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SYSTEM AND METHOD FOR
COMPENSATION OF NON-UNIFORMITIES
IN LIGHT EMITTING DEVICE DISPLAYS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of appli-
cation Ser. No. 12/946,601, filed Nov. 15, 2010, which is a
continuation-in-part of application Ser. No. 11/402,624, filed
Apr. 12,2006, now issued as U.S. Pat. No. 7,868,857, which
claims priority to Canadian Patent No. 2,504,571, filed Apr.
12,2005, each of which is incorporated herein by reference in
its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to display technolo-
gies, more specifically a method and system for compensat-
ing for non-uniformities of elements in light emitting device
displays.

BACKGROUND

[0003] Active-matrix organic light-emitting  diode
(AMOLED) displays are well known art. Amorphous silicon
is, for example, a promising material for AMOLED displays,
due to its low cost and vast installed infrastructure from thin
film transistor liquid crystal display (TFTLCD) fabrication.
[0004] All AMOLED displays, regardless of backplane
technology used, exhibit differences in luminance on a pixel
to pixel basis, primarily as a result of process or construction
inequalities, or from aging caused by operational use over
time. Luminance non-uniformities in a display may also arise
from natural differences in chemistry and performance from
the OLED materials themselves. These non-uniformities
must be managed by the AMOLED display electronics in
order for the display device to attain commercially acceptable
levels of performance for mass-market use.

[0005] FIG. 1 illustrates an operational flow of a conven-
tional AMOLED display 10. Referring to FIG. 1, a video
source 12 contains luminance data for each pixel and sends
the luminance data in the form of digital data 14 to a digital
data processor 16. The digital data processor 16 may perform
some data manipulation functions, such as scaling the reso-
lution or changing the color of the display. The digital data
processor 16 sends digital data 18 to a data driver integrated
circuit (IC) 20. The data driver IC 20 converts that digital data
18 into an analog voltage or current 22, which is sent to thin
film transistors (TETs) 26 in a pixel circuit 24. The TFTs 26
convert that voltage or current 22 into another current 28
which flows through an organic light-emitting diode (OLED)
30. The OLED 30 converts the current 28 into visible light 36.
The OLED 30 has an OLED voltage 32, which is the voltage
drop across the OLED. The OLED 30 also has an efficiency
34, which is a ratio of the amount of light emitted to the
current through the OLED.

[0006] The digital data 14, analog voltage/current 22, cur-
rent 28, and visible light 36 all contain the exact same infor-
mation (i.e. luminance data). They are simply different for-
mats of the initial luminance data that came from the video
source 12. The desired operation of the system is for a given
value of luminance data from the video source 12 to always
result in the same value of the visible light 36.

[0007] However, there are several degradation factors
which may cause errors on the visible light 36. With contin-
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ued usage, the TFTs will output lower current 28 for the same
input from the data driver IC 20. With continued usage, the
OLED 30 will consume greater voltage 32 for the same input
current. Because the TFT 26 is not a perfect current source,
this will actually reduce the input current 28 slightly. With
continued usage, the OLED 30 will lose efficiency 34, and
emit less visible light for the same current.

[0008] Due to these degradation factors, the visible light
output 36 will be less over time, even with the same lumi-
nance data being sent from the video source 12. Depending on
the usage of the display, different pixels may have different
amounts of degradation.

[0009] Therefore, there will be an ever-increasing error
between the required brightness of some pixels as specified
by the luminance data in the video source 12, and the actual
brightness of the pixels. The result is that the decreased image
will not show properly on the display.

[0010] One way to compensate for these problems is to use
a feedback loop. FIG. 2 illustrates an operational flow of a
conventional AMOLED display 40 that includes the feedback
loop. Referring to FIG. 2, a light detector 42 is employed to
directly measure the visible light 36. The visible light 36 is
converted into a measured signal 44 by the light detector 42.
A signal converter 46 converts the measured visible light
signal 44 into a feedback signal 48. The signal converter 46
may be an analog-to-digital converter, a digital-to-analog
converter, a microcontroller, a transistor, or another circuit or
device. The feedback signal 48 is used to modify the lumi-
nance data at some point along its path, such as an existing
component (e.g. 12, 16, 20, 26, 30), a signal line between
components (e.g. 14,18, 22, 28, 36), or combinations thereof.

[0011] Some modifications to existing components, and/or
additional circuits may be required to allow the luminance
data to be modified based on the feedback signal 48 from the
signal converter 46. If the visible light 36 is lower than the
desired luminance from video source 12, the luminance sig-
nal may be increased to compensate for the degradation of the
TFT 26 or the OLED 30. This results in that the visible light
36 will be constant regardless of the degradation. This com-
pensation scheme is often known as Optical Feedback (OFB).
However, inthe system of FIG. 2, the light detector 42 must be
integrated onto a display, usually within each pixel and
coupled to the pixel circuitry. Not considering the inevitable
issues of yield when integrating a light detector into each
pixel, it is desirable to have a light detector which does not
degrade itself, however such light detectors are costly to
implement, and not compatible with currently installed TFT-
LCD fabrication infrastructure.

[0012] Therefore, there is a need to provide a method and
system which can compensate for non-uniformities in dis-
plays without measuring a light signal.

[0013] AMOLED displays are conventionally operated
according to digital data from a video source. The OLEDs
within the display can be programmed to emit light with
luminance according to a programming voltage or a program-
ming current. The programming current or programming
voltage are conventionally set by a display driver that takes
digital data as input and has an analog output for sending the
programming current or programming voltage to pixel cir-
cuits. The pixel circuits are configured to drive current
through OLEDs based on the programming current or pro-
gramming voltage.



US 2015/0002378 A1l

SUMMARY

[0014] In accordance with an aspect of the present inven-
tion there is provided a display degradation compensation
system for adjusting the operating conditions for pixels in an
OLED display to compensate for non-uniformity or aging of
the display. The system includes a controller programmed to
set an initial value for at least one of peak luminance and an
operating condition, calculate compensation values for the
pixels in the display, determine the number of pixels having
compensation values larger than a predetermined threshold
compensation value, and if the determined number of pixels
having compensation values larger than said predetermined
threshold value is greater than a predetermined threshold
number, adjust the set value until said determined number of
pixels is less than said predetermined threshold number.
[0015] In accordance with a further aspect of the present
invention there is provided a method of compensating non-
uniformities in a light emitting device display having a plu-
rality of pixels, including the steps of: estimating a degrada-
tion of the first pixel circuit based on measurement data read
from a part of the first pixel circuit, and correcting pixel data
applied to the first or a second pixel circuit based on the
estimation of the degradation of the first pixel circuit.

[0016] The present disclosure provides a method of main-
taining uniform luminosity of an AMOLED display. The
AMOLED display includes an array of pixels having light
emitting devices. The light emitting devices are configured to
emit light according to digital input from a video source. The
video source includes digital data corresponding to a desired
luminance of each pixel in the AMOLED display. Over time,
aspects within the light emitting devices and their associated
driving circuits degrade and require compensation to con-
tinue to emit light with the same luminance for a given digital
input.

[0017] Degradation of the pixels in the light emitting dis-
play are compensated by incrementing the digital inputs of
the pixels according to a measured or estimated degradation
of the pixels. To allow for compensation to occur, the digital
input is compressed to a range of values less than an available
range. Compressing the digital input is carried out according
to acompression factor, which is a number less than one. In an
implementation of the present disclosure, the digital inputs
are multiplied by the compression factor, which compresses
the digital input to a range less than the available range. The
remaining portion of the digital range can be used to provide
compensation to degraded pixels based on measured or esti-
mated degradation of the pixels. The present disclosure pro-
vides methods for setting and adjusting the conipression fac-
tor to statically or dynamically adjust the compression factor
and provide compensation to the display by incrementing the
digital signals before the signals are sent to the driving cir-
cuits.

[0018] The foregoing and additional aspects and embodi-
ments of the present invention will be apparent to those of
ordinary skill in the art in view of the detailed description of
various embodiments and/or aspects, which is made with
reference to the drawings, a brief description of which is
provided next.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] These and other features of the invention will
become more apparent from the following description in
which reference is made to the appended drawings.
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[0020] FIG. 1illustrates a conventional AMOLED system.
[0021] FIG. 2 illustrates a conventional AMOLED system
that includes a light detector and a feedback scheme that uses
the signal from the light detector.

[0022] FIG. 3 illustrates a light emitting display system to
whicha compensation scheme in accordance with an embodi-
ment of the present invention is applied.

[0023] FIG. 4 illustrates an example of the light emitting
display system of FIG. 3.

[0024] FIG. 5 illustrates an example of a pixel circuit of
FIG. 5.
[0025] FIG. 6illustrates a further example of the light emit-

ting display system of FIG. 3.

