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(57) Abstract: A liquid crystal display (T.CD) device
includes a cirenit for calibrating out non-lincarities in the
signal processing path from reccived digital input dara to
the analog voltage produced on a data (column) line of
the display, and for calibrating out dilferences belween
column drivers and column lines in the device. The device
receives digital input data and in response therelo generates
an analog data voltage to be applicd to a column line. ‘The
device includes means for generating a precision staircase
reference signal, and means for comparing the precision
slaircase reference signal vollage to the data vollage and
in response thereto producing a calibration data error value
which is stored in the device. One, or preferably all, columns
of the device are calibrated by stepping the digital input data
through each value in ils operaling range and storing the
corresponding calibration data error values in memory.
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Self-calibrating image display device

BACKGROUND OF THE INVENTION
Field of the Invention

This invention pertains to the field of image display devices, and more
particularly to liquid crystal display devices, and to calibration circuitry for such devices.
Description of the Related Art

Image display devices such as liquid crystal display (LCD) devices are widely
known. With reference to the following desctiption, familiarity with conventional features of
such devices will be assumed, so that only features bearing on the present invention will be
described.

FIG. 1 shows relevant portions of an exemplary liquid crystal display (LCD)
device 100.

The LCD device 100 comprises in relevant part: a plurality of pixels 110; a
plurality of column (data) lines 120 connected to the plurality of pixels 110; a plurality of
column (data) drivers 130 for supplying data to pixels 110 via the column lines 120; a
plurality of column driver switches 140; a plurality of row (scanning) lines 150 connected to
rows of pixels 110; and a plurality of row drivers 160 connected to the row lines 120 for
selecting a row of pixels 110 to which data from the column drivers 130 is to be applied.

Typically, each pixél 110 includes a pixel switching device 112 and a storage
device (pixel capacitor) 114, The pixel switching device 112, which may be a thin film
transistor (TFT), is responsive to a scanning signal on the connected row line 150 to switch a
data signal applied via the connected column line 120 into the storage device 114.

The LCD device 100 may be a liquid crystal on silicon (LCOS) type LCD
device. In that case, the column (data) drivers 130, column driver switches 140, and/or row
(scanning) drivers 160 may be integrated onto a same silicon substrate as the liquid crystal
pixels 110.

Image data is provided as digital input data from an external video generator to
the column drivers 130. However, the column drivers 130 must provide analog image data to
the column lines 120. Hence, the image data is subjected to signal processing, including

digital to analog conversion, in the column drivers 130.

JP 2005-502073 A 2005.1.20
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Some problems with the prior art LCD device 100 will now be explained.

Variations between the column drivers 130 and column lines 120 cause a
situation wherein the pixels 110 of two different column lines 120 may display different
brightnesses (intensities) even though the same digital image data is applied to the column
driver(s) 130 for both column lines 120. Indeed, the variations may be so great that a
situation occurs wherein a column driver 130 for a first column line 120 receives first digital
image data having a greater value than second digital image data received by a column driver
130 for a second column line 120, and yet the pixels 110 of the second column line 120
actually display a brighter image (greater intensity) than the pixels 110 of the first column
line 120. These variations result in an undesirable display characteristic.

Moreover, the signal processing in the column drivers 130 produces non-
linearities in the image data. Because of these non-linearities, the brightness range of the
image data does not monotonically increase. In other words, one ot more situations may
occur wherein the digital image data value for a particular column line 120 is increased, but
the actual displayed brightness displayed by the pixels 110 of the column line 120 decreases.

Tn general, propagation delays of digital and analog signals in the device 100,
in addition to common circuit property variations (e.g., amplifier offsets; gain/bandwidth
variations) cause brightness variations between pixels or regions (e.g., columns) of the
display.

Accordingly, it would be desirable to provide an image display device with
reduced or eliminated brightness level variations among pixels or columns receiving the same
digital input data. It also would be desirable to provide an image display device having a
brightness that monotonically increases in response to digital input data received form an

external video signal generator.

