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Table 1
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3
32 11.5 279 [ 215 1193 1179 | 15 113 {112
64 114 | 193 185 | 174 | 151 | 122 | 108 | 11.3
96 114 | 163 | 152 161 | 139 | 119 | 114 | 113
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160 1131127 | 144 1167 | 158 109 1109 | 114
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224 114 1128 | 139 | 153 | 155 | 133 | 11.6 12
255 11.6 | 126 | 146 | 155 | 159 | 139|124 [ 114
MPRT(ms) 16.7
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LIQUID CRYSTAL DISPLAY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to Taiwan applica-
tion serial no. 94142677, filed Dec. 2, 2003, the contents of
which are incorporated herein by reference.

BACKGROUND

[0002] When a motion picture having moving objects is
shown on a liquid crystal display, human eyes may perceive
the edges of the objects as blurred due to persistence of
vision and slow response time of the display. For example,
referring to FIG. 1A, an LCD 100 shows a black object 106
that moves from a first position 102 at time t1 to a second
position 104 at time t2 against a white background (the left
portion of the object 106 is outside of the display area at time
t2). Assuming that the difference between t1 and 12 is short,
the human eye at time t2 may perceive an image shown in
FIG. 1B, in which the boundary between the black object
106 and the white background (108) is blurred.

[0003] Referring to FIG. 1C, a graph 110 showing a
motion picture response curve (MPRC) 112 can be used to
evaluate the blurriness effect. The MPRC 112 is a brightness
distribution curve and represents the perception of an edge
of a moving object by human eyes. A steep motion picture
response curve indicates that the edges of the motion picture
are clear, whereas a gradually sloped motion picture
response curve indicates that the edges of the motion picture
may be blurred. A blur edge width (BEW) parameter is
defined as the number of pixels between a location 114
having 10% full luminance and a location 116 having 90%
full luminance near the edge of the object being examined.
A narrower blur edge width indicates that the edge of the
object is better defined, whereas a wider blur edge width
indicates that the edge of the object is less well defined and
may be blurred.

[0004] The quality of displayed motion pictures can be
expressed by BEW normalized by the motion speed of the
moving object expressed in pixels per frame:

N-BEW (frame)=blur edge width (pixel)/moving speed

V (pixel/frame). (Equ. 1)

The N-BEW value can be calculated for a number of gray
levels, and their values are averaged. A motion picture
response time (MPRT) parameter can be derived by multi-
plying the averaged N-BEW values by the frame time T; of
the liquid crystal display:

MPRT (seconds)=N-BEW (averaged over gray lev-

els)xframe time T, (seconds/frame). (Equ. 2)

A smaller motion picture response time indicates a better
motion picture quality, whereas a larger motion picture
response time indicates a poorer motion picture quality.

SUMMARY

[0005] 1In one aspect, in general, a method of operating a
display includes overdriving pixel circuits of the display to
correspond to the driving of a periodically varying light, and
modulating the light using the pixel circuits. The amount of
overdrive is configured such that the modulated light has a
predetermined level of uniformity. This enables the display
to have a better motion picture quality.
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[0006] Inanother aspect, in general, a method of operating
a display includes driving a periodically varying light to
correspond to overdriving of pixels of the display. The phase
of the light relative to the timing of overdrive, and the
amount of overdrive, are configured to cause the modulated
light to have a predetermined level of uniformity.

[0007] Implementations of the method can include one or
more of the following features. The phase of the periodically
varying light relative to a switching point when a voltage for
driving a pixel changes from an overdrive voltage to a
normal voltage is selected to achieve a better overall motion
image quality.

[0008] Inanother aspect, in general, a method of operating
a display includes providing light having a luminance that
varies periodically, overdriving a pixel circuit of the display,
modulating the light by using the pixel circuit to generate
modulated light, and controlling the overdriving and a phase
of the light relative to the overdriving such that the modu-
lated light has a predetermined level of uniformity.

[0009] Implementations of the method can include one or
more of the following features. Pulses of the modulated light
have a predetermined level of uniformity. During a period
that the pixel circuit starts to change from a first gray level
to a second gray level and before the pixel circuit starts to
change from the second gray level to a third gray level,
pulses of the modulated light have a predetermined level of
uniformity. The amount of overdrive and the phase of the
light are controlled to cause the peaks of the luminance of
the pulses to have a predetermined level of uniformity.

[0010] In some examples, the amount of overdrive and the
phase of the light are controlled to cause the peaks of the
brightness of the pulses to have a predetermined level of
uniformity. The amount of overdrive and the phase of the
light are controlled to cause the first pulse of the modulated
light to have a peak value that is not less than a predeter-
mined percentage (e.g., 90%) of a target peak value. The
peak value of the second pulse of the modulated light is not
more than a predetermined percentage (e.g., 110%) of the
target peak value.

[0011] Insome examples, the amount of overdrive and the
phase of the light are controlled to cause the first pulse of the
modulated light to have a first integrated value that is not
less than a predetermined percentage (e.g., 90%) of a second
integrated value of a target pulse having a target peak value,
the first and second integrated values being determined by
integrating the first and target pulses, respectively, over the
same length of time. The second pulse of the modulated light
has a third integrated value that is not more than a prede-
termined percentage (e.g., 110%) of the second integrated
value.

[0012] In some examples, the amount of overdrive and the
phase of the light are controlled to cause the first pulse to
have a first integrated value that is within a predetermined
percentage range (e.g., 30% to 70%) of a second integrated
value of a target pulse having a target peak value, the first
integrated value being determined by integrating the first
pulse from the start of driving the pixel circuit to a time that
the first pulse reaches a peak value, and the second inte-
grated value being determined by integrating the second
pulse over a period of the second pulse.

[0013] The method includes overdriving a row of pixel
circuits of the display and modulating the light using the row
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of pixel circuits, wherein the amount of overdrive applied to
each pixel circuit and the phase of the light are controlled
such that, for each pixel circuit, the pulses of the light
modulated by the pixel circuit have a predetermined level of
uniformity. The light varies at a first frequency f1 that is
substantially the same as a second frequency f2 at which the
pixel circuit is driven. When the pixel circuit switches from
a lower gray level to a higher gray level, the pixel circuit
reaches a maximum transmissivity within less than 1 (2*f1)
after the light reaches a local maximum luminance level.
The first frequency f1 is lower than the second frequency f2.
When the pixel circuit switches from a lower gray level to
a higher gray level, the pixel circuit reaches a maximum
transmissivity within less than (1-f1/£2)*(1/f1) before the
light reaches a local maximum luminance level. The display
can be, e.g., a liquid crystal display.

[0014] Inanother aspect, in general, a method of designing
a display includes driving pixel circuits of the display
according to a first frequency such that, for each pixel
circuit, a pixel data voltage for driving the pixel circuit
switch to different levels at predefined time points. The
method includes driving a light source according to a second
frequency to generate light having a luminance that varies
according to the second frequency, modulating the light
using the pixel circuits to generate modulated light repre-
senting images, and adjusting the phase of the light relative
to the driving of the pixel circuits to reduce blurring of the
images.

