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ABSTRACT This paper presents a new driving scheme for active-matrix organic light-emitting diode
displays. A pixel circuit based on this driving scheme was developed to compensate for the threshold
voltage and mobility variations of low-temperature polycrystalline-silicon thin-film transistors (TFTs),
eliminate image flickering and current-resistance voltage drops, and suit ultrahigh-definition (UHD) res-
olution applications. A new gate driver with a concise 6T1C structure is also proposed to realize the
driving scheme in practice. Fabricated TFTs and OLEDs were measured to establish models. Simulations
using these models demonstrate that the proposed pixel circuit achieves uniform OLED current regardless

of undesirable influences at UHD resolution.

INDEX TERMS Active-matrix organic light-emitting diode (AMOLED), low-temperature polycrystalline-

silicon thin-film transistors (LTPS TFTs).

I. INTRODUCTION

Achieving an ultra-high-definition (UHD) resolution
(3840%x2160) for active-matrix organic light-emitting
diode (AMOLED) displays is a mainstream goal of the dis-
play industry in the near future [1]-[3]. To develop such
high-resolution AMOLED displays, high-speed operation
of pixel circuits is becoming the major requirement [4].
Low-temperature polycrystalline-silicon thin-film transistors
(LTPS TFTs) are recommended for pixel circuits because of
their high mobility and excellent current-driving capability
to support high-speed operation of display panels [5], [6].
Nevertheless, the non-uniform electrical characteristics of
LTPS TFTs among pixels, including threshold voltage (V1)
and mobility variations, induce OLED current fluctua-
tions, resulting in serious image mura [7]. To date, various
pixel circuits compensating for Vty variations have been
developed [8]-[10], but few of these can be applied in
UHD displays because they require a long programming
time to detect the threshold voltage of TFTs. In 2007,
Chaji and Nathan [11] proposed the parallel addressing

scheme to increase the scanning speed of a panel without
limiting the programming time. By dividing the compensa-
tion operation from data input operation, the pixel circuits in
adjacent rows can execute the Vty compensation in parallel
without signals from the data line. As a result, the distribut-
ing time of pixels in a row line for scanning, called one scan
time, is only the “data input period” rather than the whole
programming time, which benefits high-resolution displays
requiring a short scan time. However, the driving scheme
accompanies complicated circuit operations and complicated
control signals in the Vgg line, which causes circuit insta-
bility. Furthermore, having the OLED turned-on during the
programming period in [11] would cause image flickering
and deteriorate the contrast ratio of the displays. For high-
end AMOLED displays, the mobility variations of TFTs and
the power line IR drop must be solved to realize high image
quality. However, for pixel circuits using internal compensa-
tion methods, it is challenging to simultaneously support Vty
compensation, mobility compensation, power line IR drop
compensation, and parallel addressing scheme. Therefore,

2168-6734 (©) 2017 |EEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 6, 2018

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 26


https://orcid.org/0000-0002-4948-8591

LIN et al.: UHD AMOLED DRIVING SCHEME OF COMPENSATION PIXEL AND GATE DRIVER CIRCUITS

ELECTRON DEVICES SOCIETY

TABLE 1. Comparison between prior methods and proposed scheme.
Method
6T1C
(8]

4T2C
[11]

4T2C
(3]

Characteristics
. Compensation of Vry shift
. Flicker free
. Incapability of high-speed operation
. Compensation of Vyy shift
. Parallel addressing in SVGA resolution
. Complicated signal design in Vg
. Compensation of Vy shift and luminance drop
. Parallel addressing in FHD resolution
. Low contrast ratio induced by flicker
. Compensation of TFT Vyy and p shift
. Flicker free and no power line I-R drop
. New high-speed scheme in UHD resolution

This work
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external compensation methods have received much attention
recently [4], [7], [15]. By designing an external detecting
system out of the pixel array, the various variations in pix-
els can be sensed and compensated for, to produce uniform
OLED current. The corresponding pixel structures could,
alternately, be made simpler than those adopting internal
compensation methods. However, this type of driving scheme
is demanding for designers, given the requirement of a heavy
algorithm and complicated detecting circuit that must be
highly accurate.

