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ORGANIC LIGHT-EMITTING DIODE
DISPLAY WITH COMPENSATION FOR
TRANSISTOR VARIATIONS

[0001] This application claims the benefit of provisional
patent application No. 61/979,165, filed Apr. 14, 2014 which
is hereby incorporated by reference herein in its entirety.

BACKGROUND

[0002] This relates generally to electronic devices with dis-
plays and, more particularly, to display driver circuitry for
displays such as organic-light-emitting diode displays.
[0003] Electronic devices often include displays. For
example, cellular telephones and portable computers include
displays for presenting information to users.

[0004] Displays such as organic light-emitting diode dis-
plays have an array of display pixels based on light-emitting
diodes. In this type of display, each display pixel includes a
light-emitting diode and thin-film transistors for controlling
application of a signal to the light-emitting diode to produce
light.

[0005] An organic light-emitting diode display pixel
includes a drive thin-film transistor connected to a data line
via an access thin-film transistor. The access transistor may
have a gate terminal that receives a scan signal via a corre-
sponding, scan line. Barrage data on the data line can be
loaded into the display pixel b asserting the scan signal to turn
on the access transistor. The display pixel includes a current
source transistor that provides current to the organic light-
emitting diode to produce light.

[0006] Transistors in an organic light-emitting diode dis-
play pixel may be subject to manufacturing variations or
operating variations. Due to such variations, transistor thresh-
old voltages between different display pixels may vary. Varia-
tions in transistor threshold voltages can cause the display
pixels to produce amounts of light that do not match a desired
image. Compensation schemes are sometimes used to com-
pensate for variations in threshold voltage. Such compensa-
tion schemes typically involve sampling operations that are
performed during normal display operations and increase the
time required to display images.

[0007] Itwould therefore be desirable to be able to provide
improved displays such as improved organic light-emitting
diode displays.

SUMMARY

[0008] An electronic device may include a display having
an array of display pixels. The display pixels may be organic
light-emitting diode display pixels. Each display pixel may
have an organic light-emitting diode that emits light. A drive
transistor a current source transistor) in each display pixel
may apply current to the organic light-emitting diode in that
display pixel. The drive transistor may be characterized by a
threshold voltage.

[0009] The threshold voltage may be subject to transistor
variations. Compensation circuitry may be used to measure
the threshold voltage of the current source transistor. The
threshold voltage may be sampled by controlling the current
source transistor to sample the threshold voltage onto a
capacitor coupled between gate and source terminals of the
current source transistor. The compensation circuitry may
include sense circuitry that may be operated in combination
with the pixel to transfer charge from the capacitor to the
sense circuitry such that the threshold voltage is produced at

Oct. 15, 2015

an output of the sense circuitry. The compensation circuitry
may generate compensation data based on the measured
threshold voltage. During display operations, data circuitry
may receive digital image data and process the digital image
data along with the compensation data to generate analog data
signals for the pixel.

[0010] Threshold voltage compensation data may be gen-
erated for each pixel or for groups of pixels. The compensa-
tion data may be stored in memory such as volatile or non-
volatile memory. The compensation data may be stored as an
offset value (e.g., normalized against a reference threshold
voltage). During display operations, data circuitry may add
the offset value to the digital image data. The summed digital
value may be used in generating analog pixel data signals that
compensates for threshold voltage variations between pixels.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a diagram of an illustrative electronic
device having a display in accordance with an embodiment.
[0012] FIG. 2 is a diagram of an illustrative display such as
an organic light-emitting diode display having, an array of
organic light-emitting diode display pixels in accordance
with an embodiment.

[0013] FIG. 3 is a diagram of an illustrative organic light-
emitting diode display pixel that is coupled to compensation
circuitry in accordance with an embodiment.

[0014] FIG. 4 is a timing diagram illustrating transistor
voltage sensing operations that may be performed by com-
pensation circuitry in accordance with an embodiment.
[0015] FIG. 5isaflow chart of illustrative steps that may be
performed using compensation circuit to generate compen-
sation data for variations in transistor threshold voltage in
accordance with an embodiment.

[0016] FIG. 6isa flow chart of illustrative steps that may be
performed using compensation circuitry to calibrate sense
circuitry for display pixels in accordance with an embodi-
ment.

[0017] FIG. 7isaflow chart of illustrative steps that may be
performed by data circuitry to use compensation data in driv-
ing display pixels in accordance with an embodiment.
[0018] FIG. 8isallow chart of illustrative steps that may be
performed using compensation circuitry to generate compen-
sation data to help accommodate variations due to transistor
aging in accordance with an embodiment.