[0015] Implementations of the method can include one or
more of the following features. The phase of the light is
adjusted to be in advance of the driving of the pixel circuits
such that peaks of the light occur in advance of the pre-
defined time points within less than half a period of a
luminance waveform of the light.

[0016] Inanother aspect, in general, a method of operating
adisplay includes providing a first set of overdrive pixel data
and a second set of overdrive pixel data, selecting one of the
first and second sets of overdrive pixel data based on
whether a light source of the display generates (a) light
having a substantially constant luminance or (b) light having
a luminance that varies periodically, and overdriving pixel
circuits of the display using the selected set of overdrive
pixel data.

[0017] Implementations of the method can include one or
more of the following features. The method includes, when
the luminance of the light varies periodically, modulating the
light using the pixel circuits to generate modulated light, and
controlling a phase of the light relative to the overdriving of
the pixel circuits to cause pulses of the modulated light to
have a predetermined level of uniformity. The first pulse of
the modulated light has a peak value that is not less than,
e.g., 90% of a target peak value. The second pulse of the
modulated light has a peak value that is not more than, e.g.,
110% of a target peak value.

[0018] In another aspect, in general, a display includes
pixel circuits, a light source, and a storage device storing a
first set of overdrive pixel data and a second set of overdrive
pixel data. The first set of overdrive pixel data is used when
the light source generates light having a substantially con-
stant luminance, and the second set of overdrive pixel data
is used when the light source generates light having a
luminance that varies periodically. A driving module
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receives one of the first and second sets of overdrive data
and overdrives the pixel circuits using the received set of
overdrive data.

[0019] Implementations of the display can include one or
more of the following features. The second set of overdrive
pixel data are configured to cause pulses of the modulated
light to have a predetermined level of uniformity. The
second set of overdrive pixel data are configured to cause the
first pulse of the modulated light to have a peak value that
is not less than, e.g., 90% of a target peak value. The second
set of overdrive pixel data are configured to cause the second
pulse of the modulated light to have a peak value that is not
more than, e.g., 110% of a target peak value. The storage
device stores a first lookup table and a second lookup table,
the first lookup table including the first set of overdrive data,
the second lookup table including the second set of over-
drive data.

[0020] In another aspect, in general, a display includes a
light source for generating light having a luminance that
varies periodically, pixel circuits for modulating the light to
generate modulated light, a driving module for overdriving
the pixel circuits using overdrive data, and a controller for
controlling a phase of the light relative to the driving of the
pixel circuits such that, during a period that the pixel circuit
starts to change from a first gray level to a second gray level
and before the pixel circuit starts to change from the second
gray level to a third gray level, pulses of the modulated light
have a predetermined level of uniformity.

[0021] Implementations of the display can include one or
more of the following features. In some examples, the
controller controls the phase of the light such that the first
pulse of the modulated light has a peak value that is not less
than a predetermined percentage (e.g., 90%) of a target peak
value. The controller controls the phase of the light such that
the second pulse of the modulated light has a peak value that
is not more than a predetermined percentage (e.g., 110%) of
a target peak value. Each of the pixel circuits includes, e.g,,
a liquid crystal layer. In some examples, the controller
controls the phase of the light such that the first pulse of the
modulated light has a first integrated value that is not less
than a predetermined percentage (e.g., 90%) of a second
integrated value of a target pulse having a target peak value,
the first and second integrated values being derived by
integrating the first and target pulses, respectively, over the
same length of time. The second pulse of the modulated light
has a third integrated value that is not more than a prede-
termined percentage (e.g., 110%) of the second integrated
value.

[0022] Advantages of the displays and methods may
include one or more of the following. The blurry edges and
double-edges in motion images can be improved. The
motion picture response time can be shortened. The overall
quality of motion images shown on the display can be
improved.

DESCRIPTION OF DRAWINGS

[0023] FIG. 1A is a diagram of a display showing a
moving object.

[0024] FIG. 1B is a diagram of a perceived image of the
moving object.

[0025] FIG. 1C is a graph.
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[0026] FIG. 2 is a schematic diagram of a liquid crystal
display.

[0027] FIGS. 3A to 16 are graphs.

[0028] FIGS. 17 and 18 are tables.

[0029] FIGS. 19 and 20 are flow diagrams of processes.
DETAILED DESCRIPTION

[0030] Referring to FIG. 2, an example of a liquid crystal

display 200 includes a display panel 202 having an array of
pixel circuits 204 (only one is shown) for showing pixels of
images. A backlight module 220 having lamps 222a to 222¢
(collectively 222) provides light to the panel 202, the light
being modulated by the pixel circuits 204 to form images.
The pixel circuits 204 can be overdriven to achieve a fast
response. The overdrive function can also be turned off so
that the pixel circuits are driven using normal data voltages.
The driving of the light from the backlight module 220
relative to the driving of the pixel circuits 204, and the
amount of overdrive of the pixel circuits (if overdrive is
used), are controlled such that the pixel circuits 204 can
exhibit desired brightness levels within a short amount of
time, e.g., within one frame period (the time duration for
displaying a frame).

[0031] The backlight module 220 can be a “scanning
backlight module” that is configured to generate light having
a luminance that varies periodically to reduce blurring of
motion pictures due to persistence of vision. The backlight
module 220 can also be a “hold type backlight module” that
is configured to generate light having a substantially con-
stant luminance. The light emitting devices 222 can be, e.g.,
cold cathode fluorescent lamps (CCFLs) or light emitting
diodes (LEDs). The light emitted by the light emitting
devices 222 will be referred to as the backlight.

[0032] The display 200 includes a display controller 206
for processing pixel data used to drive the pixel circuits 204.
The display controller 206 receives clock signals, pixel data,
and control signals 208 from a scaler 210, which performs
scaling functions so that images from a host device (e.g., a
computer, not shown) can be scaled to a proper size and
resolution suitable to be shown on the display panel 202. The
display controller 206 sends pixel data, clock signals, and
control signals 212 to one or more gate drivers 214 and one
or more data drivers 216, which in turn drive the pixel
circuits 204.

[0033] The display controller 206 includes a timing con-
troller 218 for processing the pixel data from the scaler 210
and, among other functions, generating overdrive pixel data
for overdriving the pixel circuits 204. The display 200
includes a non-volatile storage (such as EEPROM) 230 that
stores lookup tables, e.g., a fixed overdrive look-up table
LUTh 228 and a scanning overdrive look-up table LUTs
224. Each table has values useful for deriving overdrive
pixel data for driving pixel circuits 204 from initial gray
levels to target gray levels.