This work proposes a new pixel circuit with a novel
driving scheme. The proposed driving scheme supports the
high-speed operation of pixel circuits and is capable of com-
pensating for the variations in threshold voltage and mobility
of TFTs. The flickering phenomenon and the effects of volt-
age drops in the power lines can also be eliminated. A new
gate driver circuit with a simple 6T1C structure was devel-
oped to generate the special signal, G[n], of the new driving
scheme. For flexibility, the time interval of the two pulses in
GI[n] can be adjusted to provide adequate compensation time
for the proposed pixel circuit. Table 1 depicts a comparison
between prior methods and the proposed driving scheme.
Among these methods, only the proposed driving scheme
carries out high-speed operation with constant Vpp and Vgg,
free from flickering, no requirement of extra reference line,
and Vty/ mobility/ Vpp compensation.

1. PROPOSED PIXEL CIRCUIT OPERATION

Figs. 1(a) and 1(b) show the proposed pixel circuit and the
new driving scheme, respectively. Five p-type LTPS TFTs
and two storage capacitors are used, and Vpp and Vgg are
the constant power supply and constant common electrode,
which enhance circuit operation stability. The stages of the
proposed driving scheme are initialization, Vg compensa-
tion, data input, and emission. For Vpata shown in Fig. 1(b),
one set of Vpara signals is composed of two voltage levels:
VRer[n+2] and Vgata[n]. VrRer[n+2] is the reference volt-
age for pixel circuits in the [n+2]th row, and Vgaa[n] is the
data voltage for pixel circuits in the [n]th row. Vrgr and
Vdata of different rows can be combined (e.g., Vrgr[n+3]
and Vga[n], or VRer[n+4] and Vgaia[n]) by adjusting the
time interval of the two low levels in G[n], namely the
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FIGURE 1. (a) Proposed pixel circuit and (b) driving scheme.

duration of Vty compensation. Therefore, the Vty com-
pensation period can be adequately designed according to
designer requirement regardless of the display resolution.
The operation of the proposed pixel circuit is described
as follows. In the initialization stage, the values of G[n],
SCANI1[n], and SCAN2[n] are low to turn on all TFTs.
Vrer[n] is applied to node A from the Vpara line.
Meanwhile, the voltages of node B (V), node C (Vc),
and node D (Vp) are reset to voltages near Vss, Vpp, and
Vss, respectively. During the Vg compensation stage, G[n]
and SCAN2[n] become high to turn off T1 and T3. Because
T2 remains on, to hold Vg at Vss, VA is maintained at VRgp
invariably by C2. Subsequently, V¢ is discharged through
T5 and T4 until TS is turned off. At the end of this stage, V¢
reaches VRgp[n] 4 |VtH_15|, where Vty 15 is the threshold
voltage of T5. In the data input stage, G[n] is low again
to turn on T1. Vgaa[n] is input to node A through T1, and
TS5 is then turned on because the source-gate voltage of TS
(VsG_15), which is Vc—Va = Vrer[n]+|VTH_T5|— Vdata[n],
is larger than |V _T5|. As a result, node C starts discharging
according to the following equation
: dVSd# + ]% (VsG_rs — IVTH_Tsl)2 =0 (@
To obtain Vsg 715, let Vsg_T5s = Z4|VTH_15/, and substitute
it into Eq. (1), yielding,

Cl1

—krs

2C1 z @

! —_—
VS G_T5 —
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Let P=1/Z => Z' = —Z*P/, and substitute it into Eq. (2),

yielding,
—k
7P =Bp 3)
2C1
Therefore, P can be expressed as
krs
P=—T+A 4
ol t “)

where T is the discharging time and A is a constant.
Substituting Eq. (4) into P = 1/Z yields,

1 1
Z=7——, where A = (®)]
ST Vrer[n] — Vaataln]
Therefore, Vsg_ 15 could be expressed as
1
Vse_rs(t=T) = + |Vru_rs| (6)

krs 1
2161 T+ Vepr TVl

The varying voltage during the discharging time, AVy, is
given by

AVy=Vsgr5(t=T)— Vsc 15 =0)

1
Vaataln] —

)

