes device fabrication challenging.
Polymer-stabilized blue-phase liquid crystal (BPLC) based
on Kerr effect [10], [11] is emerging as a promising candidate
for display applications. The major attractions are submillisecond response time, no need for molecular alignment layer,
natural grayscale, and optically isotropic dark state. Recently,
a vertical field switching (VFS) BPLC is proposed for direct-view display [12], [13]. Compared to in-plane switching
(IPS) BPLC [14]–[16], VFS mode not only significantly reduces the operating voltage ( 10 V) but also suppresses the
hysteresis. Effective as the result is, it faces a big challenge
for direct-view displays, especially for achieving wide viewing
angle and high contrast ratio.
In this paper, we propose a new color-sequential projection
display using VFS BPLC. For projection display, viewing angle
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is no longer a problem, and it allows more space for generating
a collimated backlight. However, the off-axis illumination light
complicates the projection optics and need to be addressed.
To solve this oblique angle problem, we propose to apply data
processing to compensate the phase distortion. Reflective projection is also proposed to lower the operation voltage.
II. DEVICE STRUCTURE
Fig. 1 depicts the proposed color sequential transmissive projection displays using VFS BPLCD. The projector consists of
illumination system, BPLCD panel and projection optics. In the
VFS-BPLC panel, the induced birefringence is along the electric
field, which is vertical to the LC panel. In this case, normal incident light does not experience any phase retardation. Therefore,
we have to tilt the BPLCD panel at an oblique angle. The larger
the tilt angle, the larger the phase retardation, which leads to a
lower operation voltage. In our design, we choose the incident
angle to be 70 –80 . In so doing, the operating voltage is below
10 V and hysteresis is completely suppressed for the BPLC we
employed. To obtain such a large incident angle inside the BPLC
cell, top coupling film [see Fig. 1(b)] is laminated on the polarizer. On the output side, a prism is used instead of coupling
film because the coupling film may degrade the image quality.
Lens 1 is a combination of coupling prism and projection lens.
The projection lens in lens 1 and lens 2 denote a tunable projection system, which is well developed and commercialized.
Collimated RGB LEDs are used as backlight because of their
high optical efficiency, long life, and small size.
Because the LCD panel is tilt at a large angle, as shown in
Fig. 1(a), the upper portion of the panel is closer to the projection
lens than the lower part, distortion compensation is required.
With the powerful computation nowadays, it is easier to precompensate the distortion by data processing than by the optical
means. As the incident light is parallel to the optical axis of the
projection system, we could apply the paraxial optics for the
calculation. The complex projection system can be viewed as a
thick lens with effective focal length as shown in Fig. 2.
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Fig. 2. Projection image of the BPLC panel. P and P are front and rear principle planes. F and F are front and rear focal points. The vectors are positive if
they are pointing from left to right. The rectangle on the left denotes the BPLC
panel; the longer rectangle on the right side denotes the projected image.
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This shows that the magnification is inversely proportional to
the square of object distance. The closer the object to the projection lens, the larger the image would be. Thus we need to
compress the image in the BPLC panel which is closer to the
lens while extend the farther-away part with the factor proportional to the square of the pixel to the effective focus of the projection system.
with
Assume the resolution of the projected image is
, where
intensity value in the th row and th column to be
increases from bottom to top, and counts from left to right.
The distance from the rear principle plane to the on-axis point
of the image plane is
(7)
Assume the image magnification is
, which corresponds
. And let the size of the screen to be
, then
to pixel
corresponding to the pixel
on the
the magnification
image screen is
(8)

Fig. 3. (a) Application of the proposed projector as a short-throw projector. (b)
Calculated magnification versus pixels on the vertical direction.

The position of the image in Fig. 2 is given by
(1)
(2)
(3)
), is the on-axis LC panel’s
Here is the focal length (
distance from the front principle plane ( ) of the projection
, is the image distance corresystem and
, and , are the distance
sponding to the LCD pixel at
from optical axis to pixels corresponding to at
and ,
respectively. and are positive if they are above the optical
axis, and negative if below the optical axis. From (1), (2) and
(3), the image position is found

Equation (8) shows that the magnification decreases with increasing , as expected. Thus the upper pixel in the image plane
corresponds to more pixels in the BPLC panel. The intensity
of pixels on the LC panel can be expressed as a block matrix
, where is an array corresponding to the th row of the
, while is a number corresponding
projected image
to the -th column of the projected image. Note that increases from top to bottom of the LC panel and counts from
right to left, as the projected image is upside down compared
to the image on LC panel. The array has a dimension of
, where the square brackets means
taking the closest integer. Thus the resolution of the BPLC
needs to be higher than the image displayed on the
panel
screen. This reduction of resolution is the cost of short throw
and distortion correction. Their relationship is given by
(9)

(4)

(10)

(5)

All the elements in the array have identical value, which
describes the output intensity of the BPLC pixel and is given by

From (4) and (5), the image is in a plane which has an angle
with a plane normal to optical axis of the projection system.
Note
, which means the image is upside down compared
, thus
to that on the LC panel. From (5), we also get
the angle from the optical axis of the projector to the screen is
very small, which is given by 90 - . This natural large angle
off-axis projection gives a short throw projector, which can be
used in tight place with less occlusion, as Fig. 3(a) shows.
is given by
The magnification of image at
(6)

(11)
For
70 incident light, the angle
is
80 . Let us
assume the projected image is 2 m 1.5 m with resolution of
m,
m,
,
1024 768. That means
, corresponding to
mm pixel size on the screen. If
the pixel size in the LCD panel is 20 m, then the magnification
is 100. In (8), let
m, which could be tuned by
the projection system, then the magnification in the vertical direction changes with the row of pixel, as shown in the Fig. 3(b).
. Thus in this case, the resolution
Applying (9), we get
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Fig. 5. Rise time and fall time of black-to-white transition, measured in transmissive mode with 80 incident angle at room temperature.

