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DRIVING SCHEME FOR EMISSIVE DISPLAYS PROVIDING COMPENSATION

FOR DRIVING TRANSISTOR VARIATIONS

COPYRIGHT

[0001] 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 whatsoever

FIELD OF THE PRESENT DISCLOSURE

[0002] The present disclosure relates to detecting and addressing non-uniformities in

display circuitry.

BACKGROUND

[0003] Organic light emitting devices (OLEDs) age when they conduct current. As a

result of this aging, the input voltage that an OLED requires in order to generate a given

current increases over time. Similarly, the amount of current required to emit a given

luminance also increases with time, as OLED efficiency decreases.

[0004] Because OLEDs in pixels on different areas of a display panel are driven

differently, these OLEDs age or degrade differently and at different rates, which can lead to

visible differences and non-uniformities between pixels on a given display panel.

[0005] An aspect of the disclosed subject matter improves display technology by

effectively detecting non-uniformities and/or degradation in displays, particularly light

emitting displays, and allowing for quick and accurate compensation to overcome the non-

uniformities and/or degradation.

SUMMARY

[0006] A method of compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device includes processing a voltage

corresponding to a difference between a reference current and a measured first device current

flowing through the drive transistor or the light emitting device of a selected one of the pixel

circuits at a readout system. The method also includes converting the voltage into a

corresponding quantized output signal indicative of the difference between the reference

current and the measured first device current at the readout system. A controller then adjusts



a programming value for the selected pixel circuit by an amount based on the quantized

output signal such that the storage device of the selected pixel circuit is subsequently

programmed with a current or voltage related to the adjusted programming value.

[0007] A method of compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device includes performing a first reset

operation on an integration circuit to restore the integration circuit to a first known state. The

method also includes performing a first current integration operation at the integration circuit,

the integration operation operative to integrate a first input current corresponding to a

difference between a reference current and a measured first device current flowing through

the drive transistor or the light emitting device of a selected one of the pixel circuits . A first

voltage corresponding to the first integration operation is stored on a first storage capacitor,

and a second reset operation is performed on the integration circuit, restoring the integration

circuit to a second known state. A second current integration operation is performed at the

integration circuit to integrate a second input current corresponding to the leakage current on

a reference line, and a second voltage corresponding to the second current integration

operation is stored on a second storage capacitor. The method also includes generating an

amplified output voltage corresponding to the difference between the first voltage and the

second voltage using one or more amplifiers and quantizing the amplified output voltage.

[0008] A method of compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device includes performing a first reset

operation on an integration circuit to restore the integration circuit to a first known state. The

method also includes performing a first current integration operation at the integration circuit,

the integration operation operative to integrate a first input current corresponding to a

difference between a reference current and a measured first device current flowing through

the drive transistor or the light emitting device of a selected one of the pixel circuits. A first

voltage corresponding to the first integration operation is stored on a first storage capacitor,

and a second reset operation is performed on the integration circuit, restoring the integration

circuit to a second known state. A second current integration operation is performed at the

integration circuit to integrate a second input current corresponding to the leakage current on

a reference line, and a second voltage corresponding to the second current integration



operation is stored on a second storage capacitor. The method also includes performing a

multibit quantization operation based on the first stored voltage and the second stored

voltage.

[0009] A system for compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device includes a readout system. The readout

system is configured to: a) process a voltage corresponding to a difference between a

reference current and a measured first device current flowing through the drive transistor or

the light emitting device of a selected one of the pixel circuits and b) convert the voltage into

a corresponding quantized output signal indicative of the difference between the reference

current and the measured first device current. The system also includes a controller

configured to adjust a programming value for the selected pixel circuit by an amount based

on the quantized output signal such that the storage device of the selected pixel circuit is

subsequently programmed with a current or voltage related to the adjusted programming

value.

[0010] A system for compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device includes a reset circuit. The reset circuit

is configured to perform a) a first reset operation on an integration circuit, the reset operation

restoring the integration circuit to a first known state and b) a second reset operation on the

integration circuit, the reset operation restoring the integration circuit to a second known

state. The system also includes an integration circuit configured to perform a) a first current

integration operation, the first current integration operation operative to integrate a first input

current corresponding to a difference between a reference current and a measured first device

current flowing through the drive transistor or the light emitting device of a selected one of

the pixel circuits and b) a second current integration operation at the integration circuit, the

second integration operation operative to integrate a second input current corresponding to

the leakage current on a reference line. In addition, the system includes a first storage

capacitor configured to store a first voltage corresponding to the first current integration and a

second storage capacitor configured to store a second voltage corresponding to the second

current integration operation. The system also includes amplifier circuit configured to

generate an amplified output voltage corresponding to the difference between the first voltage



and the second voltage using one or more amplifiers and a quantizer circuit configured to

quantize the amplified output voltage.

[001 1] A system for compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device includes a reset circuit. The reset circuit

is configured to perform a) a first reset operation on an integration circuit, the first reset

operation restoring the integration circuit to a first known state and b) a second reset

operation on the integration circuit, the second reset operation restoring the integration circuit

to a second known state. The system also includes an integration circuit configured to

perform a) a first current integration operation at the integration circuit, the first integration

operation operative to integrate a first input current corresponding to a difference between a

reference current and a measured first device current flowing through the drive transistor or

the light emitting device of a selected one of the pixel circuits and b) a second current

integration operation at the integration circuit, the integration operation operative to integrate

a second input current corresponding to the leakage current on a reference line. In addition,

the system includes a first storage capacitor configured to store a first voltage corresponding

to the first current integration operation and a second storage capacitor configured to store a

second voltage corresponding to the second current integration operation. The system also

includes a quantizer circuit configured to perform a multibit quantization operation based on

the first stored voltage and the second stored voltage.

[0012] Additional aspects of the present disclosure will be apparent to those of ordinary

skill in the art in view of the detailed description of various aspects, which is made with

reference to the drawings, a brief description of which is provided below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1A illustrates an electronic display system or panel having an active matrix

area or pixel array in which an array of pixels are arranged in a row and column

configuration;

[0014] FIG. IB is a functional block diagram of a system for performing an exemplary

comparison operation according to the present disclosure;

[0015] FIG. 2 illustrates, in a schematic, a circuit model of a voltage to current (V2I)

conversion circuit 200 according to the present disclosure;



[0016] FIG. 3 illustrates a block diagram of a system configured to perform a current

comparison operation using a current integrator according to the present disclosure;

[0017] FIG. 4 illustrates another block diagram of a system configured to perform a

current comparison operation using a current integrator according to the present disclosure;

[0018] FIG. 5 illustrates a circuit diagram of a system configured to generate a single bit

output based on the output of a current integrator according to the present disclosure;

[0019] FIG. 6 illustrates a circuit diagram of a system configured to generate a multibit

output based on the output of a current integrator according to the present disclosure;

[0020] FIG. 7 illustrates a timing diagram of an exemplary comparison operation using

the circuit 400 of FIG. 4;

[0021] FIG. 8 illustrates a block diagram of a system configured to perform a current

comparison operation using a current comparator according to the present disclosure;

[0022] FIG. 9 illustrates another block diagram of a system configured to perform a

current comparison operation using a current comparator according to the present disclosure;

[0023] FIG. 10 illustrates a circuit diagram of a current comparator (CCMP) front-end

stage circuit according to the present disclosure; and

[0024] FIG. 11 illustrates a timing diagram of an exemplary comparison operation using

the circuit 800 of FIG. 8; and

[0025] FIG. 12 illustrates an exemplary flowchart of an algorithm for processing the

output of a current comparator or a quantizer coupled to the output of a current integrator.

DETAILED DESCRIPTION

[0026] Systems and methods as disclosed herein can be used to detect and compensate

for process or performance-related non-uniformities and/or degradation in light emitting

displays. Disclosed systems use one or more readout systems to compare a device (e.g.,

pixel) current with one or more reference currents to generate an output signal indicative of

the difference between the device and reference currents. The one or more readout systems

can incorporate one or more current integrators and/or current comparators which can each be

configured to generate the output signal using different circuitry. As will be described in

further detail below, the disclosed current comparators and current comparators each offer

their own advantages and can be used in order to meet certain performance requirements. In

certain implementations, the output signal is in the form of an output voltage. This output



voltage can be amplified, and the amplified signal can be digitized using single or multibit

quantization. The quantized signal can then be used to determine how the device current

differs from the reference current and to adjust the programming voltage for the device of

interest accordingly.

[0027] Electrical non-uniformity effects can refer to random aberrations introduced

during the manufacturing process of pixel circuits, such as originating from the distribution of

different grain sizes. Degradation effects can refer to post-manufacturing time- or

temperature- or stress-dependent effects on the semiconductor components of a pixel circuit,

such as a shift in the threshold voltage of the drive transistor of a current-driven light emitting

device or of the light emitting device, which causes a loss of electron mobility in the

semiconductor components. Either or both effects can result in a loss of luminance, uneven

luminance, and a number of other known undesirable performance-robbing and visual

aberrations on the light emitting display. Degradation effects can sometimes be referred to as

performance non-uniformities, as degradation can cause localized visual artifacts (e.g.,

luminance or brightness anomalies) to appear on the display. A "device current" or

"measured current" or "pixel current" as used herein refers to a current (or corresponding

voltage) that is measured from a device of a pixel circuit or from the pixel circuit as a whole.

For example, the device current can represent a measured current flowing through either the

drive transistor or the light emitting device within a given pixel circuit under measurement.

Or, the device current can represent the current flowing through the entire pixel circuit. Note

that the measurement can be in the form of a voltage initially instead of a current, and in this

disclosure, the measured voltage is converted into a corresponding current to produce a

"device current."

[0028] As mentioned above, the disclosed subject matter describes readout systems

which can be used to convert a received current or currents into a voltage indicative of the

difference between a device current and a reference current, which voltage can then be

processed further. As will be described in further detail below the described readout systems

perform these operations using current comparators and/or current integrators incorporated

into the readout systems. Because the disclosed current comparators and current integrators

process input signals reflective of a difference between a measured device current and a

reference current instead of directly processing the device current itself, the disclosed current

comparators and current integrators offer advantages over other detection circuits. For



example, the disclosed current comparators and current integrators operate over a lower

dynamic range of input currents than other detection circuits and can more accurately detect

differences between reference and device currents. Additionally, according to certain

implementations, by using an efficient readout and quantization process, the disclosed current

comparators can offer faster performance than other detection circuitry. Similarly, the

disclosed current integrators can offer superior noise performance because of their unique

architecture. As explained herein, an aspect of the present disclosure determines and

processes a difference between a measured current and a reference current, and then that

difference is presented as an input voltage to a quantizer as disclosed herein. This is different

from conventional detection circuits, which merely perform multibit quantization on a

measured device current as one input, without comparing the device current to a known

reference current or performing further processing on signals indicative of the difference

between a device current and a known reference current.

