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DESCRIPTION
LIGHT EMITTING DISPLAY DEVICES

This invention relates to light emitting display devices, for example
electroluminescent displays, particularly active matrix display devices having

thin film switching transistors associated with each pixel.

Matrix display devices employing electroluminescent, light-emitting,
display elements are well known. The display elements may comprise organic
thin film electroluminescent elements, for example using polymer materials, or
else light emitting diodes (LEDs) using traditional lll-V semiconductor
compounds. Recent developments in organic electroluminescent materials,
particularly polymer materials, have demonstrated their ability to be used
practically for video display devices. These materials typically comprise one or
more layers of a semiconducting conjugated polymer sandwiched between a
pair of electrodes, one of which is transparent and the other of which is of a
material suitable for injecting holes or electrons into the polymer layer.

The polymer material can be fabricated using a CVD process, or simply
by a spin coating technique using a solution of a soluble conjugated polymer.
Ink-jet printing may also be used. Organic electroluminescent materials exhibit
diode-like I-V properties, so that they are capable of providing both a display
function and a switching function, and can therefore be used in passive type
displays. Alternatively, these materials may be used for active matrix display
devices, with each pixel comprising a display element and a switching device
for controlling the current through the display element.

Display devices of this type have current-driven display elements, so
that a conventional, analogue drive scheme involves supplying a controllable
current to the display element. It is known to provide a current source
transistor as part of the pixel configuration, with the gate voltage supplied to
the current source transistor determining the current through the display
element. A storage capacitor holds the gate voltage after the addressing

phase.
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Figure 1 shows a known pixel circuit for an active matrix addressed
electroluminescent display device. The display device comprises a panel
having a row and column matrix array of regularly-spaced pixels, denoted by
the blocks 1 and comprising electroluminescent display elements 2 together
with associated switching means, located at the intersections between
crossing sets of row (selection) and column (data) address conductors 4 and
6. Only a few pixels are shown in the Figure for simplicity. In practice, there
may be several hundred rows and columns of pixels. The pixels 1 are
addressed via the sets of row and column address conductors by a peripheral
drive circuit comprising a row, scanning, driver circuit 8 and a column, data,
driver circuit 9 connected to the ends of the respective sets of conductors.

The electroluminescent display element 2 comprises an organic light
emitting diode, represented here as a diode element (LED) and comprising a
pair of electrodes between which one or more active layers of organic
electroluminescent material is sandwiched. The display elements of the array
are carried together with the associated active matrix circuitry on one side of
an insulating support. Either the cathodes or the anodes of the display
elements are formed of transparent conductive material. The support is of
transparent material such as glass and the electrodes of the display elements
2 closest to the substrate may consist of a transparent conductive material
such as ITO so that light generated by the electroluminescent layer is
transmitted through these electrodes and the support so as to be visible fo a
viewer at the other side of the support. |

Figure 2 shows in simplified schematic form a known pixel and drive
circuitry arrangement for providing voltage-programmed operation. Each pixel
1 comprises the EL display element 2 and associated driver circuitry. The
driver circuitry has an address transistor 16 which is turned on by a row
address pulse on the row conductor 4. When the address transistor 16 is
turned on, a voltage on the column conductor 6 can pass to the remainder of
the pixel. In particular, the address transistor 16 supplies the column
conductor voltage to a current source 20, which comprises a drive transistor 22

and a storage capacitor 24. The column voltage is provided to the gate of the
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drive transistor 22, and the gate is held at this voltage by the storage capacitor
24 even after the row address pulse has ended. The drive transistor 22 draws
a current from the power supply line 26.

The drive transistor 22 in this circuit is implemented as a p-type TFT, so
that the storage capacitor 24 holds the gate-source voltage fixed. This results
in a fixed source-drain current through the transistor, which therefore provides
the desired current source operation of the pixel.

The above basic pixel circuit is a voltage-programmed pixel, and there
are also current — programmed pixels which sample a drive current. However,
all pixel configurations require current to be supplied to each pixel.

One problem with LED displays arises from the significant currents
drawn by the pixels. The displays are typically backward-emitting, through the
substrate carrying the active matrix circuitry. This is the preferred arrangement
because the desired cathode material of the EL display element is opaque, so
that the emission is from the anode side of the EL diode, and furthermore it is
not desirable to place this preferred cathode material against the active matrix
circuitry. Metal row conductors are formed to define power supply lines, and
for these backward emitting displays they need to occupy the space between
display areas, as they are opaque. For example, in a 12.5cm (diagonal)
display, which is suitable for portable products, the row conductor may be
approximately 11cm long and 20um wide. For a typical metal sheet resistance
of 0.2Q/square, this gives a line resistance for a metal row conductor of 1.1kQ.
A bright pixel may draw around 8pA, and the current drawn is distributed along
the row. The significant row conductor resistance gives rise to voltage drops
along the row conductors, and these voltage variations along the power supply
line alter the gate-source voltage on the drive transistors, and thereby affect
the brightness of the display. Furthermore, as the currents drawn by the pixels
in the row are image-dependent, it is considered difficult to correct the pixel
drive levels by data correction techniques, and the distortion is essentially a
cross talk between pixels in different columns.