[0034] In this example, the fixed overdrive look-up table
LUTh 228 provides overdrive pixel data for use when the
backlight module 220 outputs light having a continuous
luminance. The scanning overdrive look-up table LUTs 224
provides overdrive pixel data for use when the backlight
module 220 outputs light having a luminance that varies
periodically.
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[0035] The display controller 206 includes an SRAM 226
for storing the lookup tables 224 and 228 used by the timing
controller 206 when deriving the overdrive pixel data. The
display controller 206 receives a sequence of frames of pixel
data from the scaler 210. The SRAM 226 stores the gray
level of each pixel of a previous frame Fn-1. When the
timing controller 218 receives the gray level g2 of a pixel of
a current frame Fn, the timing controller 218 finds the
corresponding gray level gl of the pixel in the previous
frame Fn-1 and determines an overdrive gray level OD from
the lookup tables based on the gray levels gl and g2. For
example, if the gray level g2 is higher (or lower) than the
gray level g1, the overdrive gray level can be slightly higher
(or lower) than the gray level g2, so that the gray level g2
is reached faster.

[0036] Depending on the configuration of the backlight
module 220, the timing controller 218 selects overdrive
pixel data from one of the lookup tables 224 and 228, and
sends the overdrive pixel data to the data driver 216 for
driving the pixel circuits 204 so that each pixel circuit 204
reaches a target luminance within one frame period. If the
backlight module 220 is a “hold type” backlight in which the
output light has a continuous luminance, the fixed overdrive
lookup table LUTh 228 is selected. If the backlight module
220 is a “scanning type” backlight in which different lamps
222a to 222e turns on at different times, the scanning
overdrive lookup table LUTh 228 is selected.

[0037] In some examples, the backlight module 220 can
have a third configuration by operating as a “flash type”
backlight in which the lamps 222 simultaneously turn on and
off periodically. The non-volatile storage 230 can have a
third overdrive lookup table that stores overdrive pixel data
for use when the backlight module 220 operates in the flash
type mode. By providing both lookup tables 224 and 228,
the display controller 206 can be used with different types of
backlight modules 220.

[0038] Below is a description of a display 200 using a
scanning type backlight module 220 in which the light
emitting devices 222a to 222¢ have luminance that vary
periodically, and different light emitting devices 222a to
222¢ are turned on at different times. A backlight controller
232 controls the light-emitting devices 222 to vary the
luminance at a frequency substantially equal to a frame rate.
For example, if the liquid crystal display 200 shows 60
frames per second, the frame period is Yso seconds, and the
liquid crystal display 200 drives the light-emitting devices
222 at a frequency of 60 Hz and a period of Y60 second.

[0039] Driving the light emitting devices 222 at a fre-
quency of 60 Hz means that the light emitting devices 222
are driven so that the luminance of each light emitting device
222a to 222e varies at a frequency of 60 Hz. For example,
the light emitting devices 222 can be turned on and off 60
times per second. When the light emitting devices 222 are
turned on or off, the luminance does not reach a maximum
value or drop to a minimum value immediately. The lumi-
nance may gradually increase and decrease periodically and
have a waveform similar to a sine wave. The voltage signal
used to drive the light emitting devices 222 may be an AC
signal that has a frequency higher than the frequency at
which the luminance varies. For example, the AC signal may
have a frequency of 1000 Hz or higher. Thus, driving the
light emitting device 222 at a frequency of 60 Hz may be
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performed by alternately applying an AC signal having a
frequency of 1000 Hz for Y120 seconds and turning off the
AC signal for %120 seconds.

[0040] The backlight controller 232 receives a synchroni-
zation signal 234 from the timing controller 218 or the host
device (not shown) so that the variations in luminance of the
backlight can be synchronized with the driving of the pixel
circuits 204. The backlight controller 120 includes an adjust-
able delay module 122 for adjusting the amount of delay in
the phase of the backlight relative to the driving of the pixel
circuits 204.

[0041] The light from the backlight module 220 is modu-
lated by the pixel circuits 204 to generate modulated light.
When the pixel circuits 204 are driven from one state to
another state having a different transmissivity, the light
modulated by a pixel circuit 204 has a luminance that is
proportional to the product of the luminance of light from
the backlight module 220 and the transmissivity of the pixel
circuit 204.

[0042] If the phase of the light from the backlight module
220 relative to the driving of the pixel circuits 204 is not
controlled properly, the modulated light may not be able to
achieve a targeted luminance within one frame period. This
may adversely affect the quality of motion images shown on
the display 200.

[0043] FIG. 3A is a graph 240 that shows a curve 244
representing the periodically varying luminance of the light
from the backlight module 220. In this example, it is
assumed that the period of the light is substantially the same
as a frame period T1. A curve 242 represents the transmit-
tance of a pixel circuit 204 that is driven from a lower
transmittance state 248 to a higher transmittance state 250.
In this example, the pixel circuit 204 is driven without
overdrive so that the pixel circuit 204 transits from the lower
transmittance state 248 to the higher transmittance state 250
over a period of time T2 that is equal to several frame
periods. A curve 246 represents the luminance of the modu-
lated light.

[0044] The curve 246 shows that the modulated light does
not reach an intended luminance until about 4.5 frame
periods. The curve 246 includes a number of local peaks
(e.g., 252a, 2525, 252¢), in which the first local peak 252a
is lower than the second local peak 2525, which in turn is
lower than the third local peak 252¢. The luminance of the
modulated light increases from a lower value 258 to a target
peak value 254 after about 4.5 frame periods. The gradual
increase in luminance of the modulated light over several
frames may increase the blurring edge width, causing blur-
ring at the edges of motion objects shown on the display 200.

[0045] The differences in the first, second, and third local
peaks 252a, 2525, 252¢ and the target peak value 254 may
result in double, triple, or more edges, in which the bright-
ness at the edge of a moving object is discontinuous at two,
three, or more regions. Suppose a dark object moves on a
white background at a speed of several pixels per frame
period. As the object moves, pixels near the edges are
switched from a low gray level to a high gray level. After
four frame periods, there may be three distinct regions
trailing behind the moving object, each several pixels wide,
that have luminance corresponding to the peaks 252a, 2525,
and 252¢, resulting in double or triple edges.
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[0046] FIG. 3B is a graph 260 that shows the curve 244
representing the light from the backlight module 220 having
periodically varying luminance. A curve 262 represents the
transmittance of a pixel circuit 204, and a curve 264 repre-
sents the luminance of the modulated light. In this example,
the pixel circuit 204 is driven using overdrive to reduce the
response time.

[0047] Although the pixel circuit 204 switches from a low
transmittance 248 to a peak transmittance 266 within one
frame period T1, the first local peak value 270 of the
modulated light 264 is only about 60% of the target peak
value 272. The modulated light achieves the target peak
value 272 after about 2.5 frame periods. The gradual
increase in luminance of the modulated light over 2.5 frames
may still cause some blurring at the edges of motion objects
shown on the display 200.

[0048] The following describes how the blur edge width
can be reduced, and the blurring in motion objects can be
improved, by adjusting the driving (or the phase) of back-
light luminance relative to the driving of the pixel circuits
204. In the examples shown in FIGS. 4A, 4B, 5A, and 5B,
the driving frequency of the backlight module 220 is the
same as the driving frequency of the pixel circuits 204, and
overdrive schemes are not used.