DETAILED DESCRIPTION

[0019] Anillustrative electronic device of the type that may
be provided with an organic light-emitting diode (OLED)
display is shown in FIG. 1. As shown in FIG. 1, electronic
device 10 may have control circuitry 16. Control circuitry 16
may include storage and processing circuitry for supporting
the operation of device 10. The storage and processing cir-
cuitry may include storage such as hard disk drive storage,
nonvolatile memory (e.g., flash memory or other electrically-
programmable-read-only memory configured to form a solid
state drive), volatile memory (e.g., static or dynamic random-
access-memory), etc. Processing circuitry in control circuitry
16 may be used to control the operation of device 10. The
processing circuitry may be based on one or more micropro-
cessors, microcontrollers, digital signal processors, baseband
processors, power management units, audio codec chips,
application specific integrated circuits, programmable inte-
grated circuits, etc.
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[0020] Input-output circuitry in device 10 such as input-
output devices 12 may be used to allow data to be supplied to
device 10 and to allow data to be provided from device 10 to
external devices. Input-output devices 12 may include but-
tons, joysticks, click wheels, scrolling wheels, touch pads,
key pads, keyboards, microphones, speakers, tone generators,
vibrators, cameras, sensors, light-emitting diodes and other
status indicators data ports, etc. A user can control the opera-
tion of device 10 by supplying commands through input-
output devices 12 and may receive status information and
other output from device 10 using the output resources of
input-output devices 12.

[0021] Input-output devices 12 may include one or more
displays such as display 14. Display 14 may be a touch screen
display that includes a touch sensor for gathering touch input
from a user or display 14 may be insensitive to touch. A touch
sensor for display 14 may be based on an array of capacitive
touch sensor electrodes, acoustic touch sensor structures,
resistive touch components, force-based touch sensor struc-
tures, a light-based touch sensor, or other suitable touch sen-
sor arrangements.

[0022] Control circuitry 16 may be used to run software on
device 10 such as operating system code and applications.
During operation of device the software running on control
circuitry 16 may display images on display 14 in input-output
devices.

[0023] FIG. 2 shows display 14 and associated display
driver circuitry 17. Display 14 includes structures formed on
one or more layers such as substrate 24. Layers such as
substrate 24 may be formed from planar rectangular layers of
material such as planar glass layers. Display 14 may have an
array of display pixels 22 for displaying images forauser. The
array of display pixels 22 may be formed from rows and
columns of display pixel structures on substrate 24. These
structures may include thin-film transistors such as polysili-
con thin-film transistors, semiconducting oxide thin-film
transistors, etc. There may be any suitable number of rows
and columns in the array of display pixels 22 (e.g., ten or
more, one hundred or more or one thousand or more).
[0024] Display driver circuitry such as display driver inte-
grated circuit 15 may be coupled to conductive paths such as
metal traces on substrate 24 using solder or conductive adhe-
sive. If desired display driver integrated circuit 15 may be
coupled to substrate 24 over a path such as a flexible printed
circuit or other cable. Display driver integrated circuit 15
(sometimes referred to as a timing controller chip) may con-
tain communications circuitry tor communicating with sys-
tem control circuitry 16 over path 25. Path 25 may be formed
from traces on a flexible printed circuit or other cable. The
control circuitry may be located on a main logic board in an
electronic device such as a cellular telephone, computer, tele-
vision, set-top box, media player, portable electronic device,
or other electronic equipment in which display 14 is being
used. During operation, the control circuitry may supply dis-
play driver integrated circuit 15 with information on images
to be displayed on display 14. To display the images on
display pixels 22, display driver integrated circuit 15 may
supply clock signals and other control signals to display
driver circuitry such as row driver circuitry 18 and column
driver circuitry 20. For example, data circuitry 17 may receive
image data and process the image data to provide pixel data
signals to display 14. The pixel data signals may be demulti-
plexed by circuitry 20 and pixel data signals D may be routed
to each pixel 22 over data lines 26 (e.g., each red, green, or
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blue pixel). Row driver circuitry 18 and/or column driver
circuitry 20 may be formed from one or more integrated
circuits and/or one or more thin-film transistor circuits.
[0025] Display driver integrated circuit 15 may include
compensation circuitry 17 that helps to compensate for varia-
tions between pixels 22 such as threshold voltage variations.
Compensation circuitry 17 may, if desired, help compensate
for transistor aging. Compensation circuitry 17 may be
coupled to pixels 22 via path 19, switching circuitry 21, and
paths 23. Compensation circuitry 17 may include sense cir-
cuitry 25 and bias circuitry 27. Sense circuitry 25 may be used
in sensing (e.g. sampling) voltages from pixels 22. During
sense operations, switching circuitry 21 may be configured to
electrically couple sense circuitry 25 to one or more selected
pixels 22. For example, compensation circuitry 17 may pro-
duce control signal CTL to configure switching circuitry 21.
Sense circuitry 25 may sample voltages such as threshold
voltages or other desired signals from the pixels over path 19,
switching circuitry 21, and paths 23. Bias circuitry 27 may
include one or more driver circuits for driving reference or
bias voltages onto nodes of pixels 22. For example, switching
circuitry 21 may be configured to electrically couple path 19
to one or more selected pixels 22. In this scenario, bias cir-
cuitry 27 may provide reference signals to the selected pixels.
The reference signals may bias nodes at the selected pixels at
desired voltages for sensing operations performed by sense
circuitry 25.

