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SYSTEM AND METHODS FOR AGING
COMPENSATION IN AMOLED DISPLAYS

PRIORITY CLAIM

[0001] This application claims priority to Canadian Appli-
cation No. 2,688,870, which was filed Nov. 30, 2009.

COPYRIGHT

[0002] A portion of the disclosure of this patent document
contains material which is subject to copyright protection.
The copyright owner has no objection to the facsimile
reproduction by anyone of the patent disclosure, as it
appears in the Patent and Trademark Office patent files or
records, but otherwise reserves all copyright rights whatso-
ever.

FIELD OF THE INVENTION

[0003] The present invention generally relates to active
matrix organic light emitting device (AMOLED) displays,
and particularly determining aging conditions requiring
compensation for the pixels of such displays.

BACKGROUND

[0004] Currently, active matrix organic light emitting
device (“AMOLED”) displays are being introduced. The
advantages of such displays include lower power consump-
tion, manufacturing flexibility and faster refresh rate over
conventional liquid crystal displays. In contrast to conven-
tional liquid crystal displays, there is no backlighting in an
AMOLED display as each pixel consists of different colored
OLEDs emitting light independently. The OLEDs emit light
based on current supplied through a drive transistor. The
drive transistor is typically a thin film transistor (TFT). The
power consumed in each pixel has a direct relation with the
magnitude of the generated light in that pixel.

[0005] The drive-in current of the drive transistor deter-
mines the pixel’s OLED luminance. Since the pixel circuits
are voltage programmable, the spatial-temporal thermal
profile of the display surface changing the voltage-current
characteristic of the drive transistor impacts the quality of
the display. The rate of the short-time aging of the thin film
transistor devices is also temperature dependent. Further the
output of the pixel is affected by long term aging of the drive
transistor. Proper corrections can be applied to the video
stream in order to compensate for the unwanted thermal-
driven visual effects. Long term aging of the drive transistor
may be properly determined via calibrating the pixel against
stored data of the pixel to determine the aging effects.
Accurate aging data is therefore necessary throughout the
lifetime of the display device.

[0006] Currently, displays having pixels are tested prior to
shipping by powering all the pixels at full brightness. The
array of pixels is then optically inspected to determine
whether all of the pixels are functioning. However, optical
inspection fails to detect electrical faults that may not
manifest themselves in the output of the pixel. The baseline
data for pixels is based on design parameters and charac-
teristics of the pixels determined prior to leaving the factory
but this does not account for the actual physical character-
istics of the pixels in themselves.

[0007] Various compensation systems use a normal driv-
ing scheme where a video frame is always shown on the
panel and the OLED and TFT circuitries are constantly
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under electrical stress. Moreover, pixel calibration (data
replacement and measurement) of each sub-pixel occurs
during each video frame by changing the grayscale value of
the active sub-pixel to a desired value. This causes a visual
artifact of seeing the measured sub-pixel during the calibra-
tion. It may also worsen the aging of the measured sub-pixel,
since the modified grayscale level is kept on the sub-pixel
for the duration of the entire frame.

[0008] Therefore, there is a need for techniques to provide
accurate measurement of the display temporal and spatial
information and ways of applying this information to
improve display uniformity in an AMOLED display. There
is also a need to determine baseline measurements of pixel
characteristics accurately for aging compensation purposes.

SUMMARY

[0009] Aspects of the present disclosure include a voltage-
programmed display panel allowing measurement of effects
on pixels in the panel. The panel includes a plurality of
active pixels forming the display panel to display an image
under an operating condition. The active pixels are each
coupled to a supply line and a programming line. A reference
pixel is coupled to the supply line and the programming line.
The reference pixel has a controlled condition independent
of the operating condition of the active pixels. A controller
is coupled to each of the plurality of active pixels and
reference pixel. The controller causes a test voltage to be
applied to the plurality of active pixels and the reference
pixel. The controller compares an output of the reference
pixel in comparison with the output of one of the plurality
of active pixels.

[0010] Another example is a method of determining a
baseline value for aging effects of a transistor based display
including a plurality of light emitting device pixels. Each of
the pixels has a programming voltage input to determine
brightness. A set programming voltage is input to a device
under test of the display. An output current is generated
based on the set programming voltage input. A first reference
current and a variable second reference current is compared
with the output current via a current comparator until the
first reference current and the combination of the second
reference current and the output current is the same. The
output current value based on the value of the second
reference current is determined when the combination of the
second reference current and the output current is the same
as the first reference current.

[0011] Another example is a method for determining data
for production of a display device having a plurality of
pixels. A test signal is applied to each of the plurality of
pixels. Voltage and current characteristics are measured for
each of the pixels. It is determined whether anomalies exist
for each of the pixels. Anomaly data is read from the pixels
with anomalies. The anomaly data from the pixels demon-
strating anomalies is stored.

[0012] Another example is a display system including an
array of pixels to display images. A memory includes
characteristic data. A profile generator is coupled to the
memory to generate a plurality of luminance profiles based
on the characteristic data. A controller is coupled to the
profile generator and the array of pixels to change the
luminance of the array of pixels according to a selected one
of the plurality of luminance profiles.

[0013] The foregoing and additional aspects and embodi-
ments of the present invention will be apparent to those of
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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

[0014] The foregoing and other advantages of the inven-
tion will become apparent upon reading the following
detailed description and upon reference to the drawings.
[0015] FIG. 1 is a block diagram of a AMOLED display
with reference pixels to correct data for parameter compen-
sation control;

[0016] FIG.2A s ablock diagram of a driver circuit of one
of the pixels of the AMOLED that may be tested for aging
parameters;,

[0017] FIG. 2B is a circuit diagram of a driver circuit of
one of the pixels of the AMOLED;

[0018] FIG. 3 is a block diagram for a system to determine
one of the baseline aging parameters for a device under test;
[0019] FIG. 4A is a block diagram of the current com-
parator in FIG. 3 for comparison of a reference current level
to the device under test for use in aging compensation;
[0020] FIG. 4B is a detailed circuit diagram of the current
comparator in FIG. 4A;

[0021] FIG. 4C is a detailed block diagram of the device
under test in FIG. 3 coupled to the current comparator in
FIG. 4A;

[0022] FIG. 5A is a signal timing diagram of the signals
for the current comparator in FIGS. 3-4 in the process of
determining the current output of a device under test;
[0023] FIG. 5B is a signal timing diagram of the signals
for calibrating the bias current for the current comparator in
FIGS. 3-4;

[0024] FIG. 6 is a block diagram of a reference current
system to compensate for the aging of the AMOLED display
i FIG. 1,

[0025] FIG. 7 is a block diagram of a system for the use
of multiple luminance profiles for adjustment of a display in
different circumstances;

[0026] FIG. 8 are frame diagrams of video frames for
calibration of pixels in a display; and

[0027] FIG. 9 is a graph showing the use of a small current
applied to a reference pixel for more accurate aging com-
pensation.