[0049] When overdrive is not used, the target gray level of
the pixel circuit 204 is sent to the data driver 216 (FIG. 2),
which converts the digital gray level to an analog data
voltage to drive the pixel circuit 204. Because of the slow
response of liquid crystal molecules to the date voltage, it
may take several frame periods for the pixel circuit 204 to
actually achieve the target gray level.

[0050] As described below, when the pixel circuits 204 are
driven from a lower transmittance state (lower gray value) to
a higher transmittance state (higher gray value), adjusting
the phase of the backlight so that the peak value of the
backlight occurs slightly after a “gray value switching point™
(described below) can reduce blurring. When the pixel
circuits 204 are driven from a higher transmittance state to
a lower transmittance state, adjusting the phase of the
backlight so that the peak value of the backlight occurs
slightly before the start of transition from the higher to the
lower transmittance states can reduce blurring.

[0051] Because some pixels may be transitioning from
lower gray values to higher gray values, while other pixels
may be transitioning from higher gray values to lower gray
values, adjustment of the phase of the backlight relative to
the driving of the pixel circuits 204 should take into account
both types of transitions. Experiments have shown that, on
average, adjusting the phase of the backlight so that the peak
value of the backlight occurs slightly before the start of
transition from the higher to the lower transmittance states
can achieve a better overall response with reduced blurring.

[0052] FIGS. 4A and 4B are graphs 280 and 290, respec-
tively, that show a gray level switching curve 282 repre-
senting the change in transmittance of a pixel circuit 204
when the pixel circuit 204 switches from a low gray level
284 to a high gray level 286. In the example of FIGS. 4A and
4B, overdrive is not used. A curve 288 represents the
luminance of the backlight used to illuminate the pixel
circuit 204. The phase of the backlight relative to the driving
of the pixel circuit 204 in FIG. 4A is different from that in
FIG. 4B.
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[0053] Because the liquid crystal molecules in the pixel
circuit 204 do not necessarily all align at their final positions
within one frame period, the pixel circuit 204 changes to an
intermediate gray level in a first frame period, then switches
(SW1) to the high gray level 286 in a second frame period.

[0054] For example, when the backlight module 220 and
the pixel circuit 204 have the same driving frequency (e.g.,
60 Hz or 120 Hz), the adjustable delay module 236 (FIG. 2)
can be initially configured so that a peak BL in the backlight
luminance occurs at the same time that the pixel circuit 204
switches (SW1) from the intermediate gray level 296 to the
high gray level 286. The time t1 represents the time of
switching of gray level and can be used as a reference time
point.

[0055] Next, the adjustable delay module 236 is adjusted
so that the peak BL in the backlight luminance occurs at a
time delayed relative to the switching point SW1. The time
t2 represents the time of the occurrence of the peak BL after
phase adjustment. The time difference [{2-t1] represents a
phase lag of the backlight relative to the driving of the pixel
circuit 204. The adjustable delay module 236 is adjusted to
change the phase lag until a small blur edge width is
obtained. For example, if the frame period is Y60 seconds, the
low gray level value is 0 (black) and the high gray level
value is 255 (white), a delay of about [t2-t1|=3 ms can result
in a reduced blur edge width. The phase lag for achieving the
smallest blur edge width can be different for different
displays.

[0056] FIGS. 5A and 5B are graphs 300 and 310, respec-
tively, that show a gray level switching curve 302 repre-
senting the changes in transmittance of a pixel circuit 204
that switches from a higher gray level 304 to a lower gray
level 306. In the example of FIGS. 5A and 5B, overdrive is
not used. A curve 288 represents the luminance of the
backlight module 220. The phase of the backlight in FIG. SA
relative to the driving of the pixel circuit 204 is different
from that in FIG. 5B.

[0057] When the backlight module 220 and the pixel
circuits 204 have the same driving frequency (e.g., 60 Hz or
120 Hz), the adjustable delay module 236 (FIG. 2) can be
initially configured so that a peak BL in the backlight
luminance occurs at the same time as the start SW2 of
transition from the higher gray level to the lower gray level.
The time t1 represents the start SW2 of transition from the
higher gray level to the lower gray level, and can be used as
a time reference point.

[0058] Next, the adjustable delay module 236 is adjusted
so that the peak BL in the backlight luminance occurs at a
time in advance relative to the switching point SW2. The
time t3 represents the time of the occurrence of the peak BL,
after adjustment. The time difference [t3-t1] represents a
phase advance of the backlight relative to the driving of the
pixel circuits 204. The adjustable delay module 236 is
adjusted to change the phase advance until a small blur edge
width is obtained. For example, if the frame period is Yo
seconds, the high gray level is 255 (white), and the low gray
level is 0 (black), a phase advance of [t1-t3|=4 ms can result
in a reduced blur edge width. The phase advance for
achieving the smallest blur edge width may be different for
different displays.

[0059] When both rising and falling of gray levels are
considered, on average, adjusting the phase of the backlight
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so that the peak value BL of the backlight occurs slightly
before the reference time point t1 can achieve a better
overall response with reduced blurring.

[0060] In general, when overdrive is used, the phase of the
backlight module 220 is adjusted relative to the driving of
the pixel circuits 204 so that the display 200 achieves a
better overall optical performance (e.g., lower MPRT). Next,
the amount of overdrive used for the various transitions from
one gray level to another gray level are determined so that
the modulated light has a waveform with a first peak value
similar to a target peak value. The target peak value repre-
sents the peak value of the modulated light at steady state
(when the transmittance of the pixel circuit 204 stabilizes
after overdrive), which represents the intended peak value of
the modulated light for a specified gray level of the pixel
circuit 204.

[0061] When overdrive is used with a scanning backlight
module 220, an overdrive gray level is retrieved from the
lookup table 224 (FIG. 2) and sent to the data driver 216 for
overdriving a pixel circuit from an initial gray level to a
target gray level. The initial gray level may be the gray level
of the pixel of a previous frame, and the target gray level
may be the gray level of the pixel circuit in the current
frame. If the target gray level is higher (or lower) than the
initial gray level, the overdrive gray level can be slightly
higher (or lower) than the target gray level, so that the target
gray level is reached faster. For example, to switch the pixel
circuit 204 from gray level 0 to gray level 96, the data driver
216 may drive the pixel circuit 204 for a short period of time
using a driving voltage that corresponds to gray level 190,
then return to using a driving voltage that corresponds to
gray level 96.

[0062] Insome examples, the overdrive voltage is applied
to the pixel circuit for one frame period. After one frame
period, a “normal” voltage is applied to maintain the liquid
crystal molecules at the desired orientation so that the pixel
circuit produces a desired gray level, until the pixel circuit
is driven to a different gray level. In some examples, a frame
period is divided into two sub-frame periods. In the first
sub-frame period, the overdrive voltage is applied to cause
the liquid crystal molecules to quickly change to or near a
desired orientation. In the second sub-frame period, the
normal voltage is applied to maintain the liquid crystal
molecules at the desired orientation, so that the pixel circuit
produces a desired gray level. Examples of overdrive tech-
niques are described in U.S. Pat. No. 6,870,530, the contents
of which are incorporated by reference.

