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Converter With Dual Sampling for AMOLED

Column Driver IC’s
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Abstract— This paper presents a 24-channel time-shared 8-bit
digital-to-analog converter (DAC) with dual sampling to minimize
the effective channel area of the column driver integrated
circuit (IC) for high-resolution active-matrix organic light emit-
ting diodes (AMOLED). The proposed time-shared DAC signifi-
cantly reduces the effective channel area of the column driver IC,
since a single high-speed DAC is shared among multi channels.
The dual-sampling architecture for the output amplifiers also
reduces the power consumption of the column driver IC, where
the operating time of the time-shared DAC and the output
amplifier is efficiently handled during the limited 1-horizontal
time. The sampling accuracy of the dual-sampling architecture
is improved by a simple dummy switch and a source follower.
The proposed time-shared DAC with the dual sampling is imple-
mented by a 0.13-μm high-voltage complementary metal-oxide-
semiconductor process and integrated in a 960-channel column
driver IC, while the effective channel area of the column driver
IC is 5520 μm2. As a result of driving an 11-inch-wide quad
extended graphics array AMOLED panel by using the prototype
column driver IC, the panel uniformly generates a clear image.

Index Terms— Active-matrix organic light emitting diodes
(AMOLED), column driver integrated circuit (IC), digital-to-
analog converter (DAC), time-shared DAC, dual sampling.

I. INTRODUCTION

RECENTLY, active-matrix organic light emitting diodes
(AMOLED) panels are widely used from small-size

display panels for smart phones and tablet PC’s to large-size
panels for ultra-high definition (UHD) TV’s and PC monitors.
A demand for high resolution panels is also increased, and it
leads to a growth of researches on the multi-channel and small-
area display column driver integrated circuit (IC). A digital-to-
analog converter (DAC) converting digital signals into analog
signals is essentially required in the column driver IC, and it
requires a resolution of 8-bit to 10-bit.
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Fig. 1. WQXGA-resolution AMOLED display system.

Most column driver IC’s commonly use a global resistor
string-based DAC (R DAC) to guarantee an output uniformity
among channels at the required resolution [1]–[3]. How-
ever, the area efficiency of the R DAC is inferior, since an
n-bit R DAC requires 2n reference voltages generated
from the global resistor string and 2n+1-2 analog switches.
Two-step interpolated R DAC’s are widely used to improve
area efficiency and obtain output uniformity among chan-
nels, and one of the typical two-step interpolated R DAC is
a resistor-to-resistor DAC. However, in the case of the
R-R DAC, it is difficult to maintain output uniformity and
linearity among channels due to the current error supplied to
the second resistor string [4]–[6]. A resistor-to-capacitor DAC
(R-C DAC), which uses a capacitor string in second stage,
requires additional timing to compensate a non-linearity error
due to the parasitic capacitance of the capacitor string [7], [8].
A resistor-to-amplifier DAC (R-amp DAC) can maintain out-
put uniformity and linearity among channels. However, the
two-step interpolated R DAC’s have limit of reducing the
channel area, since the first-stage R DAC has to process
more than 6-bit to control the gamma reference for the
AMOLED panel [9], [10].

Fig. 1 shows a wide quad extended graphics array
(WQXGA, 2560 × 1600) display system, where eight
960-channel column driver IC’s are used. Generally, the DAC
for the column driver IC is integrated in a structure where a
single R DAC drives one column channel as shown in Fig. 2.
Thus, the implementation of a small-area column driver IC for
high-resolution display panels is constrained.

This paper proposes a time-shared DAC based on dual
sampling to obtain small chip area for the mobile WQXGA
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Fig. 2. Conventional k-channel column driver IC based on an 8-bit R DAC.

AMOLED panel, where a single DAC is shared among
multiple column channels and two sampling capacitors are
employed per a single output channel. For the time-shared
8-bit DAC, the two-step interpolation structure, which consists
of a first-stage 6-bit R DAC and a second-stage 2-bit ampli-
fier DAC, is applied for considering operation speed, output
uniformity among channels, and small chip area. To improve
the sampling accuracy of the dual-sampling circuits for the
time sharing architecture, a simple dummy switch and a source
follower are used in the input stage of the output amplifiers.
In addition, for the time-sharing control of the 24- channel
image data, a 24-byte shift register, which merges an image
data storage function and a 24-to-1 MUX function, is used as
the holding latch.

