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7) ABSTRACT

An liquid crystal display (LCD) device uses a method for
displaying halftone without causing luminance differences
among pixels when an FRC technique is used, and without
causing stripe-shaped luminance variations when a flicker
component is eliminated spatially. The LCD device includes
a data splitter, a pixel location detecting circuit, a frame
number determining circuit, an applied timing memory
circuit, an applied voltage determining circuit, a summation
process circuit, and a timing adjusting circuit. The LCD
device determines driving voltages such that for each of a
high voltage or a low voltage during these 2N frames, the
number of applying positive voltages is the same as the
number of applying negative voltages where a unit period is
2N frames for multi-gray-level display of (1+N) levels. The
LCD device can improve image quality since the average
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METHOD AND APPARATUS FOR DISPLAYING
HALFTONE IN A LIQUID CRYSTAL DISPLAY

BACKGROUND OF THE INVENTION
[0001]

[0002] The present invention relates generally to a method
and an apparatus for displaying halftone in a liquid crystal
display. More particularly, the present invention relates to a
method and an apparatus for displaying halftone in a liquid
crystal display by applying two different voltages periodi-
cally.

[0003]

[0004] Typically, a liquid crystal display (LCD) device
contains a display panel in which a plurality of pixel circuits
including liquid crystal elements are configured in a matrix;
an LCD driver for applying a predetermined data signal to
the pixel circuits of the display panel; and a selecting driver
for applying a predetermined scanning signal to the display
panel to select a predetermined pixel circuit. FIG. 20
illustrates an equivalent circuit diagram of the pixel circuit
included in the LCD device. As illustrated, this pixel circuit
includes a data signal line 101 for applying a data signal
from the LCD driver; a scanning signal line 100 for applying
a scanning signal from the selecting driver; a field effect
transistor 102 functioning as a switching device in response
to the scanning signal; a liquid crystal element 103 for
adjusting quantity of display light through the pixel; and an
auxiliary capacitance element 104 having predetermined
capacitance. The field effect transistor 102 is connected to
the scanning signal line 100 at its gate, and to the data signal
line at its drain. Also, one end of the liquid crystal element
103 and the auxiliary capacitance element 104 is cach
connected to a source of the field effect transistor 102, and
another end of these clements is each connected to a
common electrode Veom which is a common electrode for
all the pixel circuits. In this pixel circuit, when the scanning
signal is provided, i.c., the scanning signal line 100 is
selected, the field effect transistor 102 turns on, thereby
causing a voltage (of the data signal) applied to the data
signal line to be applied to the auxiliary capacitance element
104. Then, once the period during which the scanning signal
line 100 is selected ends, the field effect transistor 102 turns
off, while a voltage across the capacitance at the beginning
of this off state is maintained by electric charge stored (or
held) in the auxiliary capacitance element 104. Here, since
light transmissivity or light reflectivity of the liquid crystal
element 103 varies depending on the applied voltage, appli-
cation of a voltage corresponding to image data to the data
signal line 101 enables display luminance (or display tone)
of the pixel to be varied according to the image data when
the scanning signal line 100 is selected.

[0005] Here, a driver for driving a digital LCD device
selects one of a plurality of predetermined reference volt-
ages based on digital data given externally, and applies the
selected reference voltage to a pixel element in a specific
pixel circuit. As the number of gray levels increases, this
digital LCD driver requires an increased number of elements
included therein, and thus, ends up in higher manufacturing
cost. To deal with this problem, frame rate control tech-
niques (hereinafter referred to as the “FRC techniques™)
have been developed as a control technique for increasing

1. Field of the Invention

2. Description of the Related Art
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gray levels without increasing the number of devices used
therein, while still using a digital LCD driver.

[0006] The FRC techniques achieve pseudo-halftone
luminance for human eyes by applying two different driving
voltages to a predetermined pixel element in multiple
frames. FIGS. 21A-21C illustrate an example for multi-
gray-level display (e.g., three-gray-level display) by an FRC
technique. Here, two different driving voltages (1.e., “high”
voltage and “low” voltage) are applied to a predetermined
pixel element in adjoining frames 1 and 2, thereby allowing
three-gray-level (i.e., multi-gray-level) display. In this case,
the frame frequency is 60 Hz. An AC (alternate current)
drive is performed by a frame inverting technique where the
polarity of the applied voltage is inverted for each frame.

[0007] FIG. 21A illustrates a driving voltage in each
frame for displaying a pixel A with lowest luminance, FIG.
21B illustrates a driving voltage in each frame for displaying
a pixel B with highest luminance, and FIG. 21C illustrates
a driving voltage in each frame for displaying a pixel C with
a middle luminance. As shown in FIG. 21A, a low voltage
with respect to the voltage potential VCOM of the common
electrode applied in both frames 1 and 2 creates a pixel A
with the lowest luminance. By contrast, as shown in FIG.
21B, a high voltage applied in both frames 1 and 2 creates
a pixel B with the highest luminance. Then, as shown in
FIG. 21C, a positive low voltage applied in frame 1, and a
negative high voltage applied in frame 2 generate a pixel C
with a middle luminance between the luminance of the pixel
A shown in FIG. 21A and the luminance of the pixel B
shown in FIG. 21B.

