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DESCRIPTION

ACTIVE MATRIX DISPLAY DEVICES
AND METHODS OF DRIVING THE SAME

This invention relates to active matrix display devices, and particularly
to display devices in which an alternative driving scheme is employed, for
example Active-Matrix Liquid Crystal Displays (AMLCDs). The invention

relates in particular to the integrated driver circuits for such devices.

AMLCDs consist of a large number of liquid crystal pixels, the voltage
across which determines their transmittance of light. The pixels are arranged in
columns and rows. AMLCDs have on-glass Thin-Film Transistors (TFTs) that
form a switch between each LCD pixel and its corresponding column line. The
gates of these TFTs are connected together horizontally, so that a gate driver
IC can “enable” the rows in a sequential order. The time during which an
individual row is selected is referred to as the line addressing time. During the
line addressing time, a source driver IC applies voltages to the columns that
correspond to the desired transmittance of each pixel in the selected row.
Basically, each output of the source driver IC is a buffered DAC output. The
basic concept of an AMLCD including gate and source driver IC is illustrated in
Figure 1 for a screen resolution of N rows and M columns with an n-bit colour
depth. This implies that each LC pixel can be driven to one out of 2n
transmittance levels. As an example, the rows are driven sequentially from top
to bottom. Alternative orders are possible depending on the applied scanning
algorithm. When all rows have been addressed and all pixels have reached
the desired transmittance level, a complete frame has been written and the
selection of rows repeats for writing the next frame. Depending on the
size/resolution of the LCD screen, several gate driver ICs and several source
driver ICs are applied in practical realisations.

Strong demands are imposed on the accuracy of the voltage that is

reached on each pixel at the end of each line addressing time. The achieved
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transmittance of the LCD pixel is determined by the voltage across the
capacitance labelled ‘LC’ in Figure 1. The bottom plates of these LCD pixels
are connected to the common electrode with potential Vcom. Non-idealities in
the outputs of the source driver ICs, such as variations in output level between
two adjacent columns with identical digital input, will lead to image artefacts
and should be minimized. In most LCD screens, an additional capacitor is
used in parallel to the LC liquid crystal pixel capacitance for stabilisation of the
pixel voltage. The bottom plate of this capacitor can be either connected to
Vcom, a separate electrode or an adjacent row-line. This capacitor has been
omitted in Figure 1 for simplicity.

A prerequisite for any LCD driving scheme is that each pixel is driven
with an AC signal. This means that when a pixel should have a certain
transmittance corresponding to a voltage level Vgreylevel, the source driver IC
should address the pixel with a voltage of +Vgreylevel during one frame and
with a voltage of —Vgreylevel during the next frame. This is commonly referred
to as frame inversion. The transmittance of the LCD pixel is not sensitive to the
sign of the applied voltage. In order to implement this in practical source driver
ICs, a polarity signal is used in addition to the digital transmittance level
signals to determine the sign of the analogue voltage at the outputs of the
source driver IC. This signal will toggle between positive and negative from
frame to frame for each pixel. Different sequences of polarities are used in
each line in practical displays to reduce large area flicker of images. This is
defined in the so-called inversion scheme. For example, for dot inversion,
adjacent pixels have opposite polarities in the same frame. Any driving
scheme applied to AMLCDs should ensure AC drive and allow various
inversion schemes.

The translation of the desired transmittance of the LCD pixel into an
output voltage of the source driver IC occurs through a so-called gamma
curve. This gamma curve is highly non-linear. Since AC drive is required and
the complete effective gamma curve is usually asymmetrical (for example
caused by the asymmetric signal injection via the gate electrodes of the TFTs),

separate gamma curves are used for positive and negative driver output
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voltages, respectively. In order to allow application of the source driver IC to
various LCD screens, the gamma curves should be programmable in a
practical device.

A common way of implementing the DAC function in the source driver
IC is by using resistor ladders and a selection matrix. Depending on the
desired polarity of a pixel, which in conventional drive schemes is the opposite
of the polarity in the previous frame, a tap is selected from the ladder
implementing the positive gamma curve or the negative gamma curve. This is
shown in Figure 2 for one row and one column.

As can be seen in Figure 2, both the positive (20) and negative ladder
(22) have 2n taps. These ladders are shared, i.e. they generate the reference
voltages for all individual selection matrices. Each selection matrix (24) selects
one of these levels from either the positive or negative ladder, so 2n+1 lines
are fed from the ladders to the selection matrix. In a practical IC
implementation the ladders are placed centrally on the IC, whereas the 2n+1
lines are fed over the entire IC, with one selection matrix being used for pairs
of columns, because hardware can be shared between adjacent columns
when they have opposite polarities (26).

In case of using the concept illustrated in Figure 2, the colour depth for
the display is implemented in the voltage domain. This means that when the
colour depth is increased, the number of voltage levels is increased with a
factor of 2 for each additional bit. As a consequence, the size of the selection
matrices doubles for each extra bit. This is a disadvantage of this set-up.

An alternative is to place the colour depth in the time domain. An
example of this can be found in patent US 6,567,062. The basic structure of
the patent is shown in Figure 3. As mentioned before, an additional capacitor
is used in parallel to each liquid crystal cell. A different pixel configuration is
used and the gates are addressed with a data signal whose pulse-width is a
function of the desired transmittance of the connected LC pixel. This implies
that the TFTs are no longer necessarily switched on during the complete line
addressing time. The common electrodes have been separated for each line,

as opposed to one common electrode for all pixels, and are driven by the
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“scan-signal driving circuit” 30. This circuit scans the lines sequentially via
signals Vy1, Vy2, etc, offered to the isolated common electrodes. Each time a
line is scanned, a corresponding “gray-scale voltage selecting circuit” 32
provides a ramp voltage on the drains of all TFTs in that line. This means that
the TFT is now used to sample the correct voltage level on the liquid crystal
cell by means of using the corresponding pulse-width for driving the gate of the
TFT. Therefore, the voltage on the pixel tracks the ramp voltage until the TFT
switch is opened by the pulse-width signal, after which the voltage remains
stable until the new voltage is written in the next frame. Since the gamma
curve is non-linear, the ramp voltage does not need to be a linear ramp, but
can be any sort of curve.