[0026] Compensation circuitry 17 may perform compensa-
tion operations on pixels 22 using bias circuitry 27 and sense
circuitry 25 to generate compensation data that is stored in
storage 29. Storage 29 may, for example, be static random
access memory (SRAM). In the example of FIG. 2, storage 29
is on-chip storage. If desired, storage 29 may be off-chip
storage such as non-volatile storage (e.g., non-volatile
memory that maintains stored information even when pow-
ered off). The compensation data stored in storage 29 may be
retrieved by data circuitry 13 during display operations. Data
circuitry 13 may process the compensation data along with
incoming digital image data to generate compensated data
signals for pixels 22.

[0027] Inthe example of FIG. 3, data circuitry 13 includes
gamma circuitry 44 that provides a mapping of digital image
data to analog data signals at appropriate voltage levels for
driving pixels 22. Multiplexer 46 receives a set of possible
analog data signals from gamma circuitry 44 and is controlled
by the digital image data to select an appropriate analog data
signal for the digital image data. Compensation data retrieved
from storage 29 may be added to the digital image data by
adder circuit 48 to help compensate for transistor variations
between different pixels.

[0028] The example of FIG. 3 in which compensation data
is added as an offset to digital input image data is merely
illustrative. In general, data circuitry 13 may process com-
pensation data along with image data to produce compen-
sated analog data signals for driving pixels 22.

[0029] Row driver circuitry 18 may be located on the left
and right edges of display 14, on only a single edge of display
14 or elsewhere in display 14. During operation, row driver
circuitry 18 may provide rosy control signals on horizontal
lines 28 (sometimes referred to as row lines or “scan” lines).
Row driver circuitry may sometimes be referred to as scan
line driver circuitry.

[0030] Demultiplexing circuitry 20 may be used to provide
data signals D from display driver integrated circuit 15 onto a
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plurality of corresponding vertical lines 26. Demultiplexing
circuitry 20 may sometimes be referred to as column driver
circuitry, data line driver circuitry, or source driver circuitry.
Vertical lines 26 are sometimes referred to as data lines.
During display operations, display data is loaded into display
pixels using lines 26.

[0031] Each data line 26 is associated with a respective
column of display pixels 22. Sets of horizontal signal lines 28
run horizontally through display 14. Each set of horizontal
signal lines 28 is associated with a respective row of display
pixels 22. The number of horizontal signal lines in each row
is determined by the number of transistors in the display
pixels 22 that are being controlled independently by the hori-
zontal signal lines. Display pixels of different configurations
may be operated by different numbers of scan lines.

[0032] Row driver circuitry 18 may assert control signals
such as scan signals on the row lines 28 in display 14. For
example, driver circuitry 18 may receive clock signals and
other control signals from display driver integrated circuit 15
and may in response to the received signals, assert scan sig-
nals and an emission signal in each row of display pixels 22.
Rows ofdisplay pixels 22 may be processed in sequence, with
processing for each frame of image data starting at the top of
the array of display pixels and ending at the bottom of the
array (as an example). While the scan lines in a row are being
asserted, control signals and data signals that are provided to
column driver circuitry 20 by circuitry 15 direct circuitry 20
to demultiplex and drive associated data signals D (e.g., com-
pensated data signals provided by data circuitry 13) onto data
lines 26 so that the display pixels in the row will be pro-
grammed with the display data appearing on the data lines D.
The display pixels can then display the loaded display data.
[0033] Inan organic light-emitting diode display, each dis-
play pixel contains a respective organic light-emitting diode.
A schematic diagram of an illustrative organic, light-emitting
diode display pixel 22 that is coupled to compensation cir-
cuitry 17 is shown in FIG. 3. As shown in FIG. 3, display pixel
22 may include a light-emitting diode 30 coupled to a drive
transistor TD. A positive power supply voltage V 5o, may be
supplied to positive power supply terminal 34, whereas a
ground power supply voltage Vg, may be supplied to
ground power supply terminal 36. The state of drive transistor
TD controls the amount of current flowing through diode 30
and therefore the amount of emitted light 40 from display
pixel 22. Drive transistor TD may sometimes be referred to as
a current source transistor, because transistor TD sources
current for diode 30.

[0034] Display pixel 22 may have storage capacitors CST1
and CST2 and one or more transistors that are used as
switches such as transistors SW1, SW2, and SW3. Signal EM
and scan signals SCAN1 and SCAN2 are provided to a row of
display pixels 22 using row lines 28. Data D is provided to a
column of display pixels 22 via data lines 26.