Fig. 4. (a) Intensity distribution of dual LED system in the vertical direction.
The solid line is the ideal distribution calculated by (11), the dashed line is fitting
using two Gaussian distributed LEDs. (b) Inntensity distribution of LED array
in the horizontal direction. The dashed lines are the single LED intensity and
the solid line denotes the total intensity.

is reduced by 2.1 . As each pixel is 20 m, the size of the
panel is 2.1 cm 3.3 cm.
For a white image in the above case, the light intensity distribution in the vertical direction is shown as black solid line in
Fig. 4(a), which is given by (11). It is a step function because
the pixels are digital. To obtain such an intensity distribution,
we proposed a dual LED system as shown in Fig. 1. Let us assume each collimated LED has Gaussian intensity distribution,
the optimum fitting is given by

In the horizontal direction, the intensity of the LED backlight should be uniformly distributed. This could be achieved
by placing an array of collimated LEDs in the horizontal direction. Fig. 4(b) shows an example of LED array. Each of them
has Gaussian distribution and they are equally spaced. The fluctuation could be corrected by LCD panel.
The structure of a single collimated LED is shown in Fig. 1(c).
The parameters of the collimator lens vary with the arrangement
of the LED package. It is shown that similar LED module can
collimate the light within 3.3 at 90% of total flux [17]. For the
part of BPLC panel which is closer to the lens, an additional
collimator is applied to achieve better collimation. The collimator is basically a Fourier transform system where the rear
focus point of the first lens coincides with the front focus point
of the second lens. A small aperture is placed at that focus to
filter out the higher order modes, thereby gives a better collimated beam.
The optical efficiency of the system is given by
(13)
where

(12)
The coefficients
and
denote the brightness of the LEDs,
the parameters
and
give the position of the LEDs, and
and
control the collimation of the LEDs.
the parameters
Here the first term corresponds to the top LED in Fig. 1(a),
which illuminates the pixels close to the projection lens. This
LED needs to be brighter and better collimated, as the corresponding pixels have larger magnification, which means fewer
pixels on the LCD panel are needed to describe one pixel on
the projection screen. Hence the intensity of each pixel on the
LCD panel needs to be higher. The requirement of collimation
is more critical as the crosstalk would have greater influence on
the image quality. Compared to a single LED system, this dual
LED system could better meet our needs and have higher optical
efficiency. To get a smooth and optimum distribution of light intensity, it requires accurate arrangement and coupling elements
between them as well. More complicate it may be, it can save
the power consumption as well as space for collimator.

is the efficiency for collecting light into the system,
is for color matching and rebalancing,
is for display transmission including the polarizers, and
is for in-line
transmission of lens optics. In our system, we could estimate
,
, and
. In the case
of large incident angle to the LCD panel, a simple approach
to prevent crosstalk between two adjacent pixels is to fabricate
TFT structure in the crosstalk region and add black matrix on it.
This combined with the polarizers on the LCD panel would give
. Multiplying these numbers together, the overall
optical efficiency is
25 . Compared with the conventional
,
three-panel projection displays which has
this design has a slight advantage on optical efficiency.
III. RESULTS AND DISCUSSION
We prepared a polymer-stabilized VFS BPLC cell with 4.87
m cell gap using JNC JC-BP01M [18]. The experiment was
nm)
performed at room temperature with He-Ne laser (
and the incident angle was
. Fig. 5 shows that the rise
0.91 ms and the fall time is
0.95 ms. Here we
time is
measured the response time from 10% to 90% transmittance
change. The rise time of gray-scale transitions depends on the
bias voltage of the LCD panel and is generally slower than that
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LCD projector, the inherent color convergence of this singlepanel system brings better image quality and eliminates the need
for convergence mechanics and adjustment. With fewer LCD
panels, this projector design will give lower cost and smaller
volume, which is promising for pico projectors.
IV. CONCLUSION

Fig. 6. Experiment and simulation of VT curve. “Exp” denotes experiment result, where the cell gap is 4.87 m. “Sim” denotes simulation result, both 4.87
m and 1.5 m cell gaps are simulated. “T” denotes transmissive mode, and
“R” denotes reflective mode.

A color-sequential projection display using polymer- stabilized BPLC is proposed. The submillisecond response time of
BPLC enables color-sequential technique to be implemented for
LCD projector. The data processing and illumination system
is briefly analyzed. Its further modification (reflective mode) is
also discussed.
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