The voltage drops can be reduced by a factor of 4 by drawing current

from both ends of the row, and improvements in efficiency of the EL materials



10

15

20

25

30

WO 2004/114273 PCT/IB2004/002057

can also reduce the current drawn. Nevertheless significant voltage drops are
still present. These voltage drops also give rise to performance limitations in
current mirror pixel circuits (in which the pixel is current - addressed rather
than voltage — addressed). In addition, thin film transistors are inherently non-
ideal current source devices, as the output current will in fact depend on both
the source and drain voltages rather than only on the gate-source voltage.
Thus the output impedance of the TFT used as a current source will also
create horizontal cross talk.

Voltage drops along the row conductor not only affect the gate-source
voltage for a given applied gate voltage (because the source is connected to
the row conductor) but also mean that the drain-source voltage of the current-
providing TFT will be reduced. The finite output impedance of the current-
providing TFT then results in a reduction in its current. This change in current
will again depend upon the current been drawn from all of the other pixels in
the row, the TFT output impedance for the particular operating conditions, and
the OLED | - V characteristic. In particular, the consequent changes in the
anode voltage of the OLED display element will alter the brightness output of
the display element for a given current.

Signal processing schemes have been suggested for overcoming
horizontal cross-talk that occurs through a data voltage error caused by power
line voltage drops. Such schemes are not suitable for the correction of
horizontal cross-talk caused by the in-pixel current source TFT output
impedance. Instead, they simply return the gate-source voltage to the
originally intended value, without compensating for the other changes in the

current and voltage operating points within the pixel.

According to the invention, there is provided a method of determining
the pixel drive signals to be applied to the pixels of an array of light emitting
display elements arranged in rows and columns, with a plurality of the pixels in
a row being supplied with current simultaneously along a respective row

conductor, the method comprising:
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determining target pixel drive currents corresponding to desired pixel
brightness levels based on a model of the pixel current-brightness
characteristics;

modifying the target pixel drive currents to take account of:

the voltage on the respective row conductor at each pixel
resulting from the currents drawn from the row conductor by the plurality of
pixels; and

the dependency of the pixel brightness characteristics on the
voltage on the row conductor at the pixel; and

determining the pixel drive signals from the modified target pixel drive
currents.

By taking into account the dependency of the pixel brightness
characteristics on the voltage on the row conductor at the pixel, the invention
addresses the problem of horizontal cross-talk that occurs in active matrix LED
displays due to the finite output impedance of the current providing TFTs as
well as the finite resistance of metals used to form power supply lines. The
invention provides a signal processing scheme for correction of the cross-talk.
The model used to form the target drive currents can assume a constant row
voltage on the row conductor, and is thus a constant model for all pixels and
independent of the pixel drive signals applied to other pixels.

The compensation for the dependency of the pixel brightness
characteristics on the voltage on the row conductor at the pixel takes into
account not only the effective change in the pixel drive signal (for example the
change in gate-source voltage for the drive transistor in the pixel configuration
of Figure 2) but also the change in the operating point of the pixel components
(for example the drain voltage of the drive transistor in the pixel configuration
of Figure 2).

The technique of the invention is applicable to amorphous silicon and
polysilicon technologies for any array that uses power lines which supply
current to rows of current-drawing pixels. It should be noted that the terms

"row" and "column" used herein are somewhat arbitrary, and these terms are
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merely intended to denote an array of device elements arranged in an
orthogonal matrix.

Each pixel may comprise a drive transistor and a light emitting display
element in series between the row conductor and a common line (for example
ground). Taking account of the dependency of the pixel brightness
characteristics on the voltage on the row conductor at the pixel then includes
taking account of any change in drain-source voltage and the gate-source
voltage of the drive transistor resulting from the row conductor voltage.

Each pixel is preferably programmed in a first phase and driven in a
second phase, and wherein the step of modifying the target pixel drive
currents further takes account of any differences in the current drawn by the
pixels between the first and second phases. In particular, some pixel drive
schemes involve supplying more or less current in the programming phase
than during driving of the pixel. By taking this into account, correct

compensation can be provided for any pixel drive scheme.

The step of modifying the target pixel drive currents may comprise:

applying an algorithm to the target pixel drive currents which represents
the relationship between the currents drawn by the pixels in a row and the
voltages on the row conductor at the locations of the pixels; and

scaling the resulting values using a value representing the dependency
of the pixel brightness characteristics on the voltage on the row conductor.

Thus, separate processing is required to compensate for the row
voltage changes and for the effect of the change in the operating point of the
pixel on the output brightness.

For example, applying an algorithm may comprise multiplying a vector
of the target pixel drive currents for a row of pixels by the inversion of the

matrix M, in which:
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and wherein the number of rows and columns of matrix M is equal to
the number of pixels in the row.