A similar approach has been proposed in JP 10054998, JP11305741
and JP 2002123230 and which again involves the use of a ramp voltage,
which is tracked by the pixel and then sampled. This system is for panels with
one common electrode, as in Figure 1. The basic structure is shown in Figure
4. In series with the regular TFT (40), which conducts during the complete line
addressing time, an additional TFT (42) is used to sample the wanted value of
a ramp voltage on the pixel.

In the circuit of Figure 5, the sampling switch has been moved into the
source driver IC 50 in the form of a transmission gate 52 (NMOS and PMOS
switches in parallel), because the additional sampling TFT in Figure 4 leads to
a decrease in light throughput when placed in each pixel and the TFT has poor
performance compared to transistors realized in IC-technology silicon.
However, the main idea remains the same. The pixel configuration is then the
same as in Figure 1.

With the continuing drive towards increased colour depths of AMLCDs
of 10 bits and beyond, the silicon area of these source driver ICs tends to
become unacceptably high using existing topologies/architectures and driving
schemes, like the driving method using resistor ladders shown in Figure 2. At
the same time, especially for mobile displays with moderate colour depths of 6-
8 bits, there is a continuing drive to get cost down for LCD driver ICs, implying

lower silicon area.
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In resistor ladder layouts, the silicon area needed to implement a colour
depth of the LCD screen of n bits scales with 2n. This means that for each
additional bit the number of resistor taps doubles, as do the number of
switches in the selection matrices, each having a track connected to it that is
routed over the entire IC. Since this is inherent to any driving architecture
using resistor ladders, this architecture is fundamentally unsuitable for
realisation of low silicon-area driver ICs.

An additional disadvantage of using resistor ladders becomes apparent
when multiple source driver ICs have to be cascaded for large LCD panels. In
that case, some ladder taps of the cascaded ICs need to be connected from IC
to IC to prevent voltage-level differences, which would lead to image artefacts.
Especially when moving to Chip-on-Glass technology, which will lead to high-
ohmic connections between ladders, the accuracy of the ladder-tap voltages
could be compromised when the connection resistance becomes roughly the
same as the ladder resistance.

The prior art discussed above with reference to Figures 3 to 5 shows
ways to overcome these problems by realizing the colour depth in the time
domain. In this case, a voltage signal with a certain waveform is offered to
each column that includes all values to which the column should be charged to
cover all possible transmittance values of the addressed pixel. An example of
such a waveform is a ramp voltage. For each additional bit, the density in the
used time grid increases with a factor of two, but this can be realised in silicon
without scaling the area with a factor of two. Moreover, since the translation of
a digital transmittance level to an analogue source-driver output is achieved by
a translation to a time-period value, which can be implemented in e.g. a digital
look-up table (LUT), it is no longer necessary to transport multiple ladder taps
from IC to IC in case of cascaded ICs. This also has a positive effect on the
programmability of the gamma curves.

The main disadvantage of the time domain driving schemes derives
from the use of one ramp voltage which is offered to all columns
simultaneously during each line addressing time. This means that in order to

realize dot inversion, the ramp voltage should cover all negative and positive



10

15

20

25

30

WO 2006/092757 PCT/IB2006/050606

gamma voltages in one line addressing time. This has a negative effect on the
required time resolution, since a factor of two more time points are needed
compared to a voltage waveform that only covers either the negative or
positive gamma curve.

Another disadvantage of using a single ramp voltage for all columns
simultaneously is the fact that this signal now needs to be generated on a
central point on the IC and then needs to be distributed to all columns. Due to
the switching nature of the driver ICs in an LCD panel, the danger of coupling
of unwanted disturbance signals onto the ramp is realistic. Moreover, the
coupling of these disturbance signals to the individual column driver sections
will not be equal. This is especially true since the source driver ICs have an
exceptional width in practice. This means that the ramp voltages used in the
individual column driver outputs will have different disturbance signals
superimposed on them, which leads to a difference in column driver outputs,
even with identical digital inputs.

An additional disadvantage of the driving method using the
arrangement shown in Figure 3 is the fact that a TFT is used for sampling the
correct level of the ramp voltage on the pixel. Due to the applied silicon
technology, this TFT transistor has poor performance, including large parasitic
overlap capacitances. This means that a relatively large sampling error will be
introduced.

A problem of the circuit shown in Figure 4 is the need for an additional
TFT inside each pixel. This leads to a decrease in light throughput and also a
TFT is used for sampling. In the second and third version of the patent this is
overcome by placing the sampling transistor in the source driver IC.

A general disadvantage of the prior-art discussed above is the influence
of series resistance in the path from ramp generator output to pixel. Depending
on the RC time of the column resistance and capacitance compared to the line
addressing time, the correct end value of the ramp will not be reached on the
pixel side of the column. Predistortion of the ramp can compensate for this,
but this requires data on both the column resistance and capacitance.
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According to the invention, there is provided an active matrix display
device comprising:

an array of pixels arranged in rows and columns;

a column driver circuit for providing pixel drive signals to the columns of
pixels, wherein the column driver circuit comprises an array of current source
circuits, a respective current source circuit being provided for each column of
pixels, wherein each current source circuit comprises:

a current source; and

a supply switch for controlling the time during which the current
source supplies current to or drains current from the column,

and wherein the device further comprises a mapping means for
deriving from a pixel drive level a digital value which represents a time period
for the control of the supply switch of each current source circuit, the mapping
means implementing a single mapping function for use in providing the digital
values for all current source circuits.