[0028] 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 not intended to be limited to the
particular forms disclosed. Rather, the invention is to cover
all modifications, equivalents, and alternatives falling within
the spirit and scope of the invention as defined by the
appended claims.

DETAILED DESCRIPTION

[0029] FIG. 1 is an electronic display system 100 having
an active matrix area or pixel array 102 in which an array of
active pixels 104a-d are arranged in a row and column
configuration. For ease of illustration, only two rows and
columns are shown. External to the active matrix area which
is the pixel array 102 is a peripheral area 106 where
peripheral circuitry for driving and controlling the area of
the pixel array 102 are disposed. The peripheral circuitry
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includes a gate or address driver circuit 108, a source or data
driver circuit 110, a controller 112, and an optional supply
voltage (e.g., Vdd) driver 114. The controller 112 controls
the gate, source, and supply voltage drivers 108, 110, 114.
The gate driver 108, under control of the controller 112,
operates on address or select lines SEL[i], SEL[i+1], and so
forth, one for each row of pixels 104 in the pixel array 102.
In pixel sharing configurations described below, the gate or
address driver circuit 108 can also optionally operate on
global select lines GSEL[j] and optionally /GSEL][j], which
operate on multiple rows of pixels 104a-d in the pixel array
102, such as every two rows of pixels 104a-d. The source
driver circuit 110, under control of the controller 112,
operates on voltage data lines Vdata[k], Vdata[k+1], and so
forth, one for each column of pixels 104a-d in the pixel array
102. The voltage data lines carry voltage programming
information to each pixel 104 indicative of brightness of
each light emitting device in the pixel 104. A storage
element, such as a capacitor, in each pixel 104 stores the
voltage programming information until an emission or driv-
ing cycle turns on the light emitting device. The optional
supply voltage driver 114, under control of the controller
112, controls a supply voltage (EL,_Vdd) line, one for each
row of pixels 104a-d in the pixel array 102.

[0030] The display system 100 may also include a current
source circuit, which supplies a fixed current on current bias
lines. In some configurations, a reference current can be
supplied to the current source circuit. In such configurations,
a current source control controls the timing of the applica-
tion of a bias current on the current bias lines. In configu-
rations in which the reference current is not supplied to the
current source circuit, a current source address driver con-
trols the timing of the application of a bias current on the
current bias lines.

[0031] As is known, each pixel 104a-d in the display
system 100 needs to be programmed with information
indicating the brightness of the light emitting device in the
pixel 104a-d. A frame defines the time period that includes
a programming cycle or phase during which each and every
pixel in the display system 100 is programmed with a
programming voltage indicative of a brightness and a driv-
ing or emission cycle or phase during which each light
emitting device in each pixel is turned on to emit light at a
brightness commensurate with the programming voltage
stored in a storage element. A frame is thus one of many still
images that compose a complete moving picture displayed
on the display system 100. There are at least two schemes for
programming and driving the pixels: row-by-row, or frame-
by-frame. In row-by-row programming, a row of pixels is
programmed and then driven before the next row of pixels
is programmed and driven. In frame-by-frame program-
ming, all rows of pixels in the display system 100 are
programmed first, and all of the frames are driven row-by-
row. Either scheme can employ a brief vertical blanking time
at the beginning or end of each frame during which the
pixels are neither programmed nor driven.

[0032] The components located outside of the pixel array
102 may be disposed in a peripheral areca 106 around the
pixel array 102 on the same physical substrate on which the
pixel array 102 is disposed. These components include the
gate driver 108, the source driver 110 and the optional
supply voltage control 114. Alternately, some of the com-
ponents in the peripheral area can be disposed on the same
substrate as the pixel array 102 while other components are
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disposed on a different substrate, or all of the components in
the peripheral area can be disposed on a substrate different
from the substrate on which the pixel array 102 is disposed.
Together, the gate driver 108, the source driver 110, and the
supply voltage control 114 make up a display driver circuit.
The display driver circuit in some configurations may
include the gate driver 108 and the source driver 110 but not
the supply voltage control 114.

[0033] The display system 100 further includes a current
supply and readout circuit 120, which reads output data from
data output lines, VD [k], VD [k+1], and so forth, one for
each column of pixels 104q, 104¢ in the pixel array 102. A
set of column reference pixels 130 is fabricated on the edge
of the pixel array 102 at the end of each column such as the
column of pixels 104a and 104¢. The column reference
pixels 130 also may receive input signals from the controller
112 and output data signals to the current supply and readout
circuit 120. The column reference pixels 130 include the
drive transistor and an OLED but are not part of the pixel
array 102 that displays images. As will be explained below,
the column reference pixels 130 are not driven for most of
the programming cycle because they are not part of the pixel
array 102 to display images and therefore do not age from
the constant application of programming voltages as com-
pared to the pixels 104a and 104c¢. Although only one
column reference pixel 130 is shown in FIG. 1, it is to be
understood that there may be any number of column refer-
ence pixels although two to five such reference pixels may
be used for each column of pixels in this example. Each row
of pixels in the array 102 also includes row reference pixels
132 at the ends of each row of pixels 104a-d such as the
pixels 104a and 1045. The row reference pixels 132 include
the drive transistor and an OLED but are not part of the pixel
array 102 that displays images. As will be explained the row
reference pixels 132 have the function of providing a
reference check for luminance curves for the pixels which
were determined at the time of production.