[0008] When the middle luminance shown in FIG. 21C is
obtained by the FRC technique, a low-luminance pixel is
displayed in frame 1, and a high-luminance pixel is dis-
played in frame 2. As a result, pixels with different lumi-
nances are displayed in adjoining frames. Thus, luminance
variations of the displayed pixel C contains a flicker com-
ponent which has a half of the frame frequency, 1.¢., 30 Hz.
Here, in general, it is observed that flicker components
whose frequency is lower than 50 Hz are noticeable for
human eyes. Thus, if all pixels in a display screen are driven
at the same phase as the middle-luminance pixel C shown in
FIG. 21C, flicker components are conspicuous in the entire
display screen. As a result, display quality of the display
device would be deteriorated.

[0009] To address this issue, ie., in order to achieve
flickerless middle luminance of FIG. 21C, there have been
techniques for spatially eliminating the associated flicker
components by applying the driving voltage shown in FIG.
21C to some pixels, and by applying voltages different from
that of FIG. 21C to other pixels, thereby allowing pixels
displayed by these pixel circuits to be evenly positioned
within a display screen in a diffused manner.

[0010] For example, in order to apply voltages different
from that of FIG. 21C, the following three patterns may be
used. In a first pattern, a positive high voltage is applied in
frame 1, and a negative low voltage is applied in frame 2. In
a second pattern, a negative high voltage is applied in frame
1, and a positive low voltage is applied in frame 2. In the
third pattern, a negative low voltage is applied in frame 1,
and a positive high voltage is applied in frame 2. FIGS.
22A-22C illustrate the above patterns in which these volt-
ages are applied. FIG. 22A shows a driving voltage for the
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first pattern, and a pixel D generated by applying the driving
voltage for the first pattern. FIG. 22B shows a driving
voltage for the second pattern, and a pixel E generated by
applying the driving voltage for the second pattern. FIG.
22C shows a driving voltage for the third pattern, and a pixel
F generated by applying the driving voltage for the third
pattern. These pixels D, E and F; and the pixel C shown in
FIG. 21C are positioned to be diffused spatially, i.e., their
positions in the display screen are evenly allocated. FIG. 23
illustrates an exemplary allocation of the pixels C, D, E, and
F. FIG. 23 illustrates pixels in four rows for each of columns
1-4 where symbols C, D, E, and F in the figure correspond
to the above-identified pixels C, D, E, and F, respectively.
Positioning each pixel in this manner allows pixels gener-
ated by application of the same driving voltage to be diffused
in the display screen in a specific frame, thereby spatially
eliminating the above-mentioned flicker components.

[0011] According to the conventional FRC techniques
described above assume that luminances of pixels generated
by applying the same combination of driving voltages, e.g.,
luminances of pixels C, D, E, and F are identical with each
other. However, there exists parasitic capacitance in the
equivalent circuit including the field effect transistor 102
shown in FIG. 20. As a result, when two cases in which
positive and negative voltages having the same driving
voltage (high voltage or low voltage) are applied are com-
pared with each other, the voltage potentials VDL, VDH,
and VDM 1-VDM4 shown in FIGS. 21A-21C and 22A-22C
can be shifted from ideal levels. Thus, pixels generated by
applying the same combination of driving voltages may
have different luminances. For example, the middle lumi-
nance of pixels C and E, and the middle luminance of pixels
D and F may be different from each other although these
middle luminances should be the same.

[0012] The above-mentioned luminance differences may
be noticeable for human eyes especially when flicker com-
ponents are to be eliminated spatially. That is, the pixels C
and E in the columns 1 and 3 are generated by being driven
only by high voltages with positive polarity and negative
polarity as shown in FIGS. 21C and 22B. The pixels D and
F in the columns 2 and 4 are generated by being driven only
by high voltage with positive polarity and low voltage with
negative polarity as shown in FIGS. 22A and 22C. As a
result, the luminances are the same on every other column
while adjoining columns have different luminances with
each other. Thus, stripe-shaped variations in luminance
extending along the column direction is conspicuous for
human eyes. Even if the pixels C and F shown in FIG. 23
are interchanged, this problem still remains, and in such a
case, stripe-shaped variations in luminance extending along
the row direction would be conspicuous.

SUMMARY OF THE INVENTION

[0013] In view of the foregoing, one objective of the
invention is to provide a halftone display method, and a
display device using the halftone display method, which do
not cause the above-described luminance differences when a
halftone display method according to an FRC technique is
used. Another objective of the invention is to provide a
halftone display method, and a display device using the
halftone display method, which do not cause stripe-shaped
luminance variations when a halftone display method
according to an FRC technique is used to eliminate spatially
a flicker component.
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[0014] In order to achieve the above-identified objectives,
the present invention has advantages described below.

[0015] According to one aspect of the invention, a method
for displaying (1+N)-level (N is a natural number more than
2) halftone in a liquid crystal display based on a first and a
second driving voltages selected for a predetermined unit
period among a plurality of predetermined driving voltages
is provided. The one of the first and the second driving
voltages is set for each of frames included in the unit period.
A polarity of the one of the first and the second driving
voltages is inverted for every one or more frames. The
method includes generating the first driving voltage and the
second driving voltage such that a number of frames to
which the first driving voltage having a positive polarity is
assigned is the same as a number of frames to which the first
driving voltage having a negative polarity is assigned, and
such that a number of frames to which the second driving
voltage having a positive polarity is assigned is the same as
a number of frames to which the second driving voltage
having a negative polarity is assigned, where the unit period
includes 2N frames.

[0016] By employing the above-described method, during
2N frames where the unit period includes 2N frames for
displaying (1+N) levels of halftone, the number of applying
high voltage or low voltage with a positive polarity is the
same as the number of applying high voltage or low voltage
with a negative polarity. As a result, an average luminance
of each pixel which should have the same luminance is
uniform, thereby improving image quality.