[0035] Signal EM is used to control the operation of emis-
sion transistor SW3. Transistor SW1 is used to apply the
voltage of data line 26 to node NODE2, which is connected to
the gate of drive transistor TD. Transistor SW2 is controlled
to electrically couple node NODE3 to path 23 during com-
pensation operations. Bias circuitry 27 at compensation cir-
cuitry 17 may apply a direct current (DC) bias voltage VINI to
node NODES3 for circuit initialization dining compensation
operations, whereas the voltage at node NODE3 may be
conveyed to sense circuitry 25 for sampling. As shown in FIG.
3, sense circuitry 25 may include amplifier 42 (e.g., an opera-
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tional amplifier) that receives reference voltage VR at a first
input node. Feedback circuitry including feedback capacitor
CFB and switch SWFB are coupled between a second input
node and the output of amplifier 42. Compensation circuitry
17 may include amplifier 44 that receives the sense output
signal from sense circuitry 25 and a gamma level signal from
gamma circuitry 46. Amplifier 44 may serve as a comparator
that compares the sense output signal to the gamma level
signal to produce a comparator output signal. Control cir-
cuitry 48 may use the comparator output signal and control
the gamma level signal produced by gamma circuitry 46 in
generating compensation data for storing in storage 29.
Gamma circuitry 46 may be a digital-to-analog converter,
sometimes referred to as a gamma reference block, that is
used to convert digital display data (e.g., gray level values) to
analog display data (e.g., voltage signals corresponding to
desired luminance values). For example, gamma circuitry 46
may form part of data circuit 13 of FIG. 2 and may include a
mapping of gray levels to corresponding voltage levels for
image data signals D produced by data circuitry 13.

[0036] During pixel display operations, data D is loaded
into the display pixels of a pixel row by enabling switch SW1.
The data loading process, which is sometimes referred to as
data programming, takes place during a programming period.
In a color display, programming may involve demultiplexing
data and loading demultiplexed data into red, green, and blue
pixels (e.g., pixel 22 may be a red pixel, as green pixel, or a
blue pixel).

[0037] Following programming (i.e., after expiration of a
programming period), the display pixels of the row may be
used to emit light. The period of time during which the display
pixels are being used to emit light (i.e., the time during which
light-emitting diodes 30 emit light 40) is sometimes referred
to as an emission period.

[0038] Prior to pixel display operations, compensation
operations may be performed. The compensation operations
may be performed, for example, at startup of the display or
periodically. Compensation operations using compensation
circuitry of FIG. 2 are illustrated in the timing diagram of
FIG. 4.

[0039] During an initialization phase (Init) between times
T1 and T2, pixel 22 is initialized to a known state. Data
demultiplexer 20 is enabled (DATA_DEMUX is ON) and
configured to electrically couple data circuitry 13 to data line
26 that is connected to pixel 22 of FIG. 3. Data circuitry drives
dataline 26 with signal D having reference voltage VREF and
signal SCANI is asserted (e.g., logic one) to enable switch
SW1, Which passes reference voltage VREF to node
NODE2. Switching circuitry 21 that demultiplexes bias volt-
age VINI is enabled (VINI_DEMUX is ON) and configured
to electrically couple bias circuitry 2 to pixel 22 of FIG. 3.
Bias circuitry 27 provides bias voltage VINI having a Voltage
that is less than VREF (e.g., VINI may be a negative voltage
such as -2 volts or -3 volts). Signal SCAN2 is asserted to
enable switch SW2, which passes bias voltage VINI to node
NODE3. Signal EM is de-asserted to disable switch SW3 to
help ensure that charge is not drained from capacitor CST1.
[0040] During sampling phase between times T2 and T3,
demultiplexer 21 may be configured to electrically discon-
nect pixel 22 from bias circuitry 27 (INI_DEMUX is OFF).
Signal SCAN2 may be deasserted to disconnect node
NODE3 from bias circuitry 27. Signal EM is asserted to
enable current flow through switch SW3 and transistor TD.
Transistor TD pulls the voltage at node NODE3 to one tran-
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sistor threshold voltage less than the gate voltage of transistor
TD (i.e., VREF-VTH). At this voltage, transistor TD may be
disabled as the gate to source voltage of transistor TD has
reached the threshold voltage of transistor TD. At the end of
the sampling phase, the voltage at node NODE2 is VREF and
the voltage at node NODE3 is VREF-VTH. Accordingly, the
voltage across capacitor CST1 is VTH. In other words, the
threshold voltage of transistor TD is sampled by capacitor
CST1.