[0026] FIG. 7 illustrates an example of a pixel circuit of
FIG. 6.
[0027] FIG. 8 illustrates an example of modules for the

compensation scheme applied to the system of FIG. 4.
[0028] FIG. 9illustrates an example of a lookup tableand a
compensation algorithm module of FIG. 7.

[0029] FIG. 10 illustrates an example of inputs to a TFT-
to-pixel circuit conversion algorithm module.

[0030] FIG. 11A illustrates an experimental result of a
video source outputting equal luminance data for each pixel
for a usage time of zero hours.

[0031] FIG. 11B illustrates an experimental result of a
video source outputting maximum luminance data to some
pixels and zero luminance data to other pixels for a usage of
time of 1000 hours.

[0032] FIG. 11C illustrates an experimental result of a
video source outputting equal luminance data for each pixel
after some pixels received maximum luminance data and
others pixels received zero luminance data for a usage time of
1000 hours when no compensation algorithm is applied.
[0033] FIG. 11D illustrates an experimental result of a
video source outputting equal luminance data for each pixel
after some pixels received maximum luminance data and
others pixels received zero luminance data for a usage time of
1000 hours when a constant brightness compensation algo-
rithm is applied.

[0034] FIG. 11E illustrates an experimental result of a
video source outputting equal luminance data for each pixel
after some pixels received maximum luminance data and
others pixels received zero luminance data for a usage time of
1000 hours when a decreasing brightness compensation algo-
rithm is applied.

[0035] FIG. 12 illustrates an example of a grayscale com-
pression algorithm.

[0036] FIG. 13 is a data flow chart showing the compres-
sion and compensation of luminosity input data used to drive
an AMOLED display.

[0037] FIG. 14 is a flowchart illustrating a method for
selecting the compression factor according to display require-
ments and the design of the pixel circuit.

[0038] FIG. 15 is a flowchart illustrating a method for
selecting the compression factor according to a pre-deter-
mined headroom adjustment profile.

[0039] FIG. 16 is a flowchart illustrating a method for
selecting the compression factor according to dynamic mea-
surements of degradation data exceeding a threshold over a
previous compensation.

[0040] FIG. 17 is a flowchart illustrating a method for
selecting the compression factor according to dynamic mea-
surements of degradation data exceeding a previously mea-
sured maximum.
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[0041] FIG. 18 is a flowchart illustrating a method for peri-
odically adjusting the peak luminance for compensation.
[0042] FIG.19 is a flowchart illustrating a method for peri-
odically adjusting operating conditions for compensation.
[0043] While the invention is susceptible to various modi-
fications and alternative forms, specific embodiments have
been shown by way of example in the drawings and will be
described in detail herein. It should be understood, however,
that the invention is notintended to be limited to the particular
forms disclosed. Rather, the invention is to cover all modifi-
cations, equivalents, and alternatives falling within the spirit
and scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION

[0044] Embodiments of the present invention are described
using an AMOLED display which includes a pixel circuit
having TFTs and an OLED. However, the transistors in the
pixel circuit may be fabricated using amorphous silicon,
nano/micro crystalline silicon, poly silicon, organic semicon-
ductors technologies (e.g. organic TFT), NMOS technology,
CMOS technology (e.g. MOSFET), or combinations thereof.
The transistors may be a p-type transistor or n-type transistor.
The pixel circuit may include a light emitting device other
than OLED. In the description below, “pixel” and “pixel
circuit” may be used interchangeably.

[0045] FIG. 3 illustrates the operation of a light emitting
display system 100 to whicha compensation scheme in accor-
dance with an embodiment of the present invention is applied.
A video source 102 contains luminance data for each pixel
and sends the luminance data in the form of digital data 104 to
a digital data processor 106. The digital data processor 106
may perform some data manipulation functions, such as scal-
ing the resolution or changing the color of the display. The
digital data processor 106 sends digital data 108 to a data
driver IC 110. The data driver IC 110 converts that digital data
108 into an analog voltage or current 112. The analog voltage
or current 112 is applied to a pixel circuit 114. The pixel
circuit 114 includes TFTs and an OLED. The pixel circuit 114
outputs a visible light 126 based on the analog voltage or
current 112.

[0046] In FIG. 3, one pixel circuit is shown as an example.
However, the light emitting display system 100 includes a
plurality of pixel circuits. The video source 102 may be simi-
lar to the video source 12 of FIGS. 1 and 2. The data driver IC
110 may be similar to the data driver IC 20 of FIGS. 1 and 2.
[0047] A compensation functions module 130 is provided
to the display. The compensation functions module 130
includes a module 134 for implementing an algorithm (re-
ferred to as TFT-to-pixel circuit conversion algorithm) on
measurement 132 from the pixel circuit 114 (referred to as
degradation data, measured degradation data, measured TFT
degradation data, or measured TFT and OLED degradation
data), and outputs calculated pixel circuit degradation data
136. It is noted that in the description below, “TFT-to-pixel
circuit conversion algorithm module” and “TFT-to-pixel cir-
cuit conversion algorithm” may be used interchangeably.
[0048] The degradation data 132 is electrical data which
represents how much a part of the pixel circuit 114 has been
degraded. The data measured from the pixel circuit 114 may
represent, for example, one or more characteristics of a part of
the pixel circuit 114.

[0049] The degradation data 132 is measured from, for
example, one or more thin-film-transistors (TFTs), an organic
light emitting diode (OLED) device, or a combination
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thereof. It is noted that the transistors of the pixel circuit 114
are not limited to TFTs, and the light emitting device of the
pixel circuit 114 is not limited to an OLED. The measured
degradation data 132 may be digital or analog data. The
system 100 provides compensation data based on measure-
ment from a part of the pixel circuit (e.g. TFT) to compensate
for non-uniformities in the display. The non-uniformities may
include brightness non-uniformity, color non-uniformity, ora
combination thereof. Factors for causing such non-uniformi-
ties may include, but are not limited to, process or construc-
tion inequalities in the display, aging of pixels, etc.

[0050] The degradation data 132 may be measured at a
regular timing or a dynamically regulated timing. The calcu-
lated pixel circuit degradation data 136 may be compensation
data to correct non-uniformities in the display. The calculated
pixel circuit degradation data 136 may include any param-
eters to produce the compensation data. The compensation
data may be used at a regular timing (e.g. each frame, regular
interval, etc.) or dynamically regulated timing. The measured
data, compensation data, or a combination thereof may be
stored in a memory (e.g. 142 of FIG. 8).

[0051] The TFT-to-pixel circuit conversion algorithm mod-
ule 134 or the combination of the TFT-to-pixel circuit con-
version algorithm module 134 and the digital data processor
106 estimates the degradation of the entire pixel circuit based
on the measured degradation data 132. Based on this estima-
tion, the entire degradation of the pixel circuit 114 is com-
pensated by adjusting, at the digital data processor 106, the
luminance data (digital data 104) applied to a certain pixel
circuit(s).

[0052] The system 100 may modify or adjust luminance
data 104 applied to a degraded pixel circuit or non-degraded
pixel circuit. For example, if a constant value of visible light
126 is desired, the digital data processor 106 increases the
luminance data for a pixel that is highly degraded, thereby
compensating for the degradation.

[0053] InFIG. 3, the TFT-to-pixel circuit conversion algo-
rithm module 134 is provided separately from the digital data
processor 106. However, the TFT-to-pixel circuit conversion
algorithm module 134 may be integrated into the digital data
processor 106.

[0054] FIG. 4 illustrates an example of the system 100 of
FIG. 3. The pixel circuit 114 of FIG. 4 includes TFTs 116 and
OLED 120. The analog voltage or current 112 is provided to
the TFTs 116. The TFTs 116 convert that voltage or current
112 into another current 118 which flows through the OLED
120. The OLED 120 converts the current 118 into the visible
light 126. The OLED 120 has an OLED voltage 122, which is
the voltage drop across the OLED. The OLED 120 also has an
efficiency 134, which is a ratio of the amount of light emitted
to the current through the OLED 120.

[0055] The system 100 of FIG. 4 measures the degradation
of the TFTs only. The degradation of the TFTs 116 and the
OLED 120 are usage-dependent, and the TFTs 116 and the
OLED 120 are always linked in the pixel circuit 114. When-
ever the TFT 116 is stressed, the OLED 120 is also stressed.
Therefore, there is a predictable relationship between the
degradation of the TFTs 116, and the degradation of the pixel
circuit 114 as a whole. The TFT-to-pixel circuit conversion
algorithm module 134 or the combination of the TFT-to-pixel
circuit conversion algorithm module 134 and the digital data
processor 106 estimates the degradation of the entire pixel
circuit based onthe TFT degradation only. An embodiment of
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the present invention may also be applied to systems that
monitor both TFT and OLED degradation independently.
[0056] The pixel circuit 114 has a component that can be
measured. The measurement obtained from the pixel circuit
114 is in some way related to the pixel circuit’s degradation.
[0057] FIG. 5illustrates an example of the pixel circuit 114
of FIG. 4. The pixel circuit 114 of F1G. 5 is a 4-T pixel circuit.
The pixel circuit 114A includes a switching circuit having
TFTs 150 and 152, a reference TFT 154, a dive TFT 156, a
capacitor 158, and an OLED 160.