[0029] In certain implementations, a user can select between a current comparator and a

current integrator based on specific needs, as each device offers its own advantages, or a

computer program can automatically select to use one or both of the current comparators or

current integrators disclosed herein as a function of desired speed performance or noise

performance. For example, current integrators can offer better noise suppression

performance than current comparators, while current comparators can operate faster.

Therefore, a current integrator can be selected to perform operations on signals that tend to be

noisy, while a current comparator can be selected to perform current comparison operations

for quickly changing input signals. Thus, a tradeoff can be achieved between selecting a

current integrator as disclosed herein when low noise is important versus a comparator as

disclosed herein when high speed is important.

[0030] While the present disclosure can be embodied in many different forms, there is

shown in the drawings and will be described various exemplary aspects of the present

disclosure with the understanding that the present disclosure is to be considered as an

exemplification of the principles thereof and is not intended to limit the broad aspect of the

present disclosure to the illustrated aspects.

[0031] FIG. 1A illustrates an electronic display system or panel 101 having an active

matrix area or pixel array 102 in which an array of pixels 1(34 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 102 is a peripheral area 106 where peripheral circuitry for

driving and controlling the pixel area 02 a e disposed. The peripheral circuitry includes a

gate or address driver circuit 108, a read driver circuit 109, a source or data driver circuit 10,

and a controller 112. The controller 112 controls the gate, read, and source drivers 108, 109,

and 110. The gate driver 108, under control of the controller 112, operates on address or

select lines SEL[i], SEL[i+ l], and so forth, one for each row of pixels 104 in the pixel

array 102. The read driver 109, under control of the controller 12, operates on read or

monitor lines MON[k], MON[k+ 1], and so forth, one for each column of pixels 104 in the

pixel array 102. The source driver circuit 0 , under control of the controller 12, operates

on voltage data lines Vdata[k], Vdata[k+1], and so forth, one for each column of

pixels 04 in the pixel array 102. The voltage data lines ca y voltage programming

information to each pixel 104 indicative of a luminance (or brightness as subjectively

perceived by an observer) of each light emitting device in the pixel 1(34. A storage element,

such as a capacitor, in each pixel 104 stores the voltage programming information until an

emission or driving cycle turns on the light emitting device, such as an organic light emitting

device (OLED). During the driving cycle, the stored voltage programming information is

used to illuminate each light emitting device at the programmed luminance.

[0032] The readout system 10 receives device currents from one or more pixels via the

monitor lines 115, 116 (MON[k], MON[k+ 1]) and contains circuitry configured to compare

one or more received device currents with one or more reference currents to generate an

signal indicative of the difference between the device and reference currents. In certain

implementations, the signal is in the form of a voltage. This voltage can be amplified, and

the amplified voltage can be digitized using single or multibit quantization. In certain

implementations, single bit quantization can be performed by a comparator incorporated in

the readout system 10, while multibit quantization can be performed by circuitry external to

the readout system 10. For example, circuitry operative to perform multibit quantization can

optionally be included in controller 112 or in circuitry external to the panel 101.

[0033] The controller 112 can also determine how the device current differs from the

reference current based on the quantized signal and adjust the programming voltage for the

pixel accordingly. As will be described in further detail below, the programming voltage for

the pixel can be iteratively adjusted as part of the process of determining how the device

current differs from the reference current. In certain implementations, the controller 112 can



communicate with a memory 113, storing data to and retrieving data from the memory 113 as

necessary to perform controller operations.

[0034] In addition to the operations described above, in certain implementations, the

controller 112 can also send control signals to the readout system 10. These control signals

can include, for example, configuration signals for the readouts system, signals controlling

whether a current integrator or current comparator is to be used, signals controlling signal

timing, and signals controlling any other appropriate operations.

[0035] The components located outside of the pixel array 102 can be disposed in a

peripheral area 130 around the pixel array 02 on the same physical substrate on which the

pixel array 102 is disposed. These components include the gate driver 108, the read driver

109, the source driver 0, and the controller 12. Alternately, some of the components in the

peripheral area can be disposed on the same substrate as the pixel array 102 while other

components are disposed on a different substrate, or all of the components in the peripheral

are can be disposed on a substrate different from the substrate on which the pixel array 102 is

disposed.

[0036] FIG. IB is a functional block diagram of a comparison system for performing an

exemplary comparison operation according to the present disclosure. More specifically, a

system 100 can be used to calculate variations in device (e.g., pixel) current based on a

comparison of the measured current flowing through one or more pixels (e.g., pixels on a

display panel such as the panel 101 described above) and one or more reference currents.

The readout system 10 can be similar to the readout system 10 described above with respect

to FIG. 1A and can be configured to receive one or more device (e.g., pixel) currents and to

compare the received device currents to one or more reference currents. As described above

with respect to FIG. 1A, the output of the readout system can then be used by a controller

circuit (e.g., the controller 112, not shown in FIG. IB) to determine how the device current

differs from the reference current and adjust the programming voltage for the device

accordingly. As will be described in further detail below, the V2I control register 20, the

analog output register 30, the digital output register 40, the internal switch matrix address

register 50, the external switch matrix address register 60, the mode select register

(MODSEL) 70, and the clock manager 80 can act as control registers and/or circuitry, each

controlling various settings and/or aspects of the operation of system 100. In certain



implementations, these control registers and/or circuitry can be implemented in a controller

such as the controller 112 and/or a memory such as the memory 113.

[0037] As mentioned above, the readout system 10 can be similar to the readout system

10 described above with respect to FIG. 1A. The readout system 10 can receive device

currents from one or more pixels (not shown) via monitor lines (Y1.1-Y1.30) and contains

circuitry configured to compare one or more received device currents with one or more

reference currents to generate an output signal indicative of the difference between the device

and reference currents.

[0038] The readout system 10 can include a number of elements including: a switch

matrix 11, an analog demultiplexer 12, V2I conversion circuit 13, V2I conversion circuit 14,

a switch box 15, a current integrator (CI) 16 and a current comparator (CCMP) 17. The

"V2I" conversion circuit refers to a voltage-to-current conversion circuit. The terms circuit,

register, controller, driver, and the like are ascribed their meanings as understood by those

skilled in the electrical arts. In certain implementations, such as the one shown in FIG. 2, the

system 100 can include more than one implementation of the readout system 10. More

particularly, FIG. 2 includes 24 such readout systems, ROCH1-ROCH 24, but other

implementations can include a different number of implementations of the readout system 10.

[0039] It should be emphasized that the exemplary architecture shown in FIG. IB is not

intended to be limiting. For example, certain elements shown in FIG. IB can be omitted

and/or combined. For example, in certain implementations, the switch matrix 11, which

selects which of a plurality of monitored currents from a display panel is to be processed by

the CI 16 or the CCMP 17, can be omitted from the readout system 10 and instead, can be

incorporated into circuitry on a display panel (e.g., the display panel 101).

[0040] As mentioned above, the system 100 can be used to calculate variations in device

current based on a comparison of the measured current flowing through one or more devices

(e.g., pixels) and one or more reference currents. In certain implementations, the readout

system 10 can receive device currents via 30 monitor lines, Y1.1-Y1.30, corresponding to

pixels in 30 columns of a display (e.g., the display panel 101). The monitor lines Y1.1-Y1.30

can be similar to the monitor lines shown 115, 116 in FIG. 1. Further, it will be understood

that the pixels described in this application can include organic light emitting diodes

("OLEDs"). In other implementations, the number of device currents received by a readout

system can vary.



[0041] After the readout system 10 receives the measured device current or currents to be

evaluated, the switch matrix 11 selects from the received signals and outputs them to the

analog demultiplexer 12 which then transmits the received signal or signals to either the CI

16 or the CCMP 17 for further processing. For example, if the current flowing through a

specific pixel in column 5 is to be analyzed by the readout system 10, a switch address matrix

register can be used to connect the monitor line corresponding to column 5 to either the CI 16

or the CCMP 17m as appropriate.

[0042] Control settings for the switch matrix can be provided by a switch matrix address

register. System 100 includes two switch matrix address registers: an internal switch matrix

address register 50 and an external switch matrix address register 60. The switch matrix

address registers can provide control settings for the switch matrix 11. In certain

implementations, only one of the two switch matrix address registers will be active at any

given time, depending on the specific settings and configuration of the system 100. More

specifically, as described above, in certain implementations, the switch matrix 11 can be

implemented as part of the readout system 10. In these implementations, the internal switch

matrix address register 50 can be operative to send control signals indicating which of the

received inputs is processed by the switch matrix 11. In other implementations, the switch

matrix llcan be implemented as part of the readout system 10. In these implementations,

outputs from the internal switch matrix address register 50 can control which of the received

inputs is processed by the switch matrix 11.

[0043] Timing for operations performed by the readout system 10 can be controlled by

clock signals phl-ph6. These clock signals can be generated by low voltage differential

signaling interface register 55. The low voltage differential signaling interface register 55

receives input control signals and uses these signals to generate clock signals phl-ph6, which

as will be described in further detail below, can be used to control various operations

performed by the readout system 10.

[0044] Each of the readout systems 10 can receive reference voltages, VREF, and bias

voltages, VB.x.x. As will be described in further detail below, the reference voltages can be

used, for example, by the V2I conversion circuit 13, 14, and the bias voltages, VB.x.x., can

be used by a variety of circuitry incorporated in the readout systems 10.

[0045] Additionally, both the CI 16 and the CCMP 17 are configured to compare device

currents with one or more reference currents, which can be generated by the V2I conversion



circuit 13 and the V2I conversion circuit 14, respectively. Each of the V2I conversion

circuits 13, 14 receives a voltage and produces a corresponding output current, which is used

as a reference current for comparison against a measured current from a pixel circuit in the

display. For example, the input voltage to the V2I conversion circuits 13, 14 can be

controlled by a value stored in the V2I register 20, thereby allowing control over the

reference current value, such as while the device currents are being operated.

[0046] A common characteristic of both the CI 16 and the CCMP 17 is that each of them

either stores internally in a storage device, such as a capacitor, or presents on an internal

conductor or signal line, a difference between the measured device current and one or more

reference currents. This difference can be represented inside the CI 16 or the CCMP 17 in

the form of a voltage or current or charge commensurate with the difference. How the

difference is determined inside the CI 16 or the CCMP 17 is described in more detail below.

[0047] In certain implementations, a user can select between the CI 16 and the CCMP 17

based on specific needs, or a controller or other computing device can be configured to

automatically select either the CI 16 or the CCMP 17 or both depending on whether one or

more criterion is satisfied, such as whether a certain amount of noise is present in the

measured sample. For example, because of its specific configuration according to the aspects

disclosed herein, CI 16 can offer better noise suppression performance than the CCMP 17,

while the CCMP 17 can operate more quickly overall. Because the CI 16 offers better noise

performance, the CI 16 can be automatically or manually selected to perform current

comparison operations for input signals with high frequency components or a wide range of

frequency components. On the other hand, because the CCMP 17 can be configured to

perform comparison operations more quickly than the CI 16, the CCMP 17 can be

automatically or manually selected to perform current comparison operations for quickly

changing input signals (e.g., rapidly changing videos).