= Vger[n] — s

BT+ Ve TVl
where ks is - Cox - (W/L)r5. Therefore, AVy is dependent
on krs involving the mobility of T5 [3]. Notably, T4 is
turned on continuously during programming; consequently,
the OLED can stay off to enhance the contrast ratio of
displays. In the emission stage, G[n] and SCANI1[n] are
high to turn off T1, T2, and T4, and SCAN2[n] is low to
turn on T3. Because Vsg_t5 in this stage is identical to that
in the data input stage, the OLED current determined by
VsG_15 can be expressed as

k
ToLep = ;5 (VsGrs — |VTHT5|)2
ks
= % [VREF [n] + |VTH T5| — Viaraln]

- AVy — |VTH_T5|]

k
= %5 (Vier[n) = Vaaaln] — ®)

According to Eq. (8), the OLED current is independent of
the threshold voltage of TS and the IR voltage drop in the
power line. Moreover, as the mobility of T5 increases, ks
and AVy also increase, which suppress the rise of OLED
current. As a result, the effect of the mobility variation of
the TFT can be ameliorated. Additionally, there is no image
flickering during programming by the turned-on T4.

AVy)?

1il. PROPOSED GATE DRIVER OPERATION

SCANI1[n] and SCAN2[n] in Fig. 1(b) can be simply gener-
ated by common gate drivers with proper timing adjustment
of clocks. In contrast, the gate driver to produce the special
GI[n] signal needs to be newly developed with its timing,
as shown in Fig. 2(a) and (b). Fig. 2(c) shows the left
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FIGURE 2. (a) Proposed gate driver circuit and (b) its timing diagram.
(c) Block diagram of left side in dual-side driving configuration.
CK1-CK5 in timing diagram correspond to CK set for G herein.

side part of dual-side driving configuration for the pro-
posed driving scheme. One row stage is composed of two
gate driver circuits, including the proposed 6T1C gate driver
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TABLE 2. Design parameters of proposed pixel circuit.

Parameter Value Parameter Value
SCANI (V) -10~20 (W/L)rira(pm) 3/3
SCAN2 (V) -10~20 (W/L)rs(um) 4/15

G[n] (V) -10~20 (W/L)roLep(pm) 5/18

Vpata (V) -3~0 CI1 (pF) 0.15

Vrer (V) 1 C2 (pF) 0.15
VDD / VSS (V) 8/-3 CO]_ED (pF) 0.5

for generating G[n], and a general gate driver circuit for
generating SCANI1[n] and SCAN2[n]. The time interval
between two pulses in G[n] can be adjustable by collocat-
ing different driving clocks, For this study, it was set to four
times the pulse width, therefore, five clocks CK1~CKS5 were
used. TI_G, T2_G, and C1_G compose the pull-down cir-
cuit, and T3_G to T6_G compose the pull-up circuit. Because
LTPS TFTs have stable electrical characteristics and almost
no threshold voltage shift after stress [13], the proposed gate
driver suppresses G[n] distortion through the dc stabilization.
The main operation can be divided into seven stages which
are described as follows. In stage (1), the first pulse of G[n-1]
from the previous gate driver is applied to Q[n] through
T1_G; therefore, Q[n] is discharged to Vr + |[VTtH_ 11 Gl
Meanwhile, because T3_G is also turned on by Q[n], P[n]
is charged to a high voltage near Vg and then turns off
T5_G and T6_G. In stage (2), CK3 becomes low to dis-
charge G[n] from Vy. Through C1_G coupling, Q[n] is
further decreased to Vi + |Vtu_T1 G| — AV and enhances
the driving capability of T2_G. Thus, G[n] is completely
discharged to VL and transferred to the [n]th row line and
the gate driver of the next stage. In stage (3), G[n] and Q[n]
are charged back to Vy and VL + |VTH T1_G| respectively
by CK3. In stage (4), the second pulse of G[n-1] from the
previous gate driver stabilizes the low level of Q[n], and
in stage (5), CK3 becomes low again, to discharge G[n].
Simultaneously, Q[n] couples to Vi + |VtH T1 G| — AV to
completely discharge G[n] to Vi. Hence, the second pulse
of G[n] is applied to the [n]th row line and gate driver of
the next stage. In stage (6), G[n] returns to Vg, and Q[n]
is boosted to VL 4 |VtH_11_g|. In stage (7), CKI1 is low, to
turn on Tlg; consequently, Q[n] is charged to Vy. In addi-
tion, P[n] is reduced by CKI1 and turns on T5g and T6g,
which are responsible for stabilizing Q[n] and G[n], respec-
tively. After these main operations, Q[n] and G[n] might
have fluctuations caused by the clock feedthrough of CK3.
To avoid this, P[n] is held at Vi 4 |Vta_14 G| by CKl1 to
turn on T5g and T6g continuously. The dc stabilization by
T5g and T6g forces Q[n] and G[n] at Vy robustly to sup-
press the CK3 feedthrough. Consequently, the proposed gate
driver circuit can realize low levels of G[n] twice per frame
through the simple 6T1C structure and stabilize G[n] and
Q[n] through the dc driving of TS_G and T6_G.