[0034] FIG. 2A shows a block diagram of a driver circuit
200 for the pixel 104 in FIG. 1. The driver circuit 200
includes a drive device 202, an organic light emitting device
(“OLED”) 204, a storage element 206, and a switching
device 208. A voltage source 212 is coupled to the drive
transistor 206. A select line 214 is coupled to the switching
device to activate the driver circuit 200. A data line 216
allows a programming voltage to be applied to the drive
device 202. A monitoring line 218 allows outputs of the
OLED 204 and or the drive device 202 to be monitored.
Alternatively, the monitor line 218 and the data line 216 may
be merged into one line (i.e. Data/Mon) to carry out both the
programming and monitoring functions through that single
line.

[0035] FIG. 2B shows one example of a circuit to imple-
ment the driver circuit 200 in FIG. 2A. As shown in FIG. 2B,
the drive device 202 is a drive transistor which is a thin film
transistor in this example that is fabricated from amorphous
silicon. The storage element 206 is a capacitor in this
example. The switching device 208 includes a select tran-
sistor 226 and a monitoring transistor 230 that switch the
different signals to the drive circuit 200. The select line 214
is coupled to the select transistor 226 and the monitoring
transistor 230. During the readout time, the select line 214
is pulled high. A programming voltage may be applied via
the programming voltage input line 216. A monitoring
voltage may be read from the monitoring line 218 that is
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coupled to the monitoring transistor 230. The signal to the
select line 214 may be sent in parallel with the pixel
programming cycle. As will be explained below, the driver
circuit 200 may be periodically tested by applying reference
voltage to the gate of the drive transistor.

[0036] There are several techniques for extracting electri-
cal characteristics data from a device under test (DUT) such
as the display system 100. The device under test (DUT) can
be any material (or device) including (but not limited to) a
light emitting diode (LED), or OLED. This measurement
may be effective in determining the aging (and/or unifor-
mity) of an OLED in a panel composed of an array of pixels
such as the array 102 in FIG. 1. This extracted data can be
stored in lookup tables as raw or processed data in memory
in the controller 112 in FIG. 1. The lookup tables may be
used to compensate for any shift in the electrical parameters
of the backplane (e.g., threshold voltage shift) or OLED
(e.g., shift in the OLED operating voltage). Despite using an
OLED display in FIG. 1 in these examples, the techniques
described herein may be applied to any display technology
including but not limited to OLED, liquid crystal displays
(LCD), light emitting diode displays, or plasma displays. In
the case of OLED, the electrical information measured may
provide an indication of any aging that may have occurred.
[0037] Current may be applied to the device under test and
the output voltage may be measured. In this example, the
voltage is measured with an analog to digital converter
(ADC). A higher programming voltage is necessary for a
device such as an OLED that ages as compared to the
programming voltage for a new OLED for the same output.
This method gives a direct measurement of that voltage
change for the device under test. Current flow can be in any
direction but the current is generally fed into the device
under test (DUT) for illustration purposes.

[0038] FIG. 3 is a block diagram of a comparison system
300 that may be used to determine a baseline value for a
device under test 302 to determine the effects of aging on the
device under test 302. The comparison system uses two
reference currents to determine the baseline current output
of the device under test 302. The device under test 302 may
be either the drive transistor such as the drive transistor 202
in FIG. 2B or an OLED such as the OLED 204 in FIG. 2B.
Of course other types of display devices may also be tested
using the system shown in FIG. 3. The device under test 302
has a programming voltage input 304 that is held at a
constant level to output a current. A current comparator 306
has a first reference current input 308 and a second reference
current input 310. The reference current input 308 is coupled
to a first reference current source 312 via a switch 314. The
second current input 310 of the comparator 306 is coupled
to a second reference current source 316 via a switch 318.
An output 320 of the device under test 302 is also coupled
to the second current input 310. The current comparator 306
includes a comparison output 322.

[0039] By keeping the voltage to the input 304 constant,
the output current of the device under test 302 is also
constant. This current depends on the characteristics of the
device under test 302. A constant current is established for
the first reference current from the first reference current
source 312 and via the switch 314 the first reference current
is applied to the first input 308 of the current comparator
306. The second reference current is adjusted to different
levels with each level being connected via the switch 318 to
the second input 310 of the comparator 306. The second
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reference current is combined with the output current of the
device under test 302. Since the first and second reference
current levels are known, the difference between the two
reference current levels from the output 322 of the current
comparator 306 is the current level of the device under test
302. The resulting output current is stored for the device
under test 302 and compared with the current measured
based on the same programming voltage level periodically
during the lifetime operation of the device under test 302 to
determine the effects of aging.

[0040] The resulting determined device current may be
stored in look up tables for each device in the display. As the
device under test 302 ages, the current will change from the
expected level and therefore the programming voltage may
be changed to compensate for the effects of aging based on
the base line current determined through the calibration
process in FIG. 3.

[0041] FIG. 4Ais a block diagram of a current comparator
circuit 400 that may be used to compare reference currents
with a device under test 302 such as in FIG. 3. The current
comparator circuit 400 has a control junction 402 that allows
various current inputs such as two reference currents and the
current of the device under test such as the pixel driver
circuit 200 in FIG. 1. The current may be a positive current
when the current of the drive transistor 202 is compared or
negative when the current of the OLED 204 is compared.
The current comparator circuit 400 also includes an opera-
tional trans-resistance amplifier circuit 404, a preamplifier
406 and a voltage comparator circuit 408 that produces a
voltage output 410. The combined currents are input to the
operational trans-resistance amplifier circuit 404 and con-
verted to a voltage. The voltage is fed to the preamplifier and
the voltage comparator circuit 408 determines whether the
difference in currents is positive or negative and outputs a
respective one or a zero value.

[0042] FIG. 4B is a circuit diagram of the components of
the example current comparator system 400 in FIG. 4A that
may be used to compare the currents as described in the
process in FIG. 3 for a device under test such as the device
302. The operational trans-resistance amplifier circuit 404
includes an operational amplifier 412, a first voltage input
414 (CMP_VB), a second voltage input 416 (CMP_VB), a
current input 418, and a bias current source 420. The
operational trans-resistance amplifier circuit 404 also
includes two calibration switches 424 and 426. As will be
explained below, various currents such as the current of the
device under test 302, a variable first reference current and
a fixed second reference current as shown in FIG. 3 are
coupled to the current input 418 in this example. Of course,
the fixed second reference current may be set to zero if
desired.