[0048] According to certain implementations, a V2I conversion circuit in a specific

readout system 10 can be selected based on the outputs of the V2I control register 20. More

specifically, one or more of the V2I conversion circuits 13, 14 in a given readout system 10

(selected from a plurality of similar readout systems) can be activated based on the

configuration of and control signals from the control register 20.

[0049] As will be described in more detail below, both the CI 16 and the CCMP 17

generate outputs indicative of the difference between the device current or currents received



by the switch matrix 11 and one or more reference currents, generated by the V2I conversion

circuits 13 and 14, respectively. In certain implementations, the output of the CCMP 17 can

be a single-bit quantized signal. The CI 16 can be configured to generate either a single-bit

quantized signal or an analog signal which can then be transmitted to a multibit quantizer for

further processing.

[0050] Unlike prior systems which merely performed multibit quantization on a measured

device current, without comparing the device current to a known reference current or

performing further processing on signals indicative of the difference between a device current

and a known reference current, the disclosed systems perform quantization operations

reflecting the difference between a measured device current and a known reference current.

In certain implementations, a single-bit quantization is performed, and this quantization

allows for faster and more accurate adjustment of device currents to account for shifts in

threshold voltage, other aging effects, and the effects of manufacturing non-uniformities.

Optionally, in certain implementations, a multibit quantization can be performed, but the

disclosed multibit quantization operations improve upon previous quantization operations by

quantizing a processed signal indicative of the difference between the measured device

current and the known reference current. Among other benefits, the disclosed multibit

quantization systems offer better noise performance and allow for more accurate adjustment

of device parameters than previous multibit quantization systems.

[0051] Again, as mentioned above, a common feature of the CI 16 and the CCMP 17 is

that each of these circuits either stores internally in a storage device, such as a capacitor, or

presents on an internal conductor or signal line, a difference between the measured device

current and one or more reference currents. Stated differently, the measured device current is

not merely quantized as part of a readout measurement, but rather, in certain

implementations, a measured device current and a known reference current are subtracted

inside the CI 16 or CCMP 17, and then the resulting difference between the measured and

reference currents is optionally amplified then presented to a single-bit quantizer as an input.

[0052] The digital readout register 40 is a shift register that processes digital outputs from

either the CI 16 or the CCMP 17. According to certain implementations, the processed

output is a single-bit quantized signal generated by the CI 16 or the CCMP 17. More

specifically, as described above, both the CI 16 and the CCMP 17 can generate single-bit

outputs indicating how a measured current deviates from a reference current (i.e., whether the



measured current is larger or smaller than the reference current),. These outputs are

transmitted to digital readout register 40 which can then transfer the signals to a controller

(e.g., the controller 112) containing circuitry and or computer algorithms configured to

quickly adapt the programming values to the affected pixels so that the degradation or non-

uniformity effects can be compensated very quickly. In certain implementations, the digital

readout register 40 operates as a parallel-to-serial converter which can be configured to

transfer the digitized output of a plurality of the readout systems 10 to a controller (e.g., the

controller 112) for further processing as described above.

[0053] As mentioned above, in certain implementations, instead of generating a single-bit

digital output, the readout system 10 can generate an analog output indicative of the

difference between a device current and a reference current. This analog output can then be

processed by a multibit quantizer (external to the readout system 10) to generate a multibit

quantized output signal which can then be used to adjust device parameters as necessary.

Unlike prior systems which merely performed multibit quantization on a potentially noisy

measured device current, processing on signals indicative of the difference between a device

current and a known reference current, these prior systems were slower than and not as

reliable as the currently disclosed systems.

[0054] Analog output register 30 is a shift register that that processes an analog output

from the readout system 10 before transmitting the output to a multibit quantizer (e.g., a

quantizer implemented in controller 112). More specifically, the analog output register 30

controls a multiplexer (not shown) that allows one of a number of the readout systems 10 to

drive analog outputs of System 100 which can then be transmitted to a multibit quantizer(e.g.,

a quantizer contained in the controller 112) for further processing.

[0055] Quantizing the difference between the measured and reference currents reduces

the number of iterations and over- and under-compensation that occurred in previous

compensation techniques. No longer does the compensation circuitry merely operate on a

quantized representation of a measured device current. As will be described in further detail

below, a single-bit quantization as described herein allows for faster and more accurate

adjustment of device currents to account for shifts in threshold voltage and other aging

effects. Further, in certain implementations, a multibit quantization can be performed, but the

disclosed multibit quantization operations improve upon previous quantization operations by

quantizing a processed signal indicative of the difference between the measured device



current and the known reference current. This type of quantization offers better noise

performance and allows for more accurate adjustment of device currents than previous

multibit quantization systems.

[0056] The MODSEL 70 is a control register that can be used to configure the system

200. More specifically, in certain implementation, the MODSEL 70 can output control

signals that, in conjunction with the clock manager, can be used to program the system 200 to

operate in one or more selected configurations. For example, in certain implementations, a

plurality of control signals from the MODSEL register 70 can be used, for example, to select

between CCMP and CI functionality (based on, for example, whether high-speed or low-

noise performance is prioritized), enable slew correction, to enable V2I conversion circuits,

and/or to power down the CCMP and CI. In other implementations, other functionality can

be implemented.

[0057] FIG. 2 illustrates, in a schematic, a circuit model of a voltage to current (V2I)

conversion circuit 200, which is used to generate a reference current based on an adjustable

or fixed input voltage. The V2I conversion circuit 200 can be similar to the V2I conversion

circuits 13 and 14 described above with respect to FIG. 1. More specifically, the V2I

conversion circuit 200 can be used to generate a specified reference current based on one or

more input currents and/or voltages. As discussed above, the current comparators and current

integrators disclosed herein compare measured device currents to these generated reference

currents to determine how the reference and device currents differ and to adjust device

parameters based on these differences between the currents. Because the reference current

generated by the V2I conversion circuit 200 is easily controlled, the V2I conversion circuit

200 can generate very accurate reference current values, specified to account for random

variations or non-uniformities during the fabrication process of the display pane

[0058] The V2I conversion circuit 200 includes two operational transconductance

amplifiers, 210 and 220. As shown in FIG. 2, the amplifier 210 and the amplifier 220 each

receive an input voltage (V p and V i , respectively), which is then processed to generate a

corresponding output current. In certain implementations, the output current can be used as a

reference current, l ef, by current comparators and/or current integrators such as CI 16 and/or

CCMP 17 described herein. By characterizing each V2I conversion circuit with a reference

operational trans-resistance or trans-conductance amplifier, each V2I conversion circuit,

depending upon its physical location relative to the display panel, can be digitally calibrated



to compensate for random variations or non-uniformities during the fabrication process of the

display panel. The integrated resistor 245, is shown in FIG. 2 .

[0059] More specifically, through the use of feedback loops, the amplifier 210 and the

amplifier 220 create virtual ground conditions at nodes A and B, respectively. Further, the

transistors 205 and 215 are matched to provide a first constant DC current source, while the

transistors 225 and 235 are matched to provide a second constant DC current source. The

current from the first source flows into node A, while the current from the second source

flows into node B.

[0060] Because of the virtual ground condition at nodes A and B, the voltage across the

resistor 245 is equal to the voltage difference between V p and V i - Accordingly, a current,

deltal flows through the resistor 245. This creates an imbalanced current

through P-type transistors 255 and 265. The displaced current through the transistor 255 is

then sunk into the current mirror structure of the transistors 275, 285, 295, and 299 to match

the current through the transistor 265. As shown in FIG. 2, the matched current, however, is

in the opposite direction of the current through transistor 265, and therefore the output

current, Iout, of the V2I conversion circuit 200 is equal to 2 By

appropriately chosing values for input voltages V p and V i and for the the resistor 245, a

user of the circuit can easily control the generated output current, Iout.

[0061] FIG. 3 illustrates a block diagram showing an exemplary system configured to

perform a device current comparison using a current integrator. The device current

comparison can be similar to device current comparisons described above. More specifically,

using the system illustrated in FIG. 3, a current integrator (optionally integrated in a readout

system such as readout system 10) can evaluate the difference between a device current and a

reference current. The device current can include the current through a driving transistor of a

pixel (ITFT) and/or the current through the pixel's light emitting device (IOLED) - The output of

the current integrator can be sent to a controller (not shown) and used to program the device

under test to account for shifts in threshold voltage, other aging effects, and/or manufacturing

non-uniformities. In certain implementations, the current integrator can receive input current

from a monitor line coupled to a pixel of interest over two phases. In one phase, current

flowing through the pixel of interest, along with monitor line leakage current and noise

current can be measured. In the other phase, the pixel of interest is not driven, but the current

integrator still receives monitor line leakage current and noise current from the monitor line.



Additionally, a reference current is input to the current integrator during either the first phase

or the second phase. Voltages corresponding to the received currents are stored during each

phase. The voltages corresponding to the currents from the first and second phases are then

subtracted leaving only the a voltage corresponding to the difference between the device

current and the reference current for use in compensating for non-uniformities and/or

degradation of that device (e.g., pixel) circuit. In other words, the presently disclosed current

comparators use a two-phase readout procedure to eliminate the effect of leakage currents

and noise currents while achieve a highly accurate measurement of the device current, which

is then quantified as a difference between the measured current (independent of leakage and

noise currents) and a reference current. This two-phase readout procedure can be referred to

as correlated-double sampling. The quantified difference is highly accurate and can be used

for accurate and fast compensation of non-uniformities and/or degradation. Because the

actual difference between the measured current of a pixel circuit, untarnished by leakage or

noise currents inherent in the readout, is quantified, any non-uniformities or degradation

effects can be quickly compensated for by a compensation scheme.

[0062] System 300 includes a pixel device 310, a data line 320, a monitor line 330, a

switch matrix 340, a V2I conversion circuit 350 and a current integrator (CI) 360. The pixel

device310 can be similar to the pixel 104, the monitor line 330 can be similar to the monitor

lines 115, 116, the V2I conversion circuit 350 can be similar to the V2I conversion circuit

200, and the CI 360 can be similar to the CI 16.

[0063] As shown in FIG. 3, pixel device 310 includes a write transistor 311, a drive

transistor 312, a read transistor 313, light emitting device 314, and storage element 315. The

storage element 315 can optionally be a capacitor. In certain implementations, the light

emitting device (LED) 314 can be an organic light emitting device (OLED). Write transistor

311 receives programming information from data line 320 which can be stored on the gate of

the drive transistor 312 (e.g., using a "WR" control signal) and used to drive current through

the LED 314. When the read transistor 313 is activated (e.g., using a "RD" control signal),

the monitor line 330 is electrically coupled to the drive transistor 312 and the LED 314 such

that current from the LED and/or drive transistor can be monitored via the monitor line 330.