This arrangement provides a current source circuit for each column, and
this facilitates the application of inversion patterns, as each column is
controlled independently. The control signals that are needed by the current
source circuits are timing control signals, rather than signals to be sampled.
These control signals can easily be provided across a large area array without
loss of information.

The conversion of pixel drive levels to values representing time is
carried out in a shared manner, so that the required area is kept to @ minimum.
It is, nevertheless, possible to calibrate the individual current source circuits
independently if required.

The control circuit preferably comprises a look-up table (LUT).

Each current source circuit may comprise a precharge switch for
connecting the column to a precharge voltage. This defines the starting point
from which each column is charged (or discharged) by the current source

circuit.



WO 2006/092757 PCT/IB2006/050606

10

15

20

25

30

The current source of each current source circuit may comprise a
unipolar current source, and in this case, the precharge voltage is below the
lowest pixel drive voltage or above the highest pixel drive voltage.

Alternatively, the current source of each current source circuit can
comprise a bidirectional current source, and in this case the precharge voltage
is between the lowest pixel drive voltage and the highest pixel drive voltage.

The current source of each current source circuit can supply or drain a
constant current over time.

Means may be provided for identifying at least one calibration pixel for
use in calibrating the current sources of the current source circuits. For
example, the calibration pixel can be identified as one which is driven to a
predetermined drive level, such as a maximum or minimum drive level.
Sample-and-hold (S&H) circuitry can then be used for storing a drive voltage
which results in the calibration pixel after addressing the pixel, and the current
output of the current sources of the current source circuits can be adjusted in
response to the drive voltage.

This adjustment can be made to the current source rather than to the
conversion of pixel data to time values, and this enables calibration of current
source circuits for columns or groups of columns in an efficient manner with
regard to the amount of space required for the control circuitry.

The invention is of particular benefit in active matrix liquid crystal
displays, in which the column driver circuit is adapted to apply a polarity
inversion scheme.

The invention also provides a method of driving the pixels of an active
matrix display device comprising an array of pixels arranged in rows and
columns, the method comprising:

deriving a digital value representing a time period for each column from
a pixel drive level for each column using a common mapping of pixel drive
levels to digital values;

driving an array of current source circuits, with a respective current
source circuit for each column of pixels, each current source circuit being

driven for the time value corresponding to the respective digital value.



10

15

20

25

30

WO 2006/092757 PCT/IB2006/050606

Examples of the invention will now be described in detail with reference
to the accompanying drawings, in which:

Figure 1 shows a known AMLCD screen with a resolution of N rows and
M columns;

Figure 2 shows the known use of resistor ladders to implement the DAC
function in a source driver IC;

Figure 3 shows a pixel configuration and driving circuit for a driving
scheme of US 6,567,062;

Figure 4 shows a block diagram of a pixel arrangement for a driving
scheme of JP10054998;

Figure 5 shows a block diagram of a pixel arrangement for a driving
scheme of JP11305741;

Figure 6 is used to explain the principles underlying the circuits of the
invention;

Figure 7 shows a first detailed embodiment of the invention using a
unipolar current source for each column;

Figure 8 shows waveforms for explaining the operation of the circuit of
Figure 7;

Figure 9 shows a second detailed embodiment of the invention;

Figure 10 shows waveforms for explaining the operation of the circuit of
Figure 9;

Figure 11 shows differences in influence of lint and Cload variations on
the generated voltage waveform on Cload (in case of constant lint), in which
Figure 11A relates to the embodiment of Figure 7, Figure 11B relates to the
embodiment of Figure 9, and Figure 11C is a gamma curve showing the
relationship between pixel voltage and brightness;

Figure 12 shows a third detailed embodiment of the invention for
implementing current source calibration;

Figure 13 is used to explain how an additional time slot can be used for
calibration;
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Figure 14 shows a fourth detailed embodiment of the invention for
implementing current source calibration in which a column is dedicated to
calibration;

Figure 15 shows an analog control loop for calibration of current values
based on a difference between sampled column end voltage and a reference
voltage;

Figure 16 shows a digital control loop for calibration of current values
based on a difference between sampled column voltage and a reference
voltage; and

Figure 17 shows a calibration loop for use with a bipolar current source

for one column.

The invention provides a column driver circuit in which a current source
circuit is used to provide charge to each column for a selected time period.
This time period gives rise to an amount of charge which in turn leads to a
desired end voltage on the column A look-up table (LUT) is shared by all
columns, and individual counters are present at each column for the
conversion of a digital value from the LUT to time.

In preferred embodiments, the current source circuits can, however, be
individually calibrated. This provides efficient use of substrate area for the
column driver circuit whilst enabling accurate control of the pixel brightness
output.

The principles underlying the invention are explained with reference to
Figure 6, which shows in schematic form the manner in which columns of
pixels are driven in accordance with the invention.

Figure 6 shows a single current source circuit 60 (which functions as a
column driver) having a current source 62 and a supply switch 64 for
controlling the time during which the current source supplies current to or
drains current from the column. The bi-directional current source 62 and
switch 64 are of course merely a schematic representation of the function, and
they may also be implemented by two unipolar current sources each having a

switch. Furthermore, the switch function is not necessarily implemented as a
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series switch with the current source but can be implemented as part of the
output interface of the current source. A digital value representing time is
derived from a pixel drive level, and a common mapping is used for all
columns in obtaining the digital values from the pixel drive levels. This digital
data is converted locally into a time period using a local counter (not shown in
Figure 6).

Each column-driver 60 has to drive a capacitive load of column and
pixel and the voltage value to which this load capacitance Cload must be
driven corresponds to a certain amount of charge stored in Cload. By
integrating the current source current output lint in this capacitor Cload during
the predetermined amount of time tgrey, the desired voltage end value across
the capacitor can be reached. Time tgrey depends on the desired
transmittance level. The capacitor starts with a known charge due to a pre-
charge (Pc) to a precharge voltage level VPre-charge that is applied at the
beginning of the line addressing time. Depending on the desired polarity of the
voltage, the current source lint can either sink or source current, as shown
schematically in Figure 6.