This paper is organized as follows. Section II explains the
proposed time-shared DAC, dual-sampling structure, and their
operating principles. Section III summarizes proposed circuit
design techniques. The fabricated and measured results of
the 24-channel test chip and the 960-channel column driver
IC are summarized in Section IV and the conclusion is given
in Section V.

II. PROPOSED TIME-SHARED

DAC WITH DUAL SAMPLING

A. Operation Concept of the Time-Shared DAC

The column driver IC’s commonly use an individual
R DAC for each column channel, but the drawback of this
R DAC is that the required number of reference voltages and
analog switches increases exponentially as the resolution of
the R DAC. Furthermore, to convert n-bit low-voltage image
data into high-voltage level, each DAC channel requires n level
shifters, which occupy a large area of the column driver IC.
This paper employs the time-shared DAC architecture where
a single DAC is shared among the multiple-column channels
to reduce the area of the DAC as well as the number of level
shifters.

Fig. 3. Conventional time-shared DAC with output amplifiers for 24 column
channels.

The conventional time-sharing architecture reported in [11]
allows a single DAC to be shared among the multiple output
amplifiers to reduce the area of the column driver IC as shown
in Fig. 3. As shown in Fig. 2, the single 8-bit R DAC is
composed of total 510 analog switches, thereby 24-channel
R DAC’s require 12,240 analog switches. However, the pro-
posed 24-channel time-shared DAC architecture uses only
511 switches, 24 sampling switches and capacitors for
24 channels. The number of the level shifters occupying
significant area also decreases from 192 to 8, and it addi-
tionally reduces the area of the column driver IC. Although
24 sampling capacitors and switches are added, the effect of
reducing the DAC area and the number of the level shifters
can be maximized by minimizing the capacity of the sampling
capacitors through design optimization.

In the conventional 24-channel time-shared DAC shown
in Fig. 3, the 1-H line time of the column driver IC is
divided into 24 cycles to perform 24 times of digital-to-analog
conversion, and each output amplifier channel sequentially
samples the corresponding output of the DAC. The sampled
voltages are delivered through the output amplifiers directly
to the AMOLED panel. At this time, the output amplifier
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Fig. 4. Proposed time-shared DAC with dual-sampling circuits: (a) block
and (b) timing diagrams.

of the last 24th channel samples the corresponding voltage
lastly and has the shortest settling time within the limited
1-H time. As a result, the bandwidth of the output ampli-
fier should be designed for considering the required settling
time of the last 24th channel. Especially, WQXGA mobile
display systems operate at 120Hz/frame, so the 1-H time
for those systems is about 5μs, which is three times faster
than the full high definition (FHD) display systems operating
at 60Hz/frame. Thus, in the time-shared DAC and the output
amplifiers, the optimization of the operation speed and power
consumption is not easy. Furthermore, the fast settling issue of
global reference voltages in a multi-channel column driver IC
having a large width needs to be considered with small power
consumption.

This paper proposes a time-shared DAC with dual sampling
for efficient use of the limited 1-H time as shown in Fig. 4.
The proposed dual-sampling architecture is widely used for
high-speed data converters [12], [13], and it can maximize
the power efficiency of the time-shared DAC architecture by
repeating sampling and amplification in every 1-H period using
two sampling capacitors per each output amplifier channel.

In the time-sharing operation based on dual sampling,
when the sampling signal, QH , is high, the sampling

capacitor of each channel, CX , samples the correspond-
ing voltage of (n)-H period and the other sampling
capacitor of CY is connected to the output amplifier
to deliver the sampled voltage at (n-1)-H period to the
AMOLED panel. When QH becomes low, CX is connected
to the output amplifier to deliver the sampled voltage at
(n)-H period to the AMOLED panel, and CY samples the
voltage of (n + 1)-H period. As a result, the time-shared
DAC and the output amplifiers can fully utilize the limited
1-H time, and then the power consumption of the unit column
channel is minimized by increasing the required settling time.
In addition, by reducing the operating speed of the time-shared
DAC and accordingly increasing the required settling time of
the reference voltage, the power consumption of the global
reference driver circuit can be minimized.