When each pixel comprises a current source circuit which converts an
input voltage to a current using a drive transistor, the scaling may comprise
using a value including terms derived from:

the voltage-current characteristics of the drive transistor; and

the voltage-current characteristics of the light emitting display element.

The scaling also including a term derived from the resistance of the row
conductor.

In one example, the scaling comprises using a value (1-0)RA/(1+A/p),
where

R is the resistance of the row conductor between adjacent pixels;

A is the slope of the drain-source current vs. drain-source voltage curve
of the drive transistor;

u is the slope of the current vs. voltage curve of the display element;
and

a is the ratio of the current drawn by a pixel during a pixel programming
phase to the current drawn by the pixel during display.

In order to reduce the computational overhead, the result of multiplying
a vector of the target pixel drive currents for a row of pixels by the inversion of

the matrix M can be obtained by a recursive operation:

n-1

F(n)=F(n-1)+Y I(j)+F(©0),

in which:
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F(n) is the nth term of a the vector result of multiplying the vector
of the target pixel drive currents for a row of pixels by the inversion of the
matrix M, F(0) being the first term; and

I() is the target current for the jth pixel in a row, the first pixel
being j=0.

In this recursive model:

N-1

FO) =——S (V- DI),
N+1'5

in which:

N is the total number pixels in the row.

The values representing the dependency of the pixel brightness
characteristics on the voltage on the row conductor used for scaling are stored
in a look up table, having current values as an input parameter. These look up
table parameters can be updated over time to enable changes in pixel
brightness characteristics over time to be modeled.

The method of the invention can be used for driving an active matrix
array of current-addressed light emitting display elements arranged in rows
and columns, in which each row of pixels is addressed in a sequence.

The invention also provides a display device comprising an active
matrix array of current-addressed light emitting display elements arranged in
rows and columns, comprising:

compensation circuitry for modifying the target pixel drive currents to
take account of the voltage on the respective row conductor at each pixel
resulting from the currents drawn from the row conductor by the plurality of
pixels and the dependency of the pixel brightness characteristics on the
voltage on the row conductor at the pixel, the compensation circuitry
comprising:

means for applying an algorithm to the target pixel drive currents which
represents the relationship between the currents drawn by the pixels in a row

and the voltages on the row conductor at the locations of the pixels; and
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means for scaling the resulting values using a value representing the
dependency of the pixel brightness characteristics on the voltage on the row

conductor.

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

Figure 1 shows a conventional active matrix LED display;

Figure 2 shows a conventional pixel layout for the display of Figure 1;

Figure 3 is an equivalent circuit used to derive the relationship between
pixel currents and voltages on the row conductor;

Figure 4 is an equivalent circuit used to derive the inverse relationship
to that investigated with Figure 3;

Figure 5 is used to investigate the pixel output characteristics in
response to changes in the row voltage;

Figure 6 shows a part of Figure 5 in greater detail;

Figure 7 shows, using graphs, the improvement obtained by the method
of the invention;

Figure 8 shows, using images, the improvement obtained by the
method of the invention;

Figure 9 shows circuitry for implementing part of the method of the
invention;

Figure 10 shows circuitry for implementing another part of the method of
the invention; and

Figure 11 shows dummy pixel circuits for use.in a display of the

invention.

The invention provides a scheme for determining the pixel drive signals
to be applied to the pixels of an array of light emitting display elements. A set
of standard pixel drive currents, corresponding to desired pixel brightness
levels, are modified to take account of both the voltage variations on the row
conductor as well as the dependency of the pixel brightness characteristics on
the voltage on the row conductor.
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In order to derive an algorithm for the correction of the horizontal cross-
talk, the following steps are taken:

a general expression for voltage drops on the power line is obtained, for
any combination of currents drawn by the pixels on a line;

5 the current change resulting from the power line voltage drops and the
output impedance of the in-pixel current source TFT is then determined; and

a correction scheme for the data is derived to compensate for horizontal
cross talk.

The analysis below assumes that the power line is driven from both

10 ends. However, it will be appreciated than the analysis can however be
performed for a row conductor driven at one end.

In the this analysis, the power line can be assumed to comprise a row
that has voltage sources at both ends of the row to supply current to every
pixel in the row. Initially, it can be assumed that every pixel contains a perfect

15 current source drawing current from the power line and providing it to the

OLED. The equivalent circuit for the model is shown in Figure 3.

The following expression can be derived for the current to the pixel at
node n in terms of the voltages on the power line at node n-1,n and n+1. The

20 resistance of the power line between nodes is R.