A constant value current source is shown in Figure 6, leading to a ramp
voltage on the capacitor, as shown in the lower part of Figure 6, both for
charging and discharging the capacitance. The invention is not, however,
limited to a constant current.

The main advantage compared to the resistor-ladder architecture of
Figure 2 is that the colour depth is not implemented in the voltage domain,
which means that the area does not scale with 2N. Both lint and tgrey
determine the charge on Cload. This means that colour depth can be
implemented in the current and/or time domain. For varying values of lint the
voltage on Cload will have a different shape than shown in Figure 6.

An additional advantage is that multiple ladder-tap voltages no longer
need to be transported from IC to IC in case of cascaded ICs. Instead, a
simple digital LUT can be used in each IC, translating the desired
transmittance level of a pixel into a combination of lint and tgrey. This

enhances the programmability of the gamma curves. The digital LUT may
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instead be provided off-chip as a central resource which provides functionality
to all column driver ICs.

One current source is also used for each column, so that there is no
common ramp signal. This means that dot inversion is possible in a simple
way, since the current sources in two adjacent columns can flow in opposite
directions, leading to a voltage curve covering positive gamma voltages in one
column and a voltage curve covering negative gamma voltages in the adjacent
column. In this way, half the time resolution is required for a given resolution
of the gamma curve, giving rise to simpler implementation. Any inversion
scheme can be implemented simply by defining the current direction per
column. The problem of a common ramp voltage being fed over the complete
large-width IC, which is susceptible to noise pick-up, also is avoided.

Instead of feeding a dynamic ramp signal across the IC, only a
reference signal for proper definition of the current source value lint is fed
across the IC. It is much simpler to shield such a reference DC value from
external disturbances. This has a positive effect on the reduction of image
artefacts.

Local calibration loops can be used to make sure that the voltage
waveform spanning all gamma voltages, generated by integrating lint in the
column and pixel capacitance Cload, reaches a single (or multiple) defined
intermediate value(s) during the line addressing time.

Sampling is done in the driver IC with the switch operated by tgrey in
Figure 6, and timing accuracy is easily implemented on the IC.

This drive scheme can be applied to a conventional LCD panel as
shown in Figure 1, with one common electrode. The approach can of course
be applied to other active-matrix LCD panel configurations as well.

The current source 62 is used during a fixed amount of time tgrey. This
means that even when the switch and column have series resistance (which is
always the case), the correct amount of charge is fed to the column and pixel.
Only the value of the capacitance of column and pixel (Cload) needs to be
known to achieve the correct transmittance of the pixel.
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The realisation of the voltage waveform on the column is very simple:
only a current source needs to be connected to the column and pixel
capacitance and the voltage waveform is generated by means of current
integration.

A first embodiment is shown in Figure 7. The current source 70 is
unipolar, which means that in order to generate both positive and negative
gamma voltages, the voltage waveform formed by current integration needs to
run from at least VN,0 to VP,0 (these are the extremes of voltage levels
required by the two polarity drives). When the current source can only flow in
one direction, e.g. sourcing current as shown in Figure 7 to the addressed
pixel 72, the column needs to be pre-charged to the bottom (or top in case of a
sinking current source) of the voltage range, VPre-charge in Figure 7.

The transmittance information is translated into a time tgrey by means
of a LUT 74, assuming a constant-current source for simplicity. Since the
gamma curve is non-linear, a finer time grid on a linear scale can be used to
realise all values on the non-linear gamma curve. In practice, a 13-bit linear
grid may be appropriate to realise all values of a 10-bit non-linear gamma
curve with sufficient accuracy. The 13-bit digital code is translated into a time
value by the local counter 75 of each circuit. This counter 75 receives as input
the digital data output from the LUT 74, and provides as output the time value
tgrey. The counter is clocked by a reference clock signal.

Figure 8 shows possible waveforms to clarify the idea.

For the purpose of explanation, a 10-ms line addressing time can be
assumed. For realisation of both the negative and positive gamma voltages
during this time, both with a linear time grid resolution of 13 bits (to realise a
non-linear resolution of 10 bits), 14 bits are needed to realise the total time
grid. This implies a time grid of 600 ps, which is feasible with state-of-the-art
IC processes used to implement the source driver IC.

The top plot in Figure 8 shows the column voltage returning to the pre-
charge voltage at the end of each line addressing time, and shows the column
being charged to a voltage lying alternately in the two polarity ranges. The

second plot in Figure 8 shows the control of the precharge switch 76 (see
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Figure 7), the third shows the control of the current source switch 78 (see
Figure 7) and the bottom plot shows a polarity control signal.

A second, and preferred, embodiment is shown in Figure 9. A bipolar
current source 90 is used so that the current lint can now flow in two
directions, depending on the desired polarity. As shown, the polarity control
signal thus controls the current source 90 and LUT 74. Figure 9 otherwise
corresponds to Figure 7. Again, the bi-directional current sources can be
implemented in many different ways.

The pre-charge occurs to an intermediate voltage level Vcom. The
main voltage waveforms for this embodiment are illustrated in Figure 10,
showing the same plots and desired transmittance levels as in Figure 8.

There are a number of advantages of using a bipolar current source.
The pre-charge level Vcom, can be an intermediate level, in the middle
between the negative and positive gamma curves. This is more efficient,
especially for positive gamma voltages, since the capacitor no longer needs to
be charged starting from voltage VPre-charge lower than VN,0. Figure 10
shows that the pre-charge is more efficient, since the variations in the column
voltage are reduced.

A time grid that is a factor of two coarser compared to the time gird
required for a unipolar source can now be used. Since the slopes of the
ramps are less, the signals tgrey and/or the value of lint have also changed.

The influence of variations of parameters on the performance of the
driver circuit is also made equal for negative and positive gamma curves. This
leads to less image flicker, as will be explained below.