[0041] During the pre-charge phase between times T3 and
T4, pixel 22 and sense circuitry 25 may be prepared for
sensing the transistor threshold voltage stored at capacitor
CST1. Data demultiplexer 20 may be configured to electri-
cally disconnect pixel 22 from data circuitry 13 (DATA_
DEMUX is OFF). Signal SCAN1 may be deasserted to elec-
trically disconnect node NODE2 from data line 26 (i.e.,
NODE?2 is floating). Signal EM may be deasserted to turn off
switch SW3. Compensation circuitry 17 may assert control
signal FB to enable switch SWFB in an electrical feedback
path at amplifier 42. Accordingly, amplifier 42 drives the path
23 with bias voltage VINI via the feedback path through
switch SWFB. Demultiplexer 21 is configured to pass the bias
voltage to pixel 22. Signal SCAN2 is asserted to enable
switch SW2 to pass the bias voltage to node NODE3. Node
NODE?2 is pulled down to a voltage equal to the bias voltage
added to the voltage sampled across capacitor CST1 (i.e.,
VINI+VTH). Voltage VTH stored at capacitor CST1 is main-
tained during the pre-charge phase. In other words, the charge
stored at capacitor CST1 is maintained.

[0042] During the evaluation phase between times T4 and
TS5, sense circuitry 25 may be operated to sense the transistor
threshold voltage stored at capacitor CST1. Data circuitry is
configured to drive data signal D with a ground voltage
(GND) while data demultiplexer 20 is configured to route the
ground voltage to pixel 22 via path 26. Signal SCAN1 is
asserted to enable switch SW1, which passes the ground
voltage to node NODE2. Sense circuitry 25 may be placed in
a sensing mode by deasserting control signal FB to disable
switch SWFB. During the evaluation phase, the voltage
across capacitor CST1 changes to VINI-GND (i.e., the
amount of charge stored at capacitor CST1 changes). Due to
charge conservation, charge is transferred to capacitor CFB of
sense circuitry 25 and the output voltage of sense circuitry 25
at the end of the evaluation phase (e.g., at time T5) is equal
to—VTH.

[0043] In particular, during the precharge phase (T3-T4),
transistor threshold voltage VTH is stored across capacitor
CST1 and the corresponding charge Q(CST1) is equal to the
capacitance of capacitor CST1 (referred to herein as
C(CST1)) multiplied by VTH. In other words, Q(CST1)=C
(CSTH*VTH.

[0044] During the evaluation phase (T4-T5), the voltage
across capacitor CST1 is changed to negative VINI (i.e., the
voltage at NODE2—the voltage at NODE3). The charge that
is now stored by capacitor CST1 is equal to the capacitance of
capacitor CST1 multiplied by negative VINI (i.e., Q(CST1)
=C(CST1)*-VINI). The difference in charge stored at
capacitor CST1is equal to the charge stored during precharge
minus the charge that is now stored during evaluation. In other
words, AQ(CST1)=(C(CST1)*VTH-C(CST1)*-VINI=C
(CSTDH*(VTH+VIND).

[0045] Due to charge conservation, the difference in stored
charge is transferred to feedback capacitor CFB and adjusts
accordingly the output voltage of amplifier 44. The difference
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in output voltage (AVO) between the precharge and evalua-
tion phases is equal to the amount of charge transferred. In
other words, the precharge phase output voltage minus the
evaluation phase output voltage is equal to AQ(CST1)/CFB.
Since the precharge phase output voltage was precharged to
VINI and AQ(CST1)=CST1#*(VTH+VINI), the evaluation
phase output voltage is equal to VINI-AQ(CST1)/
CFB=CST1/CFB*(VINI-VTH-VINI)=-CST1/CFB*VTH.
The capacitance of CFB may be configured to be equal to the
capacitance of CST1, and therefore the evaluation phase out-
put voltage is equal to =V TH.

[0046] The threshold voltage sensing operations of FIG. 3
may be performed for multiple pixels 22 in a display. FIG. 5
1s a flow chart 100 of illustrative steps that may be performed
using compensation circuitry to generate compensation data
that may help to correct for transistor variations during dis-
play operations.

[0047] During step 102, the compensation circuitry may
select a pixel of the display for performing compensation
operations.

[0048] During step 104, the compensation circuitry may
perform initialization steps during an initialization phase
(e.g., between times T1 and T2 of FIG. 4). The compensation
circuitry may provide tor may control data circuitry to pro-
vide) reference and bias voltages to nodes of the selected
pixel using demultiplexing circuitry. As an example, bias
circuitry, data circuitry, and/or sense circuitry may be used to
provide the reference and bias voltages to the selected pixel in
order to prepare the pixel for transistor threshold voltage
sampling.

[0049] During step 106, the compensation circuitry may
perform sampling operations during a sampling phase to cap-
ture a transistor threshold voltage of the pixel. For example,
the threshold voltage of current source transistor TD may be
sampled on capacitor CST1 of pixel 22 during the sampling
phase between times T2 and T3 as shown in FIG. 4.

