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Abstract—An active matrix organic light emitting diode
(AMOLED) display driver IC, enabling real-time thin-film tran-
sistor (TFT) nonuniformity compensation, is presented with a
hybrid driving method to satisfy fast driving speed, high TFT
current accuracy, and a high aperture ratio. The proposed
hybrid column-driver IC drives a mobile UHD (3840 x 2160)
AMOLED panel, with one horizontal time of 7.7 us at a scan
frequency of 60 Hz, simultaneously senses the TFT current for
back-end TFT variation compensation. Due to external compen-
sation, a simple 3T1C pixel circuit is employed in each pixel.
Accurate current sensing and high panel noise immunity is guar-
anteed by a proposed current-sensing circuit. By reusing the
hybrid column-driver circuitries, the driver embodies an 8 bit
current-mode ADC to measure OLED V' -TI transfer characteristic
for OLED luminance-degradation compensation. Measurement
results show that the hybrid driving method reduces the maximum
current error between two emulated TFTs with a 60 mV thresh-
old voltage difference under 1 gray-level error of 0.94 gray level
(37 nA) in 8 bit gray scales from 12.82 gray level (501 nA). The
circuit-reused current-mode ADC achieves 0.56 LSB DNL and
0.75 LSB INL.

Index Terms—Active matrix organic light emitting diode
(AMOLED), circuit-reused current-mode ADC, data driver,
hybrid driver, offset-compensated integrating comparator
(OCIC), OLED degradation, thin-film transistor (TFT), threshold
voltage shift.

I. INTRODUCTION

CTIVE matrix organic light emitting diode (AMOLED)

displays have several strengths suitable for high-
resolution flat-panel displays, such as a wide viewing angle,
a high contrast ratio, and fast response time [1]. Moreover,
because the OLED is self-emissive and no backlight units are
needed, the AMOLED display consumes little power, making
its application thin and light. Also, it is noted for being a key
technology in displays of the future, such as flexible displays
and transparent displays [2].
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Fig. 1 shows an AMOLED display system including col-
umn driver ICs [6]-[8], [10], [11] and pixel circuits [3], [5].
The AMOLED display-driving systems have been developed
in terms of three important aspects as follows.

1) High driving speed: As resolution and panel size increase,

a one-horizontal (1 H) time for the driver to program
data voltages (Vpara) into pixels in a row is continuously
reduced, which means that the driver must have a fast
driving speed.

2) Pixel-to-pixel luminance uniformity: This is mainly due
to temporal and spatial variation in thin-film transistor
(TFT) threshold voltage (V) and mobility (x), which
results in difference among TFT currents (Irpr) determin-
ing pixel luminance (L). Either internal pixel circuits or
external column drivers must compensate for this.

3) Aperture ratio: Since the aperture ratio determines lumi-
nance efficiency, it should be maximized by minimizing
the number (effective area) of pixel circuit components,
such as TFTs and storage capacitors.

A voltage-driving method with in-pixel Vg compensation
circuits, as seen in Fig. 2(a), is commonly used due to the fast
driving speed [3]. However, the pixel circuit cannot compen-
sate for mobility variation. Furthermore, a conventional five-
TFTs/two-storage-capacitors (5T2C) Vry compensation pixel
circuit reduces the aperture ratio. For a high aperture ratio,
the voltage driving with external TFT compensation method
was presented [4]. This method has the advantages of both
a fast driving speed and a high aperture ratio, because no
in-pixel compensation circuit is used. However, it requires addi-
tional sensing time before or after displaying with additional
memory and computation resources. Accordingly, human-user
would be very uncomfortable due to wait-time during sensing
operation, and external components may lead to increase in
production costs. Thus, it is thought that the additional com-
pensation time has to be hidden by real-time sensing technique,
and the solution to reduce external memory size is highly
required.