1) = =7 (=D =V )+ (7 (147 ()
(1)
= %(V(n —1)=2V (1) +V(n+1)

The current I(n) is known as this has been programmed into the pixel
current source so the need is to solve (1) for the voltage V(n) to calculate the
power line voltage drops. Writing out all the terms:

25
IOR=V, -2V (0)+V (1)
IMOR=VO)-2VF1)+V(2)

I(N-DR=V(N=2)=2F(N -1+V,
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Where V; and Vg are the voltage sources at either end of the power

line. Then in matrix form:

RI=MV+YV, (2)
where
I(0) ] [ V(0) ] A
I V(1) 0
1= | v=| i | V, =]
I(N-2) V(N -2) 0
| I(N-1) V(N -1 | Ve
and
ST -
1 -2 1
M = '
1 -2 1
L 1 -2

The voltages on the power supply line are found by inverting equation
(2)i.e.
V=M"(RL-V,) (3)

For a given size matrix M, the inverse can be obtained simply by
standard mathematical techniques. In particular, the matrix M is a tridiagonal
matrix symmetrical matrix, and the inverse is easily obtained. To obtain a
general inverse for all possible matrix dimensions, it is possible to look at the
voltages and currents in the power supply line a little differently. Figure 4 is
essentially the same as Figure 3 but it shows the currents supplied by the
voltage sources at either end of the power rail li; and lout.

The voltages at the nodes 0,1,2..n can now be written in the following

way
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V(0)=V, -RI,
V(]') = VL —R[in _‘R(Iin _]0)
V(2)=V, - RI, -RU, ~1,)~RU, ~1,~I,)

n

(3a)

V(n)=V,—R(n+1I, +R§(n—j)[(j)

VN -1)=7, ~ RN, + R (N ~1~ DI()

In order to eliminate li, from the above system of equations, the
following relations are used:
V(IN-1)=V,+RI,,

N-1
Iout =Iin +z'[j (3b)
j=0
5 Using equations (3b) in (3a) at node N-1 an expression for lin is
obtained:
- B S v i) (30
in N+1 R = J J

Then using equation (3c) in equation (A1) at node n:

N-n n+1 L . . n+1E N
V(n)—(VLﬁ—VR N +lj+R(§(n—J)I(J)—ﬁj§(N —])](J)] (3d)

10
From equation (3d) the following vector matrix equation is obtained: -

V=M"(RI-V,) (3e)
where
IO [ V() | v, ]
IM) V(1) 0
I= o V= : , V, =] :
I(N-2) V(N -2) 0
| I(N-1) | V(N-1) ] Ve ]

15 and
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13
N (N-1) (N=2) - 3 2 1
(N=1) 2AN=1) 2N-2) 6 4
| @-2 2w-2) sw-2 9 6 3
N+l 6 9 IN-2) 2N-2) (N-2)
AN=-2) 2N-1) (N-1)
1 2 3 .. (N=2) (N-) N

It is also useful to derive the result of the inverse matrix M™" operating
on vector | to give the resultant vector F. The elements of vector F are given
by:

FO) = 2 M (1. I0)
- @
—Z(n DI -3 Z(N NIG)

J=

Computing the result of M on vector V}, gives the result
ZM CMAGE {<N Wy + (4 DV, } (5)

which simplifies to Vp when V.= Vg = Vp.

Equation (3) is the required general expression for the power line
voltage drops.

When a row of pixels is addressed a certain current will flow down the
power line. After addressing a different current will flow due to the operation of
the pixel circuits.

Different pixel circuits operate in different ways, as will be apparent to
those skilled in the art.

By way of example, some pixel circuits carry our a threshold voltage

measurement operation so that compensation can be carried out for ageing of
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the drive transistor. Such a circuit will have no current flowing on the power
line whilst the data voltage is added i.e. no power line voltage drops. After this
period, the programmed current will flow so there will be voltage drops on the
power line which will cause cross-talk.

Another example is the matched current mirror circuit. In this case, two
times the OLED current flows in the address period, after addressing only the
OLED current flows, so the changes in current will cause cross-talk because
the voltage changes on the power line will cause current changes in the pixel.

To find an expression for the pixel current changes due to the power
line voltage drops and the output impedance of the in-pixel current providing
TFT we use a simple diagrammatic approach.

Figure 5 shows the TFT and LED characteristics. The TFT
characteristic curve plots the drain source current (lgs) against the drain
voltage (V4) for a constant gate-source voltage. When the drain voltage
reaches the row voltage, the drain-source voltage reaches zero. Thus,
increasing voltage in the graph of Figure 5 corresponds to decreasing drain-
source voltage, and the drain-source voltage is zero at the point where the
curve crosses the x-axis. This point on the x-axis corresponds to the power
line row voltage.

The shift in the TFT characteristics is the result of the change in the
power line voltage, assuming the gate-source voltage remains constant.

The LED characteristic curve is a load line plot of the LED and shows
the anode voltage of the LED display element for a given current.

Where the TFT characteristic curve crosses the LED characteristic
curve, the drain/anode voltage is defined and the current flowing. As the TFT
has a non-infinite output impedance when in saturation, movements in the
power supply voltage shift the TFT characteristic to give different output
currents, even for a constant gate-source voltage. Thus, the power line
voltage change cannot be corrected simply by a corresponding change in the

gate voltage in order to return the gate-source voltage to the same value.
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The region of current change shown in Figure 5 can be examined more
closely in order to determine the change in anode/drain voltage and the
change in current. This is shown in Figure 6.