[0043] The first reference current input is coupled to the
negative input of the operational amplifier 412. The negative
input of the operational amplifier 412 is therefore coupled to
the output current of the device under test 302 in FIG. 3 as
well as one or two reference currents. The positive input of
the operational amplifier 412 is coupled to the first voltage
input 414. The output of the operational amplifier 412 is
coupled to the gate of a transistor 432. A resistor 434 is
coupled between the negative input of the operational ampli-
fier 412 and the source of the transistor 432. A resistor 436
is coupled between the source of the transistor 432 and the
second voltage input 416.
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[0044] The drain of the transistor 432 is coupled directly
to the drain of a transistor 446 and via the calibration switch
426 to the gate. A sampling capacitor 444 is coupled
between the gate of the transistor 446 and a voltage supply
rail 411 through a switch 424. The source of the 446 is also
coupled to the supply rail 411. The drain and gate of the
transistor 446 are coupled to the gate terminals of transistors
440 and 442, respectively. The sources of the transistors 440
and 442 are tied together and coupled to a bias current
source 438. The drains of the transistors 442 and 440 are
coupled to respective transistors 448 and 450 which are
wired in diode-connected configuration to the supply voltage
rail 411. As shown in FIG. 4B, the transistors 440, 442, 448
and 450 and the bias current source 438 are parts of the
preamplifier 406

[0045] The drains of the transistors 442 and 440 are
coupled to the gates of the respective transistors 452 and
454. The drains of the transistors 452 and 454 are coupled
to the transistors 456 and 458. The drains of the transistors
456 and 458 are coupled to the respective sources of the
transistors 460 and 462. The drain and gate terminals of the
transistors 460 and 462 are coupled to the respective drain
and gate terminals of the transistors 464 and 466. The source
terminals of the transistors 464 and 466 are coupled to the
supply voltage rail 411. The sources and drains of the
transistors 464 and 466 are tied to the respective sources and
drains of transistors 468 and 470. The gates of the transistors
456 and 458 are tied to an enable input 472. The enable input
472 is also tied to the gates of dual transistors 468 and 470.
[0046] A buffer circuit 474 is coupled to the drain of the
transistor 462 and the gate of the transistor 460. The output
voltage 410 is coupled to a buffer circuit 476 which is
coupled to the drain of the transistor 460 and the gate of the
transistor 462. The buffer circuit 474 is used to balance the
buffer 476. The transistors 452, 454, 456, 458, 460, 462,
464, 466, 468 and 470 and the buffer circuits 474 and 476
make up the voltage comparator circuit 408.

[0047] The current comparator system 400 may be based
on any integrated circuit technology including but not lim-
ited to CMOS semiconductor fabrication. The components
of the current comparator system 400 are CMOS devices in
this example. The values for the input voltages 414 and 416
are determined for a given reference current level from the
first current input 418 (I,.). In this example, the voltage
levels for both the input voltages 414 and 416 are the same.
The voltage inputs 414 and 416 to the operational amplifier
412 may be controlled using a digital to analog converter
(DAC) device which is not shown in FIG. 4. Level shifters
can also be added if the voltage ranges of the DACs are
insufficient. The bias current may originate from a voltage
controlled current source such as a transimpedance amplifier
circuit or a transistor such as a thin film transistor.

[0048] FIG. 4C shows a detailed block diagram of one
example of a test system such as the system 300 shown in
FIG. 3. The test system in FIG. 4C is coupled to a device
under test 302 which may be a pixel driver circuit such as the
pixel driver circuit 200 shown in FIG. 2. In this example, all
of the driver circuits for a panel display are tested. A gate
driver circuit 480 is coupled to the select lines of all of the
driver circuits. The gate driver circuit 480 includes an enable
input, which in this example enables the device under test
302 when the signal on the input is low.

[0049] The device under test 302 receives a data signal
from a source driver circuit 484. The source circuit 484 may
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be a source driver such as the source driver 120 in FIG. 1.
The data signal is a programming voltage of a predetermined
value. The device under test 302 outputs a current on a
monitoring line when the gate driver circuit 480 enables the
device. The output of the monitoring line from the device
under test 302 is coupled to an analog multiplexer circuit
482 that allows multiple devices to be tested. In this
example, the analog multiplexer circuit 482 allows multi-
plexing of 210 inputs, but of course any number of inputs
may be multiplexed.

[0050] The signal output from the device under test 302 is
coupled to the reference current input 418 of the operational
trans-resistance amplifier circuit 404. In this example a
variable reference current source is coupled to the current
input 418 as described in FIG. 3. In this example, there is no
fixed reference current such as the first reference current
source in FIG. 3. The value of first reference current source
in FIG. 3 in this example is therefore considered to be zero.
[0051] FIG. 5A is a timing diagram of the signals for the
current comparator shown in FIGS. 4A-4C. The timing
diagram in FIG. 5A shows a gate enable signal 502 to the
gate driver 480 in FIG. 4C, a CSE enable signal 504 that is
coupled to the analog multiplexer 482, a current reference
signal 506 that is produced by a variable reference current
source that is set at a predetermined level for each iteration
of the test process and coupled to the current input 418, a
calibration signal 508 that controls the calibration switch
426, a calibration signal 510 that controls the calibration
switch 424, a comparator enable signal 512 that is coupled
to the enable input 472, and the output voltage 514 over the
output 410. The CSE enable signal 504 is kept high to ensure
that any leakage on the monitoring line of the device under
test 302 is eliminated in the final current comparison.
[0052] In a first phase 520, the gate enable signal 502 is
pulled high and therefore the output of the device under test
302 in FIG. 4C is zero. The only currents that are input to
the current comparator 400 are therefore leakage currents
from the monitoring line of the device under test 302. The
output of the reference current 506 is also set to zero such
that the optimum quiescent condition of the transistors 432
and 436 in FIGS. 4B and 4C is minimally affected only by
line leakage or the offset of the readout circuitry. The
calibration signal 508 is set high causing the calibration
switch 426 to close. The calibration signal 510 is set high to
cause the calibration switch 424 to close. The comparator
enable signal 512 1s set low and therefore the output from the
voltage comparator circuit 408 is reset to a logical one. The
leakage current is therefore input to the current input 418
and a voltage representing the leakage current of the moni-
toring line on the panel is stored on the capacitor 444.
[0053] In a second phase 522, the gate enable signal 502
is pulled low and therefore the output of the device under
test 302 produces an unknown current at a set programming
voltage input from the source circuit 484. The current from
the device under test 302 is input through the current input
418 along with the reference current 506 which is set at a
first predetermined value and opposite the direction of the
current of the device under test. The current input 418
therefore is the difference between the reference current 506
and the current from the device under test 302. The calibra-
tion signal 510 is momentarily set low to open the switch
424. The calibration signal 508 is then set low and therefore
the switch 426 is opened. The calibration signal 510 to the
switch 424 is then set high to close the switch 424 to
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stabilize the voltage on the gate terminal of the transistor
446. The comparator enable signal 512 remains low and
therefore there is no output from the voltage comparator
circuit 408.