[0017] In one specific embodiment, a number of frames to
which the first driving voltage is assigned in a first half
containing N frames in the unit period is the same as a
number of frames to which the first driving voltage is
assigned in a latter half containing N frames in the unit
period, and a number of frames to which the second driving
voltage is assigned in the first half containing N frames in
the unit period is the same as a number of frames to which
the second driving voltage is assigned in the latter half
containing N frames in the unit period.

[0018] By employing the above-described embodiment,
the numbers of applying two different driving voltages
within each half containing N frames obtained by dividing
the unit period of 2N frames into a first half and a latter half
are set to be the same with each other. As a result, average
luminances during the first half and the latter half each
containing N frames are substantially the same with each
other, thereby enabling high quality display in which gen-
eration of flicker is reduced.

[0019] In another embodiment, the driving voltage for the
k-th frame in the unit period is equal to the driving voltage
for the (N+k+1)-th frame in the unit period, and the driving
voltage for the (k+1)-th frame in the unit period is equal to
the driving voltage for the (N+k)-th frame in the unit period
where N is an even number, and k is an odd number less than
N, and the driving voltage for m-th frame in the unit period
is equal to the driving voltage for (m+N)-th frame in the unit
period where N is an odd number, and m is a natural number
equal to or less than N. Specifically, for example, when the
unit period contains 8 frames, the driving voltage for the first
frame in the unit period is equal to the driving voltage for the
sixth frame in the unit period, the driving voltage for the
second frame in the unit period is equal to the driving
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voltage for the fifth frame in the unit period, the driving
voltage for the third frame in the unit period is equal to the
driving voltage for the eighth frame in the unit period, and
the driving voltage for the fourth frame in the unit period is
equal to the driving voltage for the seventh frame in the unit
period. As a result, the number of applying the same driving
voltage during the adjoining frames is minimized, thereby
improving quality further as compared to a case where the
first half and the latter half of the unit period are set to have
the same driving voltage sequence.

[0020] In still another embodiment, in order to display
multi-level tones for a display unit including a plurality of
pixels, the first and the second driving voltages may be set
to display a predetermined gray level for each pixel included
in the display unit.

[0021] As a result, by displaying multi-level tones by the
display unit including a plurality of pixels, the number of
gray levels is increased, and a flicker component is elimi-
nated spatially.

[0022] According to another aspect of the invention, an
apparatus for displaying (1+N)-level (N is a natural number
equal to or more than 2) halftone in a liquid crystal display
in response to display data given external to the apparatus,
based on one of a first and a second driving voltages selected
for a predetermined unit period among a plurality of prede-
termined driving voltages is provided. The one of the first
and the second driving voltages is set for each of frames
included in the unit period. A polarity of the one of the first
and the second driving voltages is inverted every one or
more frames. The apparatus includes a voltage determining
circuit for generating the first driving voltage and the second
driving voltage such that a number of frames to which the
first driving voltage having a positive polarity is assigned is
the same as a number of frames to which the first driving
voltage having a negative polarity is assigned, and such that
a number of frames to which the second driving voltage
having a positive polarity is assigned is the same as a
number of frames to which the second driving voltage
having a negative polarity is assigned, where the unit period
includes 2N frames; and a display portion for displaying
multi-level tones based on the driving voltages generated by
the voltage determining circuit.

[0023] Inoneembodiment, the voltage determining circuit
may include a frame determining circuit for determining a
frame corresponding to the display data among 2N frames
constituting the unit period, a timing memory circuit for
storing the driving voltages assigned to the unit period in
association with a frame included in the unit period, and an
applied voltage determining circuit for applying to the
display portion, based on the frame determined by the frame
determining circuit, the driving voltages associated with the
determined frame stored in the timing memory circuit.

[0024] In another embodiment, in order to display multi-
level tones for a display unit including a plurality of pixels,
the voltage determining circuit may set the first and the
second driving voltages to display a predetermined gray
level for each pixel included in the display unit.

[0025] These and other objects, features, aspects and
advantages of the present invention will become more
apparent from the following detailed description of the
present invention when taken in conjunction with the
accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The present invention is illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings and in which like reference numer-
als refer to similar elements and in which:

[0027] FIG. 1 illustrates a block diagram showing a
configuration of the LCD device according to one of the
embodiments of the present invention.

[0028] FIG. 2A illustrates an example of waveform when
two different driving voltages of a high voltage or a low
voltage are applied with polarity changes to a predetermined
liquid crystal element according to the one of the embodi-
ments.

[0029] FIG. 2B illustrates the waveform example shown
in FIG. 2A by a table format which contains symbols
representing polarities.

[0030] FIG. 3 illustrates a pixel pattern including 2x2
pixels according to the one of the embodiments.

[0031] FIG. 4 illustrates a pixel pattern, and a resulting
gray level obtained by the pixel pattern according to the one
of the embodiments.

[0032] FIG. 5 illustrates an example of positioning the
pixels in the liquid crystal panel according to the one of the
embodiments.

[0033] FIG. 6 illustrates the driving voltages for the pixels
a, b, ¢ and d in each frame when the lowest 2 bits in the
digital data are “00” according to the one of the embodi-
ments.

[0034] FIG. 7 illustrates the driving voltages for the pixels
a, b, ¢ and d in each frame when the lowest 2 bits in the
digital data are “01” according to the one of the embodi-
ments.