The current-driving method shown in Fig. 2(b) can guarantee
high-current (luminance) uniformity over the panel regardless
of the TFT characteristics [5]-[8]. A 4T1C pixel circuit is used
for the above operation. However, slow driving speed due to
large line capacitance (C'p) and a low-level data current (Ipata)
makes it unsuitable for high-resolution display. Although sev-
eral proposed settling time reduction techniques have been
proposed, they require line-multiplexing for charge feedfor-
ward [7] or an elaborate feedback loop where the bandwidth
is strictly limited by data-line parasitic RC [8].
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Fig. 1. AMOLED driving systems.
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Fig. 2. AMOLED driving methods. (a) Voltage driving with in-pixel threshold voltage (Vrr) compensation. (b) Current driving. (¢) Digital driving.

As an another alternative, a digital driving method in
Fig. 2(c) has emerged because it is also free from TFT variation
with a simple 2T 1C pixel circuit [9]. However, as resolution and
panel size grow, gate scan time becomes too inadequate to even
turn ON the TFT gate.

This paper presents a new innovative approach: a hybrid driv-
ing method in which the advantages of both voltage-driving and
current-driving methods are combined. Thus, it achieves driv-
ing speed as fast as the voltage-driving method and high TFT
current accuracy as high as the current-driving method [10].

The hybrid-driving method is accompanied with the external
compensation performed in real time; it means that the pro-
posed driving method is able to maintain TFT current unifor-
mity under temporal Vyy variation without any inconvenience
for users. In order to measure TFT characteristics in real time,
a hybrid column driver is proposed to accurately sense the TFT
current while driving the data voltage. In addition, since the in-
pixel Vg compensation circuit is not required, a 3T1C pixel
for high aperture ratio can be employed for the hybrid-driving
method.
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Fig. 4. (a) Reduction of TFT current error (A ) under hybrid driving. (b) Gray-level grouping for mobility compensation.

This paper is organized as follows. Section II describes
how the proposed hybrid driving method drives the data and
compensates for TFT variation. Section IIl presents a dif-
ferential sensing method for accurate current sensing under
display panel noise. Section IV shows circuit implementa-
tion of the hybrid column driver. Section V introduces the
circuit-reused current-mode successive-approximation register
(SAR) ADC to measure OLED V-I characteristics for OLED
luminance-degradation compensation. Section VI shows mea-
surement results of a fabricated hybrid column-driver IC, and
Section VII concludes this paper.

II. HYBRID AMOLED DRIVING METHOD

The hybrid AMOLED driving method shown in Fig. 3 is
the voltage-driving method with real-time external TFT com-
pensation. To determine the TFT V-I characteristics, the hybrid
column-driver senses the TFT current (Itpr) and compares it
to the target data current (Ipata) from a current DAC (CDAC)
right after a voltage-driver programs the data voltage (Vpara ) to
a TFT gate. The comparison (1 bit) results are used to adjust the
next Vpara for the corresponding pixel. Nonuniformity of the
TFT V-1 characteristics among pixels and its temporal varia-
tion can be digitally compensated for during a normal display

operation. This iterative correction works as an external digital
feedback which minimizes error between It and Ipata.

In the hybrid driving method, programming Vpara and sens-
ing Itpy are performed for every pixel in a row within the 1 H
time. During the first half-period of the 1 H time (SCAN = L),
the voltage driver, which consists of a voltage DAC (VDAC)
and a buffer amplifier, drives Vpara to the TFT gate through
a scan switch. The Vpara corresponding to Ipara is initially
defined in a look-up table (LUT) in a timing controller. At the
next half-period (SENSE = L), when a sense switch is turned
ON, the Itpy corresponding to Vpara flows into the column
driver, and the column driver compares it to Ipara. The com-
parison results (CMP) differ among pixels, because every TFT
suffers from different variations and every column driver has an
intrinsic offset (Vos). When the column drivers are in the same
operation for the next rows, a TFT compensation block in the
timing controller increases or decreases the correction voltage
(AV) for each pixel by 1 LSB voltage of the VDAC (AV] sp)
based on CMP to reduce error between Itrr and Ipata and then
stores AV to memory as a graph, as seen in Fig. 4(a). After all
the pixels are programmed and sensed, an OLED cathode volt-
age (VcoLep) is globally connected to ground (proper ELVSS).
Thus, all pixels simultaneously emit the light. After emission,
AV for each pixel is added to the voltage data (Vpara 2) for the
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Fig. 5. Algorithm of real-time TFT current nonuniformity compensation.
(a) Flowchart. (b) Timing operation example. (c) Memory cell for one gray-
level group of one pixel.