B. Architecture of the Proposed DAC With Sampling Circuits

The architecture of the 960-channel column driver IC using
the proposed time-shared DAC based on dual sampling is
shown in the left side of Fig. 5, where a single DAC is
shared among the 24 output amplifier channels. In this
work, the 24 channels of the column driver IC consists
of a 24-byte shift register to store digital image data and
perform 24-to-1 MUX function, an 8-bit time-shared DAC,
24-channel dual-sampling circuits, and 24-channel output
amplifiers. As described in Fig. 5, the dual-sampling technique
for the proposed time-sharing architecture is employed to
optimize the operating speed and power consumption of the
shared DAC and the 24-channel output amplifiers.

In addition, the number of required level shifters decreases
by 93.8% from 192 to 18 by sharing a single DAC among
24 channels. Meanwhile, the two-step interpolation structure,
which consists of a first-stage 6-bit R DAC and a second-
stage 2-bit amplifier DAC, is applied to maintain output
uniformity among channels and to minimize the area of the
time-shared DAC. In particular, to enhance the operating speed
of the 6-bit R DAC, a two-stage ROM type having only two
series switches on the signal path is applied for minimizing
the RC time constant.

C. Detailed Circuits of the Time-Shared DAC

The operation timing of the proposed 24-channel time-
shared DAC is described on the right side of Fig. 5. The
dual-sampling architecture using two sampling capacitors of
CX and CY is employed to maximally guarantee the oper-
ating time of the time-shared DAC and the output amplifiers.
As described in Fig. 5, when the dual-sampling control signal,
QH , is high, CX<1:24> sample each corresponding analog
voltage for total 24 periods. At the same time, CY<1:24> are
connected to each output amplifier, and the output amplifiers
deliver each analog voltage, which are sampled at previous
1-H period, to the AMOLED panel. In the next-H period,
when QH becomes low, CY<1:24> sample the analog voltages,
and the analog voltages stored in the CX<1:24> are delivered
to the AMOLED panel. As discussed, since the sampling
capacitors of CX and CY repeats sampling and amplification,
the limited 1-H time can be fully used by the shared DAC and
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Fig. 5. 960-channel column driver IC with the proposed time-shared DAC based on dual sampling.

the output amplifiers, and the power consumption of column
driver IC can be minimized. Meanwhile, the column driver
IC using the proposed time-shared DAC has a 5μs 1-H time
to drive the WQXGA panel at 120Hz/frame. Thus, the DAC
shared among 24 channels uses a master clock, CLK, of 5MHz
and its conversion period is 200ns. Considering the sampling
time margin for each channel, the settling time of the time-
shared DAC is designed to be 190ns. Each sampling clock of
QS<1:24> has 5ns intervals to avoid clock overlapping.

III. CIRCUIT IMPLEMENTATION

A. Two-Step Interpolated 8-Bit DAC Architecture

In the conventional column driver IC, a single-stage
R DAC is most frequently used, but an n-bit R DAC
requires 2n reference voltages. In the case of the AMOLED
panel, the characteristics of RGB elements are different
from each other, so RGB-independent reference voltages
are required [14]. In that circumstance, if the single-stage
R DAC is applied as a time-shared DAC, it is not easy to
reduce the area of the column driver IC. Therefore, the shared
8-bit DAC for the proposed time-sharing architecture employs
a two-step interpolation structure to optimize channel area,
operating speed, and power consumption, as shown in Fig. 6.

For the first stage, a 6-bit R DAC is used to easily control the
RGB-independent gamma characteristics while maintaining
the output uniformity among channels. In the second stage,
a 2-bit amplifier DAC is used to drive a large RC parasitic
of 24 channels at a high operating speed of 5MS/s.

The effective 1-H time of the 960-channel column driver IC
to drive the WQXGA AMOLED panel at 120Hz/frame is 5μs,
so the shared DAC has to operate at 5MS/s in the proposed
24-channel time-sharing architecture. In the conventional
6-bit R DAC for 24-channel time sharing, a high-speed global
reference driver is essentially required to drive the 24-channel
RC parasitic and sampling capacitors at 5MS/s. Therefore,
the second-stage DAC for the proposed time sharing employs

Fig. 6. Two-step interpolated 8-bit DAC for the proposed time-sharing
architecture.

an amplifier acting as a buffer between the 6-bit R DAC
and 24 output amplifiers, and it additionally performs as a
2-bit DAC. As a result, the two-step interpolated 8-bit DAC
is optimized for the present time-sharing architecture.