[0058] The gate of the switch TFT 150 and the gate of the
feedback TFT 152 are connected to a select line Vsel. The first
terminal of the switch TFT 154 and the first terminal of the
feedback TFT 152 are connected to a data line Idata. The
second terminal of the switch TFT 150 is connected to the
gate of the reference TFT 154 and the gate of the drive TFT
156. The second terminal of the feedback TFT 152 is con-
nected to the first terminal of the reference TFT 154. The
capacitor 158 is connected between the gate of the drive TFT
156 and ground. The OLED 160 is connected between volt-
age supply Vdd and the drive TFT 156. The OLED 160 may
also be connected between drive TFT 156 and ground in other
systems (i.e. drain-connected format).

[0059] When programming the pixel circuit 114A, Vsel is
high and a voltage or current is applied to the data line Idata.
The data Idata initially flows through the TFT 150 and
charges the capacitor 158. As the capacitor voltage rises, the
TFT 154 begins to turn on and Idata starts to flow through the
TFTs 152 and 154 to ground. The capacitor voltage stabilizes
at the point when all of Idata flows through the TFTs 152 and
154. The current flowing through the TFT 154 is mirrored in
the drive TFT 156.

[0060] Inthe pixel circuit 114A, by setting Vsel to high and
putting a voltage on Idata, the current flowing into the Idata
node can be measured. Alternately, by setting Vsel to high and
putting a current on Idata, the voltage at the Idata node can be
measured. As the TFTs degrade, the measured voltage (or
current) will change, allowing a measure of the degradation to
be recorded. In this pixel circuit, the analog voltage/current
112 shown in FIG. 4 is connected to the Idata node. The
measurement of the voltage or current can occur anywhere
along the connection between the data diver IC 110 and the
TFTs 116.

[0061] InFIG. 4, the TFT-to-pixel circuit conversion algo-
rithm is applied to the measurement 132 from the TFTs 116.
However, current/voltage information read from various
places other than TFTs 116 may be usable. For example, the
OLED voltage 122 may be included with the measured TFT
degradation data 132.

[0062] FIG. 6 illustrates a further example of the system
100 of FIG. 3. The system 100 of FIG. 6 measures the OLED
voltage 122. Thus, the measured data 132 isrelated to the TFT
116 and OLED 120 degradation (“measured TFT and OLED
voltage degradation data 132A” in FIG. 6). The compensation
functions module 130 of FIG. 6 implements the TFT-to-pixel
circuit conversion algorithm 134 on the signal related to both
the TFT degradation and OLED degradation. The TFT-to-
pixel circuit conversion algorithm module 134 or the combi-
nation of the TFT-to-pixel circuit conversion algorithm mod-
ule 134 and the digital data processor 106 estimates the
degradation of the entire pixel circuit based on the TFT deg-
radation and the OLED degradation. The TFT degradation
and OLED degradation may be measured separately and
independently.
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[0063] FIG. 7illustrates an example of the pixel circuit 114
of FIG. 6. The pixel circuit 114B of FIG. 7 is a 4-T pixel
circuit. The pixel circuit 114B includes a switching circuit
having TFTs 170 and 172, a reference TFT 174, a drive TFT
176, a capacitor 178, and an OLED 180.

[0064] The gate of the switch TFT 170 and the gate of the
switch TFT 172 are connected to a select line Vsel. The first
terminal of the switch TFT 172 is connected to a data line
Idata while the first terminal of the switch TFT 170 is con-
nected to the second terminal of the switch TFT 172 which is
connected to the gate of the reference TFT 174 and the gate of
the dive TFT 176. The second terminal of the switch TFT 170
is connected to the first terminal of the reference TFT 174.
The capacitor 178 is connected between the gate of the dive
TFT 176 and ground. The first terminal of the dive TFT 176 is
connected to voltage supply Vdd. The second terminal of the
reference TFT 174 and the second terminal of the drive TFT
176 are connected to the OLED 180.

[0065] When programming the pixel circuit 114B, Vsel is
high and a voltage or current is applied to the data line Idata.
The data [data initially flows through the TFT 172 and
charges the capacitor 178. As the capacitor voltage rises, the
TFT 174 begins to turn on and Idata starts to flow through the
TFTs 170 and 174 and OLED 180 to ground. The capacitor
voltage stabilizes at the point when all of Idata flows through
the TFTs 170 and 174. The current flowing through the TFT
174 ismirrored in the drive TFT 176. In the pixel circuit 114B,
by setting Vsel to high and putting a voltage on Idata, the
current flowing into the Idata node can be measured. Alter-
nately, by setting Vsel to high and putting a current on Idata,
the voltage at the Idata node can be measured. As the TFTs
degrade, the measured voltage (or current) will change,
allowing a measure of the degradation to be recorded. It is
noted that unlike the pixel circuit 114A of FIG. 5, the current
now flows through the OLED 180. Therefore the measure-
ment made at the Idata node is now partially related to the
OLED voltage, which will degrade over time. In the pixel
circuit 114B, the analog voltage/current 112 shown in FIG. 6
is connected to the Idata node. The measurement of the volt-
age or current can occur anywhere along the connection
between the data driver IC 110 and the TFTs 116.

[0066] Referring to FIGS. 3, 4, and 6, the pixel circuit 114
may allow the current out of the TFTs 116 to be measured, and
to be used as the measured TFT degradation data 132. The
pixel circuit 114 may allow some part of the OLED efficiency
to be measured, and to be used as the measured TFT degra-
dation data 132. The pixel circuit 114 may also allow a node
to be charged, and the measurement may be the time it takes
for this node to discharge. The pixel circuit 114 may allow any
parts of it to be electrically measured. Also, the discharge/
charge level during a given time can be used for aging detec-
tion.

[0067] Referring to FIG. 8, an example of modules for the
compensation scheme applied to the system of FIG. 4 is
described. The compensation functions module 130 of FIG. 8
includes an analog/digital (A/D) converter 140. The A/D con-
verter 140 converts the measured TFT degradation data 132
into digital measured TFT voltage/current 112 shown in FIG.
4 is connected to the Idata node. The measurement of the
voltage or current can occur anywhere along the connection
between the data driver IC 110 and the TFTs 116.

[0068] InFIG. 4, the TFT-to-pixel circuit conversion algo-
rithm is applied to the measurement 132 from the TFTs 116.
However, current/voltage information read from various
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places other than TFTs 116 may be usable. For example, the
OLED voltage 122 may be included with the measured TFT
degradation data 132.

[0069] FIG. 6 illustrates a further example of the system
100 of FIG. 3. The system 100 of the FIG. 6 measured the
OLED voltage 122. Thus, the measured data 132 is related to
the TFT 116 and OLED 120 degradation (“measured TFT and
OLED voltage degradation data 132A” in FIG. 6). The com-
pensation functions module 130 of FIG. 6 implements the
TFT-to-pixel circuit conversion algorithm 134 on the signal
related to both the TFT degradation and OLED degradation.
The TFT-to-pixel circuit conversion algorithm module 134 or
the combination of the TFT-to-pixel circuit conversion algo-
rithm module 134 and the digital data processor 106 estimates
the degradation fo the entire pixel circuit based on the TFT
degradation and the OLED degradation. The TFT degrada-
tion and OLED degradation may be measured separately and
independently.

[0070] FIG. 7 illustrates an example of the pixel circuit 114
of FIG. 6. The pixel circuit 114B of FIG. 7 is a 4-T pixel
circuit. The pixel circuit 114B includes a switching circuit
having TFTs 170 and 172, a reference TFT 174, a drive TFT
176, a capacitor 178, and an OLED 180.

[0071] The gate of the switch TFT 170 and the gate of the
switch TFT 172 are connected to a select line Vsel. The first
terminal of the switch TFT 172 is connected to a data line
Idata while the first terminal of the switch TFT 170 is con-
nected to the second terminal of the switch TFT 172, which is
connected to the gate of the reference TFT 174 and the gate of
the drive TFT176. The second terminal of the switch TFT 170
is connected to the first terminal of the reference TFT 174.
The capacitor 178 is connected between the gate of the drive
TFT 176 and ground. The first terminal of the drive TFT 176
is connected to voltage supply Vdd. The second terminal of
the reference TFT 174 and the second terminal of the drive
TFT 176 are connected to the OLED 180.