[0035] FIG. 8 illustrates the driving voltages for the pixels
a, b, ¢ and d in each frame when the lowest 2 bits in the
digital data are “10” according to the one of the embodi-
ments.

[0036] FIG. 9 illustrates the driving voltages for the pixels
a, b, ¢ and d in each frame when the lowest 2 bits in the
digital data are “11” according to the one of the embodi-
ments.

[0037] FIG. 10 illustrates a left-upper portion of the image
represented by an image signal supplied to the LCD device
according to the one of the embodiments.

[0038] FIG. 11 illustrates 8-bit digital data corresponding
to the gray level (and polarity) for each pixel shown in FIG.
10.

[0039] FIG. 12 illustrates digital data representing a gray
level for each pixel in the frame number 1 according to the
one of the embodiments.

[0040] FIG. 13 illustrates digital data representing a gray
level for each pixel in the frame number 2 according to the
one of the embodiments.

[0041] FIG. 14 illustrates digital data representing a gray
level for each pixel in the frame number 3 according to the
one of the embodiments.
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[0042] FIG. 15 illustrates digital data representing a gray
level for each pixel in the frame number 4 according to the
one of the embodiments.

[0043] FIG. 16 illustrates digital data representing a gray
level for each pixel in the frame number § according to the
one of the embodiments.

[0044] FIG. 17 illustrates digital data representing a gray
level for each pixel in the frame number 6 according to the
one of the embodiments.

[0045] FIG. 18 illustrates digital data representing a gray
level for each pixel in the frame number 7 according to the
one of the embodiments.

[0046] FIG. 19 illustrates digital data representing a gray
level for each pixel in the frame number 8 according to the
one of the embodiments.

[0047] FIG. 20 illustrates an equivalent circuit diagram of
the pixel circuit included in a conventional LCD device.

[0048] FIG. 21A illustrates a driving voltage in each
frame for displaying a pixel A with lowest luminance in an
example of 3-gray-level display according to a conventional
FRC technique.

[0049] FIG. 21B illustrates a driving voltage in each
frame for displaying a pixel B with highest luminance.

[0050] FIG. 21C illustrates a driving voltage in each
frame for displaying a pixel C with a middle luminance.

[0051] FIG. 22A shows a driving voltage for the first
pattern, and a pixel D generated by applying the driving
voltage for the first pattern unlike a case shown in FIG. 21C
according to the conventional technique.

[0052] FIG. 22B shows a driving voltage for the second
pattern, and a pixel E generated by applying the driving
voltage for the second pattern according to the conventional
technique.

[0053] FIG. 22C shows a driving voltage for the third
pattern, and a pixel F generated by applying the driving
voltage for the third pattern according to the conventional
technique.

[0054] FIG. 23 illustrates an exemplary allocation of the
pixels C, D, E, and F shown in FIGS. 22A-22C.

DETAILED DESCRIPTION OF THE
INVENTION

[0055] An embodiment of the invention will be described
with reference to the accompanying drawings.

[0056] Aliquid crystal display (LCD) device according to
one of various embodiments of the invention performs
operational process on an image signal input having digital
24 bits (8 bits for each of R, G and B) based on a method
for displaying halftone (multi-gray-level) described in detail
below. This process allows displaying images with image
quality equivalent to digital 24 bits although an LCD panel
of the LCD device is configured to receive digital 18 bits (6
bits for each of R, G and B).
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[0057] Here, R, G and B refer to red, green and blue,
respectively, used for display devices. Although the number
of primary colors used for displaying images is typically
three, other suitable numbers of primary colors, for example,
four, may be used.

[0058] FIG. 1 illustrates a block diagram showing a
configuration of the LCD device. In order to process each
color component of R, G and B, this LCD device includes,
for each of R, G and B, a data splitter 1, a pixel location
detecting circuit 2, a frame number determining circuit 3, an
applied timing memory circuit 4, an applied voltage deter-
mining circuit 5, a summation process circuit 6, and a timing
adjusting circuit 7. These functional blocks cooperate to
generate a digital signal by performing predetermined digital
signal processing. The LCD device further includes a liquid
crystal panel 8 containing a plurality of pixel element
circuits each of which has a liquid crystal element such that
the plurality of pixel element circuits are configured in a
matrix to function as a display portion of the LCD device for
displaying images having image quality equivalent to digital
24 bits based on the digital signal. In this specific embodi-
ment, the liquid crystal panel 8 includes an LCD driver for
applying a data signal to a predetermined pixel circuit, and
a selecting driver for applying a predetermined scanning
signal for selecting a predetermined pixel circuit. However,
it should be appreciated that these drivers may be provided
external to the liquid crystal panel 8. The pixel circuit
employs a configuration similar to that of a conventional
pixel circuit as shown in FIG. 20, and thus, its further
description is omitted herein. An image signal supplied to
this LCD device contains eight-bit digital data for each color
of R, G and B. Also, together with the image signal, the LCD
device is supplied with typical digital control signals includ-
ing, but not limited to, a vertical synchronizing signal (VS),
a horizontal synchronizing signal (HS), a data enable signal
(DE), and a clock signal (CLK).