[0063] As described in more detail below, in some
examples, the overdrive gray level are designed such that the
first peak value of the modulated light is between about 90%
to 110% of the target peak value. The first peak value of the
modulated light refers to the first peak of the modulated light
after the pixel circuit is driven to switch from one gray level
to another gray level. The overdrive gray level can also be
designed such that a period of the modulated light waveform
having the first peak has an integrated value that is between
about 90% to 110% of a period of the modulated light
waveform having the target peak value.

[0064] The amount of overdrive may depend on the rela-
tive driving frequencies of the backlight module 220 and the
pixel circuits 204. For example, when the driving frequency
of the backlight module 220 is about the same as the driving
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frequency of the pixel circuits 204, for transitions from a
lower gray value to a higher gray value, the blur edge width
can be decreased by adjusting the phase of the backlight
relative to the driving of the pixel circuits 204 so that the
transmittance of the pixel circuit 204 reaches a peak value
slightly after the occurrence of the peak value of the back-
light.

[0065] For example, when the driving frequency of the
pixel circuits 204 is about twice the driving frequency of the
backlight module 220, for transitions from a lower gray
value to a higher gray value, the blur edge width can be
decreased by adjusting the phase of the backlight relative to
the driving of the pixel circuits 204 so that the transmittance
of the pixel circuit 204 reaches a peak value slightly before
the occurrence of the peak value of the backlight.

[0066] FIG. 6 is a graph 500 that shows a backlight
luminance curve 520, a gray level switching curve 510, and
a curve 530 representing the luminance of light modulated
by the pixel circuit 204 when the backlight module 220 and
the pixel circuit 204 have the same driving frequency (e.g.,
60 Hz or 120 Hz). The backlight luminance curve 520
represents the luminance of the backlight, and the gray level
switching curve 510 represents the transmittance of the pixel
circuit 204 as the pixel circuit 204 switches from a lower
transmittance (lower gray value) to a higher transmittance
(higher gray value).

[0067] The curve 510 has a peak k that occurs at time t5.
The time t5 represents a switching point in which the
overdrive voltage is switched to the normal voltage so that
the pixel circuit produces a desired (or target) gray level g.
The time t5 can also represent a switching point in which the
pixel circuit 204 is driven to another gray level. The time t5
can be used as a reference point for adjusting the phase of
the driving of the backlight module 220.

[0068] For example, the phase of the backlight luminance
curve 520 can be adjusted to be in advance of the phase of
the gray level switching curve 510 to decrease the blur edge
width. Assume that a peak w (near the peak k) of the curve
520 occurs at time 4. To reduce the overall blur edge width,
the time difference t,,=|tS—t4| can be set to be about 0% to
25% of the frame period T,. For example, when the frame
time T, is Yo seconds, the time difference t; can be set to
be about 0 to 240 seconds to reduce the blur edge width,
reducing blurring in motion images shown on the display
200.

[0069] The curve 530 shows that the light modulated by
the pixel circuit 204 has a first peak FL2 at time t6. The first
peak FL2 refers to the first peak after the modulated light
starts to change from a lower luminance FL.1 to a higher
luminance. Typically, the first peak FL2 occurs between the
peaks w and k of the curves 520 and 510, respectively.

[0070] FIG. 7 is a graph 502 that shows a backlight
luminance curve 520, a gray level switching curve 512, and
a curve 532 representing the luminance of light modulated
by the pixel circuit 204 when the backlight module 220 and
the pixel circuit 204 have different driving frequencies. For
example, the driving frequencies of the backlight module
220 and the pixel circuit 204 can be 60 Hz and 120 Hz,
respectively.

[0071] The curve 512 has a peak k that occurs at time t7.
Time t7 represents a switching point at which the overdrive
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voltage is switched to the normal voltage so that the pixel
produces a desired (or target) gray level g. Time t7 can also
represent a switching point in which the pixel circuit 204 is
driven to another gray level. The time t7 can be used as a
reference point for adjusting the phase of the driving of the
backlight module 220.

[0072] For example, the phase of the backlight luminance
curve 520 can be adjusted to lag behind that of the gray level
switching curve 512 by a predetermined time difference t,,
to decrease the blur edge width. Assume that a peak w of the
curve 520 occurs at time t8. To reduce the overall blur edge
width, the predetermined time difference t,,=[t8-t7| can be
set to be about 0% to (1-fy; /1; ) of the frame period T,
where fg;; and fi. are the driving frequencies of the
backlight module 220 and the pixel circuit 204, respectively.
For example, when the driving frequencies of the backlight
module 220 and the pixel circuit 204 are 60 Hz and 120 Hz,
respectively, the predetermined time t, can be set to be
about 0% to 50% of the frame period T; to obtain a small
blur edge width, reducing blurring in motion images shown
on the display 200.

[0073] The curve 532 shows that the light modulated by
the pixel circuit 204 has a first peak value FL3 at time 19.
Typically, the first peak FL.3 occurs between the peaks k and
w of the curves 512 and 520, respectively.

[0074] FIGS. 8 and 9 are graphs 504 and 506 that show
more clearly the curves 510, 520, and 530 of FIG. 6. As
shown in FIG. 8, the phase of the backlight luminance
(represented by curve 520) is configured to slightly lead the
time of switching from applying an overdrive voltage to
applying a normal voltage. As shown in FIG. 9, the modu-
lated light (represented by curve 530) has a series of
“pulses” (e.g., Pa, Pc, Pd, Pe, Pf, Pg). The overdrive gray
level is selected such that the pulses of the modulated light
are substantially uniform. The blurring of motion images can
be reduced when the pulses (e.g., Pa to Pg) are more
uniform.

[0075] There are four methods for selecting the overdrive
gray level so that the modulated light reaches a target
luminance within one frame period, while also keeping the
pulses of the modulated light substantially uniform. In the
first method, the overdrive gray level is selected so that the
first peak value is similar to the target peak value g. In the
second method, the overdrive gray level is selected so that
the first and second peak values are similar to the target peak
value g. In the third method, the overdrive gray level is
selected so that the first pulse Pa has an integrated value that
is similar to the integrated value of a pulse Pg having the
target peak value g. In the fourth method, the overdrive gray
level is selected so that the first and second pulses Pa and Pc
have integrated values that are similar to the integrated value
of the pulse Pg having the target peak value g.

[0076] Referring to FIG. 10, according to the first method,
the overdrive gray levels stored in the lookup table 224 are
configured so that when one of the overdrive gray levels is
used to drive the pixel circuits 204, the modulated light has
a waveform such that the first pulse Pa has a peak value a
that is within 90% to 110% of the target peak value g, i.e.,
09 g=a=l11g

[0077] Referring to FIG. 11, according to the second
method, the overdrive gray levels stored in the lookup table
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224 are configured such that, when one of the overdrive gray
levels is used to drive the pixel circuit 204, the modulated
light has a waveform such that the first and second pulses Pa
and Pc have peak values a and ¢ that are within 90% to 110%
of the target peak value g, ie, 0.9 g=a=1.1 g and 0.9
g=c=1.1 g. By properly limiting the peak value ¢ of the
second pulse Pc, the images shown on the display 200 can
have a better quality (as compared to just limiting the peak
value a).