IV. RESULTS AND DISCUSSION
Fig. 3 shows the measured transfer characteristics of the
driving TFT, which were fitted to establish TFT models
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FIGURE 4. Measured I-V characteristics of OLED.

(Rensselaer Polytechnic Institute model, LEVEL = 62) in
an HSPICE simulator. The sub-threshold swing, on/off cur-
rent ratio, threshold voltage, and field-effective mobility are
0.437 V/decade, 9.6 x 106, —1.25V, and 85 cm?/V s, respec-
tively. The luminance efficiency of standard fabricated OLED
device is 33.63 cd/A, and its electrical characteristics are
shown in Fig. 4. It was emulated by a diode-contacted
TFT of W/L = 5 pm/18 wm and a parallel capacitor of
0.5 pF. All the design parameters are listed in Table 2.
In general, the reference voltage for the driving TFT in
Vrtu compensation is applied and held by the data line or
extra reference line [10], [13], [14]. However, using refer-
ence voltage from data line causes a long scan time for
one row, and adding extra reference line reduces the aper-
ture ratio of pixels. In this study, although the reference
voltage of the driving TFT in the Vty compensation stage,
VRer[n], is provided by the Vpara line, the operation of
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FIGURE 5. Simulated transient waveforms of (a) nodes A, C (b) nodes B, D,
data line, and G[n] of proposed pixel circuit.

the Vpara line is not limited by compensation time because
VRrer[n] can be held in the Vty compensation stage by
C2 instead of the Vpara line, or any reference line. As
a result, the compensation time of the proposed pixel circuit
is independent of display resolution; meanwhile, the aperture
ratio is not sacrificed. In real panel fabrication, it is diffi-
cult to observe how the proposed pixel circuit compensates
for the Vrg variations or the mobility variations exactly
because the variation contribution from Vg ariations or
mobility variations is ambiguous. Thus, HSPICE simulation
is executed to investigate the performance of the proposed
pixel circuit with these two variations. Fig. 5 presents the
simulated waveforms of the proposed pixel circuit. At the
end of stage (1), V¢ and Vp reach 7.16 V and —1.60 V
respectively when Vpp and Vgg are set to 8 V and —3 V.
T5 is in the “on” state during initialization, and remains on
throughout stage (2), discharging node C until V¢ reaches
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FIGURE 6. Output characteristic and relative current error rates of
proposed pixel circuit as AVTH_T5 are +0.3 V.