[0059] Here, before describing operations of each func-
tional components of the LCD device in detail, a method for
displaying halftone utilizing an FRC technique will be
described. The LCD device is configured to apply two
different driving voltages (a low voltage and a high voltage)
to a predetermined pixel circuit. This configuration enables
three-gray-level display shown in FIGS. 21A-21C by using
a halftone display method where a unit period for achieving
predetermined halftone display (hereinafter, referred to as a
“frame period”) includes two individual frames. More gen-
erally, the LCD device according to one specific embodi-
ment of the invention enables (N+1)-level halftone where
the frame period includes N frame (N is a natural number
equal to or more than 2). The following example enables
253-gray-level display by applying a plurality of combina-
tions of driving voltages with the frame period of 8 frames,
which is twice of 4 frames. Thus, this example may adopt a
configuration which uses the frame period of 4 frames for
displaying 5 levels of halftone. Specifically, among given 8
bits, the LCD device utilizes the lowest 2 bits for the FRC
technique, and the highest 6 bits for determining one of 26
driving voltages. By combining two driving voltages of
which voltage difference is the least among these 26 driving
voltages, .., two adjoining driving voltages in a voltage
scale, the LCD device achieves 253-gray-level display rang-
ing gray level 0 to 252 as illustrated in the following table.
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TABLE

Driving Voltages determined
by the Highest 6 bits
(8-bit digital representation)

Gray level
(3-bit digital
representation)

8 12 ... 240 244 248 252
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[0060] This table shows a relationship between the two
adjoining driving voltages applied during the frame period
(i.e., 8 frames), and the gray level obtained by the driving
voltages, where each value is expressed by 8-bit digital
representation. Also, the driving voltages shown above are
discrete values determined by the highest 6 bits of the 8-bit
digital data. Further, each pair of two values shown in each
row in the table represents a number of frames during which
a driving voltage corresponding to the associated column is
applied. Further, each of the gray levels in the above table is
a value obtained as an average luminance during a unit time.
Such an average luminance is obtained by dividing a sum-
mation of gray levels of a pixel displayed during the frame
period by a number of frame periods.

[0061] For example, referring to the second line of the
above table, the number of frames during which the driving
voltage 0 is applied is 6, and the number of frames during
which the driving voltage 4 (8-bit digital representation) is
applied is 2. Thus, the resulting gray level is calculated as
follows: (Ox6+4x2)/8=1 (8-bit digital representation).

[0062] Blank entries in the table represent no driving
voltage applied for that voltage level. For example, in order
to display “gray level 1,” only the two adjoining driving
voltages of “0” and “4” are used, and no other voltage levels
(ie., 8,12, ..., 252) arc used.

[0063] In this specification, the term “two adjoining driv-
ing voltages in a voltage scale” means two discrete driving
voltage levels which are located immediately adjacent to
each other in a voltage scale with discrete voltage levels.

[0064] The above-mentioned image signal typically rep-
resents a still picture in which luminances of all pixels are
constant during each frame period. Even if the image signal
represents a moving picture, the luminances of all pixels are

Dec. 23, 2004

assumed not to vary significantly within a single frame
period, and thus, displaying moving pictures does not pose
a problem when using embodiments of the invention.

[0065] Next, voltage waveforms and polarities applied
where the frame period of 8 frames discussed above is
utilized are now described. FIG. 2A illustrates an example
of waveform when two different driving voltages of a high
voltage or a low voltage are applied to a predetermined
liquid crystal element with polarity changes, and FIG. 2B
illustrates the waveform example shown in FIG. 2A by a
table format which contains symbols representing polarities.
In FIG. 2A, the waveform example is referred to as exV. In
FIG. 2B, “H+” represents a high voltage with a positive
polarity (positive high voltage), “H-" represents a high
voltage with a negative polarity (negative high voltage),
“L+” represents a low voltage with a positive polarity
(positive low voltage), and “L-" represents a low voltage
with a negative polarity (negative low voltage).

[0066] As illustrated in FIGS. 2A and 2B, each liquid
crystal element in the liquid crystal panel 8 needs to be
driven by an AC (alternate current) voltage due to its nature
associated with liquid crystal, and thus, is AC driven by
using a frame inverting method in which a polarity of the
applied voltage is inverted in every frame. In other words,
each liquid crystal element is supplied with a driving voltage
having different polarities in two adjoining frames. There-
fore, in this specification, the term “driving voltage” simply
means an absolute value of the driving voltage irrespective
of whether the driving voltage is positive or negative, such
as a high voltage (“H”) and a low voltage (“L”).

[0067] Further, this liquid crystal panel 8 performs AC
driving of a line inverting method in which polarities of the
applied voltages of adjoining lines are inverted. Here, sup-
posing that a gray level of a pixel supplied with a high
voltage during all 8 frames is 100%, and a gray level of a
pixel supplied with a low voltage during all 8 frames is 0%,
a gray level of a pixel represented by the waveform exV
would be 75% since 6 frames out of 8 frames are applied
with a high voltage, and the remaining 2 frames are applied
with a low voltage.

[0068] In addition, the LCD device also utilizes a spatial
halftone display method in which a pixel pattern including
4 pixels is used as a “unit of display.”FIG. 3 illustrates a
pixel pattern including 2x2 pixels which are the unit of
display. This unit of display is hereinafter referred to as a
“2x2 pixel pattern” or a “pixel pattern.” The symbols a-d
shown in the figures represent pixels a-d, respectively. Here,
a pixel formed by applying a higher voltage between two
adjoining voltages is referred to as a “bright pixel,” while a
pixel formed by applying a lower voltage between the two
adjoining voltages is referred to as a “dark pixel.” By using
a combination of the bright pixel and the dark pixel, a pixel
pattern can display 5 gray levels. FIG. 4 illustrates a pixel
pattern obtained by a combination of 4 pixels, and a result-
ing gray level obtained by the pixel pattern. In FIG. 4, a
white box represents the bright pixel, and a black box
represents the dark pixel.