SUMMARY OF THE INVENTION

Accordingly, in one aspect, an image display device includes a plurality of
pixels arranged in a matrix or rows and columns, a plurality of column lines each connected
to a corresponding one of the columns of pixels, at least one column driver providing a data
voltage to one of the column lines, a generator producing a reference voltage, and means for
comparing the reference voltage to the data voltage and in response thereto producing a
calibration data error value.

In another aspect, a method of calibrating data voltage levels for image display

device including a plurality of pixels arranged in a matrix of rows and colurns, a plurality of

JP 2005-502073 A 2005.1.20
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column lines connected to the plurality of pixels, and a plurality of column drivers connected
to the column lines and providing data to the pixels, includes: generating a reference signal;
receiving P-bit digital input data having a digital input data value; producing a data voltage
on one of the column lines in response to the received digital input data; and comparing the
reference signal to the data voltage produced on one of the column lines and, in response

thereto, generating a calibration data error value.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a prior art liquid crystal display (LCD) device;
FIG. 2 shows a first embodiment of a self-calibrating LCD device;
FIG. 3 shows a second embodiment of a self-calibrating LCD device;
FIG. 4 shows a third embodiment of a self-calibrating LCD device.

DETATLED DESCRIPTION

FIG. 2 shows a first embodiment of an image display device in accordance
with one or more aspects of the invention. The first embodiment is described with respect to
a liquid crystal display (LCD) device 200. For clatity and simplicity, those portions of the
LCD device 200 relating to the present invention are illustrated.

The LCD device 200 comprises in relevant part: a plurality of pixels 210; a
plurality (M) of column (data) lines 220 conmected to the plurality of pixels 210; a plurality
of column (data) drivers 230 for supplying data to the pixels 210 via the column lines 220; a
plurality of column driver switches 240; a plurality column driver switch registers (not
shown); a plurality (N) of row (scanning) lines 250 connected to N rows of pixels 210; a
plurality of row drivers 260 connected to the row lines 250 for selecting a row of pixels 210
to which data from the column drivers 230 is to be applied; a generator 270 providing a
global reference signal; a plurality (M) of column test switches 280 each connected with a
corresponding one of the column lines 220; a common test line 286 connected to each of the
column test switches 280; a commutation switch 285 with one input connected to the column
test line and a second input connected to the global reference signal from the generator 270; a
comparator 288 connected to the outputs of the commutation switch 285; a plurality (M) of
column test switch registers 290 each having an output connected to a control terminal of a

corresponding one of the column test switches 280; and a commutation switch register 295

each having an output connected to a control terminal of the commutation switch 285.

JP 2005-502073 A 2005.1.20
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The LCD device 200 may be a liquid crystal on silicon (LCOS) type LCD
device. In that case, the column (data) drivers 230 and/or row (scanning) drivers 260 may be
integrated onto a same silicon substrate as the liquid crystal pixels 210. Also, the column
driver switches 240, the column driver switch registers, the column test switches 280, the
commutation switch 285, the column test switch registers 290, and/or the commutation
switch register 295 may be integrated onto the same substrate.

Typically, each pixel 210 includes a pixel switching device 212, having first
and second ferminals and a control terminal, and a storage device (pixel capacitor) 214
connected to the first terminal of the pixel switching device 212. The second terminal of the
pixel switching device 212 is connected to one of the column lines 220. The pixel switching
device 212, which may be a thin film transistor (TFT), is responsive to a scanning signal on
the connected row line 250 to selectively connect the column line 220 to the storage device
214 and thereby to store a data signal applied via the column line 220 into the storage device

214.

Image data is provided as digital input data from an external video generator to
the column drivers 230, The column drivers 230 perform signal processing, including digital
to analog conversion, on the digital input data and provide analog output data to the column
lines 220.