An examination of the geometry in Figure 6 shows us that the current

5 change is given by:

AI:f.UT_FTAV_d]ﬂAVa (6)
av av

where AV, is the change in LED anode voltage shown in figure 3, and
10 the differential is simply the gradient of the TFT characteristic A(l). The LED
characteristic is given by I ep = f(Va) so we find AV, by differentiating the LED

characteristic i.e.

Ly
AL =20, = (DAY, @)

15

using equations (6) and (7):

__._Mlﬂl AV (8)
i)
p(l)
20 If the initial voltages on the power line are caused by addressing

currents ol we have voltage drops in the addressing period of

V, =M™ (aRI-V,)

i

25 then after addressing we have currents | then the power line voltage

drops become
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V, =M"(RI-V,)

therefore the difference in power line voltages are

AV =(1-a)RM™1

Example values for o are zero for modified current source and voltage
threshold measurement circuits, 1 for switched current mirrors (i.e. no cross-
talk, but these pixel circuits are unsuitable for large displays), and greater than
or equal to two for matched current mirror circuits. The greater than two case

10 will occur if the matched TFT is wider than the driving TFT.

The initial currents lo on the row (after addressing) will cause a voltage
drop of AV which in turn will cause Iy to change to l1 which will change the
voltage drops which will change the current and so on. It is expected that A

will be very small so a first order approximation is sufficient i.e.

15
e M) g -
11—10+( /1(10))(1 a)RM™1, 9
1+ —=
udy)
The term
20 D=_&}__
@+ﬂao]
udy)

is a diagonal matrix.
To perform a correction of the current error we need to perform the
inverse problem, in order to determine what set of data currents lo will lead to
25  the desired currents |, after power line voltage drops occur. To solve this
problem equation (9) is solved for lo. As the problem stands this is extremely

difficult because p and A depend upon lo, so as a further approximation it can
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be assumed that p and A depend upon the known current l4. This will be a
good approximation if the current changes between I and g are small. The

solution of equation (9) is then:

Ady)

I, =1+ Y C(1-a)RM™ | I,
14 A
#(L;) (10)
~1, -—’1@—(1 —a)RM ™1,
@A@
(L)

Equation (10) represents the solution to horizontal cross-talk dueto TFT
impedance and power line voltage drops. An algorithm for calculating the

adjustment in current required to correct for horizontal cross-talk requires two

steps:
Step 1: Given current data for a row 14 calculate M7 1.
Step 2: Store the data dependent values (1-o)RA/(1+A/u) in a

Look-Up-Table (LUT) and multiply the output with the result of step 1 and then
subtract the result from the initial data.

The algorithm could be iterated to improve the estimate of the corrected
current by passing the result of step 2 back into step 1 and circulating through
the steps until the desired correction is achieved, however it has been found
that one pass is sufficient.

Figure 7 shows the effect of the correction algorithm. Plot 40 shows the
calculated pixel current (/(n)) versus pixel position (n) when no correction has
been applied and for a uniformly addressed bright image. There is a
significant drop in pixel current in the middle of the display due to the
combined effects of power line and pixel current source impedance.

Since light emission is almost proportional to current there is a similar
drop in luminance. Plot 42 shows the calculated pixel current when the

addressed current levels have been pre-adjusting according to a single pass of
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the algorithm described above. As can be seen the result is close to the
horizontal straight line that is required.

Plot 44 shown in Figure 7 is the calculated pixel current when only a
central block of the display is addressed with the same brightness as above
and the remainder is black (zero current). In this case, the drop in pixel current
in the middle of the display is less, and the change in the cross talk effect is
represented by arrow 46. For some displayed images, these different levels
will give rise to a sharp step change in brightness where there should be none.
This sharp step is far more visible than the smooth drop in brightness of a
uniform image and is what is noticed when cross-talk is present.

Plot 48 shows the result of pre-adjusting the addressed current levels
according to a single pass of the algorithm of the invention. The actual pixel
currents in the centre of the display for both corrected images are now very
similar such that no cross-talk would be visible. These results demonstrate the
effectiveness of the proposed algorithm.

Figure 8 shows these cross talk effects using images. The image on
the left is the desired image, and the image on the right shows how this may
appear as a result of cross talk. The visible step in brightness 50 is the result
of the effect explained with reference to arrow 46 in Figure 7. The top half of
the image is the uniform bright image and the bottom half of the image is the
step image described with reference to Figure 7.

For completeness, the parameters used in above example are as

follows:
Monochrome
Maximum luminance 250 Cd/m2
Efficiency 5.3 Cd/A
Aperture 50%
Duty cycle 50%
Pixel pitch 144 um
TFT width 25 um
No. pixels in row (N) 768

Line resistance per pixel (R) 7.2Q
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Maximum pixel current (I(n)max) 3.9 YA
Power supply voltage (Vp) 15V
The method of the invention can be implemented in an IC that operates
upon the digital data stream. The top-level blocks required for this hardware
5 implementation are set out below.
Step 1: Given current data for a row | calculate M™ L.