next frame. Fig. 4(a) shows that the TFT current error (Aly) is
smaller than the original error (A7) by adding AV to Vparao. If
the same AV is applied to all gray levels, this scheme can only
compensate for dc shifts, such as Vry variation and the driver
offset Vos. Meanwhile, if each gray levels has its own AV, it
requires a large amount of memory even though all the vari-
ations are elaborately compensated for. Thus, we divided the
256 gray levels into several groups and applied different correc-
tion voltages (AVj;—1,2.... NGr) to different groups for mobility
variation compensation. The number of groups (Nggr) is deter-
mined by how severe the mobility variation is. Fig. 4(b) shows
an example of gray-level grouping that has four groups.

The front-end driving and sensing by the hybrid column
driver and back-end digital calibration by the timing controller
are repeated until all the pixels are corrected. The algorithm
in Fig. 5(a) shows how the hybrid-driving method adjusts AV
until the end of the correction, and Fig. 5(b) describes a timing-
operation example. The algorithm to search AV for a gray-level
group of a pixel is based on a binary search fashion. EOC is the
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end of compensation flag, and CMP* is a previous comparison
result. They are stored in memory for each gray-level group
of each pixel. The compensation is ended (EOC = 1) when
CMP is inverted (CMP* # CMP), and the finally searched AV
is applied to the driving until EOC is reset after the periodic
refresh time (Tr). Since the varying speed of TFT -V transfer
characteristics under the normal stress condition is moderately
slow, the refresh time can be longer than 100 s [12]. For a gray-
scale group of a pixel, the calibration time depends on how
many LSBs are in error between Ipara and Itgr. For example,
if the Itpr at a certain data voltage (Vpara) has 150 nA differ-
ence (< 4 LSB) from the corresponding Ipara, four frame times
(66.7 ms at a frame rate of 60 Hz) are needed to compensate for
this amount of error. Fig. 5(c) shows the memory cell required
for the hybrid-driving method. The number of bits for deter-
mines the range of AV. The m-bit memory assigned to the AV
covers the data-voltage variation of 4(1/2'%~(™=1))VLgwhen
the 10 bit VDAC divides the full-scale voltage (Vs). Each
(m + 2)- bit memory cell is for a gray-level group of a pixel,
so that the memory cells of (3NrowNcorLNGr) are required,
where Nrow, NcoL, and Ngr are the number of rows, columns,
and gray-level groups, respectively. For example, the ultra-
high-definition (UHD, 3840 x 2160) AMOLED display with
four gray groups and a 5 bit AV needs just memory size of
83 MB.
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While sensing Itpr, several error sources in Fig. 6 may
deteriorate the sensing accuracy of the hybrid column driver.
The main error sources are classified into two groups: one
from the pixel circuits and the other from the column driver.
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From the pixel circuits, a charge injection from the scan switch
(Qsw) introduces a little error in the voltage stored in the stor-
age capacitor. However, this error can be compensated by the
hybrid driving because the gate voltage error (AVy) is con-
verted to the TFT current error (Altgr), which will be added
to the original Itpr and sensed by the hybrid column driver.
In addition, the drain-source voltage (Vpg) difference of the
main TFT between the case when sensing Iter (Vps,s) and
the case when emitting the OLED (Vpg, ) results in the dif-
ference between the sensed Iter (Itrr,s) and the actual Itpr
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flowing to the OLED (Itgr,r). However, pixel-to-pixel lumi-
nance uniformity is less sensitive to the Vpg difference than the
difference between Itgr g and Iter, g, because the main TFTs
at a same gray scale suffer a similar Vpg difference. Also, the
leakage current (I gax) through the off-resistance of the scan
switches and the sense switches on the data line is also added to
Irpr, and acts as an error source. The off-current of a recently
developed LTPS TFT was reported to be less than 3 pA at Vpg
of —5V within a temperature range from 30 °C to 70 °C [19].
Thus, the total leakage current through 2160 scan and sense
switches on a data line is less than 12.96 nA in the worst case,
which is less than one-third of LSB of the 8 bit CDAC, whose
full-scale current is 10 pA. Lastly, display panel noise on the
data line, which will be discussed in Section III, is an addi-
tional error source in the panel. On the other hand, the error
sources from the column driver determine the sensing accuracy
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of Itpr. Two main sources are the nonlinearity of the CDAC and
the offset of a current comparator (Ipg). Circuit techniques to
minimize these nonidealities will be introduced in Section IV.