The column test switch registers 290 may be configured as a shift register. In
the preferred embodiment, the column test switch registers 290 may be configured together
with the commutation switch register 295 as a single shift register. Similarly, the column
driver swiich registers may be configured as a shift register. Beneficially, when the column
test switch registers 290 and the commutation switch register 295 are configured as a shift
register, data values may be supplied for the column test switch registers 290 and the
commutation switch register 295 by shifting them into place using 2 shift enable or clock
signal.

The operation of various pertinent clements of the first preferred embodiment
LCD device 200 in the case of a defective column will now be explained.

During a display calibration process, a data value (e.g., a “1”) is shifted into
the first column test switch register 290 such that the fixst column test switch register 290
produces a control signal at the control terminal of the first column test switch 280 to close
the first column test switch 280, connecting column 1 with the common test line 286. At this
tirme, a data value (e.g., “0”) is stored in the remainder (columns 2 through N) of the column

test switch registers 290 to thereby produce control signals that open the column test switches

JP 2005-502073 A 2005.1.20
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280 for the columns 2 through N. Also, a data value (e.g., “0”) is stored in the commutation
switch register 295 to provide a control signal that places the commutation switch 285 in a
first position, wherein the common test line 286 is connected to a first input of the
comparator 288, and the output of the generator 270 is connected to a second input of the
comparator 288.
Then, digital input data is supplied by a test circuit to column driver 230 for

column 1 and is stepped through its operating range of data values. For example, where the
digital input data is P-bit data, the digital input data is stepped through its operating range
from O to (2F-1) in increments of one. In response to the digital input data being stepped
through its operating range of values, the column driver 230 supplies analog data to the first
column line 220 and thence to the common test line 286. At this time, one of the row drivers
260 supplies a scanning signal to drive one of the row lines 250 and turn on one of the
switching devices 212 of the first column. Together with a parasitic capacitance of the
common test line 236, shown as C, in FIG. 2, the pixel 210 of the selected row line 250
(including the switching device 212 and the storage device 214), and the first column
provides a load to the analog data from the column driver 230 and a data voltage appears on
the column line 220.

Meanwhile, in synchronism with the digital input data supplied to the column
driver 230 being stepped through its range of data values, the generator 270 is configured to
provide a precision staircase (ramp) reference signal to the comparator 288. The precision
staircase global reference signal is a monotonically and uniformly increasing staircase
reference voltage which spans the range of voltages which are to be applied to the liquid
crystal pixels 210 to display imaée data. For each digital input data value, the precision
staircase reference signal produces a corresponding reference voltage. Where the maximum
pixel voltage is X volts, and where the number of bits of digital data input to the device is P
bits, then each step of the precision staircase reference signal is:

1) Stepsize = X / (2°-1)

So, e.g., where X = 15 volts, and P is 8 bits, then the stepsize = 15/255 = 0.588 volts. For
each step of the digital input data value, the precision staircase reference signal has a
corresponding voltage step.

It should be understood tht the generator 270 may not be included in the LCD
device 200, and instead may be part of an external circuit, such as a test fixture, supplying the

precision staircase reference signal to the LCD device 200 during a calibration process.

JP 2005-502073 A 2005.1.20
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At this time, for each step of the digital input data to the column driver 230
and the precision staircase global reference signal, the comparator 288 compares the data
voltage produced on the first column line 220 with the voltage of the precision staircase
reference signal produced by the generator 270, and in response thereto produces a first data
error value. Beneficially, the first data error value produced by the comparator 288 is
temporarily stored in a register or memory (not shown).

However, the first data error value will have a small difference from a true
data error value between the precision staircase reference signal voltage and the actual data
voltage appearing on the column line 220 due to an offset voltage of the comparator 288.
Accordingly, in the preferred embodiment, the two input signals to the comparator 288 are
switched and a second data error value is measured so that any offset voltage of the
comparator 288 can be eliminated by averaging the magnitude of the first and second data

error values.