[0072] When programming the pixel circuit 114B, Vsel is
high and a voltage or current is applied to the data line Idata.
The data Idata initially flows through the TFT 172 and
charges the capacitor 178. As the capacitor voltage rises, the
TFT 174 begins to turn on and Idata starts to flow through the
TFTs 170 and 174 and OLED 180 to ground. The capacitor
voltage stabilizes at the point when all of Idata flows through
the TFTs 152 and 154. The current flowing through the TET
154 is mirrored in the drive TFT 156. In the pixel circuit
114A, by setting Vsel to high and putting a voltage on Idata,
the current flowing into the Idata node can be measured.
Alternately, by setting Vsel to high and putting a current on
Idata, the voltage at the Idata node can be measured. As the
TFTs degrade, the measured voltage (or current) will change,
allowing a measure of the degradation to be recorded. It is
noted that unlike the pixel circuit 114A of FIG. 5, the current
now flows through the OLED 180. Therefore the measure-
ment made at the Idata node is now partially related to the
OLED voltage, which will degrade over time. In the pixel
circuit 114B, the analog voltage/current 112 shown in FIG. 6
is connected to the Idata node. The measurement of the volt-
age or current can occur anywhere along the connection
between the data driver IC 110 and the TFTs 116.

[0073] Referring to FIGS. 3. 4, and 6, the pixel circuit 114
may allow the current out of the TFTs 116 to be measured, and
to be used as the measured TFT degradation data 132. The
pixel circuit 114 may allow some part of the OLED efficiency
to be measured, and to be used as the measured TFT degra-
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dation data 132. The pixel circuit 114 may also allow a node
to be charged, and the measurement may be the time it takes
for this node to discharge. The pixel circuit 114 may allow any
parts of it to be electrically measured. Also, the discharge/
charge level during a given time can be used for aging detec-
tion.

[0074] Referring to FIG. 8, an example of modules for the
compensation scheme applied to the system of FIG. 4 is
described. The compensation functions module 130 of FIG. 8
includes an analog/digital (A/D) converter 140. The A/D con-
verter 140 converts the measured TFT degradation data 132
into digital measured TFT degradation data 132B. The digital
measured TFT degradation data 132B is converted into the
calculated pixel circuit degradation data 136 at the TFT-to-
pixel circuit conversion algorithm module 134. The calcu-
lated pixel circuit degradation data 136 is stored in a lookup
table 142. Since measuring TFT degradation data from some
pixel circuits may take a long time, the calculated pixel circuit
degradation data 136 is stored in the lookup table 142 for use.
[0075] InFIG. 8, the TFT-to-pixel circuit conversion algo-
rithm 134 is a digital algorithm. The digital TFT-to-pixel
circuit conversion algorithm 134 may be implemented, for
example, on a microprocessor, an FPGA, a DSP, or another
device, but not limited to these examples. The lookup table
142 may be implemented using memory, such as SRAM or
DRAM. This memory may be in another device, such as a
microprocessor or FPGA, or may be an independent device.
[0076] The calculated pixel circuit degradation data 136
stored in the lookup table 142 is always available for the
digital data processor 106. Thus, the TFT degradation data
132 for each pixel does not have to be measured every time the
digital data processor 106 needs to use the data. The degra-
dation data 132 may be measured infrequently (for example,
once every 20 hours, orless). Using a dynamic time allocation
for the degradation measurement is another case, more fre-
quent extraction at the beginning and less frequent extraction
after the aging gets saturated.

[0077] The digital data processor 106 may include a com-
pensation module 144 for taking input luminance data for the
pixel circuit 114 from the video source 102, and modifying it
based on degradation data for that pixel circuit or other pixel
circuit. In FIG. 8, the module 144 modifies luminance data
using information from the lookup table 142.

[0078] It is noted that the configuration of FIG. 8 is appli-
cable to the system of FIGS. 3 and 6. It is noted that the lookup
table 142 is provided separately from the compensating func-
tions module 130, however, it may be in the compensating
functions module 130. It is noted that the lookup table 142 is
provided separately from the digital data processor 106, how-
ever, it may be in the digital data processor 106.

[0079] Oneexample ofthe lookup table 142 and the module
144 of the digital data processor 106 is illustrated in FIG. 9.
Referring to FIG. 9, the output of the TFT-to-pixel circuit
conversion algorithm module 134 is an integer value. This
integer is stored in a lookup table 142 A (corresponding to 142
of FIG. 8). Its location in the lookup table 142A is related to
the pixel’s location on the AMOLED display. Its value is a
number, and is added to the digital luminance data 104 to
compensate for the degradation.

[0080] For example, digital luminance data may be repre-
sented to use 8-bits (256 values) for the brightness of a pixel.
A value of 246 may represent maximum luminance for the
pixel. A value of 128 may represent approximately 50% lumi-
nance. The value in the lookup table 142A may be the number
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that is added to the luminance data 104 to compensate for the
degradation. Therefore, the compensation module (144 of
FIG. 7) in the digital data processor 106 may be implemented
by adigital adder 144 A. Ttis noted that digital luminance data
may be represented by any number of bits, depending on the
driver IC used (for example, 6-bit, 8-bit, 10-bit, 14-bit, etc.).

[0081] In FIGS. 3, 4, 6, 8, and 9, the TFT-to-pixel circuit
conversion algorithm module 134 has the measured TFT
degradation data 132 or 132A as an input, and the calculated
pixel circuit degradation data 136 as an output. However,
there may be other inputs to the system to calculate compen-
sation data as well, as shown in FIG. 10. FIG. 10 illustrates an
example of inputs to the TFT-to-pixel circuit conversion algo-
rithm module 134. In FIG. 10, the TFT-to-pixel circuit con-
version algorithm module 134 processes the measured data
(132 of FIGS. 3, 4, 8, and 9; 132A of FIG. 5; 132B of FIGS.
8 and 9) based on additional inputs 190 (e.g. temperature,
other voltages, etc.), empirical constants 192, or combina-
tions thereof.

[0082] The additional inputs 190 may include measured
parameters such as a voltage reading from current-program-
ming pixels and a current reading from voltage-programming
pixels. These pixels may be different from a pixel circuit from
which the measured signal is obtained. For example, a mea-
surement is taken from a “pixel under test” and is used in
combination with another measurement from a “reference
pixel.” As described below, in order to determine how to
modify luminance data to a pixel, data from other pixels in the
display may be used. The additional inputs 190 may include
light measurements, such as measurement of an ambient light
in a room. A discrete device or some kind of test structure
around the periphery of the panel may be used to measure the
ambient light. The additional inputs may include humidity
measurements, temperature readings, mechanical stress read-
ings, other environmental stress readings, and feedback from
test structures on the panel

[0083] Itmay also include empirical parameters 192, such
as the brightness loss in the OLED due to decreasing effi-
ciency (AL), the shift in OLED voltage over time (AVoled),
dynamic effects of Vt shift, parameters related to TFT perfor-
mance such as Vt, AVt, mobility (i), inter-pixel non-unifor-
mity, DC bias voltages in the pixel circuit, changing gain of
current-mirror based pixel circuits, short-term and long-term
based shifts in pixel circuit performance, pixel-circuit opet-
ating voltage variation due to TR-drop and ground bounce.

[0084] Referring to FIGS. 8 and 9, the TFT-to-pixel-circuit
conversion algorithm in the module 134 and the compensa-
tion algorithm 144 in the digital data processor 106 work
together to convert the measured TFT degradation data 132
into a luminance correction factor. The luminance correction
factor has information about how the luminance data for a
given pixel is to be modified, to compensate for the degrada-
tion in the pixel.

[0085] InFIG.9, the majority of this conversion is done by
the TFT-to-pixel-circuit conversion algorithm module 134. It
calculates the luminance correction values entirely, and the
digital adder 144 A in the digital data processor 106 simply
adds the luminance correction values to the digital luminance
data 104. However, the system 100 may be implemented such
that the TFT-to-pixel circuit conversion algorithm module
134 calculates only the degradation values, and the digital
data processor 106 calculates the luminance correction factor
from that data. The TFT-to-pixel circuit conversion algorithm
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134 may employ fuzzy logic, neural networks, or other algo-
rithm structures to convert the degradation data into the lumi-
nance correction factor.

[0086] The value of the luminance correction factor may
allow the visible light to remain constant, regardless of the
degradation in the pixel circuit. The value of the luminance
correction factor may allow the luminance of degraded pixels
not to be altered at all; instead, the luminance of the non-
degraded pixels to be decreased. In this case, the entire dis-
play may gradually lose luminance over time, however the
uniformity may be high.