In both embodiments described above, a current lint is integrated in the
column and pixel capacitance Cload for a time tgrey, determined by the LUT.
Therefore, the current lint needs to be dimensioned based on the value of
capacitance Cload such that the generated voltage waveform achieves the
desired values for the corresponding tgrey values. In practical
implementations, spread on both lint and Cload will lead to a deviation of the
reached voltage values on the column and pixel. The effect of this spread is

different for the two embodiments above.
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This difference in the influence of spread on lint and Cload on the
generated voltage waveform is depicted in Figure 11 for the case of a constant
current source, and hence a ramp voltage on Cload.

Figure 11A relates to the embodiment of Figure 7 and Figure 11B
relates to the embodiment of Figure 9. Figure 11C shows the gamma curve,
linking pixel voltage to light transmission level.

Since the error accumulates due to the time integration, the error is
largest at the end of the line addressing time tline. In case of a unipolar
current source, the ramp has to run all the way from VN,0 to VP,0, and
therefore the error is larger for the positive gamma curve than for the negative
gamma curve. This can lead to undesired flicker, because of differences in
transmittance levels for positive and negative frames. When a bipolar current
source is used, this problem is overcome, since the errors for negative and
positive gamma curve are now the same, as indicated in Figure 11B.

Nevertheless, variations in the charge delivered to Cload (caused by
variations in current lint due to IC spread) and in Cload itself influence the end
value of the voltage on the pixel. The time values (tgrey) are obtained from a
digital LUT, so these values do not vary after programming.

If the variations in end voltage value due to variations in current and/or
load capacitance become considerable, they will lead to visible image
artefacts. In such a case, a calibration scheme can be used to counteract the
effects of variations in current and load capacitance. The actual shape of the
gamma curve implies the largest sensitivity of voltage errors to light
transmittance at about half the transmission level. A calibration scheme canm
therefore adjust for such a transmittance level if desired.

Figure 12 shows schematically a circuit for one column driver output for
implementing a calibration scheme in accordance with the invention.

The circuit includes the pixel 72, LUT 74, current source 70, timing
switch 78 and precharge switch 76 as in Figure 7.

In addition, a sample-and-hold (S&H) circuit 120 is provided for
sampling the column voltage, and with timing information derived from the row

control pulses, using a timing unit 122. The S&H amplifier circuit 120 is used to
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provide data to a control loop 124 for controlling the current source 70. The
control loop also uses input from a calibration logic unit 126.

The circuit of Figure 12 is for analysing the response of a selected
"calibration pixel". Several possibilities exist for defining which is the selected
"calibration pixel". At the basis of the calibration scheme is the definition of a
calibration transmission level. Since the expected variations in achieved
transmission levels are largest at the edges of the gamma curve (near VN,0
and/or near VP,0, depending on unipolar or bipolar current source, as
explained with reference to Figure 11), choosing the calibration level at the
edge of the gamma curve is preferred. This corresponds to a black pixel for
‘normally-white’ LCD screens. Of course other levels may also be chosen.

The basic principle of the calibration scheme will be explained with
reference to Figure 12, assuming a black calibration transmittance level for
illustration purposes.

At the beginning of the line addressing time, the transmittance to which
each individual pixel in the addressed row ‘X’ will be written is known, based on
the incoming video data. This means that the voltage to which each individual
column driver output ‘y’ must drive the addressed pixel is known. For each
column where the transmittance level corresponds to the chosen calibration
transmittance level (black in this example), the calibration loop will be
activated. This is detected by the unit 126. Thus, any pixel that is written to
black (in this given example) on row ‘X, as defined in the incoming video data,
can be used as the calibration pixel.

As described above, the driver output delivers a charge linttgrey to the
column and pixel capacitance Cload. The value of this charge depends on the
transmittance level.

Assuming that for the illustrated column vy, the transmittance
corresponds to the chosen calibration level, namely black in this example, the
pixel is the "calibration pixel". The unit 126 then activates the S&H amplifier
120. The voltage on the column reached at the end of the line addressing time
is then sampled by the S&H amplifier 120 and fed to a control loop. The S&H

amplifier is required as the column output will attain various end values when
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writing the other lines during the frame time. The timing unit 122 ensures that
the column voltage is sampled just before the gate signal goes low at the end
of the line addressing time. The sampling of the column voltage may be
implemented at other times, as mentioned above.

The sampled value of the column voltage is compared to a desired
voltage value Vref in the control loop.

For example, this reference voltage can be either VP,0, for a black pixel
with positive polarity, or VN,0, for a black pixel with negative polarity. The unit
126 also controls the selection of the correct reference voltage.

Based on the difference between the sampled column voltage and Vref
the value of the current source lint is adjusted, thereby providing a calibration
of the charge lintigrey delivered to the pixel by the driver output. The time
constant in the control loop should be chosen to be large enough to ensure
that current lint remains at the desired value.

The calibration scheme makes sure that the voltage on the load
capacitance reaches the correct value, but does not require any change to the
conversion of pixel drive voltage level to time value. Thus, a common mapping
can be used for this purpose, and implemented as a single LUT (or identical
LUTs on different ICs to reduce required interconnections between ICs).

The effectiveness of the calibration scheme as described above
depends on how often pixels across the screen are written to black (or other
selected calibration transmission level). The more pixels across the screen are
written to black (in this example) during a frame time, the more effective the
calibration scheme will be. However, situations may occur in which no pixels
are written to black (in this example) for a substantial amount of time. In that
case, using a dedicated calibration pixel, row or column at the edge of the
screen can be used. This pixel, row, or column is continuously written to the
calibration transmission level. The "transmittance column y" input to the LUT
74 is thus simply the calibration level, and the S&H amplifier 120 remains
continuously activated. The ‘transmittance column y’ input to the unit 126 can
also be omitted. The operation of the calibration loop remains the same.
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Defining dedicated calibration pixels involves sacrificing a pixel, a row or
a column on the LCD screen. When this pixel, row or column is written to
black, as in the example described above, and is situated near the edge of the
screen, no special precautions need to be taken, since a black line or column
near the edge of the screen is not annoying to the user. An electrode at the
very edge may be less representative of the panel than the second one from
the edge, as it also has neighbouring electrodes at each side. Thus, dummy
pixels may be at the edge or near the edge. For other colours related to other
calibration transmission levels, the dedicated calibration pixels may be hidden
behind the casing of the LCD screen.