[0054] In a third phase 524, the comparator enable signal
512 is pulled high and the voltage comparator 408 produces
an output on the voltage output 410. In this example, a
positive voltage output logical one for the output voltage
signal 514 indicates a positive current therefore showing that
the current of the device under test 302 is greater than the
predetermined reference current. A zero voltage on the
voltage output 410 indicates a negative current showing that
the current of the device under test 302 is less than the
predetermined level of the reference current. In this manner,
any difference between the current of the device under test
and the reference current is amplified and detected by the
current comparator circuit 400. The value of the reference
current is then shifted based on the result to a second
predetermined level and the phases 520, 522 and 524 are
repeated. Adjusting the reference current allows the com-
parator circuit 400 to be used by the test system to determine
the current output by the device under test 302.

[0055] FIG. 5B is a timing diagram of the signals applied
to the test system shown in FIG. 4C in order to determine an
optimal bias current value for the bias current source 420 in
FIG. 4B for the operational trans-resistance amplifier circuit
404. In order to achieve the maximum signal-to-noise ratio
(SNR) for the current comparator circuit 400 it is essential
to calibrate the current comparator. The calibration is
achieved by means of fine tuning of the bias current source
420. The optimum bias current level for the bias current
source 420 minimizes the noise power during the measure-
ment of a pixel which is also a function of the line leakage.
Accordingly, it is required to capture the line leakage during
the calibration of the current comparator.

[0056] The timing diagram in FIG. 5B shows a gate enable
signal 552 to the gate driver 480 in FIG. 4C, a CSE enable
signal 554 that is coupled to the analog multiplexer 482, a
current reference signal 556 that is produced by a variable
reference current source that is set at a predetermined level
for each iteration of the calibration process and coupled to
the current input 418, a calibration signal 558 that controls
the calibration switch 426, a comparator enable signal 560
that is coupled to the enable input 472, and the output
voltage 562 over the output 410.

[0057] The CSE enable signal 554 is kept high to ensure
that any leakage on the line is included in the calibration
process. The gate enable signal 552 is also kept high in order
to prevent the device under test 302 from outputting current
from any data inputs. In a first phase 570, the calibration
signal 556 is pulled high thereby closing the calibration
switch 426. Another calibration signal is pulled high to close
the calibration switch 424. The comparator enable signal
558 is pulled low in order to reset the voltage output from
the voltage comparator circuit 408. Any leakage current
from the monitoring line of the device under test 302 is
converted to a voltage which is stored on the capacitor 444.

[0058] A second phase 572 occurs when the calibration
signal to the switch 424 is pulled low and then the calibra-
tion signal 556 is pulled low thereby opening the switch 426.
The signal to the switch 424 is then pulled high closing the
switch 424. A small current is output from the reference
current source to the current input 418. The small current
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value is a minimum value corresponding to the minimum
detectable signal (MDS) range of the current comparator
400.

[0059] A third phase 574 occurs when the comparator
enable signal 560 is pulled high thereby allowing the voltage
comparator circuit 408 to read the inputs. The output of the
voltage comparator circuit 408 on the output 410 should be
positive indicating a positive current comparison with the
leakage current.

[0060] A fourth phase 576 occurs when the calibration
signal 556 is pulled high again thereby closing the calibra-
tion switch 426. The comparator enable signal 558 1s pulled
low in order to reset the voltage output from the voltage
comparator circuit 408. Any leakage current from the moni-
toring line of the device under test 302 is converted to a
voltage which is stored on the capacitor 444.

[0061] A fifth phase 578 occurs when the calibration
signal to the switch 424 is pulled low and then the calibra-
tion signal 556 is pulled low thereby opening the switch 426.
The signal to the switch 424 is then pulled high closing the
switch 424. A small current is output from the reference
current source to the current input 418. The small current
value is a minimum value corresponding to the minimum
detectable signal (MDS) range of the current comparator
400 but is a negative current as opposed to the positive
current in the second phase 572.

[0062] A sixth phase 580 occurs when the comparator
enable signal 560 is pulled high thereby allowing the voltage
comparator circuit 408 to read the inputs. The output of the
voltage comparator circuit 408 on the output 410 should be
zero indicating a negative current comparison with the
leakage current.

[0063] The phases 570, 572, 574, 576, 578 and 580 are
repeated. By adjusting the value of the bias current, even-
tually the rate of the valid output voltage toggles between a
one and a zero will maximize indicating an optimal bias
current value.