[0069] The LCD device according to one embodiment of
the invention displays five gray levels shown in FIG. 4 by
utilizing the pixel pattern shown in FIG. 3, thereby filling
the display screen of the liquid crystal panel with a plurality
of the pixel patterns. FIG. 5 illustrates an example of
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positioning the pixels in the liquid crystal panel. As illus-
trated in FIG. 5, the LCD device spatially diffuses pixels
formed by applying the same driving voltage over the
display screen in order to eliminate the above-described
flicker component spatially.

[0070] In this specification, the term “eliminate” does not
necessarily mean complete removal of a certain effect. For
example, “to eliminate” of flicker components includes a
case in which all of, or only a portion of the flicker
components are removed.

[0071] Further, as described later, the LCD device sets
phases of the driving voltages for forming the pixel a, b, ¢
and d not to be the same as much as possible, thereby further
eliminating flicker. It should be appreciated that the above-
described 2x2 pixel pattern is only exemplary to describe a
specific embodiment of the invention, and thus, various
embodiments utilizing other suitable numbers of pixels or
other suitable pixel patterns may be implemented.

[0072] Next, each functional block of the LCD device
shown in FIG. 1 will be now described. As described above,
the LCD device includes each functional block for each
color of R, G and B in order to process each of R, G and B.
When a full color image signal is processed, each functional
block performs the same operation separately for each color
of R, G and B. Thus, for the sake of simplicity, only
processing operation for a green color component will be
described below referring to FIG. 1.

[0073] The data splitter 1 separates 8-bit digital data given
externally as an image signal into the highest 6 bits and the
lowest 2 bits. The pixel location detecting circuit 2 detects
which one of the pixels a, b, ¢ and d in the 2x2 pixel pattern
shown in FIG. 3 a pixel location represented by the current
digital data corresponds to, based on a control signal
received together with the above-described digital data, and
outputs the detected location as pixel location information.
The frame number determining circuit 3 counts up such that
each frame included in the frame period is assigned a
sequentially ascending number, thereby determining which
position of the frames in the frame period the current frame
is, and outputs the determined position as frame number
information. The applied timing memory circuit 4 stores
“high” or “low” of the driving voltage (i.e., whether a high
voltage or a low voltage should be applied) determined by
the above-described highest 2 bits in the digital data, and
stores a polarity of the driving voltage, in the ascending
order of the frame. The order of applying the driving
voltages stored in the applied timing memory circuit 4 will
now be described in detail below.

[0074] FIG. 6 illustrates the driving voltages for the pixels
a, b, ¢ and d in each frame when the lowest 2 bits in the
above-described digital data are “00.” Similarly, FIGS. 7, 8
and 9 illustrate the driving voltages for the pixels a, b, ¢ and
d in each frame when the lowest 2 bits in the digital data are
“01,7¢10,7“11,” respectively. Symbols used in these figures
are the same as those used in FIG. 2B, and the pixel patterns
are the same as those shown in FIG. 4. Also, the gray level
name represents one of 5 levels in the gray levels where the
darkest gray level is represented by gray level 1. The applied
voltage name consists of the digits of the lowest 2 bits, and
the displayed pixel name.

[0075] Tt is noted that the driving voltages in each frame
for the brightest gray level, i.e., gray level 3, is not shown.
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In such a case, the driving voltages for the pixels a, b, ¢ and
d in each frame shown in FIG. 6 are not all set to be high,
but are all set to be low where the two adjoining driving
voltages are increased by one level as indicated in the table
presented above.

[0076] Here, referring to FIGS. 7-9, the “phases™ of the
driving voltages for the pixels a, b, ¢ and d are not set to be
the same. For example, referring to FIG. 7, the applied
voltage 01a has its H voltages (corresponding to a bright
pixel) at frames 1 and 6, while the applied voltage 01b has
its H voltages at frames 4 and 7. Similarly, the applied
voltages 01c¢ and Old have their H voltages at frames 3 and
8; and 2 and §, respectively. In other words, the driving
voltages for pixels a-d are out of phase with each other.

[0077] According to one of embodiments of the invention,
luminances of the two adjoining pixels in one frame can be
different, while luminances of the two adjoining pixels in
another frame can be the same. As a result, flicker is reduced
in the entire unit frame. It should be appreciated that the
orders of applying the driving voltages shown in these
figures are exemplary, and that other various orders of
applying the driving voltages may be employed.

[0078] Further referring to FIGS. 7-9, for each driving
voltage of high voltage or low voltage in a frame period, the
number of applying the positive voltage, and the number of
applying the negative voltage are the same. Therefore, an
average luminance of each pixel which should be the same
luminance (or the same gray level) is actually uniform,
thereby improving display quality.

[0079] Further referring to FIGS. 6-9, the LCD device is
configured such that the number of applying each driving
voltage (high voltage or low voltage) during the first half of
the frame period of 8 frames (frame numbers 1-4) is the
same as the number of applying each driving voltage during
the latter half of the frame period of 8 frames (frame
numbers 5-8). As a result, the average luminance during the
first 4 frames is substantially the same as the average
luminance during the last 4 frames, thereby reducing or
eliminating generation of flicker, and enabling high quality
display.