A number of detailed implementations of the basic principle illustrated in
Figure 12 are possible. Three different design aspects are described below.
Of course, various combinations of features described in connection with these
aspects can be envisaged.

The different aspects relate to general implementation approaches
(number of controlled current sources, possible use of dedicated calibration
pixels, etc), the detailed implementation of the control loop (analog or digital)
and detailed considerations for the calibration algorithms (number of
calibration levels, unipolar or bipolar current source, etc.).

Many possible different general approaches for implementing the basic
operation of Figure 12 can be envisioned.

(i) Approaches which do not use dedicated calibration pixels

For approaches which do not require dedicated calibration pixels, the
calibration circuitry shown in Figure 12, including S&H, sample timing,
calibration control logic and control loop can be added to each individual
column output. In this case, each time a pixel is written to a pre-defined
calibration transmission level in a column, depending on the incoming video
data, the current source lint used in the column driver output is calibrated.

Depending on the expected variations in column and pixel capacitance
Cload across the LCD screen, the additional calibration circuitry may only be
added to one or several columns divided across the width of the screen.

Based on the outcome of these calibration loop(s), all current sources in all



10

15

20

25

30

WO 2006/092757 PCT/IB2006/050606

19

column driver outputs can be controlled to the right value. The reason to use a
limited number of control loops is to save silicon area.

Calibration circuitry may be added to one column only, but a calibration
opportunity only then arises when a pixel in that column is written to the pre-
defined calibration transmission level, depending on the incoming video data.
This means that the number of calibration opportunities reduces, but this may
not be a problem, depending on the expected variations in load capacitance.
All current sources in all columns can then be controlled based on the
difference between reached end voltage of the column used for calibration and
the reference voltage.

If more than one column is used for calibration, the current sources of
the other columns can be controlled in groups around the columns used for
calibration.

When calibration circuitry is added to a limited number of columns to
save area, all current sources can be calibrated simultaneously based on a
difference between the average of end voltages attained in the calibration
columns and the reference voltage. During each frame time, depending on the
incoming video data, any number ranging from none to all of the calibration
columns would deliver inputs to the averaging circuit. This allows averaging of
the effect of load capacitance variations across the screen, which may be
beneficial depending on the screen characteristics.

In cases where the column capacitance is dominant in determining the
load capacitance, a pixel need not be connected to the driver output to
calibrate for Cload, since Cload is determined predominantly by the column
capacitance. In that case, one additional time slot, equal in duration to the line
addressing time, can be added within each frame time period. During this
additional time slot, all TFTs are left switched off, to prevent any pixel voltage
from being influenced by the calibration cycle.

The calibration cycle then involves charging all columns to the
calibration voltage level and checking the voltage end values. The calibration
loop only then needs to be activated during the calibration cycle. Again,

anything from one calibration loop in a single column controlling all current
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sources in all column outputs, to calibration loops in all individual column driver
outputs may be used.

A possible timing diagram of this embodiment is given in Figure 13 for N
rows and calibration time tcal, which may be placed at any time instant during
the frame time. The calibration time slot has been placed at the end of the
frame time for illustration purposes.

(i)  Approaches which use dedicated calibration pixels

Many different approaches are also possible when one or more
dedicated calibration pixels are used. The advantage of having a dedicated
calibration pixel, row or column is that calibration will certainly occur every
frame time, since every frame time this calibration pixel(s) are driven to the
calibration transmittance level.

A first possibility is to use one calibration pixel at the edge of the LCD
screen. Each frame time, this pixel is driven to the calibration transmittance
level, e.g. black. The user will not see the resulting black spot at the edge of
the screen. The disadvantage is that Cload variations at only one screen
position are taken into account.

A second possibility is to use one calibration column. This is approach
is shown in Figure 14.

The column driver circuit 140 has adjustable current sources 142 for
each column, but only one column current source 142A has a feedback loop.

In Figure 14, column number 1 at the edge of the screen has been
sacrificed as a calibration column. Each line time, one pixel in the column is
written to the calibration transmittance level. The calibration column is written
to the calibration transmittance value every line time and the circuit calibrates
its own output current and all current sources of the other column outputs that
are used to write video data to columns 2..M.

When the time constant in the calibration control loop is large enough,
variations in Cload when writing different rows on the LCD screen are
averaged out.

The line addressing signals of the row drivers 144 are used as input for

the calibration control loop to control the sample timing. The reference voltage
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Vref and time tgrey depend on the polarity of the calibration pixel that is written
to, as explained above, as well as on the chosen calibration level (e.g.
Vref=VN,O for negative polarity of a black reference level).

In this case, the user may see a black line at the side of the screen. As
explained above, other calibration transmittance levels may also be used, and
it may be desirable to hide the column behind the casing. Of course more than
one calibration column may be used, for example one on the left side and one
on the right side of the screen.

A third possibility is the use of one calibration row at the top or bottom of
the screen. This is similar to defining a calibration column. Each frame time,
the row is driven to the calibration transmission level during an additional row
time, in a similar manner to time tcal in Figure 13. The user may see a black
row at the top or bottom edge of the screen (or both). This scheme enables
variations in Cload along the width of the screen to be taken into account.

These implementations can be extended to include any number (from 1
to M) of calibration loops. Of course, dedicated calibration columns and rows
can be combined, e.g. two rows, one at the top and one at the bottom, and two
columns, one to the left and one to the right.