The R DAC using the global reference voltages from
the chip center can be implemented in either a tree-type
structure or a ROM-type structure [11]. The tree-type n-bit
R DAC shown in Fig. 7(a) consists of 2n+1-2 switches, and
n series switches are connected from input to output. On the
other hand, the ROM-type n-bit R DAC consists of an n-to-1
analog MUX and an n-to-2n decoder as shown in Fig. 7(b),
and only one series switch is connected on the signal path.
Table 1 summarizes the comparison between the two types of
n-bit R DAC [15].

In the conventional column driver IC, the tree-type R DAC
is widely used, but it uses a lot of series switches connected
on the signal path. Thus, the tree-type R DAC is unsuitable
for the proposed time-shared DAC requiring the fast settling
characteristic. On the other hand, the ROM-type R DAC is
advantageous in obtaining the high-speed operation, since only
one series switch is used on the signal path. However, the
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Fig. 7. Two types of n-bit R DAC: (a) tree and (b) ROM types.

TABLE I

COMPARISON OF TWO N -BIT R DAC’s [15]

ROM-type R DAC requires 2n control signals and 2n level
shifters, and they limit the area efficiency of the column
driver IC. Considering the on-resistance, RO N , and parasitic
capacitance, CP , of the switch, the time constant of the
R DAC having n series switches is determined by (1).
For example, the time constant of a 6-bit tree-type R
DAC is 21∗RO N CP , and it is 21 times larger than the
ROM-type one.

τ rdac = RO N × C P × n × (n − 1)

2
(1)

This work employs a two-stage ROM-type 6-bit R DAC
where the merits of the two types are combined, as shown
in Fig. 8. The 6-bit R DAC consists of nine 8-to-1 analog
MUXs with a 3-to-8 decoder as first stage for 3 MSB’s and a
9-to-2 analog MUX with a 3-to-8 decoder as second stage for
3 LSB’s, and it outputs the two voltages of Vh and Vl for the
two-step interpolation. The two-stage ROM-type R DAC can
be implemented with only 16 level shifters and 88 switches,
and it uses only two series switches connected on the sig-
nal path. As a result, the requirements for small area and

Fig. 8. First stage of the 6-bit R DAC.

TABLE II

COMPARISON OF THREE 6-BIT R DACs FOR THE

TWO-STEP INTERPOLATION TOPOLOGY

high-speed operation are simultaneously satisfied for the pro-
posed time-shared DAC.

Table 2 compares three types of R DAC for two-step
interpolation in terms of the required number of level shifters,
MUX switches, and series switches, and the time constant.
The comparison result of three R DAC’s shows that the two-
stage ROM-type R DAC satisfies good area efficiency and
high-speed operation. At this time, the first-stage R DAC for
two-step interpolation requires two-times more switches than
the basic R DAC, since two voltages for the second stage need
to be selected in the first stage. Meanwhile, the decoder circuit
used for ROM-type DAC is implemented by using the low-
voltage transistor, and it does not significantly affect channel
area. Table 3 describes the input-to-output relationship of the
3-to-8 decoder used in the two-stage ROM-type 6-bit R DAC,
and the decoder can be simply realized by digital logic circuits
using the low-voltage transistor.

The 2-bit amplifier DAC used as the second stage of the
two-step interpolated DAC is shown in Fig. 9. In the pro-
posed 24-channel time-sharing architecture, the output of the
shared DAC is connected to 24-channel sampling capacitors
in consecutive order for the sampling operation. At this time,
the RC parasitic corresponding to the width, 288μm, of the
24 channels has to be driven at 5MS/s. One period of the
24-channel time-shared DAC is 200ns. However, it is not easy
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TABLE III

INPUTS AND OUTPUTS OF THE 3-TO-8 DECODER

Fig. 9. Second stage of the 2-bit amplifier DAC.