III. DIFFERENTIAL SENSING METHOD

Since one LSB of the 8 bit CDAC, which generates Ipara,
is less than 40 nA when the full-scale current is 10 pwA, Itpr
should be sensed very accurately. However, display panel noise
coming from power supply ripple and ground noise, shown in
Fig. 7, degrades the signal-to-noise ratio (SNR). These volt-
age noise sources are converted to noise current (inoisg) by
capacitance between the data line and the sources, and iNoisg
is added to Itpr. If it is assumed that the peak-to-peak sup-
ply ripple is 10 mV at 1 MHz and the parasitic capacitance
between the supply and the data line is 10 pF, the peak-to-
peak inoisg is larger than 600 nA. Fortunately, two inorsgS
from two adjacent data lines show high similarity, because they
suffer from the same noise—source coupling via similar capac-
itances. Therefore, when sensing the Itpr of only either odd
or even columns, similar inoisg,, and inoisg,e induced from
odd and even columns, respectively, can be cancelled by adopt-
ing fully differential sensing technique; this differential sensing
method significantly improves panel noise immunity in the
hybrid column driver.

The proposed hybrid column driver in Fig. 7 is designed to
compare Ity With Ipara by integrating the difference between
two currents and the difference between inoisg,0 and iNoOISE, E-
The reason for difference integration is also high noise immu-
nity because noise currents from two lines would be dissimilar
at several points, but the average difference is small. With the
differential sensing method, the hybrid column driver can only
sense the Itpp from one of the two adjacent columns in a
frame even though it can drive both columns. Thus, two col-
umn drivers can share one current sensor, including the CDAC,
a G, -C integrator, and a comparator. If iNoisg,0 and inoisg, &
are similar, integrated voltage (Vint) by the integrator for the
integration time (7nt) is given by

GmRS ,1—‘1NT
VNt = e / (ItFr + inoise,0) — (IDATA + iNoOISE, E) dt
Nt Jo
n GmBsTine (Itrr — IpaTa) (D
CINT

where Rg is a current-sensing resistor, GG, is the transcon-
ductance of the G,,-C integrator, and Cinr is an integration
capacitor. Vit represents the difference between the Itpr and
Ipata, and consequently its polarity implies the comparison
result.

IV. HYBRID COLUMN-DRIVER CIRCUIT
IMPLEMENTATION

A. Overall Architecture and Operation

To realize the hybrid-driving method, the hybrid column
driver should drive the Vpara and accurately compare Itpr with
Ipata in 1 H time. The driver is also required to support the
differential sensing method for high panel noise immunity.
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Fig. 8(a) shows an entire block diagram of the proposed
hybrid column driver for two columns and its connection for
odd-column TFT current sensing (ODD = H). It consists of
two voltage drivers and one current sensor for differential cur-
rent sensing of two columns. The voltage driver includes a
10 bit VDAC [13] and a class AB buffer amplifier [14] with two
current-sensing resistors (Rg; for sensing the pulling-current
and R, for sensing the pushing-current), and the current sensor