[0064] More specifically, when the read transistor is activated (e.g., via a "RD" control

signal), CI 360 receives input current from the device 310 via monitor line 330. As described

above with respect to FIG. 1, a switch matrix, such as the switch matrix 340, can be used to



select which received signal or signals to transmit to CI 360. In certain implementations, the

switch matrix 340 can receive currents from 30 monitored columns of a display panel (e.g.,

display panel 101) and select which of the monitored columns to transmit to the CI 360 for

further processing. After receiving and processing the currents from the switch matrix 340,

the CI 360 generates a voltage output, Dout, indicative of the difference between the

measured device current and the reference current generated by the V2I conversion circuit

350.

[0065] The V2I conversion circuit 350 can optionally be turned on and/or off using

control signal IREF1.EN. Additionally, bias voltages VB1 and VB2 can be used to set a

virtual ground condition at the inputs of CI 360. In certain implementations, VB1 can be

used to set the voltage level at an input node receiving input current Ι1 , and VB2 can be used

as an internal common mode voltage.

[0066] In certain implementations, a current readout process to generate an output

indicative of the differences between measured device currents and one or more reference

currents while minimizing the effects of noise can occur over two phases. The generated

output can be further processed by any current integrator or current comparator disclosed

herein.

[0067] During a first phase of a first current readout implementation, the V2I conversion

circuit 350 is turned off, so no reference current flows into the CI 360. Additionally, a pixel

of interest can be driven such that current flows through the drive transistor 312 and the LED

314 incorporated into the pixel. This current can be referred to as Idevice. In addition to Idevice,

monitor line 330 carries leakage current I leaki and a first noise current, Inoisei.

[0068] Therefore, the input current to the CI 360 during the first phase of this current

readout implementation, Ii _Phasei, equal to:

Idevice+Ileak+Inoisel

[0069] After the first phase of the current readout implementation is complete, an output

voltage corresponding to Ii _Phasei stored inside the CI 360. In certain implementations, the

output voltage can be stored digitally. In other implementations, the output voltage can be

stored in analog form (e.g., in a capacitor).



[0070] During the second phase of the first current readout implementation, the V2I

conversion circuit 350 is turned on, and a reference current, l ef, flows into CI 360. Further,

unlike the first phase of this current readout implementation, the pixel of interest coupled to

the monitor line 330 is turned off. Therefore, the monitor line 330 now carries leakage

current Ileak and a second noise current, I oiSe2 only. The leakage current during the second

phase of this readout Ileak, assumed to be roughly the same as the leakage current during the

first phase of the readout because the structure of the monitor line does not change over time.

[0071] Accordingly, the input current to the CI 360 during the second phase of this

current readout implementation, I i _Phase2, is equal to:

iRef+Ileak +Inoise2

After the second phase of the current readout process is complete, the outputs of the first

phase and the second phase are subtracted using circuitry incorporated inside the CI 360 (e.g.,

a differential amplifier) to generate an output voltage corresponding to the difference between

the device currents and the reference currents. More specifically, the output voltage of the

circuitry performing the subtraction operation is proportional to:

Iin_phasel Iin_phase2 —(Idevice+Ileak Inoisel ) (lRef lTleak lTnoise2)—Idevice Re Inoise-

[0072] Inoise is typically high frequency noise, and its effects are minimized or eliminated

by a current integrator such as the CI 360. The output voltage of the circuitry performing the

subtraction operation in the second readout process can then be amplified, and the amplified

signal can then be processed by a comparator circuit incorporated in the CI 360 to generate a

single-bit quantized signal, Dout, indicative of a difference between the measured device

current and the reference current. For example, in certain implementations, Dout can be

equal to"l" if the device current is larger than the reference current and equal to"0" if device

current is less than or equal to the reference current. The amplification and quantization

operations will be described in further detail below.

[0073] Table 1 summarizes the first implementation of a differential current readout

operation using a CI 360 as described above. In Table 1, "RD" represents a read control

signal coupled to the gate of the read transistor 313.



Table 1: CI Single-ended Current Readout-First Implementation

A second implementation of a current readout operation using the C I 360 also takes place

over two phases. During a first phase of the second implementation, the V2I conversion

circuit 350 is configured to output a negative reference current, -l ef. Because a negative

reference current, - , is provided to the C I 360 in the second implementation, the second

implementation requires circuitry in the CI360 to operate over a lower dynamic range of

input currents than the first implementation described above. Additionally, as with the first

implementation described above, a pixel of interest can be driven such that current flows

through the pixel's drive transistor 3 12 and LED 3 14. This current can be referred to as

Idevice. In addition to Idevice, monitor line 330 carries leakage current Ileak and a first noise

current, I noisel .

[0074] Therefore, the input current to the C I 360 during the first phase of the second

implementation of the current readout process, I i _Phasei, equal to:

Idevice lRef lTleak lTnoisel

[0075] As discussed above, a voltage corresponding to the input current is stored in either

analog or digital form inside the C I 360 after the first phase of a current readout process

completes and during a second phase of the current readout process.

[0076] During the second phase of the second implementation of the current readout

process, the V2I conversion circuit 350 is turned off so no reference current flows into the C I

360. Further, unlike the first phase of the second implementation, the pixel of interest

coupled to the monitor line 330 is turned off. Therefore, the monitor line 330 only carries

leakage current Ileak and a second noise current, I oiSe2.



[0077] Accordingly, the input current to the CI 360 during the second phase of the second

implementation of the current readout process, I i _Phase2, equal to:

Ileak Inoise2.

[0078] After the second phase of the current readout process is complete, the outputs of

the first phase and the second phase are subtracted using circuitry incorporated inside the CI

360 (e.g., a differential amplifier) to generate an output voltage corresponding to the

difference between the device currents and the reference currents. More specifically, the

output voltage of the circuitry performing the subtraction operation is proportional to:

I in_phasel I in_phase2—(Idevice~lRef lTleak lTnoisel)~(lRef lTleak lTnoise2)— device iRef +Inoise.

[0079] Like the first readout process described above, the output voltage of the circuitry

performing the subtraction operation in the second readout process can then be amplified, the

amplified signal can then be processed by a comparator circuit incorporated in the CI 360 to

generate a single-bit quantized signal, Dout, indicative of a difference between the measured

device current and the reference current. The amplification and quantization operations will

be described in further detail below with respect to FIGS. 4-6.

[0080] Table 2 summarizes the second implementation of a current readout process using

a CI 360 in a second implementation as described above. In Table 2, "RD" represents a read

control signal coupled to the gate of the read transistor 313.

Table 2 : CI Current Readout Process-Second Implementation



[0081] FIG. 4 illustrates another block diagram of a system configured to perform a

device current comparison using a current integrator according to the present disclosure.

Current Integrator (CI) 410 can, for example, be similar to the CI 16 and/or the CI 300

described above. Configuration settings for the CI 410 are provided by a mode select

register, the MODSEL 420, which can be similar to the MODSEL 70 described above.

[0082] Like the CI 16 and the CI 360, the CI 410 can be incorporated into a readout

system (e.g., the readout system 10) and evaluate the difference between a device current

(e.g., a current from a pixel of interest on a display panel) and a reference current. In certain

implementations the CI410 can output a single-bit quantized output indicative of the

difference between the device current and the reference current. In other implementations,

the CI 410 can generate an analog output signal which can then be quantized by an external

multibit quantizer (not shown). The quantized output (from the CI 410 or from the external

multibit quantizer) be output to a controller (not shown) configured to program the measured

device (e.g., the pixel of interest) to account for shifts in threshold voltage, other aging

effects, and the effects of manufacturing non-uniformities.

[0083] The integration circuit 411 can receive a device current, Idevice, from the switch

matrix 460 and a reference current from the V2I conversion circuit 470. The switch matrix

can be similar to the switch matrix 11 described above, and the V2I conversion circuit 470

can be similar to V2I conversion circuit 200 described above. As will be described in further

detail below, the integration circuit 411 performs an integration operation on the received

currents, to generate an output voltage indicative of the difference between the device current

and the reference current. Readout timing for the integration circuit 411 is controlled by a

clock signal control register, Phase_gen 412, which provides clock signals Phi to Ph 6 to the

integrator block 411. The clock signal control register, Phase_gen 412 is enabled by an

enable signal, GlobalCLEn. Readout timing will be described in more detail below. Further,

power supply voltages for the integration circuit 411 are provided via power supply voltage

lines Vcm and V B .

[0084] As mentioned above, in certain implementations, the CI410 can output a single-bit

quantized output indicative of the difference between the device current and the reference

current. In order to generate the single-bit output, the output voltage of the integration circuit

411 is fed to the preamp 414, and the amplified output of the preamp 414 is then sent to the

single-bit quantizer 417. The single-bit quantizer 417 performs a single-bit quantization



operation to generate a binary signal indicative of the difference between the received device

and reference currents.

[0085] In other implementations, the CI 410 can generate an analog output signal which

can then be quantized by an external multibit quantizer (not shown). In these

implementations, the output of the integrator circuit 411 is transmitted to a first analog buffer,

the AnalogBuffer_Roc 415, instead of Comparator 416. The output of the first analog buffer,

AnalogBuffer_Roc 415, is transmitted to an analog multiplexer, Analog MUX 416, which

then sends its output serially to a second analog buffer, the AnalogBuffer_eic 480, using

analog readout shift registers (not shown). The second analog buffer, AnalogBuffer_eic 480,

can then transfer the output to a multibit quantizer circuit (not shown) for quantization and

further processing. As mentioned above, the quantized output can then be output to a

controller (not shown) configured to program the measured device (e.g., the pixel of interest)

to account for shifts in threshold voltage, other aging effects, and the effects of manufacturing

non-uniformities. Control signals for the analog multiplexer, Analog MUX 416, are provided

by the control register AROREG 430.

[0086] FIG. 5 illustrates, in a schematic, a circuit diagram of a current integrator system

configured to perform a device current comparison according to the present disclosure. More

specifically, the system 500 can receive a device current from a device current of interest and

a reference current and generate a voltage indicative of the difference between a device

current and a reference current. This voltage can then be presented as an input voltage to a

quantizer as disclosed herein. The system 500 can be similar to the CI 16 and the CI 410

described above. In certain implementations, the system 500 can be incorporated into the

readout system 10 described above with respect to FIG. 1.