to settle the output of the R DAC within 200ns under the
24-channel RC parasitic. Therefore, in this work, an amplifier
is placed as a unit-gain buffer between the time-shared DAC
and the 24-channel output amplifiers, and the 2-bit DAC func-
tion is integrated in the amplifier input stage for optimizing
area efficiency and power consumption [16]. In the 2-bit ampli-
fier DAC, two voltages, Vh and Vl , selected from the first-stage
R DAC are selectively connected to the three input terminals,
Vin0∼2, of the amplifier according to the two LSBs as shown
in Fig. 9. As a result, the amplifier DAC additionally divides
the voltage between Vh and Vl into 2-bit resolution and finally
outputs the analog voltage corresponding to 8-bit resolution.
The amplifier for 2-bit amplifier DAC is designed to settle the
output to 10-bit resolution within 190ns, while the class-AB
output stage improves the power efficiency [17], [18]. The
required bandwidth of the amplifier, f−3dB, is calculated as
5.81MHz based on the formula (2) and designed to meet the
requirements under any operating conditions, where n is the
required resolution for the amplifier output and ts is the small-
signal settling time of the amplifier output.

f −3d B = n × ln2
2π × t s

(2)

B. Power Optimization of the Proposed Time-Shared
DAC With Dual Sampling

The proposed 24-channel time-shared DAC architecture
reduces the required number of DAC’s and level shifters
occupying the most area of the column driver IC. However,
the proposed time-shared DAC architecture requires some
more current consumption than the conventional architecture
since the operation speed of the analog building blocks is

increased. Therefore, an efficient power budget is mostly
important in the proposed time-shared DAC. In this work, an
additional current of 3.5% compared with the conventional
architecture is needed in the analog building blocks of the
column driver IC for obtaining an area reduction of 30%.

Meanwhile, in the case of the AMOLED panel using the
DEMUX function to reduce the number of the column driver
IC [19], the output amplifier has to settle within 3.5μs after
starting the 1-H period, while the required settling time of
global reference is 3μs. In the previously reported time-shared
DAC [11], a limited 1-H time of 5μs is shared in the DAC and
the output amplifier, and it is not easy to divide the limited 1-H
time efficiently, as discussed in Section II. A. For example, if a
same operating time of 1.75μs is assigned to the time-shared
DAC and the output amplifier, the 24-channel time-shared
DAC has a settling time of 73ns, and the output amplifier
has to be two times faster than the conventional architecture.
Thus, this time budget problem makes it difficult to optimize
the power consumption of the column driver IC employing the
time-shared DAC.

This work combines the time-shared DAC with the dual-
sampling architecture for optimizing the power consumption
of the shared DAC and the output amplifier. As a result,
the output amplifier can use a full operating time of 3.5μs
as much as the conventional architecture, and the required
settling time of the time-shared DAC is relaxed to 200ns.
Simultaneously, the number of R DAC’s, used in this time-
shared DAC and driven by the global reference circuit, is also
reduced to 1/24 compared with the conventional channel DAC
architecture. In the conventional column driver IC, the load
capacitance driven by the global reference circuit consists
of routing metal capacitance, CP M , input capacitance of R
DACs, CP D , and input capacitance of output amplifiers, CP A ,
as shown in Fig. 10(a). In the proposed time-shared DAC
architecture, total CP D and CP A are reduced to 1/24 compared
with the conventional channel DAC architecture, since only
40 DAC’s are needed in the 960-channel column driver IC,
as shown in Fig. 10(b). Commonly, a summation of CP D

and CP A is much larger than CP M . As a result, the parasitic
capacitance driven by the global reference circuit is decreased
a lot, and its power consumption is not increased greatly in
the proposed time-shared DAC with dual sampling.

The parasitic R and C components of Channel 1 located in
the chip edge is shown in Fig. 10(c), and the design values
of each component are summarized in Table 4. As a result of
this design, a time constant from the global reference circuit
to the amplifier DAC, τ0, is 18.5ns, and a time constant from
the amplifier DAC to the sampling circuit, τ2, is 3.5ns. Thus,
7τ of each signal path falls under 130ns in this design.

Meanwhile, in the proposed time-shared DAC architecture,
the amplifier DAC for the fast driving of 24 channels increases
current consumption somewhat, but it is not a large portion of
the overall analog blocks in the 960-channel column driver IC.
In the Table 5, the design budget of analog building blocks is
summarized. In this work, the total analog current including
the switching current of the output amplifier, which is a
major part of current consumption in the column driver IC,
is increased by 3.5%.
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Fig. 10. Parasitic R & C of the two column driver IC’s: (a) conventional
channel DAC architecture, (b) proposed time-shared DAC architecture, and
(c) worst case RC delay of the proposed architecture. (RA: reference amplifier,
DA: amplifier DAC, OA: output amplifier).