[0078] Referring to FIG. 12, according to the third
method, the overdrive gray levels stored in the lookup table
224 are configured such that, when one of the overdrive gray
levels is used to drive the pixel circuit 204, the modulated
light has a waveform such that the first pulse Pa has an
integrated value

1+Ta
f L-dt
tl

that is within 90% to 110% of the integrated value

2+Tg
f L-dt
2

of the target pulse Pg, where L is the luminance of the
modulated light, t1 is the start of the first pulse Pa, t2 is the
start of the target pulse Pg, Ta is the duration of the first pulse
Pa, and Tg is the duration of the target pulse Pg. Thus, in the
third method, the integrated value of the first pulse satisfies
the criteria:

12+Tg 1+7TG 2+Tg
0.9*f L-ahgf L-dtgl.le L-dr.
2 tl 73

[0079] Using the integrated values of the pulses to deter-
mine the overdrive gray level is useful because the inte-
grated values of the pulses correspond to the brightness of
the pulses perceived by the viewer of the display 200.
Therefore, when the overdrive gray levels are configured
such that the integrated values of the pulses of the modulated
light are more uniform, the perceived brightness of the
pulses will be more uniform.

(Equ. 3)

[0080] Referring to FIG. 13, according to a fourth method,
the overdrive gray levels stored in the lookup table 224 are
configured such that, when one of the overdrive gray levels
is used to drive the pixel circuit 204, the modulated light has
a waveform such that the first pulse Pa and the second pulse
Pc have integrated values

1+Ta 3+ Tc
f L-dr and f L-di,
11 3

respectively, that are within 90% to 110% of the integrated
value
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2+Tg
f L-dr
2

of the target pulse Pg. Here, L is the luminance of the
modulated light, t1 is the start of the first pulse Pa, t2 is the
start of the target pulse Pg, 13 is the start of the second pulse
Pe, Ta is the duration of the first pulse Pa, Tg is the duration
of the target pulse Pg, and Tc is the duration of the second
pulse Pc. Thus, in the fourth method, the integrated values
of the first and second pulses satisfy the criteria:

2+Tg 1+7a 2+Tg
0.9*f L-dtgf L-dtgl.l*f L-dt,

2 tl 2

2+Tg 3+Tc¢ 2+Tg
0.9*f L-dtgf L-dtgl.le L.dt.

2 3 73

[0081] The lookup table 224 can be configured such that
the criteria described above are met by substantially all of
the overdrive gray levels. The lookup table 224 can have,
e.g., 40x40=1600 gray level values for use in overdriving
the pixel circuit 204 from one of 40 initial gray levels to one
of 40 target gray levels. Interpolation can be used to deter-
mine the overdrive gray level for initial and target gray
levels not specified in the lookup table.

[0082] In the third and fourth methods described above,
the overdrive gray levels stored in the lookup tables have to
be pre-computed such that when used to overdrive the pixel
circuit 204, the resulting modulated light will meet the
criteria described above. The integrated values of simulated
or measured luminance of the modulated light are computed
for different overdrive gray levels in order to determine
which overdrive gray level will satisfy the limitations for the
integrated values described above.

[0083] Referring to FIG. 14, as a variation to the third
method, a portion 534 of the first pulse Pa can be integrated,
instead of integrating the entire period of the first pulse Pa.
The integrated value of the first pulse Pa is compared with
a fraction of the integrated value of the target pulse Pg. The
portion 534 starts from the start t1 of overdriving the pixel
circuit 204, to a time t4 when the peak of the first pulse Pa
occurs. When testing different overdrive gray levels to find
a suitable value, the integrated value of the first pulse Pa
changes, but the integrated value of the target pulse Tg
remains the same. Thus, integrating only a portion of the first
pulse Pa can reduce the amount of computation required for
determining the overdrive gray levels.

[0084] In the variation of the third method, the integrated
value of the portion 534 of the first pulse Pa satisfies the
following criteria:

(Equ. 4)

(Equ. 5)

12+Tg 14 2+ Tg (Equ. 6)
0.9*ratio*f L-dtgf L-dtgl.l*ratio*f L-d:
2 11 7]

[0085] In general, the ratio ranges from 0.3 to 0.7. The
value of the ratio used for determining a particular overdrive
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gray level depends on the initial pixel gray level. For
example, when the pixel circuit changes from a gray level of
0, 64, or 128 to a higher gray level, the ratio can be, e.g.,
0.35, 0.45, and 0.55, respectively. Here, gray level 0 repre-
sents black, and gray level 255 represents white. For
example, when the pixel circuit changes from a gray level of
128, 192, or 255 to a lower gray level, the ratio can be, e.g.,
0.3, 0.6, and 0.7, respectively.

[0086] Similarly, as a variation to the fourth method,
rather than integrating the entire period of the first and
second pulses, the portion 534 and a portion 536 of the
second pulse Pc can be integrated. The integrated values are
compared with a fraction of the integrated value of the target
pulse Pg. The portion 536 starts from the start t5 of the
second pulse Pc to a time t6 when the peak of the second
pulse Pc occurs.

[0087] Inthe variation of the fourth method, the integrated
values of the portions 534 and 536 satisfy the following
criteria: and

12+Tg Equ. 7
C‘.9*ratio*f L-dr= (e 7)
L

2
tl+Ta 12+Tg
f L-d[él.l*ratio*f L-dr,
t1

73
12+Tg
C‘.9s<ratio*f L-drg
p

2
13+TC 12+Tg
f L-d[él.l*ratio*f L-dr.
1

3 2

(Equ. 8)

[0088] The overdrive gray levels that are determined to
satisfy Equs. 3-8 are stored in the lookup table 224 and are
used when the backlight module 220 is a scanning type
backlight. If the backlight module 220 is a hold type
backlight, then the overdrive gray levels stored in the lookup
table 228 are used. The following description compares the
difference in the edges of motion objects shown on the
display 200 when the overdrive gray levels in the lookup
tables 224 and 228 are used with a scanning type backlight.

[0089] FIG. 15 shows a motion picture response curve 912
representing the perception of an edge of a moving object by
a viewer when the overdrive gray levels stored in the lookup
table 228 are used to drive the pixel circuits 204. The
luminance of the object is normalized to 1, and the lumi-
nance of the background is set to 0. The object moves from
the right of the screen towards the left side of the screen. The
moving object is drawn by successively switching pixel
circuits 204 at the edge of the object from the gray level of
the object to the gray level of the background as the object
moves towards the left side of the screen. The edge of the
object as perceived by the viewer is blurred because the edge
spans about 40 pixels, as can be seen from a portion 910 of
the curve 912 that represents a transition of the perceived
brightness at the edge of the object.