sensing (ODD = H,EVEN = L, TFT = H, OLED = L). The
first-half of the 1 H time (SCAN =L,OSENSE =H) is a
voltage-driving phase. The SCAN switch in the pixel and
SW1 ~ 4 in the driver are all closed to drive the Vpara, gener-
ated by the VDAC, into the TFT gate by the class AB output
stage. During the next current-sensing phase (SCAN = H),
the SENSE switch of the odd-column pixel is turned ON
(OSENSE = L) so that the Itpy corresponding to Vpara flows
into the odd-column driver through the data line. When the
SCAN switch is turned OFF, its clock feedthrough error is also
reflected in Itgp. On the even channel, Ipara from the CDAC
goes to Ry g for comparison between Iter and Ipara. The
noise currents inoisg from both columns and the Igjass go into
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Fig. 15. Monte-Carlo simulation results from 100 samples. (a) Worst DNL and INL of the BICCDAC. (b) Histogram of the maximum DNL and INL of the
BICCDAC. (c) Histogram of input-current-referred offset in the OCIC with 100 k(2 of the current-sensing resistor (Rg).

the driver as well. Also, SW1 is turned OFF so that Rg; o and
Rs g convert these incoming currents to the voltage. Since the
current from a PMOS of the class AB output stage is unwanted,
it is blocked by turning OFF SW3. Here, the outgoing noise cur-
rent from the driver can break the feedback loop of the voltage
driver because the class AB stage can only sink the output cur-
rent when SW3 is OFF. Therefore, Igjas, which is larger than
the amplitude of the noise current, guarantees that some cur-
rent is always flowing through the NMOS in the output stage.
After the Itgr arrives at the driver, the voltages across Rgj o
and Rg1 g (vrs1,0 and vgs;, i), respectively, are given by

ves1,0 = (Iter + inoise,0 + Isias)Rs1,0,

@

vrs1,E = (Ipata + inosg, £ + Iias)Rs1,E-

If two Rg1S, two inoisgS, and two IgjasS are well-matched,
VRS1,0 — VRs1,E 1S approximately equal to Rg; - (Iter —
Ipata)- Since the mismatch between two Rgs is directly
related to column-to-column luminance nonuniformity, their
matching inaccuracy less than 0.4% is required for 8 bit accu-
racy. The OCIC can compare Itgy to Ipara by integrating this
VRS1,0 — Vrsi,k during the error-integration phase (INT = H)
and determining the polarity of the integrated voltage VNt at
the end of the integration. In the middle of the integration, an
inversion signal (IN'V) is toggled to swap the path of two Igass.
By doing so, the mismatch between two bias current sources
is cancelled by averaging. Moreover, the INV signal swaps the
current path of the BICCDAC to reduce its integral nonlinearity
(INL), which will be explained in Section IV-B.
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Fig. 17. Measured waveform of the hybrid-driving under emulated panel noise
of 10 mVyp at 500 kHz with/without the differential sensing method when
sensing the odd-column TFT current.

For high accuracy of the current comparison, which is
directly related to the pixel luminance uniformity, we should
consider linearity of the CDAC, a channel-to-channel refer-
ence current uniformity. Section IV-B describes the BICCDAC
and the RCC for these performances. The offset of the OCIC
detailed in Section IV-C also plays an important role in high
accuracy.

B. Data Current Generation

In the hybrid-driving method, what actually determines pixel
luminance is the data current generated by the CDAC. Even
though the voltage driver has the offset and the TFT has Vy and
mobility variation, they can be compensated for by the hybrid-
driving method if the data current has no error. Thus, the data
current-generation block in the hybrid column driver should
generate the precise data current in terms of column-to-column
current uniformity and CDAC linearity.

Unlike reference voltage, reference current (Irgr) is con-
ventionally distributed to the columns via current mirrors, as
seen in Fig. 9(a), which is prone to mismatch. The Iggr mis-
match among columns results in column-to-column luminance

RN
o
o

—— No compensation
—<— AV for all gray levels

—a— AV for every 128 gray levels
—@— AV for every 64 gray levels

250
200
150

TFT current error (nA

|
o
o

-100

Gray level

Fig. 18. Current error between two emulated TFTs with threshold voltage
(Vrn) difference of 60 mV before and after compensation.

