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ABSTRACT In this article, we propose a novel real-time threshold voltage (V) compensation method
for AM-OLED display. The proposed method predicts Vy; shift of driving thin-film transistors (TFTs)
based on the equation derived from the sensing line charging with TFT’s drain current. The prediction
equation requires two consecutive source node voltages to consider the mobility variation, and only takes
hundreds of microseconds to predict Vy, shift. It is short enough to monitor the real-time Vy, degradation,
since the prediction can be carried out during the vertical blank time. Also, very high prediction accuracy
was confirmed through Smart SPICE simulation. We simulated severe mobility variation and Vy, shift
circumstances, and the simulation results showed that the prediction error was less than one just noticeable
difference (JND) margin though out all gray levels. We expect that the proposed method can achieve
more accurate and faster real-time Vy;, degradation compensation for high resolution and large-sized OLED

displays than conventional one.

INDEX TERMS OLED, threshold voltage, compensation, real-time, JND.

I. INTRODUCTION
Organic light-emitting diode (OLED) display has attracted
attention due to its outstanding advantages such as wide
viewing angle, high contrast ratio, and short response
time [1]-[6]. In OLED display, thin-film transistors (TFTs)
apply current to OLED because OLED is a current-driven
device. Therefore, TFT characteristics directly affect the dis-
play image quality. Usually, TFTs suffer from process fluc-
tuation and degradation under electrical and thermal stress
during operation [7], [8], so that OLED displays require
compensation for luminance non-uniformity. Several effec-
tive compensation methods have been proposed [9]-[12].
Among them, sensing and applying Vi, to the compensation
has become mainstream because TFTs’ threshold voltage
(Vi) variation is considered the major factor that affects the
luminance uniformity in OLED display [12], [13].

There are two options to compensate for the degradation
of V. One is internal compensation [14], [15], and the
other is external compensation [16], [17]. Commercialized

large-size OLED display products adopt external compen-
sation because of its simple pixel circuit structure and high
accuracy [16], [17]. This method is carried out by charging
the sensing bus line’s capacitive load with TFT subthreshold
current. Then analog-to-digital converter in the display driver
integrated circuit detects the TFT parameters. Normally
external compensation method takes tens of milliseconds to
detect Vi, of each TFT [6], [13]. Therefore, real-time TFT
degradation cannot be compensated during display opera-
tion. The existing method can be performed only after the
display is turned off.

This article proposes a compensation method can be car-
ried out within a vertical blank. Many studies about real-time
Vi compensation have been conducted such as fast methods
using iterative feedback [13], linear charging method [18],
and current sensing [19]. However, these methods take more
than the vertical blank time of the latest display products,
or the non-uniform mobility is not considered. In this arti-
cle, a novel real-time Vy, degradation compensation method
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FIGURE 1. 3T1C external compensation circuit in the OLED display panel.

based on non-linear charging is proposed and verified by
SPICE simulation. The proposed method takes an extremely
short time to predict the Vy, shift and only has a very small
prediction error.

Il. PROPOSED METHOD

The conventional external compensation circuit consists of
3 TFTs and 1 capacitor (Cg) [11], [20], as shown in Fig. 1.
The compensation procedure is as follows. First, the Sref
signal is set to high level, and the voltage of the sensing
bus line (V) is refreshed to the initial voltage Vies. Then,
the Scan signal turns on T2, and the data voltage Vg iS
applied to the gate of T1. After that, the Sense signal turns
on T3, and I; charge Cjjne, the sensing line’s capacitive load.
T1’s gate node is fixed to Vg, and Vg keeps increasing
until the gate-to-source voltage (Vg) of T1 becomes Vi,
and I; becomes 0 A. Vg, is detected from the difference
between Vguia and saturated V. These procedures take tens
of milliseconds.