[0064] FIG. 6 is a block diagram of the compensation
components of the controller 112 of the display system 100
in FIG. 1. The compensation components include an aging
extraction unit 600, a backplane aging/matching module
602, a color/share gamma correction module 604, an OLED
aging memory 606, and a compensation module 608. The
backplane with the electronic components for driving the
display system 100 may be any technology including (but
not limited to) amorphous silicon, poly silicon, crystalline
silicon, organic semiconductors, oxide semiconductors.
Also, the display system 100 may be any display material (or
device) including (but not limited to) LEDs, or OLEDs.
[0065] The aging extraction unit 600 is coupled to receive
output data from the array 102 based on inputs to the pixels
of the array and corresponding outputs for testing the effects
of aging on the array 102. The aging extraction unit 600 uses
the output of the column reference pixels 130 as a baseline
for comparison with the output of the active pixels 104a-d
in order to determine the aging effects on each of the pixels
104a-d on each of the columns that include the respective
column reference pixels 130. Alternatively, the average
value of the pixels in the column may be calculated and
compared to the value of the reference pixel. The color/share
gamma correction module 604 also takes data from the
column reference pixels 130 to determine appropriate color
corrections to compensate from aging effects on the pixels.
The baseline to compare the measurements for the compari-
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son may be stored in lookup tables on the memory 606. The
backplane aging/matching module 602 calculates adjust-
ments for the components of the backplane and electronics
of the display. The compensation module 608 is provided
inputs from the extraction unit 600 the backplane/matching
module 602 and the color/share gamma correction module
604 in order to modify programming voltages to the pixels
104a-d in FIG. 1 to compensate for aging effects. The
compensation module 608 accesses the look up table for the
base data for each of the pixels 104a-d on the array 102 to
be used in conjunction with calibration data. The compen-
sation module 608 modifies the programming voltages to the
pixels 104a-d accordingly based on the values in the look up
table and the data obtained from the pixels in the display
array 102.

[0066] The controller 112 in FIG. 2 measures the data
from the pixels 104¢-d in the display array 102 in FIG. 1 to
correctly normalize the data collected during measurement.
The column reference pixels 130 assist in these functions for
the pixels on each of the columns. The column reference
pixels 130 may be located outside the active viewing area
represented by the pixels 104a-4 in FIG. 1, but such refer-
ence pixels may also be embedded within the active viewing
areas. The column reference pixels 130 are preserved with a
controlled condition such as being un-aged, or aged in a
predetermined fashion, to provide offset and cancellation
information for measurement data of the pixels 104a-d in the
display array 102. This information helps the controller 112
cancel out common mode noise from external sources such
as room temperature, or within the system itself such as
leakage currents from other pixels 104a-d. Using a weighted
average from several pixels on the array 102 may also
provide information on panel-wide characteristics to address
problems such as voltage drops due to the resistance across
the panel, 1.e. current/resistance (IR) drop. Information from
the column reference pixels 130 being stressed by a known
and controlled source may be used in a compensation
algorithm run by the compensation module 608 to reduce
compensation errors occurring from any divergence. Various
column reference pixels 130 may be selected using the data
collected from the initial baseline measurement of the panel.
Bad reference pixels are identified, and alternate reference
pixels 130 may be chosen to insure further reliability. Of
course it is to be understood that the row reference pixels
132 may be used instead of the column reference pixels 130
and the row may be used instead of columns for the
calibration and measurement.

[0067] There are various compensation methods that may
make use of the column reference pixels 130 in FIG. 1. For
example in thin film transistor measurement, the data value
required for the column reference pixel 130 to output a
current is subtracted from the data value of a pixel 104a-d
in the same column of pixels in the active area (the pixel
array 102) to output the same current. The measurement of
both the column reference pixels 130 and pixels 104a-d may
oceur very close in time, e.g. during the same video frame.
Any difference in current indicates the effects of aging on the
pixels 104a-d. The resulting value may be used by the
controller 112 to calculate the appropriate adjustment to
programming voltage to the pixels 104a-d to maintain the
same luminance during the lifetime of the display. Another
use of a column reference pixel 130 is to provide a reference
current for the other pixels 104 to serve as a baseline and
determine the aging effects on the current output of those
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pixels. The reference pixels 130 may simplify the data
manipulation since some of the common mode noise can-
cellation is inherent in the measurement because the refer-
ence pixels 130 have common data and supply lines as the
active pixels 104. The row reference pixels 132 may be
measured periodically for the purpose of verifying that
luminance curves for the pixels that are stored for use of the
controller for compensation during display production are
correct.

[0068] A measurement of the drive transistors and OLEDs
of all of the driver circuits such as the driver circuit 200 in
FIG. 2 on a display before shipping the display take 60-120
seconds for a 1080p display, and will detect any shorted and
open drive transistors and OLEDs (which result in stuck or
unlit pixels). It will also detect non-uniformities in drive
transistor or OLED performance (which result in luminance
non-uniformities). This technique may replace optical
inspection by a digital camera, removing the need for this
expensive component in the production facility. AMOLEDs
that use color filters cannot be fully inspected electrically,
since color filters are a purely optical component. In this
case, technology that compensates for aging such as Max-
Life™ from Ignis may be useful in combination with an
optical inspection step, by providing extra diagnostic infor-
mation and potentially reducing the complexity of optical
inspection.

[0069] These measurements provide more data than an
optical inspection may provide. Knowing whether a point
defect is due to a short or open driver transistor or a short or
open OLED may help to identify the root cause or flaw in the
production process. For example, the most common cause
for a short circuit OLED is particulate contamination that
lands on the glass during processing, shorting the anode and
cathode of the OLED. An increase in OLED short circuits
could indicate that the production line should be shut down
for chamber cleaning, or searches could be initiated for new
sources of particles (changes in processes, or equipment, or
personnel, or materials).

[0070] A relaxation system for compensating for aging
effects such as the MaxLife™ system may correct for
process non-uniformities, which increases yield of the dis-
play. However the measured current and voltage relation-
ships or characteristics in the TFT or OLED are useful for
diagnostics as well. For example, the shape of an OLED
current-voltage characteristic may reveal increased resis-
tance. A likely cause might be variations in the contact
resistance between the transistor source/drain metal and the
ITO (in a bottom emission AMOLED). If OLEDs in a corner
of a display showed a different current-voltage characteris-
tic, a likely cause could be mask misalignment in the
fabrication process.

[0071] A streak or circular area on the display with dif-
ferent OLED current-voltage characteristics could be due to
defects in the manifolds used to disperse the organic vapor
in the fabrication process. In one possible scenario, a small
particle of OLED material may flake from an overhead
shield and land on the manifold, partially obstructing the
orifice. The measurement data would show the differing
OLED current-voltage characteristics in a specific pattern
which would help to quickly diagnose the issue. Due to the
accuracy of the measurements (for example, the 4.8 inch
display measures current with a resolution of 100 nA), and
the measurement of the OLED current-voltage characteristic
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itself (instead of the luminance), variations can be detected
that are not visible with optical inspection.