[0080] An LCD device according to an exemplary
embodiment of the invention is configured such that the
number of applying each driving voltage (high voltage or
low voltage) during the first half containing N frames of the
frame period is the same as the number of applying each
driving voltage during the latter half containing N frames of
the frame period where the frame period is 2N frames. Thus,
the average luminance during the first N frames is substan-
tially the same as the average luminance during the last N
frames. As a result, the LCD device enables high quality
display by reducing generation of flicker during the frame
period.

[0081] Again referring to FIG. 6-9, an LCD device
according to another specific embodiment of the invention is
configured such that the driving voltage for frame number 1
is equal to the driving voltage for frame number 6, the
driving voltage for frame number 2 is equal to the driving
voltage for frame number 3, the driving voltage for frame
number 3 is equal to the driving voltage for frame number
8, and the driving voltage for frame number 4 is equal to the
driving voltage for frame number 7.
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[0082] To put in a more general way, the LCD device
according to one specific embodiment may be configured
such that the driving voltage for the k-th frame (here, k is an
odd number less than N) is equal to the driving voltage for
the (N+k+1)-th frame, and the driving voltage for the
(k+1)-th frame is equal to the driving voltage for the
(N+k)-th frame where the frame period includes 2N frames,
and N is an even number.

[0083] When N is an odd number, the LCD device accord-
ing to one specific embodiment may be configured such that
the driving voltage for m-th frame (here, m is a natural
number equal to or less than N) is equal to the driving
voltage for (m+N)-th frame. For example, when the frame
period includes 6 frames (i.¢., N=3), the LCD device may be
configured such that the driving voltage for frame number 1
is equal to the driving voltage for frame number 4, the
driving voltage for frame number 2 is equal to the driving
voltage for frame number 5, and the driving voltage for
frame number 3 is equal to the driving voltage for frame
number 6.

[0084] By configuring the LCD device in the above-
described manner, the number of applying the same driving
voltage in the adjoining frames is minimized while, for each
driving voltage of a high voltage or a low voltage during the
frame period, the number of applying positive voltages is
kept to be the same as the number of applying negative
voltages.

[0085] According to the above-described scheme, frames
assigned to the same driving voltage (a high voltage or a low
voltage) are diffused (or substantially evenly positioned)
within the frame period, and thus, display quality is further
improved. In other words, one exemplary embodiment of the
invention enables removal of “temporal periodicity.”

[0086] The applied voltage determining circuit 5 receives
the lowest 2 bits of the above-described digital data, the
pixel location information output by the pixel location
detecting circuit 2, and the frame number information output
by the frame number determining circuit 3. The applied
voltage determining circuit 5 then determines driving volt-
ages to be applied to each pixel circuit based on the applying
order stored in the applied timing memory circuit 4 as
described above, and supplies a 1-bit high/low information,
which is “1” when the determined driving voltage is a high
voltage, and “0” when the determined driving voltage is a
low voltage, to the summation process circuit 6.

[0087] The summation process circuit 6 provides the lig-
uid crystal panel 8 with 6-bit data obtained by adding one bit
of the above-described high/low information given by the
applied voltage determining circuit 5 to the highest 6 bits of
the digital data given by the data splitter 1. In this summation
process, the output data is overflown when the digital data
is “111111,” and the high/low information “1.” In order to
avoid the overflow, in such a case, the process result is set
to be “111111.”

[0088] The timing adjusting circuit 7 adjusts display tim-
ing in a suitable manner by delaying the above-described
control signal by a time period necessary for the signal
process. The liquid crystal panel 8 displays a predetermined
image based on the 6-bit digital data for each color of R, G
and B from the summation process circuit 6, and the control
signal from the timing adjusting circuit 7.
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[0089] Next, an example in which an actual image signal
is supplied to the LCD device to be processed will be
described. FIG. 10 illustrates a left-upper portion of the
image represented by an image signal supplied to the LCD
device. This image signal represents a still picture image,
and represents a gray scale image in which the gray level is
increased by one as the horizontal position shifts to the right
by 4 pixels. FIG. 11 illustrates 8-bit digital data correspond-
ing to the gray level (and polarity) for each pixel shown in
FIG. 10. FIGS. 12-19 illustrate digital data shown in FIG.
11 processed by the LCD device for each frame. Specifically,
FIGS. 12,13, 14,15,16,17, 18, and 19 illustrate digital data
representing a gray level for each pixel in the frame numbers
1,2,3,4,5,6,7, and 8, respectively. It is noted that the gray
levels shown in these figures illustrate the gray level number
and its polarity on a liquid crystal panel display employing
a line inverting method utilized in the LCD device according
to an exemplary embodiment of the invention. The gray
level number is represented by 8-bit expression of 8-bit
digital data expanded by adding 2-bit data “00” to the lowest
digits of the 6-bit data representing the driving voltage. Also,
a refresh rate of the LCD device is 60 Hz, and thus, eight
frame images from frame number 1 to frame number 8 are
cyclically displayed at a 16.67 ms interval in a sequential
ascending order of the frame number. Even though an FRC
technique is used, the above-described halftone display
method does not cause luminance differences for human
eyes between pixels, and nor does it cause stripe-shaped
luminance variations.

[0090] The LCD device according to the embodiment of
the invention uses a horizontal line inverting method that is
one of line inverting methods in which two adjoining lines
are driven with the polarity inverted as an AC driving
method. However, it should be appreciated that vertical line
inverting methods in which two adjoining columns are
driven with the polarity inverted, or dot inverting methods in
which two adjoining dots are driven with the polarity
inverted may be used for embodiments of the invention.