The proposed method is based on the Vi, prediction equa-
tion. During Vy, detecting, the Vg of TI is a function of
time. Thus, when Veg(f) = Vgs(1)— Vi, the drain current of
T1 is expressed by,

Iy =k X Vg (0)2, (1
1 w
k = E n Coxf, (2)

where p is the mobility of carrier, Cox is the capacitance
of the gate oxide, and W/L is width/length of the device.
Unlike the ideal transistor, k should be expressed as k(Vgs(t))
because mobility varies with V. Fig. 2 shows a relationship
between k and Vg, which is obtained from TFI’s I4-Vgs
measurement data through k= (dy/Ia/dV,)?. For the sim-
plicity, we established the equation with constant k first, and
then the voltage dependence of k was considered.

In the aspect of Ciipe, lq = Cline-dVs(t)/dt is also satisfied,
and dV(t)/dt is equal to —dVeg(t)/dt. Therefore, there is

312

2.5x107
2.0x107}
1.5x107 }

1.0x107}

k[FV's™]

5.0x10%}

0.0 . L .
0 5 10 15 20
Vgs [VI

FIGURE 2. k-Vgs curve extracted from the measured transfer data of oxide
TFT.

another Iy equation as follows.
AV e (1)
dt

According to (1) and (3), differential equation (4) is estab-
lished. Using boundary condition Vef(0) = Vgg(0)—Vy, to
solve (4), Vegr(t) equation (5) is obtained.

I; = — Ciipe %

3)

dV o ()

k x Vg (t)? = —Cline % jg )
1

Ve () = — . )

Then, we can get (6) by solving (5) and V() =
Ves()—V for V.

2y
Vi = Vg — +Vs0) | (©)
—By +/ By + 4By
k
B= c = Vs(@®) — Vs(0) (7
line

The equation in parentheses of (6) can be used as
a prediction equation for saturated Vg, (8), because Vy, is
detected from the difference between V, and saturated V.

2y

—By +/B*r* + 4By

As mentioned above, k should be expressed as k(Vgs(t)),
or simply k(t). By approximating Iy = Ciine-dV(t)/dt to
Ig- At = Cline-AVs(t) when AV() = Vi(t+At)—V,(t), the
equation of k(t) is obtained as (9).

Vst + At) — Vi (t) 5 1
2
Al (Ve — Vs@® — V)
©)

Assuming V¢(0) is 0 V and multiplying the denomina-
tor and numerator of (8) by (1/y)(B + /B%+4B/y), the
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FIGURE 3. Controlling signals for the proposed circuit to calculate Vg,.

simplified equation (10) is obtained.

2
Yy Y Yy
Saturated V, = — — 4+ = 10
aturated Vg 2+ 4+/3 (10)
k()
'B=C t,y=V® (11)
line

To extract the equation for Vy,, we subtracted y /2 from
both sides of (10) and squared them. Then, y2/4 is removed
and (10) is expressed as (12). Since both side of (12) can
be divided by V,—V()—Vy, (12) is simplified as (13).

Vi@

2
(Ve = V)" = Vs@® (Vg — Vi) = Vi vior (12
A Ve—V &)=V
V()2 At
Vs(+A)—V, Ol
Vg — Vi = — sl " (13)

VsG+AD=V,OF

Lastly, we can get the final Vg, prediction equation (14).

Vs()* At
Vs(t) At — [V(t + At) — V(D))

Now, Vi, is obtained from the two consecutive (t, V(1))
points. In other words, Vi, can be predicted from the slight
change of V,(t). Thus, if we can extract two (t, V(t)) points
in a short time for a short interval, we can calculate Vy, in
a short time. Fig. 3 shows the timing diagram of control
signals to calculate Vy,. The proposed method is performed
in three steps during the vertical blank time.

In the first step, Scan signal and Sref signal are set to
a high level when the vertical blank time is started. Vyaa 1S

Vin =Vg — (14)
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applied to the gate of T1, and Vj is refreshed to the initial
voltage Vier. Vier is 0 V in this article. In the second step,
the Sense signal is set to a high level and the Sref signal
is set to a low level. The Iy flows through T3 and charges
Cline. While Cy;pe is charged, Vg of T1 decreases and Iy also
decreases, keeping saturation operation. OLED is kept turn-
off state, since Vj is always lower than the turn-on voltage
of OLED. In the third step, V(z,) and V(,+ At) is sampled
at the prediction point #, and #, + At by using Sam signal.
Then, Vg, is calculated using (14). These procedures take
only hundreds of microseconds.