nonuniformity. To cope with the mismatch problem, the pro-
posed hybrid column-driver IC employs the RCC scheme [15],
which distributes Irgp by the current sample and holds (S/H)
circuits in every two columns rather than the current mirrors,
as shown in Fig. 9(b). In turn, the current S/Hs sample Irgp
during the voltage-driving phase when the CDAC is not used
and hold it until their turns come again. Since the holding time,
which is proportional to the number of columns, can be several
tens of milliseconds for high resolution display, the current S/H
in Fig. 9(c) should be carefully designed to minimize leakage
current. The main leakage path is an off-resistance of a sample
switch (Mz). In order to make voltage across Mo nearly zero, a
dummy current S/H in Fig. 9(b) is turned ON (@ = H) while
no S/H samples Irgr. Thus, a sampling line voltage (V) can
be kept to Vppy — Visi- In addition, to minimize error from
charge injection to output current (Iour), a sampling transistor
(My) is assisted with a constant current source of 0.8 Ixgr, and
a dummy switch (Msp) is added.

To convert the digital current data to analog, the bit-inversion
cascaded-dividing CDAC (BICCDAC) in Fig. 10 is adopted in
the hybrid column driver for its small area occupation and high
linearity [15]. The stacked current dividers, biased by Vpi_g,
divide the Iggr of 10 pA and switch flow of these divided
currents based on digital input (D[7:0]). The BICCDAC occu-
pies a small area because no decoder is required. However, the
binary-weighted output current shows bad differential nonlin-
earity (DNL) and discontinuous INL due to divider mismatches.
Thus, a bit-inversion scheme, realized by path exchangers after
the dividers, is employed to enhance continuity of the INL
curve, and thus, drastically reduces the DNL [16]. This scheme
simply swaps the paths of the current dividers according to their
corresponding digital input. For example, the current paths of
the N'th divider are swapped when D[8 — N = 1. The effect of
the bit-inversion is shown as DNL curves in Fig. 11. The DNL
and INL in Fig. 11 are obtained from a behavioral simulation of
the BICCDAC with a 1% intentional current divider mismatch.
With the bit-inversion scheme, the maximum DNL of 2.5 LSB
without bit inversion is reduced to less than 0.1 LSB, and the
INL curves become continuous. In addition, the current paths
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TABLE 1
PERFORMANCE SUMMARY

Process 0.18 um 1P4M CMOS

Area/channel 794 x 24.5 pm?

Power/channel | Hybrid driving | 63.60 uW (Amp. 10 uW, OCIC 3.60 uW, CDAC 50 uW)
(Vpp=1.8,5V) | Current ADC | 68.52 uW (Amp. 10 pW, OCIC 8.52 pW, CDAC 50 uW)
1-H time 7.7us (UHD(3840 x 2160), 60 Hz)

Panel loads (Rp/Cp) 30 kQ/30 pF

Full-scale voltage/current 3.5V (1.5-5V)/10 pA

1LSB voltage/current 34 mV (10 bit)/39 nA (8 bit)

Current ADC max. DNL/INL 0.56 LSB/0.75 LSB

of all dividers are swapped by the INV signal, which enables
the hybrid driver to average out the INL.

C. Offset-Compensated Integrating Comparator

Fig. 12 shows the OCIC which accurately compares vrsi,0
to vrgi,E. It is necessary to integrate the input difference and
have a low offset. It is based on a G,,,-C' integrator composed
of two input pairs (M, and M;_g), which can be selected
as incoming (TFT = H) or outgoing (OLED = H) current
sensing, and an integration capacitor (Cinr). A following com-
parator compares the final integrated voltage across Cinr. For
a low offset, an offset-current S/H (M7, Mg, Csy, and Cg)
is connected to the output of GG, in parallel. During an offset
sampling phase (Tos), inputs are shorted, and the offset-current
S/H is also in sampling mode (®; = H). The S/H samples
common-mode current error between sourcing and sinking cur-
rent sources, as well as differential-mode current offset. Thus,
it acts as a common-mode feedback circuit unless an input
common-mode level changes for the 1 H time. To maintain the
input common-mode level, one input is always connected to the
resistor which Ipara flows through (EVEN or ODD = H). At
the same time, the following preamplifier (A;) samples its own
offset and the difference between Vo g17 and Vizgg to offset-
sampling capacitor (Cs3 and C's4). After sampling the offset,
the OCIC integrates the input difference vrg1,0 — Vrsi, g dur-
ing the integration phase (7int) when inputs are connected to
Rsi,0 and Rgy,g (P2 = H). Meanwhile, the following com-
parator has to detect the polarity of the output (Vint) right after
integration to exactly average out the /5745 mismatch and the
CDAC nonlinearity. For that, the comparator needs to be fast to
make a decision in a short time. Instead, the OCIC has an addi-
tional decision phase (1) to sample Vint (P3 = H) and give
the comparator enough time to make a right decision. Since the
transconductor is separated from Ciyr, it can begin its offset
sampling operation.