C. Sampling Error Reduction for the Time-Shared DAC

To improve the power efficiency of the proposed time-
shared DAC, the output amplifiers of each channel adopt
the dual-sampling technique. The analog sampling circuit
generally uses differential-ended signals rather than single-
ended signals to minimize errors due to the environmental
noise such as power supply and substrate noise. However,
since an analog output voltage of the DAC has to have gamma
characteristic for the AMOLED panel, it is not easy to employ
the differential-ended signal. Therefore, in consideration of
small channel area and simple circuit implementation, this

TABLE IV

DESIGN VALUES OF PARASITIC R AND C COMPONENTS

TABLE V

DESIGN BUDGET OF THE PROPOSED TIME-SHARED DAC WITH
DUAL SAMPLING AT THE 960-CHANNEL COLUMN DRIVER IC

Fig. 11. Sampling error in the time-sharing technique.

work employs the sampling circuit using the single-ended
signal. The sampling errors in the proposed time-sharing and
dual-sampling circuits, as shown in Fig. 11, are also minimized
using simple analog design techniques.

The sampling switch is commonly implemented by
the metal-oxide-semiconductor (MOS) transistor. Meanwhile,
the channel charge should be formed under the gate oxide
to turn on the MOS transistor. On the contrary, when the
MOS transistor turns off, the channel charge moves to the
source and drain node. This phenomenon is called as a channel
charge injection, and it generates a sampling error which
directly deteriorates the display quality of the AMOLED
panel. The injected channel charge, QC H , is given by (3) and
proportionally increased with the MOS transistor dimension
of width, W , and length, L. This channel charge injection
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generates the errors of the sampled analog input, �Vsx and
�Vsy , and it can be calculated using (4), where CO X is the
gate oxide capacitance per unit area, and VT H is the threshold
voltage of the MOS transistor.

QC H = W · L · C O X · (V GS − V T H ) (3)

�V sx = �V sy = C S · {W · L · C O X · (V GS − V T H) (4)

In (3) and (4), VGS is determined as a voltage difference
between the sampling signals, QX and QY , and the input
voltage, Va . The sampling error due to the channel charge
injection generates non-linearity problem, since QC H depends
on a voltage amplitude of Va . Considering the simple circuit
implementation, the complementary MOS (CMOS) switch,
which uses NMOS and PMOS transistors simultaneously,
can reduce the channel charges injection, but the rail-to-rail
input signal cannot be handled. The previously reported [11]
employs the gate-bootstrapped switch to allow a certain
amount of channel charge injection to occur regardless of the
input voltage. However, the gate-bootstrapped switch suffers
from life time and reliability issues, since a gate voltage of the
gate-bootstrapped switch is raised up to the sum of an input
voltage and a supply voltage.

The clock feedthrough caused by the gate-source capaci-
tance of the sampling switch, CGS , and the sampling control
signals of QX and QY can also generate an error voltage at
the sampled input voltage. The sampling error voltage, �Vcf ,
caused by the clock feedthrough is derived as (5), where Vdd is
a supply voltage of the sampling signal, producing a constant
DC offset voltage regardless of the input signal amplitude.
Although the sampling error caused by the clock feedthrough
is independent of the input signal amplitude, it degrades the
output voltage deviation within a chip (DVO) since it is not
uniformly distributed at each channel on chip.

�V cf = V dd · C GS

C GS + C S
(5)

The next design issue of the sampling circuit is a charge-
sharing problem due to the parasitic capacitance, CP , in an
output of the 2-to-1 MUX and an input stage of the output
amplifier as shown in Fig. 11. The input voltage sampled
at (n)-H period is connected to an output amplifier at a
next period of (n + 1)-H to deliver the image signals to the
AMOLED panel. At this time, charge sharing between the
sampling capacitor, CS , and the parasitic capacitance, CP ,
contaminates the sampled analog input. In other words,
the sampled analog voltage at the previous period, Vin(n-1),
is stored in the CP , and it causes errors in the sampled voltages
at the current period, Vsx(n) or Vsy(n), as derived in (6). As a
result, the contaminated analog input, Vin(n), caused by the
charge sharing can be calculated according to (7). The kick-
back issue, where the slowly-settling output voltage is coupled
to a sampled input voltage by the gate-source capacitor,
CGS , of the input-stage transistor, can also occur in the
sampling circuit [11].