After the sampling, the Sref signal is set to a high level,
and Vj is refreshed to O V. Then, the Scan signal and Sense
signal are set to a high level. The previous data, equal to the
voltage charged in Cg; at the previous frame, is applied to the
gate of T1 and recharges C. Therefore, a pixel under the Vg
detection is interrupted during only the vertical blank time.
The predicted AVy, is calculated and stored in an external
IC, and then the compensated data is applied from the next
refresh time.

However, Vy, calculated from (14) is not equal to
Vih,actual = Vg—(saturated V) in conventional external com-
pensation. In the conventional external method, the second
step continues until T1 has Ig(Vy), then Vi, is detected.
Whereas, in the proposed method, Vy, is predicted through
the ideal transistor current equation Iy = k(Vgs—Vth,predict)2
with early extracted voltage information. Fig. 4 shows the
difference between Vi actual in the conventional method, and
Vith, predict in the proposed one. The black line is the measured
transfer curve, and the red line represents the ideal cur-
rent expression based on the extracted information. The red
line fits the measured data quite well in the above-threshold
region when k is extracted from (9).

However, the ideal equation does not properly reflect the
current characteristic in the subthreshold region. The dif-
ference in the subthreshold region results in a difference
between Vi actual and Vi predict. This difference is larger
than 0.3 V.

On the other hand, when it comes to AVy, instead of Vy,,
quite accurate prediction is possible. When the transfer curve
changes due to Vy, degradation, the above-threshold region
projects almost the same Vy, shift. Thus, if we compare the
change of calculated Vy, before and after the degradation, the
degree of change is approximately equal to the degradation
of actual Vy,.

Table 1 shows the Smart SPICE simulation results when
the oxide TFT model based on the measured transfer data is
used and V, is set to 5 V. The prediction error of AVy,
is only about 0.2 mV, when prediction point is 300 s
and AV actuat 1S 10 mV. Therefore, we focus on the
prediction of Vi, shift, not the prediction of Vy, itself in this
article.

However, both Vy, degradation and the initial Vi non-
uniformity must be considered to obtain the compensation
voltage. Thus, the initial non-uniformity of Vy, itself should
be measured using the conventional method. In other words,
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FIGURE 4. Measured transfer curve and ideally fitted curve of TFT. (a) V¢,
prediction error is big because the subthreshold slope is different. (b) AV,
prediction error is small because the change of calculated Vy, is almost
same as the actual Vg, degradation.

TABLE 1. Vs at 300 us from spice simulation and vth,predid' Avth,predict'
Before After
degradation degradation
Vinactua=0.69781 V Vi 2ctua=0.68781 V

V4300 ps) 2.64572°V 2.65463 V

V4310 ps) 2.67468 V 2.68364 V

Vinpredgice at 300 ps 1.06049 V 1.05069 V
AVm,predict at 300 uS 9.80 mV
Avth,aclual 10.00 mV

Vi is measured during the display turn-off state, and Vi,
shift is tracked in the display turn-on state.

IIl. SIMULATION AND RESULT

We simulated the proposed compensation method using
Smart SPICE. We developed the SPICE model library based
on the central data of measured oxide TFTs, as shown in
Fig. 5. After that, we used Monte-Carlo simulation to make
random parameter sets. Our method can predict the Vi
shift in a short time even though TFTs suffer from mobil-
ity variation. Thus, mobility variation was reproduced in
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FIGURE 5. (a) Transfer curve of SPICE oxide TFT model and measurement
data. (b) k-Vgs curve extracted from the transfer curve of SPICE oxide TFT
model and measurement data.