To reduce power consumption, all circuits except for the
NMOS input pairs (Ms_g) and the switches operate under a
low supply voltage (Vppr) used for logic circuits. The OCIC
consumes 2 pA for incoming-current sensing (TFT = H) and
2.6 pA for outgoing-current sensing (OLED = H).

V. CIRCUIT-REUSED CURRENT-MODE SAR ADC

In addition to the TFT variation, OLED luminance degrada-
tion due to its limited life span is another source of luminance
nonuniformity in the AMOLED display [17]. Luminance in
OLED pixels degrades depending on luminance time and inten-
sity. Therefore, OLED degradation measurement and compen-
sation are necessary to maximize the lifetime of the AMOLED
display. As one of the principles for OLED degradation mea-
surement, correlation between luminance degradation and elec-
trical degradation of the OLED has been reported in the litera-
ture [18]. It was reported that a decrement of an OLED current
(IoLgp) at a constant test anode voltage (Vrgst) is interdepen-
dent with degradation of the OLED luminance. This implies
that the display driving system is capable of compensating for
luminance degradation by programming a larger current to the
pixel rather than nominal current if the column driver can mea-
sure the Vigst — IoLpp relationship. Also, the column driver
is required to sense /o gp in a column-parallel fashion during
a short measurement time, because the measurement is usu-
ally done when the display system is turned ON or OFF. In
other words, long time for OLED compensation could give
inconvenience of undesirable light-emitting to the user.

For these reasons, the hybrid column-driver IC embodies a
proposed 8 bit circuit-reused current-mode SAR ADC, shown
in Fig. 13(a). It enables column-paralle]l OLED current sensing
and requires almost no additional chip area because build-
ing blocks of the SAR ADC, such as a DAC, a comparator,
and a SAR logic, are already prepared for hybrid-driving.
The BICCDAC and the OCIC are reused as the DAC and
the comparator, and D flip-flops in the current data logic are
reconfigured as SAR logic by rerouting interconnections, as
shown in Fig. 13(b). Since the direction of the OLED current
is outgoing while that of the TFT current is incoming, sens-
ing circuits must be reconfigured (OLED = H). The outgoing
current-sensing resistor (Rgz) is used for OLED current sens-
ing, and the BICCDAC in Fig. 10 can change the direction of
the Ipara. The OCIC in Fig. 12 also uses the NMOS input pair
(M3, My) when sensing the OLED current and repeats its three-
step operation (offset-sampling, integration, and decision) for
the 8 bit successive approximation, which takes 8% 1 H times
of hybrid-driving (65.5 us) to convert the OLED current to
the digital output. That implies measurement time of 283.3 ms
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is needed for sensing the OLED currents of all pixels in the
UHD AMOLED display by virtue of proposed column-parallel
sensing.

VI. COLUMN-DRIVER IC MEASUREMENT RESULTS

The prototype of the hybrid driver IC is fabricated in a
1P4M 0.18 wum CMOS process. A chip micrograph is shown
in Fig. 14(a). A prototype includes 102 channels of the hybrid
column driver and the test-element groups (TEG) in a chip
area of 5 x 1.5mm?. Fig. 14(b) shows a layout of the two-
column hybrid column driver. It shows that only 55% of the
conventional voltage-driver area is additional for data current
generation, the current comparison, and the current-mode ADC.