[0072] This high-accuracy data may be used for statistical
process control, identifying when a process has started to
drift outside of its control limits. This may allow corrective
action to be taken early (in either the OLED or drive
transistor (TFT) fabrication process), before defects are
detected in the finished product. The measurement sample is
maximized since every TFT and OLED on every display is
sampled.

[0073] If the drive transistor and the OLED are both
functioning properly, a reading in the expected range will be
returned for the components. The pixel driver circuit
requires that the OLED be off when the drive transistor is
measured (and vice-versa), so if the drive transistor or
OLED is in a short circuit, it will obscure the measurement
of the other. If the OLED is a short circuit (so the current
reading is MAX), the data will show the drive transistor is
an open circuit (current reading MIN) but in reality, the drive
transistor could be operational or an open circuit. If extra
data about the drive transistor is needed, temporarily dis-
connecting the supply voltage (EL._VSS) and allowing it to
float will yield a correct drive transistor measurement indi-
cating whether the TFT is actually operational or in an open
circuit.

[0074] In the same way, if the drive transistor is a short
circuit, the data will show the OLED is an open circuit (but
the OLED could be operational or an open circuit). If extra
data about the OLED is needed, disconnecting the supply
voltage (EL_VDD) and allowing it to float will yield a
correct OLED measurement indicating whether the OLED is
actually operational or in an open circuit.

[0075] If both the OLED and TFT in a pixel behave as a
short circuit, one of the elements in the pixel (likely the
contact between TFT and OLED) will quickly burn out
during the measurement, causing an open circuit, and mov-
ing to a different state. These results are summarized in
Table 1 below.

TABLE 1
OLED
Short oK Open
Drive transistor Short  n/a TFT max TFT max
(TFT) OLED min  OLED min
OK TFT min TFT OK TFT OK
OLED max OLED OK  OLED min
Open  TFT min TFT min TFT min
OLED max OLED OK  OLED min

[0076] FIG. 7 shows a system diagram of a control system
700 for controlling the brightness of a display 702 over time
based on different aspects. The display 702 may be com-
posed of an array of OLEDs or other pixel based display
devices. The system 700 includes a profile generator 704 and
a decision making machine 706. The profile generator 704
receives characteristics data from an OLED characteristics
table 710, a backplane characteristics table 712 and a display
specifications file 714. The profile generator 704 generates
different luminance profiles 720a, 7206 . . . 720n for
different conditions. Here, to improve the power consump-
tion, display lifetime, and image quality, the different bright-
ness profiles 720a, 7205 . . . 720n may be defined based on
OLED and backplane information. Also, based on different



US 2018/0005557 A1l

applications, one can select different profiles from the lumi-
nance profiles 720a, 7205 . . . 720n. For example, a flat
brightness vs. time profile can be used for displaying video
outputs such as movies whereas for brighter applications,
the brightness can be drop at a defined rate. The decision
making machine 706 may be software or hardware based
and includes applications inputs 730, environmental param-
eter inputs 732, backplane aging data inputs 734 and OLED
aging data inputs 736 that are factors in making adjustments
in programming voltage to insure the proper brightness of
the display 702.

[0077] To compensate for display aging perfectly, the
short term and long term changes are separated in the display
characteristics. One way is to measure a few points across
the display with faster times between the measurements. As
a result, the fast scan can reveal the short term effects while
the normal aging extraction can reveal the long term effects.
[0078] The previous implementation of compensation sys-
tems uses a normal driving scheme, in which there was
always a video frame shown on the panel and the OLED and
TFT circuitries were constantly under electrical stress. Cali-
bration of each pixel occurred during a video frame by
changing the grayscale value of the active pixel to a desired
value which caused a visual artifact of seeing the measured
sub-pixel during the calibration. If the frame rate of the
video is X, then in normal video driving, each video frame
is shown on the pixel array 102 in FIG. 1 for 1/X of second
and the panel is always running a video frame. In contrast,
the relaxation video driving in the present example divides
the frame time into four sub-frames as shown in FIG. 8. FIG.
8 is a timing diagram of a frame 800 that includes a video
sub-frame 802, a dummy sub-frame 804, a relaxation sub-
frame 806 and a replacement sub-frame 808.

[0079] The video sub-frame 802 is the first sub-frame
which is the actual video frame. The video frame is gener-
ated the same way as normal video driving to program the
entire pixel array 102 in FIG. 1 with the video data received
from the programming inputs. The dummy sub-frame 804 is
an empty sub-frame without any actual data being sent to the
pixel array 102. The dummy sub-frame 804 functions to
keep the same video frame displayed on the panel 102 for
some time before applying the relaxation sub-frame 806.
This increases the luminance of the panel.

[0080] The relaxation sub-frame 806 is the third sub-frame
which is a black frame with zero gray scale value for all of
the red green blue white (RGBW) sub-pixels in the pixel
array 102. This makes the panel black and sets all of the
pixels 104 to a predefined state ready for calibration and next
video sub-frame insertion. The replacement sub-frame 808
is a short sub-frame generated solely for the purpose of
calibration. When the relaxation sub-frame 806 is complete
and the panel is black the data replacement phase starts for
the next video frame. No video or blank data is sent to the
pixel array 102 during this phase except for the rows with
replacement data. For the non-replacement rows only the
gate driver’s clock is toggled to shift the token throughout
the gate driver. This is done to speed up the scanning of the
entire panel and also to be able to do more measurement per
each frame.

[0081] Another technique is used to further alleviate the
visual artifact of the measured sub-pixel during the replace-
ment sub-frame 808. This has been done by re-programming
the measured row with black as soon as the calibration is
done. This returns the sub-pixel to the same state as it was
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during the relaxation sub-frame 806. However, there is still
a small current going through the OLEDs in the pixels,
which makes the pixel light up and become noticeable to the
outside world. Therefore to re-direct the current going
though OLED, the controller 112 is programmed with a
non-zero value to sink the current from the drive transistor
of the pixel and keep the OLED off.