[0087] The System 500 includes an integrating opamp 510, a capacitor 520, a capacitor

530, switches 531-544, a capacitor 550, a capacitor 560, a capacitor 585, a capacitor 595, an

opamp 570, an opamp 580, and a comparator 590. Each of these components will be

described in further detail below. While specific capacitance values for the capacitors 530,

550, 560 are shown in the implementation of FIG. 5, it will be understood that in other

implementations, other capacitance values can be used. As will be described below, in

certain implementations, System 500 can perform a comparison operation over six phases. In

certain implementations, two of these six phases correspond to the readout phases described

above with respect to FIG. 3. Three of the six phases are used to reset circuit components



and account for noise and voltage offsets. During the final phase of the comparison

operation, the system 500 performs a single bit quantization. A timing diagram of the

comparison operation will be described with respect to FIG. 7 below.

[0088] During the first phase of the comparison operation, the integrating opamp 510 is

reset to a known state. Resetting the integrating opamp 510 allows the integrating opamp 510

to be set to a known state and allows noise or leakage current from previous operations to

settle before integrating opamp 510 performs an integration operation on input currents

during the second phase of the readout operation. More specifically, during the first phase of

the comparison operation, the switches 531, 532, and 534 are closed, effectively configuring

the integrating opamp 510 into a unity gain configuration. In a particular implementation, the

capacitor 520 and the capacitor 530 are charged to voltage V + V0ffset + Vcm, and the input

voltage at input node A is set to V + V 0ffset during this first phase of the comparison

operation. V B and V cm are DC-power supply voltages supplied to the integrating opamp 510.

Similarly, V 0ffset a DC offset voltage supplied to the integrating opamp 510 to bias the

integrating opamp 510 correctly.

[0089] During the second phase of the comparison operation, the integrating opamp 510

can perform an integration operation on a received reference current, l e f, a device current

Idevice, and a monitor line leakage current l e This phase of the current operation can be

similar to the first phase of the second current readout implementation described above with

respect to FIG. 3. Switches 532, 533, and 535 are closed, providing a path for charge stored

in the capacitors 520 and 530 to the storage capacitor 550. The effective integration current

of the second phase (Iintl) is equal to The output voltage of the

integrating opamp 510 during this phase is sum of

the capacitance values of the capacitor 520 and capacitor 530, and t t is the time over which

the current is processed by the integrating opamp 510. The output voltage V i ti is stored on

Capacitor 550.

[0090] During the third phase of the comparison operation, the integrating opamp 510 is

again reset to a known state. Resetting the integrating opamp 510 allows the integrating

opamp 510 to be set to a known state and allows noise or leakage current from previous

operations to settle before integrating opamp 510 performs an integration operation on input

currents during the fourth phase of the readout operation.



[0091] During the fourth phase of the comparison operation, the integrating opamp 510

performs a second integration operation. This time, however, only the monitor line leakage

current is integrated. Therefore, the effective integration current during the fourth phase

(Iint2) This phase of the current operation can be similar to the first phase of the

second current readout implementation described above with respect to FIG. 3. The output

voltage of the integrating opamp 510 during this phase is As

described above, t t is the time over which the current is processed by the integrating opamp

510. Switch 537 is closed and switch 535 is open during this phase, so the output voltage

V t2 of the integrating opamp 510 for fourth phase is stored on Capacitor 560.

[0092] During the fifth phase of the comparison operation, the output voltages of the two

integration operations are amplified and subtracted to generate an output voltage indicative of

the difference between the measured device current and the reference current. More

specifically, in this phase, the outputs of the capacitors 550 and 560 are transmitted to the

first amplifying opamp 570. The output of the first amplifying opamp 570 is then transmitted

to the second amplifying opamp 580. The opamps 570 and 580 amplify the inputs from

Capacitors 550 and 560, and the differential input voltage to the capacitors is described by the

following equation: Vdiff=Vi tl-Vi t2=(ti t/Ci t)*(Iintl-Iint2)=(tint/Ci t)*Idevice-lRef.

[0093] The use of multiple opamps (i.e., the opamps 570 and 580) allows for increased

amplification of the inputs from the capacitors 550 and 560. In certain implementations, the

opamp 580 is omitted. Further, the opamps 570 and 580 are calibrated during the fourth

phase of the readout operation, and their DC offset voltages are stored on the capacitors 585

and 595 prior to the start of the fifth phase in order to remove offset errors.

[0094] During the optional sixth phase of the comparison operation, if the integrator is

configured to perform single bit quantization, the quantizer 590 is enabled and performs a

quantization operation on the output voltage of the opamps 570 and/or 580. As discussed

above, this output voltage is indicative of the difference between the measured device current

and the reference current. The quantized signal can then be used by external circuitry (e.g.,

the controller 112) to determine how the device current differs from the reference current and

to adjust the programming voltage for the device of interest accordingly. In certain

implementations, the sixth phase of the readout operation does not begin until input and

output voltages of Opamps 570 and 580 have settled.



[0095] The currents applied to the integrating opamp 510 during the second and fourth

stages of the comparison operation described above can be similar to the currents applied

during the first and second phases, respectively, of the current readout operation described

above and summarized in Tables 1 and 2 . As described above, inputs applied during the

phases of a current readout operation can vary and occur in different orders. That is, in

certain implementations, different inputs can be applied to the integrating opamp 510 during

the first and second phases of a current readout operation (e.g., as described in Tables 1 and

2). Further, in certain implementations, the order of inputs during the first and second

phases of a current readout operation can be reversed.

[0096] FIG. 6 illustrates a circuit diagram of a current integrator system configured to

generate a multibit output indicative of the difference between a device current and a

reference current according to the present disclosure. The system 600 is similar to the circuit

500 above, except it includes circuitry configured to generate analog outputs that can be

operated on by a multibit quantizer. More specifically, the system 600 can receive a device

current from a device current of interest and a reference current and generate a voltage

indicative of the difference between a device current and a reference current. This voltage

can then be presented as an input voltage to a quantizer as disclosed herein. Unlike the

system 500, the quantizer associated with the system 600 performs a multibit quantization

and is located in circuitry external to the current integrator system 600. In certain

implementations, the system 600 can be incorporated into the readout system 10 described

above with respect to FIG. 1.

[0097] More specifically, the system 600 includes an integrating opamp 610, a capacitor

620, a capacitor 630, switches 631-642, a capacitor 650, a capacitor 660, an analog buffer

670, an analog buffer 680, an analog multiplexer 690, an analog buffer 655, and an analog

buffer 665. While specific capacitance values for Capacitors 620, 630, 650, and 660 are

shown in the implementation of FIG. 6, it will be understood that in other implementations,

other capacitance values can be used. Further, while Analog Multiplexer 690 is shown as a

24-to-l Multiplexer (corresponding to 24 Readout Channels), in other implementations, other

types of Analog Multiplexers can be used. Each of these components will be described in

further detail below.

[0098] In certain implementations, the system 600 can perform a comparison operation

over six phases, which can be similar to the six phases described above with respect to FIG.



5 . Unlike the comparison operation described with respect to FIG. 5, however, in certain

implementations, in order to enable multibit quantization, clock signals controlling the timing

of the fifth and sixth phases in the comparison operation of FIG. 5 remain low after the fourth

phase of the comparison operation of FIG. 6 .

[0099] As mentioned above, the first four phases of the comparison operation can be

similar to those described above with respect to FIG. 5, in which the system 500 is configured

to perform single bit integration. More specifically, during the first phase of the comparison

operation, the integrating opamp 610 is reset to a known state. Resetting the integrating

opamp 610 allows the integrating opamp 610 to be set to a known state and allows noise or

leakage current from previous operations to settle before integrating opamp 610 performs an

integration operation on input currents during the second phase of the readout operation.

More specifically, during the first phase of the comparison operation, the switches 631, 632,

and 634 are closed, effectively configuring the integrating opamp 510 into a unity gain

configuration. In a particular implementation, the capacitor 620 and the capacitor 630 are

charged to voltage V + V0ffse t + Vcm, and the input voltage at input node A is set to V +

Voffset during this first phase of the comparison operation. V B and V cm are DC-power supply

voltages supplied to the integrating opamp 610. Similarly, V 0ffse t a DC offset voltage

supplied to the integrating opamp 610 to bias the integrating opamp 510 correctly.

[00100] During the second phase of the comparison operation, the integrating opamp 610

can perform an integration operation on a received reference current, l ef, a device current

Idevice, and a monitor line leakage current l e This phase of the current operation can be

similar to the first phase of the second current readout implementation described above with

respect to FIG. 3. Switches 632, 633, and 635 are closed, providing a path for charge stored

in the capacitors 620 and 630 to the storage capacitor 650. The effective integration current

of the second phase (Iintl) is equal to The output voltage of the

integrating opamp 610 during this phase is sum of

the capacitance values of the capacitor 620 and capacitor 630, and t t is the time over which

the current is processed by the integrating opamp 610. The output voltage V i t i is stored on

Capacitor 650.

[00101] During the third phase of the comparison operation, the integrating opamp 610 is

again reset to a known state. Resetting the integrating opamp 610 allows the integrating

opamp 610 to be set to a known state and allows noise or leakage current from previous



operations to settle before integrating opamp 510 performs an integration operation on input

currents during the fourth phase of the readout operation.

[00102] During the fourth phase of the comparison operation, the integrating opamp 510

performs a second integration operation. This time, however, only the monitor line leakage

current (l e) integrated. Therefore, the effective integration current during the fourth

phase (Iint2) is This phase of the current operation can be similar to the first phase

of the second current readout implementation described above with respect to FIG. 3. The

output voltage of the integrating opamp 510 during this phase is

Switch 537 is closed and switch 535 is open during this phase, so the output voltage Vi t2 of

the integrating opamp 510 for fourth phase is stored on Capacitor 560.

[00103] After the fourth phase of comparison operation using the system 600, capacitors

650 and 660 are coupled to internal analog buffer 670 and internal analog buffer 680 via the

switches 639 and 640, respectively. The outputs of the analog buffers 670 and 680 are then

transmitted to external analog buffer 655 and external analog buffer 665, respectively via an

analog multiplexer 690. The outputs of the external analog buffers 655, 665 (Analog Out P

and Analog Out N) can then be sent to a multibit quantizer (not shown) that can perform a

multibit quantization on the received differential signal.

[00104] FIG. 7 illustrates a timing diagram for an exemplary comparison operation which

can be performed, for example, using the circuit 500 or the system 600 described above. As

described above with respect to FIG. 4, the signals Phl-Ph6 are clock signals that can be

generated by a clock signal control register, such as the register Phase_gen 412. Further, as

described above, in certain implementations, the first four phases of a readout operation are

similar for both single bit and multibit comparison operations. For a multibit comparison

operation, however, phase signals ph5 and ph6 remain low while the readout and quantization

operations proceed.

[00105] As described above with respect to FIGS. 5 and 6, during the first phase of the

comparison operation, an integrating opamp (e.g., the opamp 510 or 610) is reset, allowing

the integrating opamp to return to a known state. A V2I conversion circuit (e.g., the V2I

conversion circuit 13 or 14) is programmed to source or sink a reference current (e.g., a 1 uA

current). As described above, during a readout operation a current integrator compares a

measured device to the generated reference current and evaluates the difference between the

device and reference currents.