There are various advantages and disadvantages of the use of
dedicated calibration pixel, some of which are outlined above. Further issues
will now also be discussed.

Without dedicated calibration pixels, variations in the capacitances all
over the LCD screen may be taken into account, depending on how often and
where pixels are written to the calibration transmittance value. This makes the
calibration effectiveness dependent on the video data. This is not the case
when using dedicated calibration pixels, but since these have to be placed at
the edge of the screen in order not to disturb the picture, only variations in
capacitance at the edge of the screen are taken into account. A calibration
line inside the LCD area used for video data could also be used for calibration,
if the backlight is arranged to be off at that moment. This could be applied
during start-up, or could be used in a system employing scanning backlight

techniques. This combines the advantage of being able to take into account
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capacitance variations all over the screen with the advantage of not being
dependent on video data for calibration effectiveness.

The control loop can be implemented in the analogue or digital domain.

A possible embodiment of the control loop implemented in the analog
domain is shown in Figure 15.

The sample timing block 122 of Figure 12 is implemented with an AND
port 150 and a delay block 152. This means the S&H circuit is activated only
at the end of the line time. This is just one example of how this could be
implemented. The line addressing signal Vline for the line on which the
calibration pixel is situated, which is ‘ON’ for the duration of the line addressing
time tline (see also Figure 12), is used as input. The AND port issues a pulse
at the end of the line addressing time, as shown in bold in Figure 15, which is
fed to the S&H amplifier 120.

The sampled end value of the column voltage, just before the end of the
line addressing time, is fed to an Operational Transconductance Amplifier
(OTA) 154. The other input of the OTA 154 is connected to the reference
voltage Vref.

In the ideal case, the sampled column end voltage equals the reference
voltage and zero output current lout flows from the OTA. If there is a
difference, the output current of the OTA adds to or subtracts from a reference
current Iref at the input of a current mirror. The outputs Icol.,i of current mirror
circuits 156 that are used in the individual column driver outputs.

The type of scheme being implemented, as discussed above,
determines the number of controlled current sources, and thus the number of
control loops needed as well as the number of outputs of the current mirror.
Figure 15 shows current-mirror outputs for all columns 1..M.

The addition of a reference current is suitable for unipolar current
sources. For bipolar current sources, two control loops are needed, as
discussed further below.

Figure 16 illustrates a digital implementation of the control loop.

The same sample timing block using a delay block and AND port is

shown in Figure 16. In the illustrated example, a comparator 160 is used
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instead of an OTA to compare the sampled column end voltage to the
reference voltage. A digital output of the comparator informs a digital control
block 162 whether the column voltage and hence the column output current is
too low or too high. In case the current is too low, the controller can add an
additional reference current Iref,i at the input of the current mirror. In case the
current is too high, one or more reference currents may be switched off. The
digital controller uses a system clock and a memory 164, which is used to
store the latest actions of the controller. For example, when the output of the
comparator has indicated three times in a row that (for example) the current is
too low, the number of additional reference sources that is switched on may be
increased to increase the response time. The reference current sources may
be coded in value, e.g. a binary coding may be applied, making the second
reference current twice the LSB current, the third one four times the LSB
current, etc. Other embodiments where current sources are added to or
subtracted from a fixed reference current source are also possible.

The output of the digital controller 164 can also be connected to any
suitable DAC function, replacing the switched current sources.

Numerous implementations of digital control loop are possible, for
example including the use of two comparators as a dead-band controller. In
that case, the difference between the sampled column end voltage and the
reference voltage is kept between two closely separated reference levels.
Again two control loops are needed when a bipolar current source is used in
the column driver sections.

When a unipolar current source is used per column, the value of the
single current source can be adjusted by a control loop using a single
reference voltage as indicated above. As shown in Figure 11A, the possible
deviation in column voltage is largest for the positive gamma curve in this case
(or the negative gamma curve in case the opposite current direction is used).
Therefore, in a preferred embodiment for a calibration loop for unipolar current
sources, the calibration pixel is driven to VP,0 (or VN,O in case the opposite
current direction is used) for all frames and the current source is calibrated to

reach this voltage within a defined accuracy in exactly the line addressing time.
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When a bipolar current source is used in each column, two current
sources are effectively used per column, one for sinking current and one for
sourcing current. Depending on the column polarity, either the sinking or the
sourcing current source is calibrated. An example is shown in Figure 17.

Figure 17 shows the current source circuit for one "calibration pixel",
and comprising two parallel current sources 170. All elements of the feedback
control circuit are shown schematically as block 172.

As can be seen in Figure 17, current source Ipos is used for sourcing
current to charge the column and pixel to voltages higher than pre-charge
voltage VPre-charge in positive frames (polarity P). Likewise, current source
Ineg is used in negative frames to discharge column and pixel capacitance to
voltages lower than pre-charge voltage VPre-charge, (polarity N). The polarity
to which the calibration pixel is written, P or N, also determines which time
tgrey is used for the sample switch, which reference voltage, corresponding to
the chosen calibration level, is used (e.g. Vref,P=VP,0 for positive frames,
black calibration level, Vref,N = VN,0 for negative frames, black calibration
level) and which control output (P for positive frames, N for negative frames) of
the control loop is used.

The embodiments described above use a single calibration level for
each frame, e.g. VP,0 for positive frames and black calibration level, and VN,0
for negative frames and black calibration level. In fact, any calibration level can
be used, or even multiple calibration levels. In the latter case, a level generator
can be used to determine a calibration transmission level from frame to frame.

There are numerous further possible variations to the embodiments
described above. An unipolar current source with a conditional pre-charge can
be used. The column is then pre-charged to either VPre-charge, when the
polarity is negative, or to Vcom, when the polarity is positive. This also has a
positive influence on the time grid, which may become a factor of two coarser,
since the ramp only has to cover the range VN,0-Vcom for negative polarity or
Vcom-VP,0 for positive polarities.