the simulation. We gave variations to the SPICE param-
eters MUO, MUI1, and MUS, which are related to high
field mobility, low field mobility, and subthreshold mobility,
respectively. We set parameters to make 10k TFTs follow-
ing Gaussian distribution with the mean values of 0.7 V and
7.7 cm?/ Vs and the three standard deviations of 2.3 cm?/V-s
The mean values represent the conventional oxide TFT per-
formances [21]-[23]. Due to the parameter variation, the
maximum mobility can decrease by up to 30%. Then, we
adjusted parameter VTO to represent Vy, degradation.
Based on 10k TFTs’ Vs-time curves, we verified the
accuracy of the proposed method. The prediction error was
calculated from the difference between the predicted AVy,
and the actual AVy,. We calculated Vy, before and after the
degradation using the proposed method, when 7, is 100, 200,
and 300 us and At is 10 ps. At can be a value other than
10 us. When Art is increased, the ADC’s resolution in the
driver ICs can be decreased. Then, AVy, was obtained.
Considering 4K UHD (3840x2160) resolution display
with 120 Hz refresh rate, vertical blank time is approxi-
mately 500 us with 140 vertical dummy lines. For a 120 Hz
refresh rate, Vy, degradation of one horizontal line can be
calculated every 1/120 seconds. When RGB sub-pixels share
one sensing bus line, each sub-pixel can be compensated
every 54 seconds (1/120x2160x 3). When TFT suffers from
positive bias temperature stress (PBTS) conditions for 54 sec-
onds, Vi, shift of oxide TFT is about 100 mV [24]-[26].
However, TFT in the real display panel would be exposed to
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TABLE 2. Acceptable prediction error at low, middle, and high gray level.

Acceptable prediction error

Low gray level 3.8 mV
Middle gray level 54 mV
High gray level 89 mV

a smaller stress condition than PBTS. Thus, the maximum
Vi shift of oxide TFT will be within 100 mV during one
cycle. Therefore, £, up to 300 us, and Vy, shift of 100 mV
are quite marginal and reasonable experiments.

Fig. 6 shows the result of each case. We found out that
the distribution and average of prediction errors decreased as
the prediction point increased. In the case of 300 us, almost
all of the prediction errors are within 3 mV, and the average
error is also very small, about 2 mV.
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Meanwhile, we considered the just noticeable differ-
ence (JND) to set the acceptable prediction error. The JND is
the threshold of change that the human visual system (HVS)
can perceive. If the adaptation luminance is L and JND is AL,
the HVS cannot perceive foreground stimulus of luminance
between L — AL and L+ AL. To calculate the acceptable AL
and corresponding prediction error, the grayscale standard
display function [27] is used.

First, a 2.2 gamma curve is generated for the grayscale
indexes from 0 to 255, where the maximum luminance is
assumed to be 150 nits. After that, the luminance at 30,
128, and 255 grayscale indexes are extracted for the anal-
ysis at the low, middle, and high gray levels. Then, JND
index of each luminance is calculated from the grayscale
standard display function. Because the HVS can perceive
the change between L(JND index) and L(JND index+1),
AL should be smaller than the difference between this two
luminance. Here, L(JND index+1) is calculated from the
inverse function [27]. After that, the equation I = A-(L/a ),
is used to calculate the OLED current required for L(JND
index) and L(JND index+1). In the equation, L is the lumi-
nance, o is the current efficiency, and A is the luminous
area. In this article, DuPont’s blue OLED current efficiency
o = 5.3 cd/A [28], and 55 inch 4K UHD TV’s pixel size
A = (1.21 mx0.68 m)/(3840x2160x3) = 3.307 x 1078 m?
is used. Finally, we can get the acceptable prediction error
from the difference between the Vg required for each cal-
culated OLED current. The acceptable errors are shown in
Table 2. From Table 2, it can be said that the proposed
method can be used in low gray level compensation if the
prediction point is 300 us.

IV. CONCLUSION

In this article, we proposed a novel real-time Vy, com-
pensation method. The proposed method predicts the Vi,
degradation based on a prediction equation, which is derived
from Ciipe charging with Iy of T 1. The Vg, degradation can
be predicted even under the mobility variation, since Vg
dependence of k is considered with consecutive source node
voltage detection. Since the proposed method only takes
hundreds of microseconds, the real-time Vy, shift prediction
can be carried out during a vertical blank time of 4K
UHD resolution display. Also, Smart SPICE simulation with
severe mobility variation showed that the prediction error was
within one JND margin though out all gray levels. Therefore,
the proposed method is promising for the high resolution,
large-sized and sustainable OLED display.