[00106] As described above with respect to FIGS. 5 and 6, during the second phase of a

readout operation, the integrating opamp performs an integration operation on the received

reference current, device current and monitor line leakage current. The integrating opamp is

then reset again during the third phase of the comparison operation, and the V2I conversion

circuit is reset during the third phase after the "RD" control signal (as shown in FIG. 3) is

deactivated so that l ef is OuA. Following the third phase of the comparison operation, the

integrating opamp performs another integration in the fourth phase, but unlike the integration

performed during the first phase, only the monitor line leakage current is integrated in this

fourth phase, as described above.

[00107] During the fifth phase of a single bit comparison operation, the outputs of the

integrating opamp are processed by one or more amplifying opamps (e.g., the opamp 570

and/or the opamp 580). As described above, the outputs of an integrating opamp are voltages

that can be stored on capacitors (e.g., the capacitors 52, 530, 620, and/or 630) during a

comparison operation.

[00108] During a single bit comparison operation, the outputs of the one or more

amplifying opamps are transmitted to a quantizer (e.g., the quantizer 560) during the sixth

phase of the readout operation, so a single bit quantization operation can be performed. As

shown in FIG. 7, in certain implementations, there can be timing overlap between the fifth

and sixth phases of a readout operation, but the sixth phase does not begin until input and

output voltages of the Opamp have settled.

[00109] As shown in FIG. 7, in certain implementations, a second comparison operation

can begin during the fifth and sixth phases of a previous comparison operation. That is, the

Current Integrator can be reset while its outputs are processed by the Preamp and/or the

outputs of the Opamp are being evaluated by the Comparator.

[00110] FIG. 8 illustrates a block diagram showing a system configured to perform a

current comparison operation using a current comparator according to the present disclosure.

As described above with respect to FIG. 1, current comparators such as Current Comparator

(CCMP) 810 can be configured to calculate variations in device currents based on a

comparison with one or more reference currents. In certain implementations, the reference

currents are generated by a V2I conversion circuit circuits such as the V2I conversion

circuits, 820 and 830, which can each be similar to V2I conversion circuit 200 described

above.



[001 11] In certain implementations, the CCMP 810 can receive current from a pixel of

interest via a first monitor line and from an adjacent (e.g., in the immediately adjacent

column to the pixel of interest) monitor line on a panel display (not shown). The monitor

lines, one for each column in the display panel, run parallel and in close proximity to one

another and are approximately the same length. A measurement of a current from a device of

interest (e.g., a pixel circuit) can be skewed by the presence of leakage current and noise

current during a readout of the device current. To eliminate the contribution of the leakage

and noise currents from the measurement, an adjacent monitor line is turned on briefly to

allow the leakage and noise currents to be measured. As with the current integrators

described above, current flowing through the device of interest is measured, together with its

leakage and noise components and a reference current. The device current can include the

current through a driving transistor of a pixel (ITFT) and/or the current through the pixel's

light emitting device (IOLED) - A voltage corresponding to the measured device current and

the reference current is then stored in analog or digital form or produced inside current

comparator according to the aspects disclosed herein. As will be described in further detail

below, the readout of device currents, leakage currents, noise currents and reference currents

takes place over two phases. This two -phase readout procedure can be referred to as

correlated-double sampling. After the two readout phases are complete, the stored voltages

are amplified and subtracted such that Voltages corresponding to the leakage and noise

currents measured from the adjacent monitor line (such as in the immediately adjacent

column) are then subtracted from the measured current from the pixel circuit of interest,

leaving only a voltage corresponding to the difference between the actual current through the

pixel circuit and the reference current for use in compensating for non-uniformities and/or

degradation of that pixel circuit.

[001 12] In other words, current comparators according to the present disclosure exploit the

structural similarities among the monitor lines to extract the leakage and noise components

from an adjacent monitor line, and then subtracts those unwanted components from a pixel

circuit measured by a monitor line of interest to achieve a highly accurate measurement of the

device current, which is then quantified as a difference between the measured current

(independent of leakage and noise currents) and a reference current. This difference is highly

accurate and can be used for accurate and fast compensation of non-uniformities and/or

degradation. Because the actual difference between the measured current of a pixel circuit,



untarnished by leakage or noise currents inherent in the readout, is quantified, any non-

uniformities or degradation effects can be quickly compensated for by a compensation

scheme.

[00113] As shown in FIG. 8, pixel device 810 includes a write transistor 811, a drive

transistor 812, a read transistor 813, light emitting device 814, and storage element 815. The

storage element 815 can optionally be a capacitor. In certain implementations, the light

emitting device (LED) 814 can be an organic light emitting device (OLED). Write transistor

811 receives programming information from data line 835 (e.g., voltage V DATA based on a

write enable control signal, " \ V The programming information can be stored on the

storage element 815 and coupled to the gate of the drive transistor 812 to drive current

through the LED 814. When the read transistor 813 is activated (e.g., using a "RD" control

signal coupled to the gate of the read transistor 813 as shown in FIG. 8), the monitor line 845

is electrically coupled to the drive transistor 812 and the LED 814 such that current from the

LED 814and/or the drive transistor 812 can be monitored via the monitor line 845.

[00114] More specifically, when the read transistor is activated (e.g., via a "RD" control

signal), CCMP 810 receives input current from the device 840 via monitor line 845. As

described above with respect to FIG. 1, a switch matrix, such as the switch matrix 860, can be

used to select which received signal or signals to transmit to CCMP 810. In certain

implementations, the switch matrix 340 can receive currents from 30 monitored columns of a

display panel (e.g., the display panel 101) and select which of the monitored columns to

transmit to the CCMP 810 for further processing. After receiving and processing the currents

from the switch matrix 860, the CCMP 810 generates a voltage output, Dout, indicative of the

difference between the measured device current and the reference current generated by the

V2I conversion circuit 820.

[00115] The V2I conversion circuit 820 can optionally be turned on and/or off using

control signal IREF1.EN. Additionally, bias voltages VB1 and VB2 can be used to set a

virtual ground condition at the inputs of the CCMP 810. In certain implementations, VB1

can be used to set the voltage level for input voltage Ι1 , and VB2 can be used as an internal

common mode voltage.

[00116] In FIG. 8, the CCMP 810 receives a first input current Ip at a first node and a

second input current I at a second node. The input current Ip is a combination of the current

received from device 840 via monitor line 845 and a first reference current, l efi generated by



the V2I conversion circuit 810. The input current I is a combination of the current received

via monitor line 855 and the reference current, generated by the V2I conversion circuit

830. As described above, a switch matrix, such as the switch matrix 860, can be used to

select which received signal or signals to transmit to CCMP 810. In certain implementations,

the switch matrix 860 can receive currents from a number of columns of a display panel and

select which of the monitored columns to transmit to the CCMP for further processing, as

will be described in further detail below. After receiving and processing the currents from

the switch matrix 860, the CCMP 810 generates an output signal, D ou t, indicative of the

difference between the device and reference currents. The processing of the input currents

and the generation of the output signal, D ou t, will be described in more detail below.

[001 17] As discussed above with respect to current integrator circuits, in certain

implementations, a current readout process to generate a current indicative of the differences

between measured device currents and one or more reference currents while minimizing the

effects of noise takes place over two phases. Current readout processes for CCMPs can also

take place over two phases. More specifically, during a first phase of a first implementation,

both of the V2I conversion circuit 820 and 830 are turned off, so no reference current flows

into CCMP 810. Additionally, a device (e.g., pixel) of interest can be driven such that

current flows through the device's driving transistor and/or light emitting device. This

current can be referred to as Idevice. In addition to Idevice, the monitor line 845 carries leakage

current I leaki and noise current I noisei. Even though the pixel coupled to the monitor line 855 is

not being driven, the monitor line 855 carries leakage current I leaki and noise current I oisei.

The noise current on monitor line 855 is essentially the same as the noise current on monitor

line 845 because the monitor lines are adjacent to each other.

[001 18] Therefore, I p during the first phase of this implementation, is equal to:

Idevice+Ileakl iTnoisel

[001 19] Similarly, I during the first phase of this implementation, is equal to:

Idevice lTleak2 lTnoisel



[00120] As will be described in more detail below, an output voltage corresponding to the

difference between I p and I is stored on a inside the CCMP 8 10 after the first phase of the

readout process and during a second phase of the readout process. This output voltage is

proportional to:

Ip-lN=Idevice+Ileakl -Ileak2

[00121] During the second phase of the first implementation, the V2I conversion circuit

820 is turned on, while the V2I conversion circuit 830 is turned off, so that a single reference

current, ΐ flows into the CCMP 8 10. Further, unlike the first phase of the implementation,

the device of interest coupled to the monitor line 845 is turned off. Therefore, the monitor

line 845 only carries leakage current I lea ki and noise current I oiSe2 while the monitor line 855

only carries leakage current I ie a 2 and noise current I oiSe2.

[00122] Therefore, I p during the second phase of this implementation, is equal to:

lRefl+Ileakl+Inoise2

[00123] Similarly, IN during the second phase of this implementation, is equal to:

Ileak2 lTnoi se2

[00124] The output voltage of the second phase is proportional to:

lRef+Ileakl " Ileak2

[00125] After the second phase of the measurement procedure is complete, the outputs of

the first phase and the second phase are subtracted (e.g., using a differential amplifier) to

generate a output voltage indicative of the difference between the device currents and the

reference currents. More specifically, the output voltage of the subtraction operation is

proportional to:

(Idevice+Ileakl-Ileak2)-(lRef+Ileakl-Ileak2)=Idevice-lRef-



[00126] Table 3 summarizes the first implementation of a differential current readout

using a CCMP as described above. In Table 3, "RD" represents a read control signal coupled

to the gate of the read transistor 8 13 .

Table 3 : CCMP Differential Readout-First Implementation

[00127] A second implementation of a current readout using a CCMP also takes place over

two phases. During a first phase of the second implementation, the V2I conversion circuit

820 is configured to sink a negative reference current, - , while the V2I conversion circuit

830 is turned off, so only reference current - flows into the CCMP 8 10. Additionally, a

pixel of interest can be driven such that current Idevice flows through the pixel's driving

transistor and/or light emitting device. As discussed above, in addition to Idevice, the monitor

line 845 carries leakage current I leaki and noise current I oiSei. Even though the pixel coupled

to the monitor line 855 is not being driven, the monitor line 855 carries leakage current Iieak2

and noise current I oisei. Again, the noise current on the monitor line 855 is essentially the

same as the noise current on the monitor line 845 because the monitor lines are adjacent to

each other.