The implementation of Ml could in general be a very computationally
expensive calculation, especially for large images. Therefore a fast method of
10 performing the calculation is essential. As seen in equation (4) the calculation

of Ml requires the evaluation of the sums shown below:

n-1 n+1 N-1
F(n)= (n—- NI~ > (N =NIG) (11)
= N+143%
15 By calculating the difference of F(n) and F(n-1) a recursive relation for

the elements F(n) can be found :

n-1 ) ) n+l N-1 ) )
F(n) =2, (1= DI =57 2N = DIG)
2 Fr-1) = 35 (1=1= DI0) == 2 (V= DIG)

Therefore:
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F) = F@n=1) = 3, (1= D)~ (n=1=DIG) —W{—L—lz_w ~DIG)

J

= 1= D)+ 3 (1= NG =3, (1=1= D) == 2N =DIU)

=S 1) - =X W= I0)

= 155

n—

=2 1)+ F(O)

J

hence the recursive relation:

F(n)=F(n—1)+nZ_ll(j)+F(O) (12)

J=0

where

F(0)= FIEZW - HIG)

The hardware shown in Figure 9 is used to implement this calculation.
In Figure 9 the data is fed to an adder 60. The second input to the adder is
from a register 62 containing a running sum of the previous data values on the
line. This register will be zero after each line of data. The output of the sum is
passed back to the register 62 and to a line store 64 that contains all of the
partial data sums for that line. At the end of a line time the partial sum data is
transferred in parallel to another line store 66, and this data will be used in the
computation of equation (12).

The input data is also fed to a multiplier 70 whose second input comes
from a counter 72 that counts down from N at the start of a line. The output of
the multiplier is passed to an adder 74 whose second input comes from a
register 76 that contains a running sum of the earlier inputs to the multiplier.

This register is set to zero at the beginning of a line time. The output of the
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adder 74 is fed back to the register and to another register 78 that is only
updated at the end of a line time. The output of this register is multiplied by a
constant factor of —1/(N+1) contained in another register 80. The result is
stored in another register 82 and is F(0) of equation (12).

The partial sum data in the line store and the value for F(0) stored in a
register can now be used to calculate F(n) of equation (12). F(0) is passed to
an adder 90 which is also fed with the partial sum data clocked serially out of
the line store 66. These are added together with data from another register 92
containing F(n-1). At the start of a line time this register will be zero. The
output of the sum is passed back to this register and is also the output of this
computational block.

Step 2: Store the data dependent values (1-0)RA/(1+A/p) in a
Look-Up-Table (LUT) and multiply the output with the result of step 1 and then
subtract the result from the initial data.

The remaining parts of the algorithm can be implemented as shown in
Figure 10.

The input data passes to a look up table 100 (LUT) to find the value of
(1-o)RA/(1+A/n) corresponding to that input data value. The output of the LUT
and the input data are then delayed by a line time using a FIFO 102. The
output of the FIFO 102 passes to a multiplier 104 which is also fed with the
F(n) values that have been calculated from the input data having also been
delayed by one line time by FIFO 106. The output is then passed to a
subtraction unit that subtracts this calculated correction from the input data fo
give the output data. This data is then passes to other processing units within
the total video processing chain e.g. gamma correction.

As the OLED characteristic will vary according to temperature and age it
is also be possible to update the LUT of Figure 10 with new values to
represent these changes. The LUT will need changing for different types of
AMOLED display through parameter o e.g. modified current source, matched
current mirror etc. or if the row resistance R changes for different
manufactures or for different TFT output impedance characteristics. Therefore

the LUT will need to be accessible and updateable.
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The AMOLED display is typically constructed with additional pixel
circuits outside the array and which are used for testing purposes. These may
take the form shown in Figure 11, and essentially model the behaviour of the
drive transistor characteristics and of the row conductor resistance. These
dummy pixel circuits have been proposed for use in threshold compensation
schemes. The use of these dummy pixel circuits makes it possible to
automatically generate and update the LUT over the lifetime of the display.

Figure 11 shows a dummy pixel 110 with an n-type transistor, a dummy
pixel 112 with a p-type transistor and a resistor 114 which can be used to
model the row conductor characteristics. Each circuit has terminals which
allow test signals to be applied and outputs to be monitored. The PCMs
shown in Figure 11 are on the glass. There will be an n-type circuit for
amorphous silicon circuits and a p-type circuit for low temperature polysilicon
circuits.

The TFT output impedance as a function of current can be measured by
varying the gate-source voltage of the TFT and measuring the current and the
drain-source voltage of the TFT from the appropriate probe points on the
circuit. Then the gradient of the data will be required to give A. The same can
be achieved for the OLED to give un. R can be determined by passing a
current through a strip of metal N pixel lengths long and measuring the voltage
to calculate the resistance in a pixel width strip of power line metal.