[0090] FIG. 16 shows a motion picture response curve 914
representing the perception of an edge of the moving object
by the viewer when the overdrive gray levels stored in the
lookup table 224 are used to drive the pixel circuits 204. A
portion 920 of the curve 914 represents a transition of the
perceived brightness at the edge of the object. In this
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example, the edge as perceived by the viewer is sharper
(than that shown in FIG. 4) because the edge (represented by
the portion 920) spans only about 10 pixels. A comparison
of FIGS. 15 and 16 indicates that, when a scanning type
backlight is used, scanning type overdrive gray levels stored
in the lookup table 224 will generate better motion images
with less blurring at the edges of moving objects (as com-
pared to using the lookup table 228).

[0091] The difference in motion image quality can also be
quantified using the motion picture response time (MPRT)
parameter. FIG. 17 is a table, Table 1, that includes examples
of the new blur edge width (N-BET) values for switching
between different gray levels when the overdrive gray levels
stored in lookup table 228 are used to drive the pixel circuits
204. In Table 1, the values 0, 32, 64, 96, 128, 160, 192, 224
and 255 at the leftmost column represent the initial gray
levels, and the values 0, 32, 64, 96, 128, 160, 192, 224 and
255 at the uppermost row represent the target gray levels.
The motion picture response time (MPRT) is shown at the
bottom right of Table 1. Table 1 shows that the MPRT is
about 16.7 ms when the lookup table 228 is used. The
definitions of N-BET and MPRT are shown in Equs. 1 and
2, respectively.

[0092] FIG. 18 is a table, Table 2, that includes examples
of the new blur edge width (N-BET) values for switching
between different gray levels when the overdrive gray levels
stored in lookup table 224 are used to drive the pixel circuits
204. Table 2 shows that the MPRT is about 12.4 ms when the
lookup table 224 is used. A comparison of Tables 1 and 2
shows that when the overdrive gray levels in the lookup
table 224 are used, the N-BET and MPRT values are lower,
indicating that the motion images will have better quality
and with less blurring under various gray level switching
conditions.

[0093] FIG. 19 is a flow diagram of a process 800 for
driving the liquid crystal display 200. In process 800, each
of the light emitting devices 222 is driven to generate light
having a luminance that varies periodically at a frequency
that is the same as a frame rate (step 810). The light emitting
device 222 is driven such that its luminance reaches a
maximum level at a first time point t1 (step 820). The driving
circuit 240 sends an overdrive voltage OV to drive the pixel
circuit 204 until a second time point t2, upon which the
driving circuit 240 sends a normal drive voltage to drive the
pixel circuit 204 (step 830) such that the luminance of the
light modulated by the pixel circuit 204 changes from the
initial luminance FL1 to the target luminance FL.2 at a third
time point t3 (step 832). The first, second, and third time
points are different from one another.

[0094] FIG. 20 is a flow diagram of a process 840 for
driving the liquid crystal display 200. In process 840, light
having a luminance that varies periodically according to a
first frequency is provided (step 842). The light can be
provided by, for example, the backlight module 220. The
pixel circuit 204 of the display 200 is overdriven using
overdrive gray levels according to a second frequency (step
844). The first and second frequencies can be the same or
different. The overdrive gray levels can be, e.g., stored in a
lookup table 224. The light is modulated by using the pixel
circuit 204 to generate modulated light (step 846). The
amount of overdrive and a phase of the light relative to the
overdriving of the pixel circuit 204 are controlled such that
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pulses of the modulated light have a predetermined level of
uniformity (step 848). For example, the peak value of the
first pulse can be within 90% to 110% of a target peak value.
The peak value of the second pulse can be within 90% to
110% of the target peak value. The integrated value of the
first pulse can be within 90% to 110% of the integrated value
of the target pulse. The integrated value of the second pulse
can be within 90% to 110% of the integrated value of the
target pulse.

[0095] A number of examples have been described. Nev-
ertheless, it will be understood that various modifications
may be made without departing from the spirit and scope of
the invention. For example, the light emitting devices 222a-
222¢ can be controlled in a manner different from what is
described above. For example, all of the light emitting
devices 222a-222¢ can be turned on and off at the same time.
Each of the light emitting devices 222a-222e can be turned
on for ¥ of a frame period, one at a time. The light emitting
devices can be turned on two at a time and rotated over a
frame period. The light emitting devices 222a and 2225 can
be on for % of the frame period, then light emitting devices
222b and 222¢ are on for the next ¥ of the frame period, and
so forth. The light emitting devices can be turned on three at
a time and rotated over a frame period. The light emitting
devices 222a, 222b, and 222¢ can be on for Y5 of the frame
period, then light emitting devices 2226, 222¢, and 222d can
be on for the next %5 of the frame period, and so forth.

[0096] The display 200 can have more than one gate
driver, and can have more than one data driver. There may
be additional overdrive lookup tables stored in the non-
volatile storage 230, for example, for use at different display
temperatures. The number of light emitting devices 220 can
be different from that described above. The display panel
202 can have different sizes. The amount of phase difference
between the backlight and the driving of the pixel circuits
can be different from those described above. The phase lag
or phase advance for achieving the smallest blur edge width
can be different for the same display operating at different
modes (e.g., different refresh rates). The non-volatile storage
230 can store different phase delay values that are used by
the backlight controller 232 at different refresh rates.

[0097] The ranges for the first and second peak values, and
the integrated values of the first and second pulses, can be
different from those described above. The peak value of the
first pulse can be within, e.g., 85% to 115%, or 95% to 105%
of the target peak value. The peak value of the second pulse
can be within, e.g., 85% to 115%, or 95% to 105% of the
target peak value. The integrated value of the first pulse can
be within, e.g., 85% to 115%, or 95% to 105% of the
integrated value of the target pulse. The integrated value of
the second pulse can be within, e.g., 85% to 115%, or 95%
to 105% of the integrated value of the target pulse. The
values of various parameters can be different from those
described above. The driving frequency of the backlight
module 220 and the driving frequency of the pixel circuits
204 can be different from those described above. Accord-
ingly, other implementations and applications are within the
scope of the following claims.

What is claimed is:
1. A method of operating a display, comprising:

providing light having a luminance that varies periodi-
cally;
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overdriving a pixel circuit of the display;

modulating the light by using the pixel circuit to generate
modulated light; and

controlling the amount of overdrive and a phase of the
light relative to the overdriving of the pixel circuit such
that, during a period that the pixel circuit starts to
change from a first gray level to a second gray level and
before the pixel circuit starts to change from the second
gray level to a third gray level, pulses of the modulated
light have a predetermined level of uniformity.

2. The method of claim 1 wherein the amount of overdrive
and the phase of the light are controlled to cause the peaks
of the luminance of the pulses to have a predetermined level
of uniformity.

3. The method of claim 1 whetrein the amount of overdrive
and the phase of the light are controlled to cause the peaks
of the brightness of the pulses to have a predetermined level
of uniformity.

4. The method of claim 1 wherein the amount of overdrive
and the phase of the light are controlled to cause the first
pulse of the modulated light to have a peak value that is not
less than a predetermined percentage of a target peak value.