The linearity of the BICCDAC and the offset of the OCIC
were verified with 100 samples in a Monte-Carlo simulation.
Fig. 15(a) shows the worst DNL and INL curves from 100
samples of the BICCDAC when the full-scale reference current
(Irer) is designed to be 10 pA. With the bit-inversion scheme,
the DNLs at the bit-transition points are significantly reduced
so that the INL curve becomes more continuous. Also, the
INL of the averaged current output of INV =0 and INV =1
is less than 0.1 LSB even in the worst case. A histogram of
the maximum DNL is also shown in Fig. 15(b). Thanks to
the bit-inversion scheme, the maximum DNL of 100 samples
is reduced from 1.538 LSB to 0.152 LSB. The histogram in
Fig. 15(c) demonstrates the spread of the input-current-referred
offset of the OCIC when 100 k€2 of the current-sensing resistor
(Rg) is used. The linearity of the BICCDAC and the offset of
the OCIC were also verified by the measured INL and DNL
plots of the 8 bit circuit-reused current-mode ADC in Fig. 16,
because the ADC includes the BICCDAC and the OCIC.
The maximum DNL is 0.56 LSB and the maximum INL is
0.75 LSB.

Fig. 17 shows the measured waveform of hybrid-driving
under emulated panel noise of 10mV,,, at 500 kHz, coupling via
data line capacitance of 30 pF, when sensing the odd-column
TFT current. The vyt is the output of the G,,,-C' integrator in
the OCIC, and the vrgi,0 and vrg g are the voltages of the
current-sensing resistors (Rg;,0 and Rg», g, respectively). The
differential sensing method enables the OCIC to unilaterally
integrate Itpr — Ipata. The slope change in the middle of the
Tint is from exchanging the paths of the Igjass and the inver-
sion of the BICCDAC. On the other hand, it is clearly observed
in the right-hand side of the waveform that the monotonicity
of the vint during the integration of small current difference is
significantly broken by the panel noise without the differential
sensing method.

In order to verify the performance of the hybrid-driving
method, we measured TFT current error between two CMOS-
modeled TFTs with a Vry difference of 60 mV, as shown in
Fig. 18. First, we measured the Vi — Itpr curve of the refer-
ence TFT and selected 256 data voltages corresponding to 256
gray levels among 1024 data voltages. The Vry difference is
realized by adjusting body voltage of the CMOS-modeled TFT.
Without the compensation, which means that the same data
voltage is applied to each gray level, the maximum current error
is 501 nA (12.82 gray level). However, after hybrid driving with
random input data for 256 times, the maximum error is reduced

by 59 nA (1.45 gray level) when the identical AV is obtained
by hybrid-driving and applied to all gray levels. If dividing gray
levels into two or four groups and finding AV of each group for
more accurate compensation, the maximum error is measured
as 37 nA (0.94 gray level) when separating into four groups.

A performance summary is given in Table I. The hybrid col-
umn driver occupies 794 x 24.5 um? per channel. Under data
line resistance and capacitance of 30 k2 and 30 pF, the hybrid
column driver takes 7.5 ps, which is the 1 H time for UHD
60 Hz driving, to drive the data voltage and sense the TFT cur-
rent with static power consumption of 63.60 uW per channel.
The driver statically consumes 68.52 uWW per channel in ADC
mode for OLED current sensing. The voltage driver divides the
full-scale output voltage swing ranging from 1.5 to 5 V into
1024 gray levels under a 5 V supply, and the full-scale reference
current is 10 pA.

VII. CONCLUSION

A hybrid AMOLED driver IC with real-time TFT nonuni-
formity compensation has been designed and verified through
chip fabrication and measurements. The proposed hybrid-
driving method achieves driving speed as fast as voltage-driving
while maintaining TFT current accuracy as high as current-
driving through accurate TFT current-sensing of the hybrid
column driver. The differential sensing method enhances panel
noise immunity, and the OCIC and the bit-inversion cascaded-
dividing DAC (BICCDAC) increase current-sensing accuracy
of the driver. The 8 bit circuit-reused current-mode SAR ADC
embedded in the column driver measures the OLED current
to compensate for luminance degradation with a minimum
increase in area. The proposed hybrid-driving method and col-
umn driver IC are applicable to high-resolution, high-quality
AMOLED applications.
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