Since the positive and negative gamma curve may differ, the LUT in the

embodiments above can actually include two sub-LUTs, one implementing the



WO 2006/092757 PCT/IB2006/050606

10

15

20

25

negative gamma curve and one implementing the positive gamma curve.
Which sub-LUT is used for a certain frame depends on the desired polarity,
hence on the value of Vpol.

In addition to implementing the colour depth in the time domain by
defining the value of tgrey based on the desired transmittance, the value of the
current source lint can also be made variable. In this way, any voltage
waveform can be generated. The LUT is then used to translate the desired
transmittance level into a combination of lint and tgrey. However, a single
mapping operation is still provided for all column driver current source circuits.

The column capacitance does not have to be charged by a pure current
source, and the current source can be implemented as a voltage source with a
series impedance, providing the series resistance does not become dominant
or significant compared to the load capacitance.

The invention is of particular advantage for source driver ICs for
AMLCD panels, and enables production of simple, small area source drivers
for displays with moderate colour depths. The invention can also be used to
realize higher colour depths, without the dramatic increase in circuit area. The
invention enables a large spread in driver output current and load capacitance
across the screen to be tolerated.

Various other modifications will be apparent to those skilled in the art.
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CLAIMS

1. An active matrix display device comprising:

an array of pixels arranged in rows and columns;

a column driver circuit for providing pixel drive signals to the columns of
pixels, wherein the column driver circuit comprises an array of current source
circuits, a respective current source circuit being provided for each column of
pixels, wherein each current source circuit comprises:

a current source (70;90); and

a supply switch (78) for controlling the time during which the
current source supplies current to or drains current from the column,

and wherein the device further comprises a mapping means (74)
for deriving from a pixel drive level a digital value which represents a time
period for the control of the supply switch (78) of each current source circuit,
the mapping means (74) implementing a single mapping function for use in

providing the digital values for all current source circuits.

2. A device as claimed in claim 1, wherein the mapping means (74)

comprises a look-up table.

3. A device as claimed in claim 1 or 2, wherein each current source
circuit further comprises a counter (75) for converting the digital value into a

time value.

4. A device as claimed in any preceding claim, wherein each
current source circuit comprises a precharge switch (76) for connecting the
column to a precharge voltage (Vpre-charge).

5. A device as claimed in any preceding claim, wherein the current

source of each current source circuit comprises a unipolar current source (70).
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6. A device as claimed in claim 4 and 5, wherein the precharge
voltage (Vpre-charge) is below the lowest pixel drive voltage or above the
highest pixel drive voltage.

7. A device as claimed in any one of claims 1 to 4, wherein the
current source of each current source circuit comprises a bidirectional current

source (90).

8. A device as claimed in claims 4 and 7, wherein the precharge
voltage (Vcom) is between the lowest pixel drive voltage and the highest pixel
drive voltage.

9. A device as claimed in any preceding claim, wherein the current
source of each current source circuit supplies or drains a constant current over

time.

10. A device as claimed in claim 2, wherein the look-up table (74)
stores digital values representing time having more bits than the number of bits

corresponding to the number of colour levels of the display device.

11. A device as claimed in any preceding claim, further comprising
means for identifying at least one calibration pixel for use in calibrating the

current sources of the current source circuits.

12. A device as claimed in claim 11, wherein the calibration pixel is

identified as one which is driven to a predetermined drive level.

13. A device as claimed in claim 12, wherein the predetermined drive

level is a maximum or minimum drive level.
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14. A device as claimed in any one of claims 11 to 13, further
comprising sample-and-hold circuitry (120) for storing a drive voltage which
results in the calibration pixel after addressing the pixel.

15. A device as claimed in claim 14, further comprising means (124)
for adjusting the current output of the current sources of the current source

circuits in response to the drive voltage.

16. A device as claimed in any one of claims 11 to 15, wherein the
means for identifying is for identifying a plurality of calibration pixels, and
wherein each respective calibration measurement is for controlling the current

source circuits of a respective group of columns.

17. A device claimed in any one of claims 11 to 15, wherein the
calibration pixel or pixels comprise a dedicated calibration pixel or pixels

outside a normal pixel display area.

18. A device as claimed in any preceding claim, comprising an active
matrix liquid crystal display.

19. A device as claimed in claim 18, wherein the column driver circuit

is adapted to apply a polarity inversion scheme.

20. A method of driving the pixels of an active matrix display device
comprising an array of pixels arranged in rows and columns, the method
comprising:

deriving a digital value representing a time period for each column from
a pixel drive level for each column using a common mapping (74) of pixel drive
levels to digital values;

driving an array of current source circuits, with a respective current
source circuit for each column of pixels, each current source circuit being

driven for the time value (tgrey) corresponding to the respective digital value.
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21. A method as claim in claim 20, wherein deriving a digital value
comprises addressing a look-up table (74).

22. A method as claimed in claim 20 or 21, further comprising, before
driving the array of current source circuits, connecting the column to a

precharge voltage (Vpre-charge).

23. A method as claimed in any one of claims 20 to 22, wherein
driving the array of current source circuits comprising supplying or draining a

constant current over time.

24. A method as claimed in any one of claims 20 to 23, further
comprising identifying at least one calibration pixel for use in calibrating the

current source circuits.

25. A method as claimed in claim 24, wherein the calibration pixel is

identified as one which is driven to a predetermined drive level.

26. A method as claimed in claim 25, wherein the predetermined

drive level is a maximum or minimum drive level.

27. A method as claimed in any one of claims 24 to 26, further
comprising storing a drive voltage which results in the calibration pixel after

addressing the pixel.

28. A method as claimed in any one of claims 24 to 27, further
comprising adjusting the current output of current source circuits in response

to the drive voltage.

29. A method as claimed in any one of claims 24 to 28, comprising

identifying a plurality of calibration pixels, and further comprising controlling the
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current source circuits of a respective group of columns based on each

calibration pixel.
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