[00128] Therefore, Ip during the first phase of the second implementation is equal to:

Idevice iRef+Ileakl+Inoisel



[00129] Similarly, I during the first phase of the second implementation is equal to:

Ileak2 Inoise2

[00130] And the stored output voltage of the first phase is proportional to:

Idevice-lRef+Ileakl Ileak2

[00131] During the second phase of the second implementation, Both the V2I conversion

circuit 820 and the V2I conversion circuit 830 are turned off, so that no reference current

flows into CCMP 8 10. Further, unlike the first phase of the second implementation, the pixel

of interest coupled to monitor line 845 is turned off. Therefore, monitor line 845 only carries

leakage current I lea ki and noise current I oiSe2, while monitor line 855 only carries leakage

current I iea 2 and noise current I oiSe2.

[00132] Therefore, I p during the second phase of the second implementation is equal to:

Ileakl lTnoise2

[00133] Similarly, I during the second phase of this implementation, is equal to:

Ileak2 lTnoise2

[00134] And the output voltage of the second phase is proportional to:

Ileakl Ileak2

[00135] After the second phase of the readout process is complete, the outputs of the first

phase and the second phase are subtracted (e.g., using a differential amplifier) to generate a

voltage indicative of the difference between the device currents and the reference currents.

More specifically, the voltage is proportional to:

(Idevice-lRef+Ileakl-Ileak2)-(Ileakl-Ileak2)-Idevice-lRef-



[00136] Table 4 summarizes the second implementation of a differential current readout

using a CCMP as described above. In Table 4, "RD" represents a read control signal coupled

to the gate of the read transistor 813.

-Second Implementation

[00137] FIG. 9 illustrates a block diagram of a current comparator circuit according to the

present disclosure. In certain implementations, the current comparator circuit (CCMP) 900

can be similar to CCMP 810 described above with respect to FIG. 8. Like the CCMP 810,

the CCMP 900 can evaluate the difference between a device current (e.g., a current from a

pixel of interest on a display panel) and a reference current. More specifically, like the

CCMP 810, the CCMP 900 can be incorporated into a readout system (e.g., the readout

system 10) and evaluate the difference between a device current (e.g., a current from a pixel

of interest on a display panel) and a reference current. In certain implementations the CCMP

900 can output a single-bit quantized output (Dout) indicative of the difference between the

device current and the reference current. The quantized output can be output to a controller

(not shown) configured to program the measured device (e.g., the measured pixel) to account

for shifts in threshold voltage, other aging effects, and the effects of manufacturing non-

uniformities.

[00138] As described above, CCMPs as disclosed herein account for leakage and noise

currents by exploiting the structural similarities among the monitor lines to extract the

leakage and noise components from an adjacent monitor line, and then subtracting those



unwanted components from a device (e.g., pixel circuit) measured by a monitor line of

interest to achieve a highly accurate measurement of the device current, which is then

quantified as a difference between the measured current (independent of leakage and noise

currents) and a reference current. Because the effects of leakage and noise currents have

been accounted for, this difference is highly accurate and can be used for accurate and fast

compensation of non-uniformities and/or degradation in the measured device or surrounding

devices. FIG. 9 illustrates some of the components included in an exemplary CCMP as

disclosed herein.

[00139] More specifically, the CCMP 900 can receive input currents from a device of

interest (e.g., the device 840) and from and adjacent monitor line on a panel display (not

shown). The received input currents can be similar to those discussed above with respect to

FIG. 8. In certain implementations, the front-end stage 920 calculates the difference between

the input currents from the panel display and the reference currents generated by the

reference current generator 910. In certain implementations, the reference current generator

910 can be similar to the V2I conversion circuit 200 described above. The front-end stage

920 processes the input currents to generate an output voltage indicative of the difference

between the device current and the reference current. During the generation of the output

voltage, the slew enhancement circuit 930 can be used to enhance the settling speed of the

components in the front-end stage 920. More specifically, the slew enhancement circuit 930

can monitor of the response of the front-end stage 920 to changes in the voltage level of the

panel line or bias voltages input to the front-end stage 920. If the front-end stage 920 leaves

the linear operation region, the slew enhancement circuit 930 can then provide a

charge/discharge current on-demand until the front-end stage 920 re-enters its linear region of

operation.

[00140] As will be described in further detail with respect to FIG. 10, the front-end stage

920 can employ a differential architecture. Among other benefits, the use of a differential

architecture allows the front-end stage 920 to provide low-noise performance. Further, due to

its configuration and its two-stage current readout process, the front-end stage 920 can be

configured to minimize the effects of external leakage current and noise and is relatively

insensitive to clock signal jitter.

[00141] The output of the front-end stage 920 is transmitted to the preamp stage 940 for

further processing. More specifically, in certain implementations, the preamp stage 940



receives the output voltages (from the first and second readout phases as described above)

from the front-end stage 920 and then mixes and amplifies these voltages to provide a

differential input signal to the quantizer 950. In certain implementations, the preamp stage

940 uses a differential architecture to ensure a high power supply rejection ratio (PSRR).

[00142] In certain implementations, the preamp stage 940 includes a switched-capacitor

network and a fully differential amplifier (not shown). The switched capacitor network can

capture and eliminate offset voltage and noise from both the front end stage 920 and the

differential amplifier included in the preamp stage 940. Offset cancellation and noise

cancellation can be performed before a device current readout operation. After offset and

noise cancellation has been performed by the switched capacitor network, the preamp stage

940 can amplify voltages received from the front-end stage 920 to provide a differential input

signal to the quantizer 950, as described above.

[00143] The output of the preamp stage 940 is transmitted to the quantizer 950. The

quantized output of the quantizer is a single-bit value indicative of the difference between the

received device current and reference current. The quantized output can be output to a

controller (not shown) configured to program the measured device (e.g., the measured pixel)

to account for shifts in threshold voltage, other aging effects, and the effects of manufacturing

non-uniformities.

[00144] FIG. 10 illustrates a circuit diagram of a current comparator (CCMP) front-end

stage circuit according to the present disclosure. In certain implementations, the front-end

stage circuit 1000 can be similar to the front-end stage 920 described above with respect to

Fig. 9 . Like the front-end stage 920, the front-end stage circuit 1000 is configured to

calculate the variations in device currents based on a comparison with one or more reference

currents. The front-end stage circuit 1000 can be configured to provide a differential readout

using a two-phase current comparison operation.

[00145] More specifically, during the first phase of the current comparison operation, the

operational transconductance amplifier (OTA) 1010 and the OTA 1020 each create a virtual

ground condition at the source terminals of transistors 1030 and 1040, respectively. The

virtual ground conditions are formed through the use of negative feedback loops at the OTAs

1010 and 1020. Because of the virtual ground conditions at the terminals of the OTA 1010

and the OTA 1020, the input currents Ip and I (similar to currents Ip and I described above

with respect to FIG. 8) flow into nodes A and B, respectively. Therefore, the current through



the transistor 1030 (1040) is equal to the sum of external bias current 1035 and input current

Ip. Similarly, the current through the transistor 1040 is equal to the sum of external bias

current 1045 and input current I . Further, any change in input currents Ip and I affects the

currents through transistors 1030 and 1040, respectively. The transistors 1050 and 1070

(1060 and 1080) provide a high-resistance active load for transistors 1030 (1040) and convert

the input currents Ip and IN into detectable voltage signals, which are then stored across the

capacitors 1075 and 1085, respectively. At the end of the first phase, switches 1055 and 1065

are opened, effectively closing the current paths between nodes VGl and VDl (VG2 and

VD2).

[00146] The second phase of an exemplary current readout operation using the front end

stage circuit 1000 is similar to the first phase described above, except that the switches 1055

and 1065 remain open during this phase, and the input currents IN and Ip vary from the input

currents during the first phase. More specifically, the input currents IN and Ip correspond to

the input currents of the second sample described in Tables 3 and 4 above, describing input

currents during a CCMP current comparison operation. As described above, in certain

implementations, the order of the first and second phases of the current comparison

operations described in Tables 3 and 4 can be reversed. At the end of the second phase,

because of the I-V characteristics of transistors operating in a saturation mode, the difference

between the gate and drain voltages of the transistors 1050 and 1060, respectively, is

proportional to the difference between the input currents during the first and second phases of

the readout operation. After the second phase of the readout operation is complete,

differential signals corresponding to voltages at the nodes VGl, VG2, VDl and VD2 are

transmitted to a preamp stage such as the preamp stage 1040 described above for

amplification and mixing as described above.

[00147] FIG. 11 illustrates a timing diagram for an exemplary comparison operation

performed by a current comparator circuit such as, for example, using the circuit 500 or the

system 600 described above. As described above with respect to FIG. 8, an exemplary

readout operation using a current comparator as disclosed herein can take place over two

phases. In addition to the two readout phases, FIG. 11 shows a CCMP calibration phase and

a comparison phase, both of which will be described in further detail below. The signals

phi, ph3, and ph5 are clock signals that control the timing of the operations shown in FIG. 10



and can be generated by a clock signal control register, such as the clock control register

Phase_gen 412 described above.

[00148] During the first phase of the comparison operation shown in FIG. 10, a CCMP

(e.g., the CCMP 900) is calibrated, allowing the CCMP to return to a known state before

performing the first readout in the comparison operation.

[00149] During the second and third phases of the comparison operation, the CCMP

performs a first readout and second readout, respectively, on inputs received from monitor

lines on a display panel (e.g., the monitor lines 845 and 855 described above with respect to

FIG. 8). As described above, a CCMP as disclosed herein can receive currents from a first

monitor line carrying current from a device of interest (e.g., a driven pixel on a display line)

along with noise current leakage current and from a second monitor line carrying noise

current and leakage current. In certain implementations, the first monitor line or the second

monitor line also carries a reference current during the second phase of the comparison

operation illustrated in FIG. 11. Exemplary monitor line currents for this phase are

summarized in Tables 3 and 4 above.

[00150] As described above with respect to FIGS. 8 and 9, after receiving and processing

input signals during the two phases of a readout operation, a single-bit quantizer incorporated

in a CCMP as disclosed herein can generate a single-bit quantized output signal indicative of

the differences between the received device and reference currents. During the fourth phase

of the of the comparison operation illustrated in FIG. 11, a quantizer compares the signals

generated during the first and second readout operations to generate this single-bit output

signal. As described above, the quantized output can be output to a controller (not shown)

configured to program the measured device (e.g., the measured pixel) to account for shifts in

threshold voltage, other aging effects, and the effects of manufacturing non-uniformities.

[00151] FIG. 12 illustrates, in a flowchart, an exemplary method for processing the

quantized output of a current comparator or a current integrator as described herein. As

described above, the quantized outputs of the current comparators and current integrators

described herein can be processed by a controller (e.g., the controller 112) and used to

program the device (e.g., pixel) of interest to account for shifts in threshold voltage, other

aging effects, and/or manufacturing non-uniformities.