The sampling error caused by the charge sharing can be
removed by additional reset timing, but the output kick-
back issue still remains. Therefore, to minimize the sampling
errors due to the charge sharing as well as output kick back

Fig. 12. Proposed sampling circuit to reduce the sampling error: (a) overall
dual-sampling circuit and (b) timing circuit for the complementary sampling
signals.

without additional reset timing, this work employs a simple
source follower circuit between the sampling capacitor and
the 2-to-1 MUX.

V sx,x y(n) · C S + V in(n − 1) · C P

= V in(n) · (C S + C P ) (6)

V in(n) = V sx,x y(n) · C S + V in(n − 1) · C P

(C S + C P )
(7)

The proposed dual-sampling circuit to reduce the various
sampling errors is shown in Fig. 12(a). The simple source fol-
lower operates as a buffer between the sampling capacitor and
the parasitic capacitance [20], while it minimizes errors due to
the charge sharing and the output kick back. With this circuit,
the channel-charge injection and clock feedthrough errors are
minimized by employing additional dummy switches on the
top plate of the sampling capacitor. Since the timings of
the control signals for the sampling and dummy switches
are very critical, this work employs a differential cascade
voltage switch logic (DCVSL) for each complementary signals
of QX and QY , as shown in Fig. 12(b). As a result, those
complementary sampling signals have the same delay time at
any operating conditions.

The channel charge injection and clock feedthrough errors
can be reduced by employing a minimum sized sampling
switch with W/L of 1.2μm/1.1μm. A large sampling capacitor
can also improve a sampling accuracy. However, the minimum
sampling switch and the large sampling capacitor themselves
tend to increase a time constant of the sampling circuit
with an increased channel area, making it difficult to satisfy
the high operating speed of the proposed time-shared DAC
topology. In this work, a sampling capacitor of 200fF meets
the requirements of a high operating speed of 200ns and a
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Fig. 13. Simulated sampling errors caused by channel charge injection and
clock feedthrough: (a) without dummy switches and (b) with dummy switches.

small channel area as well as a reduced sampling error, which
needs to be within 1/2LSB at all operating conditions. As a
result of this design, a time constant of the sampling circuit
is 3.5ns, and its 7τ for a 10-bit level settling accuracy is much
smaller than 200ns.

In Fig. 13, the simulated sampling errors due to the channel
charge injection and the clock feedthrough are illustrated.
According to the simulation results, the maximum sampling
error is 32mV without dummy switches. On the other hand,
when the dummy switches are added in the sampling circuit,
the maximum sampling error shows under 1mV regardless of
any simulation condition. For reference, the minimum 1LSB
voltage of the 8-bit time-shared DAC is 12.7mV with the
gamma reference setting where a full signal range is 5V. This
work successfully minimizes sampling errors due to channel
charge injection and the clock feedthrough only adding the
simple dummy switch without adopting the complicated gate-
bootstrapping technique.

The leakage current of the sampling and dummy switches
can generate other undesired sampling errors. In the proposed
dual-sampling architecture, sampled voltages are delivered
to the AMOLED panel after the 1-H period. At this time,
the Channel 1 at the first order needs to maintain the sam-
pled voltages during the subsequent 2-H period. Therefore,
the proper management scheme minimizing the sampling error
caused by the leakage current is required in the dual-sampling
architecture. The simulated leakage current error effects are
summarized in Table 6, when a minimum sized switch and
a sampling capacitor of 200fF are used in the sampling
circuit. The simulation result shows that the leakage current at

TABLE VI

SIMULATED LEAKAGE CURRENT ERRORS IN THE PROPOSED
SAMPLING CIRCUITS (AT Va = 7.5V AND CS = 200fF)

TABLE VII

COMPARISON OF THE SAMPLING ERRORS IN THE
PROPOSED DUAL-SAMPLING CIRCUIT

the worst operating condition is 75.4pA, while the sampling
error voltage of Channel 1 is 3.13mV. The voltage error
of 3.13mV is much smaller than the 1/2LSB in the gamma
reference setting, which does not affect the image quality of
the AMOLED panel much.

All of the three sampling errors in the proposed sampling
circuit are compared in Table 7, where all the sampling errors
are within 1/2LSB at any operating conditions.