The display type will be dictate the value a. All of this information

enable the LUT to be calculated and updated through the lifetime of the

display. The hardware to perform the measurements is straightforward and

would possibly be included within the display driver chips. These would feed
back the measured data to hardware in a controller chip to calculate the LUT
and fill it.
In the above pixel circuit, a voltage-addressed current source is used.
The invention can be applied to current-addressed pixels also, which typically
store a transistor gate voltage corresponding to a sampled address current.
Only one detailed algorithm has been given, and some assumptions

have been made to simplify the implementation of the method. Other
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assumptions may be made to arrive at a different algorithmic implementation,
and the invention is not limited to the specific implementation described above.

The hardware example has been described as having numerous
registers and logic elements. Many or all of the elements can be integrated
into a dedicated processor architecture, and the hardware example is only one
way of implementing the correction scheme of the invention.

The above analysis assumes a desired gate-source voltage can be
applied to the pixel. Thus, when the modified currents have been calculated,
the required gate-source voltage for driving the pixel will then need to be
calculated for determining the pixel drive signals (for the pixel configuration of
Figure 2). This calculation can be carried out using the basic (constant) pixel
model. The gate voltage to be applied to the pixel will again take into account
the voltage on the row conductor at the pixel in order to obtain the desired
gate-source voltage. Thus, the step of determining the pixel drive signals from
the modified target pixel drive currents itself takes into account the row voltage
at the pixel.

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

1. A method of determining the pixel drive signals to be applied to
the pixels of an array of light emitting display elements (2) arranged in rows
and columns, with a plurality of the pixels in a row being supplied with current
simultaneously along a respective row conductor (26), the method comprising:

determining target pixel drive currents corresponding to desired pixel
brightness levels based on a model of the pixel current-brightness
characteristics;

modifying the target pixel drive currents to take account of:

the voltage on the respective row conductor (26) at each pixel
resulting from the currents drawn from the row conductor by the plurality of
pixels; and

the dependency of the pixel brightness characteristics on the
voltage on the row conductor at the pixel; and

determining the pixel drive signals from the modified target pixel drive

currents.

2. A method as claimed in claim 1, wherein each pixel is
programmed in a first phase and driven in a second phase, and wherein the
step of modifying the target pixel drive currents further takes account of any
differences in the current drawn by the pixels between the first and second

phases.

3. A method as claimed in any preceding claim, wherein the step of
modifying the target pixel drive currents comprises:

applying an algorithm to the target pixel drive currents which represents
the relationship between the currents drawn by the pixels in a row and the
voltages on the row conductor at the locations of the pixels; and

scaling the resulting values using a value representing the dependency

of the pixel brightness characteristics on the voltage on the row conductor.
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4. A method as claimed in claim 3, wherein applying an algorithm
comprises multiplying a vector of the target pixel drive currents for a row of
pixels by the inversion of the matrix M, in which:

-2 1
1 -2 1

and wherein the number of rows and columns of matrix M is equal to

the number of pixels in the row.

5. A method as claimed in claim 3 or 4, wherein each pixel
comprises a current source circuit (22,24) which converts an input voltage to a
current using a drive transistor (22), and wherein the scaling comprises using a
value including terms derived from:

the voltage-current characteristics of the drive transistor (22); and

the voltage-current characteristics of the light emitting display element

(2).

6. A method as claimed in claim 5, wherein the scaling comprises
using a value further including a term derived from the resistance (R) of the

row conductor.

7. A method as claimed in claim 6, wherein the scaling comprises
using a value (1-a)RA/(1+A/n), where

R is the resistance of the row conductor between adjacent pixels;

A is the slope of the drain-source current vs. drain-source voltage curve
of the drive transistor;

u is the slope of the current vs. voltage curve of the display element;

and



10

15

20

25

30

WO 2004/114273 PCT/IB2004/002057

26

o is the ratio of the current drawn by a pixel during a pixel programming

phase to the current drawn by the pixel during display.

8. A method as claimed in claim 7, wherein the value
(1-0)RM/(1+A/u) used for scaling uses the slope of the drain-source current vs.
drain-source voltage curve of the drive transistor and the slope of the current
vs. voltage curve of the display element at the value of the first pixel drive

current.

9. A method as claimed in claim 4, wherein the result of multiplying
a vector of the target pixel drive currents for a row of pixels by the inversion of

the matrix M is obtained by a recursive operation
n-1
F(n)=F(n-1)+ Y I(j)+F(0),
i=0

in which:

F(n) is the nth term of a the vector result of multiplying the vector
of the target pixel drive currents for a row of pixels by the inversion of the
matrix M, F(0) being the first term; and

I(j) is the target current for the jth pixel in a row, the first pixel

being j=0.

10. A method as claimed in claim 9, wherein:
1 N-1
F(O)=——>» (N-)I()),
0) N+1,Z=(;( NIG)

in which:

N is the total number pixels in the row.

11. A method as claimed in any one of claims 3 to 10, wherein the
values representing the dependency of the pixel brightness characteristics on
the voltage on the row conductor used for scaling are stored in a look up table
(100)
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12. A method as claimed in claim 11, wherein the look up table (100)

stores the values for a range of current values.