VRer[n]+ |VTH T5|. In addition, the voltage across OLED is
1.40 V (Vp — Vgg) in stage (1). This applied voltage reveals
the off state of OLED with its turn-on voltage of around
4 V. Although the OLED is off during initialization, a con-
stant current of up to 13.1 pA flows through T4 in stage (1).
The power consumption caused by this current is evaluated to
13.1 pA x 11V(Vpp — Vss) x 3(R/G/B) x 3840 (columns)
= 1.66 W. Fig. 6 shows the OLED currents of the pro-
posed pixel circuit when threshold voltage variations of
T5 (AVTtH 15) are £0.3 V and the mobility is unvaried.
The proposed pixel circuit maintains stable current despite
AVTH_T5, verifying the compensation of the threshold volt-
age variations. As for mobility variations, the proposed
pixel circuit executes mobility compensation through source-
gate voltage discharging of T5 (AVy) in the data input
period. The mobility variations (Ap) of the driving TFT
were modulated from +25% to —25%, and the threshold
voltage was unvaried. With constant Vgrgp[n] = 1 V and
Vaaa = —1.5 V, Fig. 7 shows the interdependence between
AVy and IoLgp when the discharging time is set to 0.3 ps.
According to the simulation results, a —25% variation in
mobility induces a AVy of 0.2680 V, and a 25% shift in
mobility increases it to 0.2723 V. The corresponding IorEp
still slightly decreases with TFT mobility owing to the non-
linear relationship between TFT mobility and OLED current.
Namely, the proposed driving scheme cannot completely
compensate for the mobility variation. In spite of the partial
compensation for mobility variations, acceptable error rates
of less than 2 % shown in Fig. 8(a) indicate the effective
compensation for mobility variations in this work. Next, the
Vpp of the proposed pixel circuit was changed from 8 V to
7.5 V to imitate the voltage drop in the power line induced by
parasitic loads. Fig. 8(b) displays the OLED current versus
Vpp drop. Different data voltages were applied to investigate
the influence of a Vpp drop at high, middle, and low gray
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FIGURE 9. Simulated waveforms of Q[n], P[n], and L[n] nodes.

levels. Maximum current errors at high and low gray lev-
els are 5.75% and 8.62% respectively, revealing an effective
suppression in the current fluctuation. These results verify
the compensation capability of the proposed pixel circuit
under variations in TFT characteristics and power supply in
AMOLED displays.

The proposed gate driver circuit was simulated with the
design parameters listed in Table 3. Five-phase nonover-
lapping clocks drive the proposed gate driver circuit with
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TABLE 3. Design parameters of proposed gate driver circuit.

Parameter Value Parameter Value
Vit (V) 20 (WL)n(um) — 300/5.5
CKI1-CK5 (V) -10~20 (W/L)r3(pm) 80/5.5
C1_G (pF) 1.5 (W/L)14(pm) 10/40

a clock frequency of 62.5 kHz. The resistive and capaci-
tive loads of the row lines were set to 27 k€2 and 167 pF
to match the specifications of 15-inch LTPS UHD displays.
This work adopts the dual-side driving of gate driver for
loading reduction, which reduces half resistance and capac-
itance of a row line, becoming 13.5 k€2 and 83.5 pF. In the
simulation, the RC network comprises 20 stages of the RC
circuit to emulate the realistic resistive and capacitive line
loadings. Fig. 9 shows the simulated waveforms of Q[n],
P[n], and the farthest node in the RC network L[n]. The
output voltage swing ranges from —10 V to 420 V, and
the rising time and falling time are 1.161 s and 1.164 s,
respectively. According to the simulations, the two pulses of
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(one column x three rows) with varying VTH of driving TFT at the same

gray level (Vpata = —2.5 V).

GIn] could be successfully produced for use in the proposed
driving scheme. Notably, because of the clock feedthrough
of CK1, P[n] has a slight drop occurring between the two
pulses of L[n]. However, this phenomenon does not affect
Q[n] and L[n] because T5_G and T6_G remain turned off
in this period. Fig. 10(a) plots the gate pulse in different
positions of the RC network to elucidate the loading effect,
where Lig[n] denotes the tenth node in the 20-stage RC
network. In Fig. 10(b), L[n] is presented with more serious
VTu variations of & 0.75 V in each TFT to the distortion. It
could be seen that L[n] of +0.75 V Vry variation is more
distorted than that of —0.75 V variation because the TFT
characteristics are near the depletion mode. Although varia-
tions in Vty influence the output signal, the proposed gate
driver works normally because the operation of the TFTs
in the linear region allows larger variations in characteris-
tics than does the operation of the driving TFT of the pixel
circuit in the saturation region. To further investigate the
array-mode operation of the proposed driving scheme, an
1x3 matrix with a AVty,, of 0.3 V was simulated, as
shown in Fig. 11. The 6T1C gate driver circuit was applied
to drive the 5T2C pixel circuit, and the results show that
the proposed pixel circuits in different rows successfully
detect the variations in VtH;, and maintain the correspond-
ing Va level in the emission step. Fig. 12 demonstrates five
types of G[n] and the corresponding Q[n] generated by the
proposed gate driver circuit with different driving clocks.
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FIGURE 12. Five types of output signal using different driving clocks,
which means adjustment of time interval of two output pulses.