APPENDIX A

DERIVATION OF (6)

The equation (6) is derived as follows. The equation (5) is
transformed into

1

1 k.
Ve—Vs(0)—Vy, Cline

Vg —Vs@® — Vi =

(AD)
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Then, (A1) can be expressed as

1 1 (A2)
AV Taxpe
where
1
A= , (A3)
—Vs(0) = Van
k
B=—— (Ad)
Clme
y =Vs@® — Vs(0). (AS5)
In the quadratic equation form, (A2) is expressed as
(1—-yA)A+pB) = (AO6)

By applying quadratic formula to (A6),

_ =By +\B*y* +4By A

2y

is obtained, since A>0. From (A3) and (A7),

2y
~By +/B*y? + 4By

is obtained. The equation (6) is mathematically equal to (AS).

Vg - Vs (0) — Vi = (AB)

APPENDIX B

DERIVATION OF (9)

The equation (9) is derived as follows. The equation (3) is
transformed into

dvs ()

it B

14 = Ciine ¥
By considering the time-varying voltage dependence of Kk,
(B1) is expressed as

dvs (@)

Vi(t) — Vinl* = Cine x r

k() x [Vg —

(B2)

Since dt and dV(t) can be assumed as At and AV,(t) for
a short time, (B2) is expressed as

k(®) x [Vg — Vs(&) = Vin]* x At = Cline x AV (2). (B3)
By substituting AVi(?) to Vi(t + Ar) — Vi(t), (B3) is
expressed as
i t+ At) — t
k(t) = Cline x [Vs(t + AY) » Vs®1 (B4)
[Ve — Vi@ — Van]|™ x At

The equation (9) is equal to (B4).
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APPENDIX C

DERIVATION OF (13)

The equation (13) is derived as follows. When V(0) =0V,
the equation (6) is simplified as

2y
Vg - Vth = s (Cl)
—By +\/B*y? + 4By
k
B= % (€2)
y = V. (C3)

By multiplying the denominator and numerator on the right

side of (C1) by (1/y)(B + v/ B+ 4B/),

1

2y 2

o2
—By +/B*¥? +4By y —ﬂ+,/ﬂl+%
ﬂ+,/ﬂ2
—ﬂ+\//32 IR “”
2 lo2 4B\ _v (¥ 7
_¥<ﬂ+ ﬂ+7)—5+ T‘f‘ﬁ (C5)
is obtained. Then, (C1) is expressed as
V@) Vi@ Vs
Ve—Vin=——+\—+ 5 (Co)

by (C3) and (CS5). By subtracting Vg(t)/2 from both sides
of (C6) and squaring them, (C6) is expressed as

VO ? Vi) V(¢
[vg_v,,,— 2()] Sl ﬂ(). )
From (C7),
V(t
(Vo= Vi) = Vs (Ve — Vi) = 29 (cs)

is obtained. By considering the time-varying voltage depen-
dence of k, B is expressed as

_ Vs + At - V@It
AtV — V(&) = V]

by (9) and (C2). The equation (12) is obtained by substi-
tuting B as (C9) in (C8). Then, the equation (12) can be
expressed as

(€9)

VOB — V()
—Vs@©B = Vs (t+AD -V, (D)1t
AtB-V()]?
V(t) At )
= B— V(¢ C10
V(T A — V, 01 SOF (€10
where
B=Vy,— V. (C1D)
By dividing both sides of (C10) by [B — Vi(7)],
V() At
«® B-V,0] (C12)

T Vst + A — V0t
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is obtained. From (C11) and (C12),

V()2 At
[Vs@+ADH -V @)t
V(6 At _
VsG+AD—V, Dl

Ve — Vi = (C13)

is obtained. The equation (13) is equal to (C13).
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