5. The method of claim 4 wherein the peak value of the
first pulse is not less than 90% of the target peak value.

6. The method of claim 4 wherein the peak value of the
second pulse of the modulated light is not more than a
predetermined percentage of the target peak value.

7. The method of claim 6 wherein the peak value of the
second pulse is not more than 110% of the target peak value.

8. The method of claim 1 wherein the amount of overdrive
and the phase of the light are controlled to cause the first
pulse of the modulated light to have a first integrated value
that is not less than a predetermined percentage of a second
integrated value of a target pulse having a target peak value,
the first and second integrated values being determined by
integrating the first and target pulses, respectively, over the
same length of time.

9. The method of claim 8 wherein the first integrated value
is not less than 90% of the second integrated value.

10. The method of claim 8 wherein the second pulse of the
modulated light has a third integrated value that is not more
than a predetermined percentage of the second integrated
value.

11. The method of claim 10 wherein the third integrated
value is not more than 110% of the second integrated value.

12. The method of claim 1 wherein the amount of
overdrive and the phase of the light are controlled to cause
the first pulse to have a first integrated value that is not less
than a predetermined percentage of a second integrated
value of a target pulse having a target peak value, the first
integrated value being determined by integrating the first
pulse from the start of driving the pixel circuit to a time that
the first pulse reaches a peak value, and the second inte-
grated value being determined by integrating the second
pulse over a period of the second pulse.

13. The method of claim 12 wherein the first integrated
value is between 30% to 70% of the second integrated value.

14. The method of claim 1, further comprising overdriv-
ing a row of pixel circuits of the display and modulating the
light using the row of pixel circuits, wherein the amount of
overdrive applied to each pixel circuit and the phase of the
light are controlled such that, for each pixel circuit, the
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pulses of the light modulated by the pixel circuit have a
predetermined level of uniformity.

15. The method of claim 1 wherein the light varies at a
first frequency f1 that is substantially the same as a second
frequency f2 at which the pixel circuit is driven.

16. The method of claim 15 wherein when the pixel circuit
switches from a lower gray level to a higher gray level, the
pixel circuit reaches a maximum transmissivity within less
than 1/(2*f1) after the light reaches a local maximum
luminance level.

17. The method of claim 15 wherein the first frequency f1
is lower than the second frequency 2.

18. The method of claim 17 wherein when the pixel circuit
switches from a lower gray level to a higher gray level, the
pixel circuit reaches a maximum transmissivity within less
than (1-f1/£2) * (1/f1) before the light reaches a local
maximum luminance level.

19. The method of claim 1 wherein the display comprises
a liquid crystal display.
20. A method of designing a display, comprising:

driving pixel circuits of the display according to a first
frequency such that, for each pixel circuit, a pixel data
voltage for driving the pixel circuit switch to different
levels at predefined time points;

driving a light source according to a second frequency to
generate light having a luminance that varies according
to the second frequency;

modulating the light using the pixel circuits to generate
modulated light representing images; and

adjusting the phase of the light relative to the driving of
the pixel circuits to reduce blurring of the images.

21. The method of claim 20 wherein the phase of the light
is adjusted to be in advance of the driving of the pixel
circuits such that peaks of the light occur in advance of the
predefined time points within less than half a period of a
luminance waveform of the light.

22. A method of operating a display. comptising:

providing a first set of overdrive pixel data and a second
set of overdrive pixel data;

selecting one of the first and second sets of overdrive pixel
data based on whether a light source of the display
generates (a) light having a substantially constant lumi-
nance or (b) light having a luminance that varies
periodically; and

overdriving pixel circuits of the display using the selected

set of overdrive pixel data.

23. The method of claim 22 further comprising, when the
luminance of the light varies periodically, modulating the
light using the pixel circuits to generate modulated light, and
controlling a phase of the light relative to the overdriving of
the pixel circuits to cause pulses of the modulated light to
have a predetermined level of uniformity.

24. The method of claim 23 wherein the first pulse of the
modulated light has a peak value that is not less than 90%
of a target peak value.

25. The method of claim 23 wherein the second pulse of
the modulated light has a peak value that is not more than
110% of a target peak value.
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26. A display, comprising:
pixel circuits;
a light source;

a storage device storing a first set of overdrive pixel data
and a second set of overdrive pixel data, the first set of
overdrive pixel data for use when the light source
generates light having a substantially constant lumi-
nance, the second set of overdrive pixel data for use
when the light source generates light having a lumi-
nance that varies periodically; and

a driving module for receiving one of the first and second
sets of overdrive data and overdriving the pixel circuits
using the received set of overdrive data.

27. The display of claim 26 wherein the second set of
overdrive pixel data are configured to cause pulses of the
modulated light to have a predetermined level of uniformity.

28. The display of claim 27 wherein the second set of
overdrive pixel data are configured to cause the first pulse of
the modulated light to have a peak value that is not less than
90% of a target peak value.

29. The display of claim 27 wherein the second set of
overdrive pixel data are configured to cause the second pulse
of the modulated light to have a peak value that is not more
than 110% of a target peak value.

30. The display of claim 26 wherein the storage device
stores a first lookup table and a second lookup table, the first
lookup table comprising the first set of overdrive data, the
second lookup table comprising the second set of overdrive
data.

31. A display, comprising:

a light source for generating light having a luminance that
varies periodically;

pixel circuits for modulating the light to generate modu-
lated light,

a driving module for overdriving the pixel circuits using
overdrive data; and

a controller for controlling a phase of the light relative to
the driving of the pixel circuits such that, during a
period that the pixel circuit starts to change from a first
gray level to a second gray level and before the pixel
circuit starts to change from the second gray level to a
third gray level, pulses of the modulated light have a
predetermined level of uniformity.

32. The display of claim 31 wherein the controller con-
trols the phase of the light such that the first pulse of the
modulated light has a peak value that is not less than a
predetermined percentage of a target peak value.

33. The display of claim 32 wherein the peak value of the
first pulse is not less than 90% of the target peak value.

34. The display of claim 31 wherein the controller con-
trols the phase of the light such that the second pulse of the
modulated light has a peak value that is not more than a
predetermined percentage of a target peak value.

35. The display of claim 34 wherein the peak value of the
second pulse is not more than 110% of the target peak value.

36. The display of claim 31 wherein each of the pixel
circuits comprises a liquid crystal layer.
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37. The display of claim 31 wherein the controller con-
trols the phase of the light such that the first pulse of the
modulated light has a first integrated value that is not less
than a predetermined percentage of a second integrated
value of a target pulse having a target peak value, the first
and second integrated values being derived by integrating
the first and target pulses, respectively, over the same length
of time.

38. The display of claim 37 wherein the first integrated
value is not less than 90% of the second integrated value.
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39. The display of claim 37 wherein the second pulse of
the modulated light has a third integrated value that is not
more than a predetermined percentage of the second inte-
grated value.

40. The display of claim 39 wherein the third integrated
value is not more than 110% of the second integrated value.
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