[0050] During step 108, the compensation circuitry may
perform precharge operations during a precharge phase. The
precharge operations may be performed to precharge pixel
nodes and sense circuitry nodes to desired values in prepara-
tion for sensing the sampled threshold voltage with the sense
circuitry. In the example of FIG. 4, pixel nodes NODE2 and
NODE3 and the sense output may be precharged during the
precharge phase between times T3 and T4 while maintaining
the sampled threshold voltage across capacitor CST1.
[0051] During step 110, the compensation circuitry may
perform evaluation operations during an evaluation phase.
During the evaluation phase, sense circuitry at the compen-
sation circuitry may be configured to transfer at least a portion
of charge stored at the pixel to the sense circuitry. For
example, feedback switch SWFB at sense circuitry 25 of FIG.
4 may be disabled as shown during the evaluation phase of
FIG. 4 (between times T4 and T5) so that a portion of charge
stored at pixel capacitor CST1 is transferred to feedback
capacitor CFB. The transferred portion of charge corresponds
to a change in output voltage of the sense circuitry from a
precharged voltage to the sampled transistor threshold volt-
age.

[0052] During step 112, the compensation circuitry may
generate compensation data for the pixel based on the output
voltage of the sense circuitry. In the example of FIG. 3,
compensation circuitry 17 may use comparator 44 and
gamma block 46 to generate compensation data. In this sce-
nario, control circuitry 48 may provide digital input data to
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gamma block 46 to sweep the output of gamma block 46
across all possible analog gray level voltages. Control cit-
cuitry 48 may monitor the output of comparator 44 to deter-
mine which analog gray level voltage matches the threshold
voltage (e.g., when the output of comparator 44 inverts when
sweeping through the analog gray level voltages). Inresponse
to identifying which analog gray level voltage matches the
threshold voltage, control circuitry 48 may identify and store
the corresponding digital input data that was provided to the
gamma block in generating that analog gray level voltage.
The identified digital input data digitally represents the mag-
nitude of the analog transistor threshold voltage of the pixel.
Control circuitry 48 may then store the digital representation
of the thresh voltage in storage 29 (e.g., in an SRAM array).
[0053] The example in which comparator 44 and gamma
block 46 are used in analog-to-digital conversion of a sensed
transistor threshold voltage is merely illustrative. If desired,
compensation circuitry may include any analog-to-digital cir-
cuitry that is used to convert a sensed transistor threshold
voltage to a digital value.

[0054] Ifuntested pixels remain at the end of step 112, the
operations of flow chart 100 may return to step 102 to select
and generate compensation data for the remaining untested
pixels. If compensation data has been generated for all pixels
in the display, the operations of flow chart 100 may be com-
plete.

[0055] If desired, the compensation data stored in storage
may be normalized to a reference threshold voltage value
(e.g., a target threshold voltage value from which transistors
variations cause deviations). For example, the control cir-
cuitry may store only the difference between the compensa-
tion data of each pixel and the target threshold voltage value.
Such an arrangement may help to reduce storage require-
ments, as the normalized compensation data may be stored
using fewer bits.

[0056] The example of FIG. 5 in which each pixel of a
display is tested individually to generate compensation data is
merely illustrative. If desired, compensation data may be
generated for groups of pixels. For example, demultiplexing
circuitry 21 of FIG. 2 may electrically couple compensation
circuitry to groups of pixels 22 in display 14 simultaneously.
In this scenario, threshold voltage sensing operations may be
performed on each of the pixels in the group simultaneously.
The threshold voltages may be measured in a summing
arrangement, because charge transfer during the threshold
voltage sensing operations to capacitor CFB may be the sum
of charges from capacitor CST1 at each of the pixels of the
group.

[0057] Compensation circuitry may also be used to help
determine the appropriate capacitance of feedback capacitor
CFB to match with internal pixel storage capacitance CST1.
For example, feedback capacitor CFB may be a tunable (ad-
Jjustable) capacitor such as a varactor or other tunable capaci-
tor. In this scenario, compensation circuitry may calibrate a
control signal provided to the tunable capacitor using similar
steps used in sensing transistor threshold voltage. Feedback
capacitor calibration steps are shown in the illustrative flow
chart 120 of F1G. 6.

[0058] During step 122, the compensation circuitry may
perform calibration operations similar to threshold voltage
sensing steps 104,108, and 110 of FIG. 5 (e.g., initialization,
precharge, and evaluation operations). During the initializa-
tion operations, the voltage across capacitor CST1 is initial-
ized to VREF-VINI. During subsequent precharge and evalu-
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ation operations, the voltage across capacitor CSST1 may be
transferred to the sense circuitry output if the capacitance of
capacitor CST1 is equal to the capacitance of feedback
capacitor CFB (e.g., due to charge conservation). If the
capacitances do not match, a different voltage may be pro-
duced at the output of the sense circuitry.