[0091] In the above-described LCD device according to
the exemplary embodiment of the invention, the spatial
halftone display technique for reducing the spatial period-
icity using pixel patterns shown in FIGS. 3-5 is utilized
together with the temporal halftone technique shown in
FIGS. 6-9. However, it should be appreciated that only the
temporal halftone technique may be utilized. In a case where
only the temporal halftone technique is used, the LCD
device is configured such that, for the same driving voltage
(a high voltage or a low voltage), the driving voltage with a
positive polarity and the driving voltage with a negative
polarity are the same in the number of occurrences within
the frame period. Therefore, the average luminances of
pixels which should have the same luminances are the same
with each other, and thus, display quality of the LCD device
is improved.

[0092] According to various embodiments of the inven-
tion, all of, or a part of functional blocks for processing
signals or data may be implemented by any suitable com-
bination of hardware and/or software.

[0093] While the invention has been described in detail,
the foregoing description is in all aspects illustrative and not
restrictive. It is understood that numerous other modifica-
tions and variations can be devised without departing from
the scope of the invention.
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[0094] The period application is an application which
claims priority from Japanese patent application No. 2003-
175251 filed on Jun. 19, 2003, entitled “METHOD AND
APPARATUS FOR DISPLAYING HALFTONE IN A LIQ-
UID CRYSTAL DISPLAY,” the entirety of which is incor-
porated herein by reference for all purposes.

What is claimed is:

1. A method for displaying (1+N)-level (N is a natural
number more than 2) halftone in a liquid crystal display
based on a first and a second driving voltages selected for a
predetermined unit period among a plurality of predeter-
mined driving voltages, one of the first and the second
driving voltages being set for each of frames included in the
unit period, and a polarity of the one of the first and the
second driving voltages being inverted for every one or
more frames, the method comprising:

generating the first driving voltage and the second driving
voltage such that a number of frames to which the first
driving voltage having a positive polarity is assigned is
the same as a number of frames to which the first
driving voltage having a negative polarity is assigned,
and such that a number of frames to which the second
driving voltage having a positive polarity is assigned is
the same as a number of frames to which the second
driving voltage having a negative polarity is assigned,
where the unit period includes 2N frames.

2. The method of claim 1, wherein a number of frames to
which the first driving voltage is assigned in a first half
containing N frames in the unit period is the same as a
number of frames to which the first driving voltage is
assigned in a latter half containing N frames in the unit
period, and

wherein a number of frames to which the second driving
voltage is assigned in the first half containing N frames
in the unit period is the same as a number of frames to
which the second driving voltage is assigned in the
latter half containing N frames in the unit period.

3. The method of claim 2, the driving voltage for the k-th
frame in the unit period is equal to the driving voltage for the
(N+k+1)-th frame in the unit period, and the driving voltage
for the (k+1)-th frame in the unit period is equal to the
driving voltage for the (N+k)-th frame in the unit period
where N is an even number, and k is an odd number less than
N, and

wherein the driving voltage for m-th frame in the unit
period is equal to the driving voltage for (m+N)-th
frame in the unit period where N is an odd number, and
m is a natural number equal to or less than N.
4. The method of claim 3, wherein the driving voltage for
the first frame in the unit period is equal to the driving
voltage for the sixth frame in the unit period,

wherein the driving voltage for the second frame in the
unit period is equal to the driving voltage for the fifth
frame in the unit period,
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wherein the driving voltage for the third frame in the unit
period is equal to the driving voltage for the eighth
frame in the unit period, and

wherein the driving voltage for the fourth frame in the unit
period is equal to the driving voltage for the seventh
frame in the unit period.

5. The method of claim 1, wherein, in order to display
multi-level tones for a display unit including a plurality of
pixels, the first and the second driving voltages are set to
display a predetermined gray level for each pixel included in
the display unit.

6. An apparatus for displaying (1+N)-level (N is a natural
number equal to or more than 2) halftone in a liquid crystal
display in response to display data given external to the
apparatus, based on a first and a second driving voltages
selected for a predetermined unit period among a plurality of
predetermined driving voltages, one of the first and the
second driving voltages being set for each of frames
included in the unit period, a polarity of the one of the first
and the second driving voltages being inverted every one or
more frames, the apparatus comprising:

a voltage determining circuit for generating the first
driving voltage and the second driving voltage such
that a number of frames to which the first driving
voltage having a positive polarity is assigned is the
same as a number of frames to which the first driving
voltage having a negative polarity is assigned, and such
that a number of frames to which the second driving
voltage having a positive polarity is assigned is the
same as a number of frames to which the second
driving voltage having a negative polarity is assigned,
where the unit period includes 2N frames; and

a display portion for displaying multi-level tones based on
the driving voltages generated by the voltage determin-
ing circuit.

7. The apparatus of claim 6, wherein the voltage deter-

mining circuit includes

a frame determining circuit for determining a frame
corresponding to the display data among 2N frames
constituting the unit period,

a timing memory circuit for storing the driving voltages
assigned to the unit period in association with a frame
included in the unit period, and

an applied voltage determining circuit for applying to the
display portion, based on the frame determined by the
frame determining circuit, the driving voltages associ-
ated with the determined frame stored in the timing
memory circuit.

8. The apparatus of claim 6, wherein, in order to display
multi-level tones for a display unit including a plurality of
pixels, the voltage determining circuit sets the first and the
second driving voltages to display a predetermined gray
level for each pixel included in the display unit.
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