[0087] The calculation of a luminance correction factor
may be implemented in accordance with a compensation of
non-uniformity algorithm, such as a constant brightness algo-
rithm, a decreasing brightness algorithm, or combinations
thereof. The constant brightness algorithm and the decreasing
brightness algorithm may be implemented on the TFT-to-
pixel circuit conversion algorithm module (e.g. 134 of FIG. 3)
or the digital data processor (e.g. 106 of FIG. 3). The constant
brightness algorithm is provided for increasing brightness of
degraded pixels so as to match nondegraded pixels. The
decreasing brightness algorithm is provided for decreasing
brightness of non-degraded pixels 244 so as to match
degraded pixels. These algorithm may be implemented by the
TFT-to-pixel circuit conversion algorithm module, the digital
data processor (such as 144 of FIG. 8), or combinations
thereof. It is noted that these algorithms are examples only,
and the compensation of non-uniformity algorithm is not
limited to these algorithms.

[0088] Referring to FIGS. 11A-11E, the experimental
results of the compensation of non-uniformity algorithms are
described in detail. Under the experiment, an AMOLED dis-
play includes a plurality of pixel circuits, and is driven by a
system as shown in FIGS. 3, 4, 6, 8 and 9. It is noted that the
circuitry to drive the AMOLED display is not shown in FIGS.
11A-11E.

[0089] FIG. 11A schematically illustrates an AMOLED
display 240 which starts operating (operation period t=0
hour). The video source (102 of FIGS. 3,4, 7, 8 and 9) initially
outputs maximum luminance data to each pixel. No pixels are
degraded since the display 240 is new. The result is that all
pixels output equal luminance and thus all pixels show uni-
form luminance.

[0090] Next, the video source outputs maximum luminance
data to some pixels in the middle of the display as shown in
FIG. 11B. FIG. 11B schematically illustrates the AMOLED
display 240 which has operated for a certain period where
maximum luminance data is applied to pixels in the middle of
the display. The video source outputs maximum luminance
data to pixels 242, while it outputs minimum luminance data
(e.g. zero luminance data) to pixels 244 around the outside of
the pixels 242. It maintains this for a long period of time, for
example 1000 hours. The result is that the pixels 242 at
maximum luminance will have degraded, and the pixels 244
at zero luminance will have no degradation.

[0091] At 1000 hours, the video source outputs maximum
luminance data to all pixels. The results are different depend-
ing on the compensation algorithm used, as shown in FIGS.
11C-11E.

[0092] FIG. 11C schematically illustrates the AMOLED
display 240 to which no compensation algorithm is applied.
As shown in FIG. 11C, if there was no compensation algo-
rithm, the degraded pixels 242 would have a lower brightness
than the non-degraded pixels 244.
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[0093] FIG. 11D schematically illustrates the AMOLED
display 240 to which the constant brightness algorithm is
applied. The constant brightness algorithm is implemented
for increasing luminance data to degraded pixels, such that
the luminance data of the degraded pixels 242 matches that of
non-degraded pixels 244. For example, the increasing bright-
ness algorithm provides increasing currents to the stressed
pixels 242, and constant current to the unstressed pixels 244.
Both degraded and non-degraded pixels have the same bright-
ness. Thus, the display 240 is uniform. Differential aging is
compensated, and brightness is maintained, however more
current is required. Since the current to some pixels is being
increased, this will cause the display to consume more current
over time, and therefore more power over time because power
consumption is related to the current consumption.

[0094] FIG. 11E schematically illustrates the AMOLED
display 240 to which the decreasing brightness algorithm is
applied. The decreasing brightness algorithm decreases lumi-
nance data to non-degraded pixels, such that the luminance
data of the non-degraded pixels 244 match that of degraded
pixels 242. For example, the decreasing brightness algorithm
provides constant OLED current to the stressed pixels 242,
while decreasing current to the unstressed pixels 244. Both
degraded and non-degraded pixels have the same brightness.
Thus, the display 240 is uniform. Differential aging is com-
pensated, and it requires alower Vsupply, howeverbrightness
decrease over time. Because this algorithm does not increase
the current to any of the pixels, it will not result in increased
power consumption.

[0095] Referring to FIG. 3, components, such as the video
source 102 and the data driver IC 110, may use only 8-bits, or
256 discrete luminance values. Therefore if the video source
102 outputs maximum brightness (a luminance value of 255),
there is no way to add any additional luminance, since the
pixel is already at the maximum brightness supported by the
components in the system. Likewise, if the video source 102
outputs minimum brightness (a luminance value of0), there is
no way to subtract any luminance. The digital data processor
106 may implement a grayscale compression algorithm to
reserve some grayscales. FIG. 12 illustrates an implementa-
tion of the digital data processor 106 which includes a gray-
scale compression algorithm module 250. The grayscale
compression algorithm 250 takes the video signal 104 repre-
sented by 256 luminance values (251), and transforms it to
use less luminance values (252). For example, instead of
minimum brightness represented by grayscale 0, minimum
brightness may be represented by grayscale 50. Likewise,
maximum brightness may be represented by grayscale 200. In
this way, there are some grayscales reserved for future
increase (254) and decrease (253). It is noted that the shift in
grayscales does not reflect the actual expected shift in gray-
scales.

[0096] According to the embodiments of the present inven-
tion, the scheme of estimating (predicting) the degradation of
the entire pixel circuit and generating a luminance correction
factor ensures uniformities in the display. According to
embodiments of the present invention, the aging of some
components or entire circuit can be compensated, thereby
ensuring uniformity of the display.

[0097] According to the embodiments of the present inven-
tion, the TFT-to-pixel circuit conversion algorithm allows for
improved display parameters, for example, including con-
stant brightness uniformity and color uniformity across the
panel over time. Since the TFT-to-pixel circuit conversion
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algorithm takes in additional parameters, for example, tem-
perature and ambient light, any changes in the display due to
these additional parameters may be compensated for.

[0098] The TFT-to-Pixel circuit conversion algorithm
module (134 of FIGS. 3, 4, 6, 8 and 9), the compensation
module (144 of FIG. 8, 144A of FIG. 9, the compensation of
non-uniformity algorithm, the constant brightness algorithm,
the decreasing brightness algorithm and the grayscale com-
pression algorithm may be implemented by any hardware,
software or a combination of hardware and software having
the above described functions. The software code, instruc-
tions and/or statements, either in its entirety or a part thereof,
may be stored in a computer readable memory. Further, a
computer data signal representing the software code, instruc-
tions and/or statements, which may be embedded in a carrier
wave may be transmitted via a communication network. Such
a computer readable memory and a computer data signal
and/or its carrier are also within the scope of the present
invention, as well as the hardware, software and the combi-
nation thereof.

[0099] Referring again to FIG. 3, which illustrates the
operation of the light emitting display system 100 by apply-
ing a compensation algorithm to digital data 104. In particu-
lar, FIG. 3 illustrates the operation of a pixel in an active
matrix organic light emitting diode (AMOLED) display. The
display system 100 includes an array of pixels. The video
source 102 includes luminance input data for the pixels. The
luminance data is sent in the form of digital input data 104 to
the digital data processor 106. The digital input data 104 can
be eight-bit data represented as integer values existing
between 0 and 255, with greater integer values corresponding
to higher luminance levels. The digital dataprocessor 106 can
optionally manipulate the digital input data 104 by, for
example, scaling the resolution of the video source 102 to a
native screen resolution, adjusting the color balance, or
applying a gamma correction to the video source 102. The
digital data processor 106 can also apply degradation correc-
tions to the digital input data 104 based on degradation data
136. Following the manipulations, the digital data processor
106 sends the resulting digital data 108 to the data driver
integrated circuit (IC) 110. The data driver IC 110 converts
the digital data 108 into the analog voltage or current output
112. The datadriver IC 110 can be implemented, for example,
as a module including a digital to analog converter. The ana-
log voltage or current 112 is provided to the pixel circuit 114.
The pixel circuit 114 can include an organic light emitting
diode (OLED) and thin film transistors (TFTs). One of the
TFTs in the pixel circuit 114 can be a drive TFT that applies
a drive current to the OLED. The OLED emits visible light
126 responsive to the drive current flowing to the OLED. The
visible light 126 is emitted with a luminance related to the
amount of current flowing to the OLED through the drive
TFT.

[0100] In a configuration where the analog voltage or cur-
rent 112 is a programming voltage, the drive TFT within the
pixel circuit 114 can supply the OLED according to the ana-
log voltage or current 112 by, for example, biasing the gate of
the drive TFT with the programming voltage. The pixel cir-
cuit 114 can also operate where the analog voltage or current
112 isa programming current applied to each pixel rather than
a programming voltage. A display system 100 utilizing pro-
gramming currents can use current mirrors in each pixel
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circuit 114 to apply a drive current to the OLED through the
drive TFT according to the programming current applied to
each pixel.