The proposed gate driver circuit can generate Grypg[n],
Grypges[n], and Gtypgs[n] through two-phase driving clocks
(CK and XCK); Gtypg2[n] is produced by the three-phase
driving clocks (CK1, CK2, and CK3). The time interval of
the two pulses in G[n] can be adjusted by adopting differ-
ent driving clocks while the gate driver structure does not
need to be modified. The proposed gate driver circuit could
be introduced to other driving schemes that require control
signals with pulses twice per frame.

V. CONCLUSION

A novel driving scheme including a new 5T2C pixel cir-
cuit and a concise 6T1C gate driver circuit is proposed
for use in AMOLED displays. With only three control
signals, the proposed scheme can support high-speed oper-
ation of the panel, compensate for threshold voltage and
mobility variations, and eliminate image flickering and
Vpp I-R drops. In addition, the proposed gate driver cir-
cuit produces a special G[n] signal in which the time
interval of the two pulses can be adjusted by adopting
different driving clocks. The simulated results based on fab-
ricated devices verify the feasibility of the proposed driving
scheme.

REFERENCES

[1] G. Shapiro, “Consumer electronics association’s five technology trends
to watch: Exploring new tech that will impact our lives,” [EEE
Consum. Electron. Mag., vol. 2, no. 1, pp. 32-35, Jan. 2013.

VOLUME 6, 2018



LIN et al.: UHD AMOLED DRIVING SCHEME OF COMPENSATION PIXEL AND GATE DRIVER CIRCUITS

ELECTRON DEVICES SOCIETY

(2]

(3]

(4]

(3]

(6]

(71

(8]

[91

(10]

(1]

[12]

[13]

[14]

[15]

B.-H. Lee and Y.-J. Kim, “ESC-DVS: Dynamic voltage scaling using
entropy-based scene change detection for AMOLED displays,” IEEE
J. Electron Devices Soc., vol. 5, no. 3, pp. 193-208, May 2017.
C.-L. Lin, P.-C. Lai, P.-C. Lai, P.-S. Chen, and W.-L. Wu, “Pixel circuit
with parallel driving scheme for compensating luminance variation
based on a-IGZO TFT for AMOLED displays,” IEEE/OSA J. Display
Technol., vol. 12, no. 12, pp. 1681-1687, Dec. 2016.

T. Kohno et al., “High-speed programming architecture and image-
sticking cancellation technology for high-resolution low-voltage
AMOLEDs,” IEEE Trans. Electron Devices, vol. 58, no. 10,
pp. 3444-3452, Oct. 2011.

S.-H. Jung, W.-J. Nam, and M.-K. Han, “A new voltage-modulated
AMOLED pixel design compensating for threshold voltage varia-
tion in poly-Si TFTs,” IEEE Electron Device Lett., vol. 25, no. 10,
pp. 690-692, Oct. 2004.

C.-L. Fan, Y.-C. Chen, C.-C. Yang, Y.-K. Tsai, and B.-R. Hung, “Novel
LTPS-TFT pixel circuit with OLED luminance compensation for 3D
AMOLED displays,” IEEE/OSA J. Display Technol., vol. 12, no. 5,
pp. 425-428, May 2016.

H.-J. In and O.-K. Kwon, “External compensation of nonuniform
electrical characteristics of thin-film transistors and degradation of
OLED devices in AMOLED displays,” IEEE Electron Device Lett.,
vol. 30, no. 4, pp. 377-379, Apr. 2009.

J.-H. Lee, J.-H. Kim, and M.-K. Han, “A new a-Si:H TFT pixel circuit
compensating the threshold voltage shift of a-Si:H TFT and OLED
for active matrix OLED,” IEEE Electron Device Lett., vol. 26, no. 12,
pp. 897-899, Dec. 2005.

C. Wang, Z. Hu, X. He, C. Liao, and S. Zhang, “One gate diode-
connected dual-gate a-IGZO TFT driven pixel circuit for active matrix
organic light-emitting diode displays,” IEEE Trans. Electron Devices,
vol. 63, no. 9, pp. 3800-3803, Sep. 2016.