Subsequently, while the data value (e.g., 2 “1”) is stored in the first columm
test switch register 290 such that the first colurnn test switch register 290 produces a controk
signal at the control terminal of the first column test switch 280 to close the first column test
switch 280, connecting column 1 with the common test line 286, and while the data value
(e.g., “0™) is stored in the remainder (columns 2 through N) of the column test switch
registers 290 to thereby open the column test switches 280 for the columns 2 through N, a
second data value (e.g., “1”) is stored in the commutation switch register 295 to place the
commutation switch 285 in a second position, such that the common test line 286 is
connected to the second input of the comparator, and the output of the generator 270 is
connected to the first input of the éomparator. In other words, the two input signals to the
comparator 288 are switched so that a second data error value can be measured and any offset
voltage of the comparator 288 can be eliminated.

Accordingly, once again, in synchronism with the digital input data supplied to
column driver 230 for column 1 being stepped through its range of data values (e.g., from 0
to 2P-1), the precision staircase reference signal is also stepped through its corresponding
range of voltages. For each step of the digital input data and the precision stajrcase reference
signal, the comparator 288 compares the voltage produced on the first column line 220 with
the precision staircase reference signal voltage produced by the generator 270. For each step
of the precision digital input data and precision staircase reference signal, a second data error

value is produced by the comparator 288 and temporarily stored in a register or memory (not

shown).
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For each digital input data value, the absolute values of the first and second
data error values are averaged to produce a calibrated data error value. By commuting the
outputs of the commutation switch 285 between the two inputs of the comparator 288, and
averaging the first and second data error values, the calibration circuit and method cancels
out any offset voltage of the comparator to produce a more accurate calibrated data error
value. The calibrated data error values for each digital input data value are stored in memory
to be used by the column driver 230 for the first column line 220 during a subsequent image
display operation of the LCD device 200 to correct for non-linearities in the column driver
230 and column line 220 to produce an absolutely monotonic brightness range with high
accuracy and high resolution.

For example, during an image display operation of the LCD device 200, in
response to a digital input data value received from an external video generator, the
corresponding calibrated data error value is retrieved from memory (e.g., a Jook-up table). In

that case, the calibrated data error value retrieved from memory is added to (or subtracted
from) the digital input data value to produce a calibrated digital data value to be processed by
the column driver 230 to provide a calibrated analog data voltage for the appropriate column
line 220.

To calibrate the second column of the LCD device 200, the data value (¢.g., 2
“17)is shifted into the second column test switch register 290 such that the second column
test switch register 290 produces a control signal at the control terminal of the second column
test switch 280 to close the second column test switch 280, connecting column 2 with the
common test line 286, and while the data value (e.g., “0”) is stored in the remainder (columns

1 and 3 through N) of the column test switch registers 290 to thereby open the column test
switches 280 for the columns 1 and 3 through N. Then, the above-described procedure is
repeated to generate calibrated data error values for column 2. The procedure is repeated for
columns 3 to N to produce calibrated data error values for each digital input data value for
each column of the LCD device 200.

In the above example, the first and second data error values are both obtained
for a first column before any of the data error values are obtained for the subsequent
columns. However, it should be understood that, instead, all of the first data error values can
be obtained for all of the columas 1 through N first, and then subsequently all of the second
data error values for all of the columns 1 through N are obtained. Also, where the comparator
offset is extremely small, or where the offset voltages of all of the comparators included in

the LCD device are very closely matched, it may be possible to completely eliminate the
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commutation switch, and only perform a single measurement of one data error value as the
calibrated data error value for each digital input data value.

FIG. 3 shows a second embodiment of an image display device in accordance
with one or more aspecis of the invention. The second embodiment is described with respect
an LCD device 300.