[0101] The luminance of the emitted visible light 126 is
affected by aspects within the pixel circuit 114 including the
gradual degradation of hardware within the pixel circuit 114.
The drive TFT has a threshold voltage, and the threshold
voltage can change over time due to aging and stressing of the
drive TFT. The luminance of the emitted visible light 126 can
be influenced by the threshold voltage of the drive TFT, the
voltage drop across the OLED, and the efficiency of the
OLED. The efficiency of the OLED is a ratio of the luminance
of the emitted visible light 126 to the drive current flowing
through the OLED. Furthermore, the degradation can gener-
ally be non-uniform across the display system 100 due to, for
example, manufacturing tolerances of the drive TFTs and
OLEDs and differential aging of pixels in the display system
100. Non-uniformities in the display 100 are generally
referred to as display mura or defects. In a display 100 with an
array of OLEDs having uniform light emitting efficiency and
threshold voltages driven by TFTs having uniform gate
threshold voltages, the luminance of the display will be uni-
form when all the pixels in the display are programmed with
the same analog voltage or current 112. However, as the
OLEDs and TFTs in each pixel age and the degradation
characteristics change, the luminance of the display ceases to
be uniform when programmed the same.

[0102] The degradation can be compensated for by increas-
ing the amount of drive current sent through the OLED in the
pixel circuit 114. According to an implementation of the
present disclosure, compensation for the degradation of the
display 100 can be carried out by adjusting the digital data
108 output from the digital data processor 106. The digital
data processor 106 receives the degradation data 136 from the
compensation module 130. The compensation module 130
receives degradation data 132 based on measurements of
parameters within the pixel circuit 114. Alternatively, the
degradation data 132 sent to the compensation module 130
can be based on estimates of expected performance of the
hardware aspects within the pixel circuit 114. The compen-
sation module 130 includes the module 134 for implementing
the algorithm 134, such as the TFT-to-pixel circuit conversion
algorithm. The degradation data 132 can be electrical data
that represents how much a hardware aspect of the pixel
circuit 114 has been degraded. The degradation data 132
measured or estimated from the pixel circuit 114 can repre-
sent one or more characteristics of the pixel circuit 114.
[0103] In a configuration where the analog voltage or cur-
rent 112 is a programming voltage, the programming voltage
is generally determined by the digital input data 104, which is
converted to a voltage in the data driver IC 110. The present
disclosure provides a method of compensating for non-uni-
form characteristics in each pixel circuit 114 that affect the
luminance of the emitted visible light 126 from each pixel.
Compensation is performed by adjusting the digital input data
104 in the digital data processor 106 before the digital data
108 is passed to the data driver IC 110.

[0104] FIG. 13 is a data flow chart showing the compres-
sion and compensation of luminosity input data 304 used to
drive an AMOLED display. The data flow chart shown in FIG.
13 includes a digital data processor block 306 that can be
considered an implementation of the digital data processor
106 shown in FIG. 3. Referring again to FIG. 13, a video
source provides the luminosity input data 304. The input data
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304 is a set of eight-bit integer values. The input data 304
includes integer values that exist between 0 and 255, with the
values representing 256 possible programmable luminosity
values of the pixels in the AMOLED display. For example,
255 can correspond to a pixel programmed with maximum
luminance, and 127 can correspond to a pixel programmed
with roughly half the maximum luminance. The input data
304 is similar to the digital input data 104 shown in FIG. 3.
Referring again to FIG. 13, the input data 304 is sent to the
digital data processor block 304. In the digital data processor
block 304, the input data 304 is multiplied by four (310) in
order to translate the eight-bit input data 304 to ten-bit result-
ing data 312. Following the multiplication by four (310), the
resulting data 312 is a set of ten-bit integers existing between
0 and 1020.

[0105] By translating the eight-bit input data 304 to the
ten-bit resulting data 312, the resulting data 312 can be
manipulated for compensation of luminance degradation
with finer steps than can be applied to the eight-bit input data
304. The ten-bit resulting data 312 can also be more accu-
rately translated to programming voltages according to a
gamma correction. The gamma correction is a non-linear,
power law correction as is appreciated in the art of display
technology. Applying the gamma correction to the input data
can be advantageous, for example, to account for the loga-
rithmic nature of the perception of luminosity in the human
eye. According to an aspect of the present disclosure, multi-
plying the input data 304 by four (310) translates the input
data 304 into a higher quantized domain. While the present
disclosure includes multiplying by four (310), in an imple-
mentation the input data 304 can be multiplied by any number
to translate the input data 310 into a higher quantized domain.
The translation can advantageously utilize multiplication by a
power of two, such as four, but the present disclosure is not so
limited. Additionally, the present disclosure can be imple-
mented without translating the input data 304 to a higher
quantized domain.

[0106] The resulting data 312 is multiplied by a compres-
sion factor, K (314). The compression factor, K, is a number
with a value less than one. Multiplying the resulting data 312
by K (314) allows for scaling the ten-bit resulting data 312
into compressed data 316. The compressed data 316 is a set of
ten-bit integers having values ranging from 0 to the product of
K and 1020. Next, the compressed data 316 is compensated
for degradations in the display hardware (318). The com-
pressed data 316 is compensated by adding additional data
increments to the integers corresponding to the luminance of
each pixel (318). The compensation for degradation is per-
formed according to degradation data 336 that is sent to the
digital data processor block 306. The degradation data 336 is
digital data representing an amount of compensation to be
applied to the compressed data 316 within the digital data
processor block 306 according to degradations in the display
hardware corresponding to each pixel. Following the com-
pensation for degradations (318), compensated data 308 is
output. The compensated data 208 is a set of ten-bit integer
values with possible values between 0 and 1023. The com-
pensated data 308 is similar in some respects to the digital
data 108 output from the digital data processor 106 in FIG. 3.
Referring again to FIG. 13, the compensated data 308 is
supplied to a display driver, such as a display driver incorpo-
rating a digital to analog converter, to create programming
voltages for pixels in the AMOLED display.
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[0107] The degradations in the display hardware can be
from mura defects (non-uniformities), from the OLED volt-
age drop, from the voltage threshold of the drive TFT, and
from changes in the OLED light emitting efficiency. The
degradations in the display hardware each generally corre-
spond to an additional increment of voltage that is applied to
the pixel circuit in order to compensate for the degradations.
For a particular pixel, the increments of additional voltage
necessary to compensate for the hardware degradations can
be referred to as: V..o Yoy Yoreps and Vg ... Bach of
the hardware degradations can be mapped to corresponding
increments in data steps according to a function of V.., V3,
Vorep, V D(V. Vo Voreps V. ). For

example, tgie relgtionship can be given by Efzpres}s)ion 1:
D(\]murm VIh: VOLED> Veﬁciency):int[(anits_ 1) (Vmura+VI71+
VoreptY epciency) Y atax) Where nBits is the number of bits in
the data set being compensated and V,,, is the maximum
programming voltage. In Expression 1, int] | is a function that
evaluates the contents of the brackets and returns the nearest
integer. The degradation data 336 sent to the digital data
processor block 306 can be digital data created according to
the relationship for D(V,,,,.00 Vi1 Vorens ¥ eficioncs) provided
in Expression 1. In an implementation of the present disclo-
sure, the degradation data 336 can be an array of digital data
corresponding to an amount of compensation to be applied to
the compressed data of each pixel in an AMOLED display.
The array of digital data is a set of offset increments that can
be applied to the compressed data by adding the offset incre-
ments to the compressed data of each pixel or by subtracting
the offset increments from the compressed data of each pixel.
The set of offset increments can generally be a set of digital
data with entries corresponding to an amount of compensa-
tion needed to be applied to each pixel in the AMOLED
display. The amount of compensation can be the amount of
increments in data steps needed to compensate for a degra-
dation according to Expression 1. In a configuration, loca-
tions in the array of the degradation data 336 can correspond
to locations of pixels in the AMOLED display.