C.-L. Lin, P.-S. Chen, M.-H. Cheng, Y.-T. Liu, and F.-H. Chen,
“A  three-transistor pixel circuit to compensate for threshold
voltage variations of LTPS TFTs for AMOLED displays,”
IEEE/OSA J. Display Technol., vol. 11, no. 2, pp. 146-148, Feb. 2015.
G. R. Chaji and A. Nathan, “Parallel addressing scheme for voltage-
programmed active-matrix OLED displays,” IEEE Trans. Electron
Devices, vol. 54, no. 5, pp. 1095-1100, May 2007.

H.-Y. Lu, P-T. Liu, T.-C. Chang, and S. Chi, “Enhancement of
brightness uniformity by a new voltage-modulated pixel design for
AMOLED displays,” IEEE Electron Device Lett., vol. 27, no. 9,
pp. 743-745, Sep. 2006.

C.-L. Lin, C.-C. Hung, P-S. Chen, P-C. Lai, and M.-H. Cheng,
“New voltage-programmed AMOLED pixel circuit to compensate
for nonuniform electrical characteristics of LTPS TFTs and voltage
drop in power line,” IEEE Trans. Electron Devices, vol. 61, no. 7,
pp. 2454-2458, Jul. 2014.

W.-J. Wu, L. Zhou, R.-H. Yao, and J.-B. Peng, “A new voltage-
programmed pixel circuit for enhancing the uniformity of AMOLED
displays,” IEEE Electron Device Lett., vol. 32, no. 7, pp. 931-933,
Jul. 2011.

W. Liu, G. Yao, C. Jiang, Q. Cui, and X. Guo, “A new voltage
driving scheme to suppress non-idealities of polycrystalline thin-film
transistors for AMOLED displays,” IEEE/OSA J. Display Technol.,
vol. 10, no. 12, pp. 991-994, Dec. 2014.

CHIH-LUNG LIN (M’07) received the M.S. and
Ph.D. degrees in electrical engineering from
National Taiwan University, Taiwan, in 1993
and 1999, respectively. In 1999, he joined AU
Optronics, where he researched on driving wave-
form design and system circuit design of plasma-
display panels. In 2001, he began researching
integrated circuit design. He joined the faculty of
National Cheng Kung University, in 2004, where
he is currently a Professor with the Department of
Electrical and Engineering. His current research

emphases are in the areas of pixel circuit design for AMOLED and BPLCD,
gate driver circuit design for AMLCD, and flexible display circuit.

VOLUME 6, 2018

PO-SYUN CHEN received the B.S., M.S., and
Ph.D. degrees in electrical engineering from
National Cheng Kung University, Tainan, Taiwan,
in 2011, 2013, and 2017, respectively. His research
focuses on the pixel circuit and gate driver circuit
for AMOLED, TFT-LCD, BPLCD, and optical
pixel sensor circuit.

MING-YANG DENG received the B.S. degree in
electronic engineering from the National Chin-Yi
University of Technology, Taichung, Taiwan, in
2014, and the M.S. degree in electrical engineer-
ing from National Cheng Kung University, Tainan,
Taiwan, in 2016, where he is currently pursuing the
Ph.D. degree in electrical engineering. His current
research interests include the pixel circuit design
for AMOLED and BPLCD and the gate driver
circuit design for AMLCD.

CHIA-EN WU received the B.S. degree in elec-
trical engineering from National Cheng Kung
University, Tainan, Taiwan, in 2011, where he is
currently pursuing the Ph.D. degree in electrical
engineering. His current research interests include
optical pixel sensor circuit and gate driver circuit
design on glass for AMLCD.

WEN-CHING CHIU received the B.S. degree in
electrical engineering from National Cheng Kung
University, Tainan, Taiwan, in 2011, where he is
currently pursuing the Ph.D. degree. His current
research interests include software development
and hardware design of the integrated system for
senior-focused assist, and pixel detection system
for AMOLED.

YU-SHENG LIN received the B.S. degree in elec-
trical engineering from National Cheng Kung
University, Tainan, Taiwan, in 2017, where he is
currently pursuing the M.S. degree. His research
focuses on the system circuit design for AMOLED
and AMLCD displays.

33




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