[00152] At block 1110, a processing circuit block receives the output of the comparator or

quantizer. At block 1120, the processing circuit block compares the value received output to



the a reference value (e.g., the value of a reference current, such as a reference current

generated by a V2I conversion circuit as described above). For a single-bit comparator or

quantizer output, a high or low output value can indicate that the measured device (e.g., TFT

or OLED) current is higher or lower than the reference current generated by a V2I conversion

circuit, depending on the specific readout procedure used and which device current is being

measured. For example, using an exemplary CCMP to compare pixel and reference currents,

if the TFT current is applied to the "Ip" input of the CCMP during the first phase of a readout

cycle, a low output value indicates that ITFT less than the Reference Current. On the other

hand, if the OLED current is applied to the "Ip" input of the CCMP during the first phase of

the readout cycle, a low output value indicates that IOLED higher than the Reference

Current. An exemplary state table for a CCMP is shown below in Table 5 . For other devices

(e.g., CI's, differently configured CCMP's, etc.), other state tables can apply.

Table 5 : Comparator Output Table

[00153] At block 1130, the device current value is adjusted (e.g., using a programming

current or voltage) based on the comparison performed at block 1120. In certain

implementations, a "step" approach, where the device current value is increased or decreased

by a given step size. Blocks 1120 and 1130 can be repeated until the device current value

matches the value of the reference current.

[00154] For example, in an exemplary implementation, if the Reference Current value is

"35," the initial device reference current value is "128," and the step value is "64," correcting

the device value can involve the following comparison and adjustment steps:

[00155] Step 1: 128 > 35 decrease device current value by 64 and reduce the step size

to 32 (128-64= 64; new step = 32);



[00156] Step 2 : 64>35 decrease device current value by 32 and reduce the step size to

16 (64-32 = 32; new step = 16);

[00157] Step 3 : 32<35 increase device current value by 161 and reduce the step size to

8 (32+16 = 48; new step = 8);

[00158] Step 4 : 48>35 decrease device current value by 8 and reduce step size to 4 (48-

8 = 40 step = 4);

[00159] Step 5: 40>35 decrease current pixel value by 4 and reduce step size to 2 (40-4

= 36 step = 2);

[00160] Step 6: 36>35 decrease current pixel value by 2 and reduce step size to 1 (36-2

= 34 step = 1);

[00161] Step 7 : 34<35 increase current pixel value by 1 (34+1= 35), and end

comparison/adjustment procedure because device currents and reference current values are

equal.

[00162] Although the method of FIG. 12 is described with respect to a single-bit output of

an exemplary current comparator, similar types of methods can be used to process outputs of

other circuit configurations (e.g., CIs, differently configured CCMPs, multibit outputs, etc.).

[00163] As used herein, the terms "may" and "can optionally" are interchangeable. The

term "or" includes the conjunctive "and," such that the expression A or B or C includes A

and B, A and C, or A, B, and C.

[00164] While particular implementations and applications of the present disclosure have

been illustrated and described, it is to be understood that this disclosure 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 scope of the invention as defined in the appended claims.



CLAIMS

What is claimed is:

1. A method of compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device, the method comprising:

processing, at a readout system, a voltage corresponding to a difference between a

reference current and a measured first device current flowing through the drive transistor or

the light emitting device of a selected one of the pixel circuits;

converting, at the readout system, the voltage into a corresponding quantized output

signal indicative of the difference between the reference current and the measured first device

current; and

adjusting, using a controller, a programming value for the selected pixel circuit by an

amount based on the quantized output signal such that the storage device of the selected pixel

circuit is subsequently programmed with a current or voltage related to the adjusted

programming value.

2 . The method of claim 1, wherein the voltage is generated by the readout

system, the method further comprising the readout system:

receiving the reference current during a first phase;

receiving the measured first device current during a second phase; and

and generating the voltage by processing the reference current and the measured first

device current.

3 . The method of claim 2, wherein the readout system receives a noise current

and a leakage current during at least one of the first phase and the second phase.

4 . The method of claim 3, wherein generating the first input voltage further

comprises compensating for the received noise current and leakage current.

5 . The method of claim 3, wherein the readout system receives the noise current

and the leakage current on a plurality of monitor lines.

6 . The method of claim 1, wherein converting the voltage into the corresponding

quantized output signal comprises processing a generated analog output voltage using a

multibit quantizer.



7 . The method of claim 1, wherein the reference current is generated by a

voltage-to-current conversion circuit.

8. The method of claim 1, wherein a switch matrix selects the measured first

device current from a plurality of received device currents.

9 . The method of claim 1, wherein the polarity of the reference current is

reversed prior to being transmitted.

10. The method of claim 1, wherein the readout system is operative to generate the

first input current and compensate for noise signals over a multiple-stage current readout

operation.

11. The method of claim 1, wherein the conversion circuit comprises at least one

of a current comparator circuit and a current integrator circuit.

12. A method of compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device, the method comprising:

performing a first reset operation on an integration circuit, the reset operation

restoring the integration circuit to a first known state;

performing a first current integration operation at the integration circuit, the

integration operation operative to integrate a first input current corresponding to a difference

between a reference current and a measured first device current flowing through the drive

transistor or the light emitting device of a selected one of the pixel circuits;

storing a first voltage corresponding to the first current integration operation on a first

storage capacitor;

performing a second reset operation on the integration circuit, the reset operation

restoring the integration circuit to a second known state;

performing a second current integration operation at the integration circuit, the

integration operation operative to integrate a second input current corresponding to the

leakage current on a reference line;

storing a second voltage corresponding to the second current integration operation on

a second storage capacitor;

generating an amplified output voltage corresponding to the difference between the

first voltage and the second voltage using one or more amplifiers; and

quantizing the amplified output voltage.



13. The method of claim 12, further comprising performing a third reset operation

while quantizing the amplified output voltage.

14. The method of claim 12, wherein performing a reset operation on the

integration circuit comprises setting the integration circuit in a unity gain configuration.

15. The method of claim 12, further comprising cancelling the offset of one or

more amplification circuits.

16. A method of compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device, the method comprising:

performing a first reset operation on an integration circuit, the reset operation

restoring the integration circuit to a first known state;

performing a first current integration operation at the integration circuit, the

integration operation operative to integrate a first input current corresponding to a difference

between a reference current and a measured first device current flowing through the drive

transistor or the light emitting device of a selected one of the pixel circuits;

storing a first voltage corresponding to the first current integration operation on a first

storage capacitor;

performing a second reset operation on the integration circuit, the reset operation

restoring the integration circuit to a second known state;

performing a second current integration operation at the integration circuit, the

integration operation operative to integrate a second input current corresponding to the

leakage current on a reference line;

storing a second voltage corresponding to the second current integration operation on

a second storage capacitor; and

performing a multibit quantization operation based on the first stored voltage and the

second stored voltage.

17. A system for compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device, the system comprising:

a readout system configured to: a) process a voltage corresponding to a difference

between a reference current and a measured first device current flowing through the drive



transistor or the light emitting device of a selected one of the pixel circuits and b) convert the

voltage into a corresponding quantized output signal indicative of the difference between the

reference current and the measured first device current; and

a controller configured to adjust a programming value for the selected pixel circuit by

an amount based on the quantized output signal such that the storage device of the selected

pixel circuit is subsequently programmed with a current or voltage related to the adjusted

programming value.

18. The system of claim 17, wherein the readout system is further configured to:

receive the reference current during a first phase;

receive the measured first device current during a second phase; and

generate the voltage by processing the reference current and the measured first device

current.

19. The system of claim 18, wherein the readout system is further configured to

receive a noise current and a leakage current during at least one of the first phase and the

second phase.

20. The system of claim 19, wherein the readout system is further configured to

compensate for the received noise current and leakage current.

21. The system of claim 20, wherein the readout system is further configured to

receive the noise current and the leakage current on a plurality of monitor lines.

22. The system of claim 17, wherein the readout system is configured to process a

generated analog output voltage using a multibit quantizer in order to convert the voltage into

the corresponding quantized output signal.

23. The system of claim 17, wherein the reference current is generated by a

voltage-to-current conversion circuit.

24. The system of claim 17, wherein a switch matrix selects the measured first

device current from a plurality of received device currents.

25. The system of claim 17, wherein the polarity of the reference current is

reversed prior to being transmitted.

26. The system of claim 17, wherein the readout system is further configured to

generate the first input current and compensate for noise signals over a multiple-stage current

readout operation.



27. The system of claim 17, wherein the conversion circuit comprises at least one

of a current comparator circuit and a current integrator circuit.

28. A system for compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device, the system comprising:

a reset circuit configured to perform a) a first reset operation on an integration circuit,

the reset operation restoring the integration circuit to a first known state and b) a second reset

operation on the integration circuit, the reset operation restoring the integration circuit to a

second known state;

an integration circuit configured to perform a) a first current integration operation, the

integration operation operative to integrate a first input current corresponding to a difference

between a reference current and a measured first device current flowing through the drive

transistor or the light emitting device of a selected one of the pixel circuits and b) a second

current integration operation at the integration circuit, the second integration operation

operative to integrate a second input current corresponding to the leakage current on a

reference line;

a first storage capacitor configured to store a first voltage corresponding to the first

current integration operation;

a second storage capacitor configured to store a second voltage corresponding to the

second current integration operation on a second storage capacitor;

an amplifier circuit configured to generate an amplified output voltage corresponding

to the difference between the first voltage and the second voltage using one or more

amplifiers; and

a quantizer circuit configured to quantize the amplified output voltage.

29. The system of claim 28, wherein the reset circuit is further configured to

perform a third reset operation while the quantizer circuit quantizes the amplified output

voltage.

30. The system of claim 28, wherein the reset circuit is further configured to set

the integration circuit in a unity gain configuration.

31. The system of claim 28, further comprising circuitry configured to cancel the

offset of one or more amplification circuits.



32. A system for compensating for deviations by a measured device current from a

reference current in a display having a plurality of pixel circuits each including a storage

device, a drive transistor, and a light emitting device, the system comprising:

a reset circuit configured to perform a) a first reset operation on an integration circuit,

the first reset operation restoring the integration circuit to a first known state and b) a second

reset operation on the integration circuit, the second reset operation restoring the integration

circuit to a second known state;

an integration circuit configured to perform a) a first current integration operation at

the integration circuit, the first integration operation operative to integrate a first input current

corresponding to a difference between a reference current and a measured first device current

flowing through the drive transistor or the light emitting device of a selected one of the pixel

circuits and b) a second current integration operation at the integration circuit, the integration

operation operative to integrate a second input current corresponding to the leakage current

on a reference line;

a first storage capacitor configured to store a first voltage corresponding to the first

current integration operation on a first storage capacitor;

a second storage capacitor configured to store a second voltage corresponding to the

second current integration operation on a second storage capacitor; and

a quantizer circuit configured to perform a multibit quantization operation based on

the first stored voltage and the second stored voltage.
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