[0108] For example, Table 1 below provides a numerical
example of the compression of input data according to FIG.
13.Table 1 provides example values for a set of input data 304
following the multiplication by four (310) and the multipli-
cation by K (314). In the example provided in Table 1, K has
avalue of 0.75. InTable 1, the first column provides example
values of integer numbers in the set of input data 304. The
second column provides example values of integer numbers
in the set of resulting data 312 created by multiplying the
corresponding input data values by four (310). The third
column provides example values of numbers in the set of
compressed data 316 created by multiplying the correspond-
ing values of the resulting data 312 by K, where K has an
example value of 0.75. The final column is the output voltage
corresponding to the example compressed data 316 shown in
the third column when no compensation is applied. The final
column is created for an example display system having a
maximum programming voltage of 18 V. In the numerical
example illustrated in Table 1, the programming output volt-
age corresponding to the input data with the maximum input
of two-hundred fifty-five is more than 4.5 V below the maxi-
mum voltage. The 4.5V can be considered the compensation
budget of the display system, and can be referred to as the
voltage headroom, V., 0om- According to an aspect of the
present disclosure, the 4.5V is used to provide compensation
for degradation of pixels in the AMOLED display.
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TABLE 1

Numerical Example of Input Data Compression

Output Voltage
Resulting Data ~ Compressed Data  (without degradation

Input Data (x4) (x0.75) compensation)
255 1020 765 1346V
254 1016 762 1340V
253 1012 759 1335V
2 8 6 010V
1 4 3 0.05V
0 0 0 0.00V

[0109] According to an implementation of the present dis-
closure, the amount of voltage available for providing com-
pensation degradation is V.00, An amount of V,,__,
can be advantageously reserved to compensate for a degra-
dation of a pixel inan AMOLED display with the most severe
luminance degradation. By reserving an amount of V, /. om
to compensate for the most severely degraded pixel, the rela-
tive luminosity of the display can be advantageously main-
tained. The required amount of V,__,__ to compensate for
the pixel in an AMOLED display with a maximum amount of
degradation is given by Expression 2:V, . =max[V,  _+
Vi+V orep+Vegiciency] InExpression 2,V 0.V 13,V o1 £
andV g, can each be an array of values corresponding to
the amount of additional voltage necessary to compensate the
pixels in the display, and the entries in the arrays of values can
correspond to individual pixels in the display. That is, V-
can be an array of voltages required to compensate display
mura or non-uniform defects; V5, can be an array of voltage
thresholds of drive TFTs of pixels in the display; V 5, o, can
be an array of OLED voltages of the pixels in the display; and
V_ficienc, €20 be an array of voltages required to compensate
for OLED efficiency degradations of pixels in the display. In
Expression 2, max[ | is a function evaluating an array of
values in the brackets and returning the maximum value in the
array.

[0110] As can be appreciated with reference to FIG. 13 and
Table 1, the choice of K affects the amount of V,_,/0om
available to compensate for degradations in the display.
Choosing a lower value of K leads to a greater amount of
Vsseadroom- 1N @ configuration of the present disclosure where
the need for compensation increases over time due to aging of
the display, the value of K can be advantageously decreased
over time according to the degradation of the display over
time. Decreasing K enables uniformity compensation across
the display such that pixels receiving the same digital input
data actually emit light with the same luminance, but the
uniformity compensation comes at the cost of overall lumi-
nance reduction for the entire display. FIGS. 14 through 17
provide methods for selecting and adjusting K.

[0111] FIG. 14 is a flowchart illustrating a method for
selecting the compression factor according to display require-
ments and the design of the pixel circuit. In operation of the
method illustrated by the flowchart in FIG. 14, the display
requirements and pixel circuit design of a display are ana-
lyzed to estimate maximum values of V... V.. V or g, and
V ficienc Tor the pixels in the display (405). The estimation
(405) can be carried out based on, for example, empirical data
from experimental results related to the aging of displays
incorporating pixel circuits similar to the pixel circuit in the
display 100. Alternatively, the estimation (405) can be carried
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out based on numerical models or software-based simulation
models of anticipated performances of the pixel circuit in the
display 100. The estimation (405) can also account for an
additional safety margin of headroom voltage to account for
statistically predictable variations amongst the pixel circuits
in the display 100. Responsive to the estimation (405), the
required voltage headroom is calculated (410). The required
voltage headroom, V., 0om 18 calculated according to
Expression 2. Once 'V, is calculated, the compression
factor. K, is calculated (415) according to Expression 3:
K=1-V,_ . ioond Yare Where V,, s a maximum program-
ming voltage for the display 100. The compression factor, K,
is then set (420) for use in the compression and compensation
algorithm, such as the compression algorithm illustrated in
the data flow chart in FIG. 13.

[0112] FIG. 15 is a flowchart illustrating a method for
selecting the compression factor according to a pre-deter-
mined headroom adjustment profile. A headroom adjustment
profile is selected (505). The first block 505 in the flowchart in
FIG. 15 graphically illustrates three possible headroom
adjustment profiles as profile 1, profile 2, and profile 3. The
profiles illustrated are graphs of K versus time. The time axis
canbe, for example, a number of hours of usage of the display
100. In all three profiles K decreases over time. By decreasing
K over time, an additional amount of voltage (V,..zr0om) 18
available for compensation. The example profiles in the first
block 505 include profile 1, which maintains K at a constant
level until a time threshold is reached and K decreases lin-
early with usage time thereafter. Profile 2 is a stair step profile,
which maintains K at a constant level for a time, and then
decreases K to a lower value, when it is maintained until
another time, at which point it is decreased again. Profile 3 is
a linear decrease profile, which provides for K to gradually
decrease linearly with usage time. The profile can be selected
by a user profile setting according to a user’s preferences for
the compensation techniques employed over the life of the
display. For example, a user may want to maintain an overall
maximum luminance for the display for a specific amount of
usage hours before dropping the luminance. Another user
may be fine with gradually dropping the luminance from the
beginning of the display’s lifetime.

[0113] Once an headroom adjustment profile is selected
(505), the display usage time is monitored (510). At a given
usage time, the value of the compression factor, K, is deter-
mined according to the usage time and selected profile (515).
The compression factor, K, is then set (520), and the display
usage time continues to be monitored (510). After K is set
(520), K can be used in the compression and compensation
algorithm, such as the compression algorithm illustrated in
the data flow chart in FIG. 13. According to an aspect of the
present disclosure, the method of setting and adjusting K
shown in FIG. 15 is a dynamic method of setting and adjust-
ing K, because the value of K is updated over time according
to the usage time of the display 100.

[0114] FIG. 16 is a flowchart illustrating a method for
selecting the compression factor according to dynamic mea-
surements of degradation data exceeding a threshold over a
previous compensation. Measurements are taken from
aspects of the pixel circuits of the pixels in the display 100 to
measureV,, ..V, Vorep,andV g ... (605) and compute
V jreadroom 2ccording to Expression 2. The difference between
the value of V... presently computed at time t2 is then
compared to the value of V.00, computed at an earlier
time t1 by computing the difference (610). The difference is
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AV,wirooms ad 1s calculated according to Expression 5:
Avheadmom:(vheadroom)l?_(Vheadroom)tl' In EXpression 55 tl
is the last time used to adjust the compensation factor, K, and
12 is a present time. The subscripts in the right hand side of
Expression 5 indicate a time of evaluation of the quantity in
parentheses.

[0115] The calculated value of AV, . is then com-
pared to a compensation threshold, V,,,,.., (615). If AV,
room exceeds V,,, . K is modified (620). If AV, ,./r00m 15 leSS
than or equal to V..., K is not modified. The value of K can
be modified according to Expression 6: K, =K ,/A-B,
where K, is the new value of K, K _,, is the old value of K,
and A and B are values set for applications and different
technologies. For example, A and B can be set based on
empirical results from experiments examining the character-
istic degradation due to aging of pixel circuits similar to those
used in the display 100 to drive OLEDs in each pixel. Similar
measurements or user inputs can be used to setV ..., as well.
The compression factor, K, is then set (625) for use in the
compression and compensation algorithm, such as the com-
pression algorithm illustrated in the data flow chart in FIG.
13. Degradation measurements continue to be measured
(605), AV, ,..500m continues to be calculated (610), and K is
updated according to Expression 6 whenever AV, 0om
exceeds V.., (620). According to an aspect of the present
disclosure, the method of adjusting K shown in FIG. 16 is a
dynamic method of adjusting K, because the value of K is
updated over time according to degradation measurements
gathered from the pixel circuits within the display 100.

[0116] Alternatively, the compression factor can be modi-
fied (620) according to Expression 3 based on the measured
Vseadroom- According to an aspect of the method provided in
the flowchart shown in FIG. 16, the value of K is maintained
until a threshold event occurs (615), when K is modified
(620). Implementing the method provided in FIG. 16 for
adjusting the compression factor, K, can result in K being
decreased over time according to a stair step profile.

[0117] FIG. 17 is a flowchart illustrating a method for
selecting the compression factor according to dynamic mea-
surements of degradation data exceeding a previously mea-
sured maximum. Measurements are taken from aspects of the
pixel circuits of the pixels in the display 100 to measure
Vs Yo Y orep, a0d V. (605). The measurements of

 ierar Yo ¥ oreps 0 Y g, are refetred to as degrada-
tion measurements. The maximum values of the degradation
measurements are selected (710). The maximum values of the
degradation can be selected according to Expression 2. The
combination of measuring the degradation measurements
(605) and selecting the maximum values (710) provides for
ascertaining the maximum compensation applied to pixels
within the display. The maximum values are compared to
previously measured maximum values of previously mea-
sured degradation measurements (715). If the presently mea-
sured maximum values exceed the previously measured
maximum values, V, ... is calculated according to
Expression 2 (410) based on the present degradation mea-
surements. Next, the compression factor, K, is determined
according to Expression 3 (720). The compression factor is
set (725) and the maximum values are updated for compari-
son with new maximum values (715 ). The compression fac-
tor is set (725) for use in the compression and compensation
algorithm, such as the compression algorithm illustrated in
the data flow chart in FIG. 13. Similar to the method provided
in FIG. 16, the method shown illustrated by the flowchart in

efficiency
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FIG. 17 is a dynamic method of adjusting K based on degra-
dation measurements continually gathered from the pixel
circuits within the display 100.