[0059] During step 124, the compensation circuitry may
determine whether the sense circuitry output voltage matches
a reference voltage value. For example, the compensation
circuitry may supply reference voltage VREF-VINI to an
input of comparator 44 and control circuitry 48 may deter-
mine whether the comparator output indicates that the sense
circuitry output voltage matches the reference voltage. If the
sense circuitry output voltage matches the reference voltage,
the current configuration of feedback capacitor CFB passes
testing and calibration operations are complete. If the sense
circuitry output voltage does not match the reference voltage,
the current configuration of feedback capacitor CFB fails
testing and the control circuitry may adjust the value of the
feedback capacitor during step 126 (e.g., by adjusting the
control signal to the feedback capacitor). The process may
then return to step 122 to test the updated configuration of the
feedback capacitor.

[0060] FIG. 7 is a flow chart 130 of illustrative steps that
may be performed by data circuitry such as data circuitry 13
of FIG. 2 in using stored compensation data to generate data
signals for pixels of a display.

[0061] During step 132, the data circuitry may receive digi-
tal image data to be displayed (e.g., from a processor such as
a central processing unit).

[0062] During step 134, the data circuitry may process the
digital image data to compensate for transistor variations. For
example, the data circuitry may retrieve compensation offset
data from storage and add the compensation offset data to the
digital image data. As an example, the compensation offset
data may be per-pixel offset data or may correspond to groups
of pixels.

[0063] During step 136, the data circuitry may drive the
pixels of the display with analog data signals generated based
on the compensated image data. For example, the compen-
sated image data may be provided to a control input of a
multiplexer that selects between analog gray level voltages
provided by a gamma block based on the compensated image
data.

[0064] The operations described in FIGS. 5-7 allow for
compensation data to be generated prior to display operations
(e.g., during hoot-up, periodically, during manufacturing, or
at any desired time). This may help to reduce the amount of
time required to display image data using data circuitry (e.g.,
because the compensation data has already been generated).
[0065] Transistors may experience aging over time that
reduces the capability of the transistors to produce current.
For example, transistor TD of pixel 22 of FIG. 3 may expe-
rience aging that reduces the amount of current sourced by the
transistor for any given input voltage. Compensation opera-
tions performed by compensation circuitry 17 may be used to
compensate for transistor aging. FIG. 8 shows a flow chart
140 of illustrative steps that may be performed using com-
pensation circuitry to help compensate for transistor aging.
[0066] During step 142, the compensation circuitry may
select a pixel for compensation.

[0067] During step 144, data circuitry may drive the
selected pixel with a reference voltage on a data line. The
reference voltage is routed to transistor TD, which sources
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current for the light-emitting diode. The amount of current
through the diode corresponds to a respective voltage across
the diode.

[0068] During step 146, the compensation circuitry may
measure the voltage across the diode. For example, the com-
pensation circuitry may include a comparator that compares
the voltage across the diode to an expected diode voltage
corresponding to the reference voltage on the data line of the
pixel.

[0069] During step 148, the compensation circuitry may
determine whether the measured diode voltage matches the
expected diode voltage. In response to determining that the
measured diode voltage matches the expected diode voltage,
the process may return to step 142 to generate aging compen-
sation data for any remaining untested pixels. In response to
determining that the measured diode voltage fails to match
the expected diode voltage, the compensation circuitry may
generate aging compensation data to compensate for the mis-
match. Forexample, if the measured diode voltage is less than
the expected diode voltage, than the current flow through the
diode is lower than expected and the compensation circuitry
may generate compensation data that increases the voltage of
data signals provided to the selected pixel (e.g., to increase the
current flow through the pixel). The aging compensation data
may be stored and used in processing image data similarly to
transistor threshold compensation data. If desired, the aging
compensation data may be combined with the transistor
threshold compensation data and stored as combined offset
values in storage.

[0070] The foregoing is merely illustrative and various
modifications can be made by those skilled in the art without
departing from the scope and spirit of the described embodi-
ments. The foregoing embodiments may be implemented
individually or in any combination.

What is claimed is:

1. A method of operating an organic light-emitting diode
display having pixels, the method comprising:
with compensation circuitry, measuring a transistor thresh-
old voltage of at least one pixel of the display;

with the compensation circuitry, generating compensation
data based on the measured transistor threshold voltage;

with data circuitry, receiving image data; and
with the data circuitry, processing the received image data

along with the compensation data to generate analog
data signals for the at least one pixel of the display.

2. The method defined in claim 1 wherein the at least one
pixel of the display comprises a current source transistor
coupled to a light-emitting diode and wherein measuring the
transistor threshold voltage comprises:

sampling the transistor threshold voltage onto a capacitor
coupled between gate and source terminals of the cur-
rent source transistor.

3. The method defined in claim 2 wherein the compensa-
tion circuitry comprises sense circuitry having an amplifier
and a feedback capacitor coupled in a feedback loop between
a first input and an output of the amplifier, wherein a second
input of the amplifier receives a bias voltage, and wherein
measuring the transistor threshold voltage further comprises:

precharging the input and the output of the amplifier and

the gate and source terminals of the current source tran-
sistor.
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4. The method defined in claim 3 wherein a feedback
switch is coupled between the input and the output of the
amplifier and wherein measuring the transistor threshold
voltage further comprises:

opening the feedback switch to transfer charge between the

capacitor and the feedback capacitor, wherein the output
of the amplifier has a voltage equal in magnitude to the
transistor threshold voltage.