13. A method as claimed in claim 11 or 12, wherein the values of the
look up table are updated over time to enable changes in pixel brightness

characteristics over time to be modeled.

14. A method as claimed in claim 13, wherein updating of the look up
table values is carried out based on analysis of the characteristics of pixel

compensation modules (110, 112, 114) of the display.

16. A method of driving an active matrix array of current-addressed
light emitting display elements arranged in rows and columns, comprising
addressing each row of pixels in a sequence, the method comprising, for each
row of pixels:

determining pixel drive signals for each pixel in the row using the
method of any one of the preceding claims; and

applying the pixel drive signals to the columns of the displéy during a

pixel programming phase for the row of pixels.

16. A display device comprising an active matrix array of current-
addressed light emitting display elements (2) arranged in rows and columns,
comprising:

compensation circuitry for modifying the target pixel drive currents to
take account of the voltage on the respective row conductor (26) at each pixel
resulting from the currents drawn from the row conductor by the plurality of
pixels and the dependency of the pixel brightness characteristics on the
voltage on the row conductor at the pixel, the compensation circuitry
comprising:

means (60,62,64,66,70,72,74,76,78,80,82,90,92) for applying an

algorithm to the target pixel drive currents which represents the relationship
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between the currents drawn by the pixels in a row and the voltages on the row
conductor at the locations of the pixels; and

means (100,104) for scaling the resulting values using a value
representing the dependency of the pixel brightness characteristics on the

voltage on the row conductor.

17. A device as claimed in claim 16, wherein the means for applying
an algorithm derives values corresponding to the multiplication of a vector of
the target pixel drive currents for a row of pixels by the inversion of the matrix
M, in which:

and wherein the number of rows and columns of matrix M is equal to

the number of pixels in the row.

18. A device as claimed in claim 16 or 17, wherein each pixel
comprises a current source circuit (22,24) which converts an input voltage to a
current using a drive transistor (22), and wherein the means for scaling uses a
value including terms derived from:

the current-voltage characteristics of the drive transistor; and

the voltage-current characteristics of the light emitting display element.

19. A device as claimed in claim 18, wherein the drive transistor (22)
and the light emitting display element (2) of each pixel are in series between

the row conductor (26) and a common line.
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20. A device as claimed in claim 19, wherein the voltage scaling
uses a value including terms derived from the drain-source voltage vs. drain-

source current characteristics of the drive transistor.

21. A device as claimed in any one of claims 18 to 20, wherein the
means for scaling uses a value further including a term derived from the

resistance (R) of the row conductor.

22. A device as claimed in claim 21, wherein the means for scaling
(100) uses a value (1-o0)RM(1+A/p), where:

R is the resistance of the row conductor between adjacent pixels;

A is the slope of the current vs. voltage curve of the drive transistor;

u is the slope of the current vs. voltage curve of the display element;
and

a is the ratio of the current drawn by a pixel during a pixel programming

phase to the current drawn by the pixel during display.

23. A device as claimed in claim 17, wherein the means for applying

an algorithm derives values by a recursive operation
n-1
F(n)=Fm-0+Y 1))+ F(0),
j=0
in which:

F(n) is the nth term of a the vector result of multiplying the vector
of the target pixel drive currents for a row of pixels by the inversion of the
matrix M, F(0) being the first term; and

I(j) is the target current for the jth pixel in a row, the first pixel

being j=0.

24. A device as claimed in claim 23, wherein:
1 N-1

F(0)= 'N_EZ(N - DI,

in which:
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N is the total number pixels in the row.

25. A device as claimed in any one of claims 16 to 24, wherein the

means for scaling (100) comprises a look up table.

26. A device as claimed in claim 25, further comprising at least one
pixel compensation module (110,112,114), and further comprising means for
updating the values of the look up table to enable changes in pixel brightness
characteristics over time to be modeled based on analysis of the

characteristics of the pixel compensation module.

27. Compensation circuitry for modifying target pixel drive currents
for a display device which comprises an active matrix array of current-
addressed light emitting display elements arranged in rows and columns
having respective row and column conductors, the compensation circuitry
comprising:

means (60,62,64,66,70,72,74,76,78,80,82,90,92) for applying an
algorithm to the target pixel drive currents which represents the relationship
between the currents drawn by the pixels in a row and the voltages on the row
conductor at the locations of the pixels; and

means (100,104) for scaling the resulting values using a value
representing the dependency of the pixel brightness characteristics on the
voltage on the row conductor,

the scaling taking account of the voltage on the respective row
conductor at each pixel resulting from the currents drawn from the row
conductor by the plurality of pixels and the dependency of the pixel brightness

characteristics on the voltage on the row conductor at the pixel.

28. Compensation circuitry as claimed in claim 27, wherein the
means for applying an algorithm derives values corresponding to the
multiplication of a vector of the target pixel drive currents for a row of pixels by
the inversion of the matrix M, in which:
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and wherein the number of rows and columns of matrix M is equal to

the number of pixels in the row.

29. Compensation circuitry as claimed in claim 27 or 28, wherein the

means for scaling comprises a look up table.
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