[0118] The present disclosure can be implemented by com-
bining the above disclosed methods for setting and adjusting
the compression factor, K, in order to create an adequate
amount of voltage headroom that allows for compensation to
be applied to the digital data before it is passed to the data
driver IC. For example, a method of setting and adjusting K
according to FIG. 16 or FIG. 17 can also incorporate a user
selected profile as in FIG. 15.

[0119] In an implementation of the present disclosure, the
methods of selecting and adjusting the compression factor, K,
provided in FIGS. 14 through 17 can be used in conjunction
with the digital data manipulations illustrated in FIG. 13 to
operate a display while maintaining the uniform luminosity
of the display. In a configuration, the above described meth-
ods allow for maintaining the relative luminosity of a display
by compensating for degradations to pixels within the dis-
play. In a configuration, the above described methods allow
for maintaining the luminosity of a pixel ina display array for
a given digital input by compensating for degradations within
the pixel’s pixel circuit.

[0120] FIG. 18 is a flow chart illustrating a method of
periodically adjusting the peak luminance for compensation.
The initial peak luminance set by the display at step 801 is
adjusted based on compensation levels at step 802. After
calculating the compensated value for each pixel to provide
the peak brightness at step 803, the number of pixels whose
values are larger than a threshold voltage is calculated at step
804. If this number is larger a threshold number (threshold_
error), the peak luminance (brightness) is reduced at step 805
until the number is less than threshold_etrror.

[0121] 1. Initial brightness can be set by applications or
an algorithm that controls the power, temperature, or any
other display factors.

[0122] 2. The pixel values can be the data passed to the
display driver, the pixel luminance or the pixel currents.
One can calculate more than one pixel value to compare
with more than one threshold value.

[0123] 3. The threshold values can be set based on dif-
ferent conditions such as the maximum compensated
headroom available and aging acceleration factors. For
example, as the current of the pixel is increased to com-
pensate for the OLED aging, the OLED aging accelet-
ates. Therefore, one can set a threshold value to limit the
aging acceleration. The threshold values can be more
than one and can be different for each sub-pixel.

[0124] 4. The threshold error can be set as the maximum
tolerable number of pixels having the wrong compensa-
tion level. There can be different threshold error values
for different threshold (pixel) values.

[0125] 5. In the case of multiple threshold values, there
canbe a priority list in which the conditions of the values
with higher priority need to be fixed first.

[0126] 6. The compensation factors can include unifor-
mity compensation, aging compensation, temperature
compensation, and other adjustments related to display
performance.

[0127] 7.The adjustment can be made periodically, at an
event (e.g., power on, power off, readjusting the com-
pensation factors, etc.) or at user (application) request.

[0128] FIG. 19 is a flow chart illustrating a method of
periodically adjusting the operating conditions for compen-
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sation. The initial operating conditions (e.g., voltages, cur-
rents, gray levels, etc.) are set at step 901, and the compen-
sation factors for the pixels are calculated at step 902. After
calculating the pixel values for compensated peak brightness
at step 903, the number of pixels whose values are larger than
a threshold value is calculated at step 904. If this number is
larger than a threshold number (threshold error), the operat-
ing conditions are adjusted at step 905 so that the number of
pixels with values larger than the threshold is less than thresh-
old error. Then at step 906 the threshold values are re-adjusted
based on the new voltage levels.

[0129] 1. Initial operating conditions can be set by appli-
cations or an algorithm that controls the power, tempera-
ture, or any other display factors.

[0130] 2. Pixel values can be the data passed to the dis-
play driver, the pixel luminance or the pixel currents.
One can calculate more than one pixel value to compare
with more than one threshold value.

[0131] 3. The threshold values can be set based on dif-
ferent conditions such as the maximum compensated
headroom available.

[0132] 4. The threshold error can be set as the maximum
tolerable pixels with wrong compensation levels. There
can be different threshold errors for different threshold
(pixel) values.

[0133] 5. The compensation factors can include unifor-
mity compensation, aging compensation, temperature
compensation, and other adjustments related to display
performance.

[0134] 6. In case of multiple threshold values, there can
be a priority list in which the conditions of the values
with higher priority need to be fixed first.

[0135] 7. Theadjustment can be made periodically, at an
event (e.g., power on, power off, readjusting the com-
pensation factors, etc.) or at user (application) request.

[0136] A combination of luminance adjustment and dis-
play operating conditions, i.e., a hybrid adjustment, may be
used to meet the threshold error values.

[0137] 1.1Inone case, different threshold values are allo-
cated to different parameters (e.g., some are allocated to
the luminance adjustment and some to the display opera-
tion conditions). For example, the aging acceleration
factor threshold value can be allocated to the luminance
adjustment, and the uniformity value can be allocated to
the display operation condition algorithm. Also, some
threshold values can have priority over others so that the
higher priority values are fixed first.

[0138] 2. In another case, there can be a percentage cor-
rection for each parameter. For example, the maximum
change in the luminance (or the rate of luminance reduc-
tion) can be limited. In this case, if there are some thresh-
old etrors left after adjusting the luminance according
the allowable rate, they are fixed by the operation con-
dition adjustment.

[0139] 3. In ancther case, one can use a mixture of the
two aforementioned cases (some threshold values are
controlled by specific parameters (e.g., aging accelera-
tion is controlled by a luminance adjustment algorithm),
and some threshold values are allocated to both algo-
rithms.

[0140] The present disclosure describes maintaining uni-
form luminosity of an AMOLED display, but the techniques
presented are not so limited. The disclosure is applicable to a
range of systems incorporating arrays of devices having a
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characteristic stimulated responsive to a data input, and
where the characteristic is sought to be maintained uniformly.
For example, the present disclosure applies to sensor arrays,
memory cells, and solid state light emitting diode displays.
The present disclosure provides for modifying the data input
that stimulates the characteristic of interest in order to main-
tain uniformity. While the present disclosure for compressing
and compensating digital luminosity data to maintain a lumi-
nosity of an AMOLED display is described as utilizing TFTs
and OLEDs, the present disclosure applies to a similar appa-
ratus having a display including an array of light emitting
devices.
[0141] While particular embodiments and applications of
the present invention have been illustrated and described, it is
to be understood that the invention is not limited to the precise
construction and compositions disclosed herein and that vari-
ous modifications, changes, and variations can be apparent
from the foregoing descriptions without departing from the
spirit and scope of the invention as defined in the appended
claims.
1-30. (canceled)
31. A display system comptrising:
an array of pixel circuits;
a measurement circuit for measuring data from one of the
pixel circuits;
aTFT-to-Pixel conversion algorithm module manipulating
the measured data with at least one additional input to
calculate luminance degradation; and
a compensation module for compensating for non-unifor-
mity in the display system based on the calculated lumi-
nance degradation.
32. The display system of claim 31, wherein the TFT-to-
Pixel conversion algorithm module allows for improved dis-
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play parameters and wherein the compensation module fur-
ther compensates for changes in the display system due to the
at least one additional input.

33. The display system of claim 31, wherein the at least one
additional input includes a temperature reading, a mechanical
stress reading, an environmental stress reading, and feedback
from a test structure in the display system.

34. The display of claim 31, wherein the TFT-to-Pixel
conversion algorithm module further manipulates the mea-
sured data with one or more empirical parameters.

35. The display of claim 34, wherein the one or more
empirical parameters include brightness loss in an organic
light emitting device (OLED) of the one of the pixel circuits
due to decreasing efficiency (AL), shift in the OLED’s voltage
over time (AVoled), dynamic effects of Vit shift, parameters
related to TFT performance including Vt, AVt, mobility (p),
inter-pixel non-uniformity, DC bias voltages in the one of the
pixel circuits, changing gain of current-mirror based pixel
circuits, short-term and long-term based shifts in pixel circuit
performance, pixel-circuit operating voltage variation due to
IR-drop and ground bounce, or any combination thereof

36. The display of claim 31, wherein the non-uniformity in
the display system includes a brightness non-uniformity or a
color non-uniformity.

37. The display of claim 31, wherein the measured data
includes TFT degradation data, OLED degradation data, or
both.

38. The display system of claim 32, wherein the improved
display parameters include brightness uniformity and color
uniformity.
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