The second embodiment LCD device 300 operates similarly to the first
embodiment LCD device 200, except that the second embodiment LCD device 300 includes
a dedicated calibration row driver 365 connected to a dedicated calibration row line 355,
which is further connected to a plurality of dedicated calibration switches 37 5. Beneficially,
the calibration switches 375 are identical to the pixel switching devices 312. Accordingly,
during calibration of the LCD device 300, the dedicated calibration row driver 365 supplies a
scanning signal to the dedicated calibration row Jine 355 to turn on one of the dedicated

calibration switches 375 of the column currently being calibrated. Together with the parasitic
capacitance of the comimon test line 386, shown as C, in FIG. 3, the dedicated calibration
switch 375 of column currently being calibrated provides a load to the analog data from the
column diver 330. Because the calibration row 365 does not include the storage devices
314, a load provided to a column line 320 during calibration is reduced and closer to the load
present on the column line when an actoal pixel 310 is driven during an image display
operafion.

FIG. 4 shows a third preferred embodiment LCD device 400 in accordance
with one or more aspects of the invention. For clarity and simplicity, those portions of the
LCD device 400 relating to the present invention are illustrated.

The third embodiment LCD device 400 operates similarly to the second
embodiment LCD device 300, except that the third embodiment LCD device 300 includes a
plurality of comparators 488, a plurality of commutation switches 485 each associated with a
comparator 488, and a plurality of calibration test value registers 498 each associated with a
comparator 488. In a preferred embodiment, the calibration test value registers 498 are
configured as a shift register.

In the third embodiment, columns are grouped together and a separate
common test ling 486 and comparator 488 is dedicated to each group of columns. Although
the third embodiment includes extra circuitry compared to the first and second embodiments,
it has the following advantages. First, by selecting the number of column lines in a group,
and the length of each common test line 486, the load impedance provided to a column line

420 by the parasitic capacitance C, during calibration can be tailored to more closely match
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the load present on the column line when an actual pixel 410 is driven during an image
display operation. Second, columns in different groups may be addressed simuitaneously
during the calibration process, the calibration process may be performed more rapidly.
While preferred embodiments are disclosed herein, many variations are
possible which remain within the concept and scope of the invention. For example, the
commutation switch described above with respect to the preferred embodiments can be
replaced by any other combination of switches or other circuits that will switch the terminals
at which the two input signals are provided to the comparator. It is also possible that some or
all of the column switches could be replaced with a multi-pole, multi-throw switch. Such
variations would become clear to one of ordinary skill in the art after inspection of the
specification, drawings and claims herein. Accordingly, the invention therefore is not to be

restricted except within the spirit and scope of the appended claims.
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CLAIMS:

1. A liquid crystal display (LCD) device, comprising:
- a plurality of pixels arranged in a matrix of rows and columns, each pixel
including,

- a pixel switching device having first and second terminals and a
control terminal, and

- a storage device connected to the first terminal of the pixel switching
device;

- a plurality of column lines connected to the second terminals of the
pixel switching devices;

- a plurality of column drivers connected to and providing data voltages
to the column lines;

- a plurality of scanning lines connected to the control terminals of the
pixel switching devices for selectively connecting the first and second terminals of the pixel
switching devices;

- at least one column switch having first and second terminals, the first
terminal connected to a selected one of the column lines, and responsive to a corresponding
control signal, selectively supplying the data voltage on the selected column line to the .
second terminal of the column switch, and

- a comparator having a first input connected to and receiving the data
voltage on the selected column line from the column switch, a second input receiving a
reference voltage, and an output producing a calibration data etror value representing a

difference between the reference voltage and the data voltage.

2. The LCD device of claim 1, further comprising a commutation switch having
two input terminals receiving the reference voltage and the data voltage on the selected
colurmn line from the column switch, two output terminals providing the reference voltage
and the data voltage on the selected column line from the column switch to the comparator,
and a control terminal for controlling which of the two input terminals is connected to which

of the two output terminals.
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3. The LCD device of claim 2, further comprising a register connected to the
control terminal of the commutation switch and providing a control signal to commute each
of the output terminals of the commutation switch between the two input terminals of the

commutation switch.

4. The LCD device of claim 1, further comprising a register corresponding to

each column swiich and providing the control signal for the column switch.