5. The method defined in claim 4 wherein generating the
compensation data comprises generating the compensation
data based on the voltage at the output of the amplifier.

6. The method defined in claim § wherein the compensa-
tion circuitry further comprises control circuitry and a com-
parator, the method further comprising:

with the comparator, comparing a plurality of analog gray

level voltages to the voltage at the output of the ampli-
fier, wherein each analog gray level voltage of the plu-
rality of analog gray level voltages has a corresponding
digital data value; and

with the control circuitry, determining which analog gray

level voltage and corresponding digital data value
matches the voltage at the output of the amplifier.

7. The method defined in claim 6 wherein generating the
compensation data based on the measured transistor thresh-
old voltage comprises:

with the control circuitry, storing the digital data value that

matches the voltage at the output of the amplifier as the
compensation data.
8. The method defined in claim 6 wherein generating the
compensation data based on the Measured transistor thresh-
old voltage comprises:
with the control circuitry, normalizing the digital data
value that matches the voltage charge at the output of the
amplifier across multiple pixels of the display; and

with the control circuitry, storing the normalized digital
data value as the compensation data.

9. The method defined in claim 5 wherein the compensa-
tion data comprises offset data and wherein processing the
received image data along with the compensation data to
generate the analog data signals for the atleast one pixel of the
display comprises:

summing the offset data and the received image data to

produced a summed digital value.

10. An organic light-emitting diode display, comprising:

a plurality of light-emitting diode pixels each having a

current source transistor that is coupled in series with a
light-emitting diode;

compensation circuitry that measures the threshold volt-

ages of the current source transistors of the plurality of
light-emitting diode pixels; and

demultiplexing circuitry that selectively couples the com-

pensation circuitry to the plurality of light-emitting
diode pixels.

11. The organic light-emitting diode display defined in
claim 10 wherein the compensation circuitry generates com-
pensation data for the plurality of light-emitting diode pixels
based on the measured threshold voltages.

12. The organic light-emitting diode display defined in
claim 11 further comprising:

data circuitry that receives digital image data and processes

the digital image data with the compensation data to
produce analog data signals, wherein the data circuitry
drives the plurality of light-emitting diodes with the
analog data signals.
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13. The organic light-emitting diode display defined in
claim 12 further comprising:

additional demultiplexing circuitry that selectively couples
the data circuitry to the plurality of pixels, wherein the
analog data signals are routed to the plurality of pixels by
the additional demultiplexing circuitry.

14. The organic light-emitting diode display defined in

claim 12 further comprising:

storage circuitry that stores the compensation data,
wherein the data circuitry retrieves the compensation
data from the storage circuitry in processing the digital
image data.

15. The organic light-emitting diode display defined in

claim 12 wherein the data circuitry comprises:

an adder circuit that adds the compensation data and the
digital image data to produce a summed value;

gamma circuitry that generates a plurality of analog gray
level voltages; and

multiplexer that receives the plurality of analog gray level
voltages from the gamma circuitry and is controlled by
the summed value from the adder circuit to select from
the plurality of analog gray level voltages for driving the
plurality of image pixels.

16. The organic light-emitting diode display defined in
claim 10 wherein each of the plurality of light-emitting diode
pixels further comprises:

a capacitor coupled between gate and source terminals of
the current source transistor, wherein the compensation
circuitry and data circuitry provide signals during com-
pensation operations that configure the light-emitting
diode pixels.
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17. The organic light-emitting diode display defined in
claim 16 wherein each of the plurality of light-emitting diode
pixels further comprises:

aswitch coupled between the source terminal of the current

source transistor and the demultiplexing circuitry.

18. The organic light-emitting diode display defined in
claim 17 wherein each of the plurality of light-emitting diode
pixels further comprises:

an additional switch coupled between the gate terminal of

the current source transistor and a data line.

19. A method of operating an organic light-emitting diode
display having a plurality of pixels, wherein each pixel
includes a current source transistor, an organic light-emitting
diode, and a capacitor coupled between source and gate ter-
minals of the current source transistor, the method compris-
ing:

selecting a pixel,

with demultiplexing circuitry, electrically coupling the

selected pixel to sense circuitry;

for the selected pixel, storing a transistor threshold voltage

of the current source transistor across the capacitor using
the current source transistor; and

with the sense circuitry, measuring the transistor threshold

voltage that is stored across the capacitor.

20. The method defined in claim 19 further comprising:

with digital-to-analog converter circuitry, converting the

measured transistor threshold voltage to a digital value;
with data circuitry, receiving digital image data; and

with the data circuitry, generating an analog data signal for

the selected pixel based on the received digital image
data and the digital value.

I S I
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