[0082] Having a replacement sub-frame 808 has a draw-
back of limiting the time of the measurement to a small
portion of the entire frame. This limits the number of
sub-pixel measurements per each frame. This limitation is
acceptable during the working time of the pixel array 102.
However, for a quick baseline measurement of the panel it
would be a time-consuming task to measure the entire
display because each pixel must be measured. To overcome
this issue a baseline mode is added to the relaxation driving
scheme. FIG. 8 also shows a baseline frame 820 for the
driving scheme during the baseline measurement mode for
the display. The baseline measurement frame 820 includes a
video sub-frame 822 and a replacement sub-frame 824. If
the system is switched to the baseline mode, the driving
scheme changes such that there would only be two sub-
frames in a baseline frame such as the frame 820. The video
sub-frame 822 includes the normal programming data for
the image. In this example, the replacement (measurement
sub-frame) 824 has a longer duration than the normal
replacement frame as shown in FIG. 8. The longer sub-frame
drastically increases the total number of measurements per
each frame and allows more accurate measurements of the
panel because more pixels may be measured during the
frame time.

[0083] The steep slope of the AV shift (electrical aging) at
the early OLED stress time results in a curve of efliciency
drop versus AV shift that behaves differently for the low
value of AV compared to the high AV ranges. This may
produce a highly non-linear An-AV curve that is very
sensitive to initial electrical aging of the OLED or to the
OLED pre-aging process. Moreover, the shape (the duration
and slope) of the early AV shift drop can vary significantly
from panel to panel due to process variations.

[0084] The use of a reference pixel and corresponding
OLED is explained above. The use of such a reference pixel
cancels the thermal effects on the AV measurements since
the thermal effects affect both the active and reference pixels
equally. However, instead of using an OLED that is not
aging (zero stress) as a reference pixel such as the column
reference pixels 130 in FIG. 1, a reference pixel with an
OLED having a low level of stress may be used. The thermal
impact on the voltage is similar to the non-aging OLED,
therefore the low stress OLED may still be used to remove
the measurement noise due to thermal effects. Meanwhile,
due to the similar manufacturing condition with the rest of
OLED based devices on the same panel the slightly stressed
OLED may be as a good reference to cancel the effects of
process variations on the An-AV curve for the active pixels
in a column. The steep early AV shift will also be mitigated
if such an OLED is used as a reference.

[0085] To use a stressed-OLED as a reference, the refer-
ence OLED is stressed with a constant low current (Y5 to ¥3
of full current) and its voltage (for a certain applied current)
must be used to cancel the thermal and process issues of the
pixel OLEDs as follows:
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Voi -V
W o _pielOLED = VrefOLED

ViefoLED

In this equation, W is the relative electrical aging based on
the difference between the voltage of the active pixel OLED
and the reference pixel OLED is divided by the voltage of
the reference pixel OLED. FI1G. 9 is a graph 900 that shows
a plot 902 of points for a stress current of 268 uA based on
the W value. As shown by the graph 900, the W value is a
close-to-linear relation with the luminance drop for the pixel
OLED:s as shown for a high stress OLED.

[0086] The above described methods of extracting base-
line measurements of the pixels in the array may be per-
formed by a processing device such as the 112 in FIG. 1 or
another such device which may be conveniently imple-
mented using one or more general purpose computer sys-
tems, microprocessors, digital signal processors, micro-
controllers, application specific integrated circuits (ASIC),
programmable logic devices (PLD), field programmable
logic devices (FPLD), field programmable gate arrays
(FPGA) and the like, programmed according to the teach-
ings as described and illustrated herein, as will be appreci-
ated by those skilled in the computer, software and network-
ing arts.

[0087] In addition, two or more computing systems or
devices may be substituted for any one of the controllers
described herein. Accordingly, principles and advantages of
distributed processing, such as redundancy, replication, and
the like, also can be implemented, as desired, to increase the
robustness and performance of controllers described herein.

[0088] The operation of the example baseline data deter-
mination methods may be performed by machine readable
instructions. In these examples, the machine readable
instructions comprise an algorithm for execution by: (a) a
processor, (b) a controller, and/or (¢) one or more other
suitable processing device(s). The algorithm may be embod-
ied in software stored on tangible media such as, for
example, a flash memory, a CD-ROM, a floppy disk, a hard
drive, a digital video (versatile) disk (DVD), or other
memory devices, but persons of ordinary skill in the art will
readily appreciate that the entire algorithm and/or parts
thereof could alternatively be executed by a device other
than a processor and/or embodied in firmware or dedicated
hardware in a well known manner (e.g., it may be imple-
mented by an application specific integrated circuit (ASIC),
a programmable logic device (PLD), a field programmable
logic device (FPLD), a field programmable gate array
(FPGA), discrete logic, etc.). For example, any or all of the
components of the baseline data determination methods
could be implemented by software, hardware, and/or firm-
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ware. Also, some or all of the machine readable instructions
represented may be implemented manually.

[0089] 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 various 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.

1-14. (canceled)

15. A method for determining data for production of a
display device having a plurality of pixels, the method
comprising:

applying a test signal to each of the plurality of pixels;

measuring voltage and current characteristics for each of
the pixels;

determining if anomalies exist for each of the pixels;

reading anomaly data from the pixels demonstrating
anomalies; and

storing the anomaly data.

16. The method of claim 15, wherein the stored anomaly
data is analyzed to determine flaws in the production process
of the display device.

17. The method of claim 15, wherein the stored anomaly
data is analyzed to determine flaws in the display device.

18. The method of claim 15, wherein the pixels include an
organic light emitting device and a drive transistor and
wherein the anomalies include a shorted organic light emit-
ting device and a shorted drive transistor.

19. A display system comprising:

an array of pixels to display images;

a memory including characteristic data;

a profile generator coupled to the memory to generate a
plurality of luminance profiles based on the character-
istic data; and

a controller coupled to the profile generator and the array
of pixels to change the luminance of the array of pixels
according to a selected one of the plurality of lumi-
nance profiles.

20. The display system of claim 19, wherein the charac-
teristics include OLED characteristics of the pixels, back-
plane characteristics and predetermined specifications for
the display.

21. The display system of claim 19, wherein the selected
luminance profile is selected based on external conditions
affecting the display system or on an application of the
images displayed on the array of pixels.

22. The display system of claim 19, further comprising an
aging decision machine coupled to the controller to adjust
image data sent to the array of pixels to compensate for

aging.
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