3. The LCD device of claim 1, further comprising at least one calibration switch,
each calibration switch having a first terminal connected to a corresponding column line, a
second terminal connected to a corresponding column switch and a control terminal for

closing the calibration switch during a calibration procedure.

6. The LCD device of claim 1, further comprising a voltage generator generating

the reference voltage.

7. The LCD device of claim 1, wherein the voltage generator generates a

staircase reference signal.

8. A method of calibraiing data voltage levels for image display device including
a plurality of pixels arranged in a matrix of rows and columns, a plurality of column lines
connected to the plurality of pixeis, and a plurality of column drivers connected to the

column lines and providing data to the pixels, the method comprising:

(a) generating a reference signal;
(b) receiving P-bit digital input data having a digital input data value;
) producing a data voltage on one of the column lines in response to the

received digital input data; and
(d) comparing the reference signal to the data voltage produced on one of the

column lines and, in response thereto, generating a calibration data ecror value.

9. The method of claim 8, further comprising storing the calibration data error

value.
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10. The method of claim 8, wherein comparing the reference signal to the data

voltage produced on one of the column lines, comprises:
supplying the reference signal and the data voltage to first and second inputs,

respectively, of a comparator;
- generating a first data error value;
- supplying the reference signal and the data voltage to second and first inputs,

respectively, of the comparator;
- generating a second data error value; and

generating the calibration data error value from the first and second data error values.

11 The method of claim 10, wherein calculating an absolute value of the
calibration data etror value comprises averaging absolute values of the first and second data
error values.

12. The method of claim 8, further comprising:

©) while performing step (), producing 2 second data voltage on a second one of
the column lines in response to the received digital input data; and

6 while performing step (d), comparing the reference signal to the second data

voltage produced on the second one of the column lines and, in response thereto, generating 2

second calibration data error value.

13. The method of claim 8, further comprising:
() repeating the steps (a) through (d) for a plurality of digital input values

spanning a range of 0 t0 2° — 1.

14. The method of claim 13, wherein the steps (a) through (e) are repeated for

each column lines of the image display device.

15. The method of claim 8, wherein the steps () through (d) are repeated for each

of the plurality of column lines of the image display device.

16. An image display device, comprising:

a plurality of pixels arranged in a matrix or rows and columns;
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- plurality of column lines each connected to a corresponding one of the

columns of pixels;

- a column driver providing a data voltage to one of the column lines; and

- means for comparing the data voltage to a reference voltage and, in response
thereto, producing a calibration data error value representing a difference between the data

voltage and the reference voltage.

17. The device of claim 16, wherein the means for comparing the reference
voltage to the data voitage includes a comparator having two inputs receiving the reference

voliage and the data voltage, respectively.

18. The device of claim 17, further comprising a column switch responsive to a
corresponding control signal to selectively connect the one column line and provide the data

voltage to one of the two inputs of the comparator.

19. The device of claim 18, further comprising a register storing a data value

therein and in response to the data value providing the control signal for the column switch.

20. The device of claim 18, further comprising a commutation switch having two
input terminals receiving the reference voltage and the data voltage, two output terminals
providing the reference voltage and the data to the two inputs of the comparator, and a
control terminal for conirolling which of the two input terminals is connected to which of the

two output terminals.

21. The device of claim 20, further including a register connected to the control
terminal of the commutation switch and providing a control signal to commute each of the
output terminals of the commutation switch between the two input terminals of the

commutation switch.

22. The device of claim 16, further comprising at least one calibration switch,
each calibration switch having a first terminal connected to a corresponding column line, a
second terminal connected to the means for comparing the reference voltage to the data
voltage, and a control terminal for closing the calibration switch during a calibration.

procedure.
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23. The device of claim 16, further comprising:
a second column driver providing a second data voltage to a second one of the

column lines; and
means for comparing the reference voltage to the second data voltage and in

response thereto producing a second calibration data error value.

24. The device of claim 23 wherein the first and second calibration data error

values are produced at a same fime.

25. The device of claim 16, further comprising means for storing the calibration

data error value.
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