D. Control Circuits for the 24-Channel Time-Shared DAC

During the 1-H period, the proposed time-shared DAC
simultaneously stores digital image data of 24 channels and
sequentially converts the digital signal of each channel into an
analog voltage. Hence, a 24-byte memory to store the digital
image data and eight 24-to-1 MUX’s to input the data into the
time-shared DAC in consecutive order are necessary. However,
it is not efficient in terms of channel area, so this work employs
a 24-byte shift register in which the data memory and the data
shift function are merged to improve area efficiency as shown
in Fig. 14(a). The operation timing of the 24-byte shift register
is shown in Fig. 14(b).

The 24-channel image data are updated in the 24-byte
shift register at the first clock edge, and then the time-shared
DAC directly performs digital-to-analog operation for the first
channel. Thereafter, 1-byte image data of each channel moves
to the left register in consecutive order. At the same time,
the output of the time-shared DAC is sampled in each output
amplifier.

E. Noise Insensitive Layout for Dual-Sampling Circuit

Top-plate nodes of two sampling capacitors, Vsx and Vsy ,
which samples the single-ended signal, are very sensitive to
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Fig. 14. 24-byte shift register for time-sharing control: (a) block and
(b) timing diagrams.

Fig. 15. Layout of the sampling circuits.

environmental noise, so the layout technique protecting Vsx

and Vsy is essentially required. In this work, the prototype
IC is implemented by a 0.13μm high-voltage CMOS process
including four metal layers as shown in Fig. 15, where the
poly-insulator-substrate (PIS) capacitor is used as the sampling
capacitor.

To avoid the signal interferences between the sampled input
signal and the other signals, such as DAC output and sampling
control signal, the metal layers of M3-4 are used for shielding
and routing, as shown in Fig. 15. In the dual-sampling circuits,
poly and M1-2 layers are used for internal routing, and the
entire M3 layer is used as a shield layer. M4 layer is used
for routing of the sampling circuits, DAC output, source
follower, and sampling control signals. Between the routing
metals, M4 line is properly arranged for shielding. In summary,
M3-4 are utilized as much as possible to protect the sampling
capacitors and sampled signals which are sensitive to environ-
mental noise and signal interference.

Fig. 16. Layout of the proposed time-shared DAC with 24-channel output
amplifiers.

Fig. 17. Measured DNL and INL of the 24-channel test chip with a linear
reference setting.

IV. PROTOTYPE DAC MEASUREMENTS

The prototype column driver IC employing the proposed
time-shared DAC is implemented by a 0.13μm high-voltage
CMOS process, where an analog supply voltage is 8.0V and
a digital supply voltage is 1.8V. The layout of the single
time-shared DAC with 24-channel output amplifiers is shown
in Fig. 16, and the 24-channel area of the column driver
IC is 132480μm2. The effective-channel area is calculated
as 5520μm2, while the static current consumption per unit
channel is 3.02μA.

In this work, a 24-channel test chip integrating one DAC
is fabricated to verify the basic operation of the proposed
time-shared DAC architecture, while the 24-channel test chip
employs a linear reference to measure the linearity of the
shared-DAC. The full 960-channel column driver IC with
40 time-shared DACs and RGB gamma references is also
fabricated, integrated, and tested in the WQXGA AMOLED
panel. The measured differential non-linearity (DNL) and
integral non-linearity (INL) of the five representative column
channels in the 24-channel test chip are shown in Fig. 17,
where the maximum DNL and INL are 0.08LSB and 0.24LSB,
respectively.
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TABLE VIII

PERFORMANCE COMPARISON WITH THE PREVIOUSLY REPORTED COLUMN DRIVER IC’s

Fig. 18. Measured DVO of the 24-channel test chip at (a) Din=111111112,
(b) Din=100000002, and (c) Din=000000002.

Fig. 18 shows the output voltage distribution among
24 channels of the prototype 24-channel test chip and the
measured DVO. The measured DVO of the 24-channel test
chip is less than 6mV in all three representative inputs. The
DVO does not form any pattern from the first channel to
the last 24th channel, which can be interpreted that errors
due to the leakage current of the sampled voltage and the
environmental noise are minimized thanks to the proposed
circuit techniques.

The measured DVO performance of the 960-channel column
driver IC employing the proposed 24-channel time-shared

Fig. 19. Measured DVO of the 960-channel column driver IC employing
the proposed time-shared DAC.

Fig. 20. Measured waveform of the output amplifier.

DAC is shown in Fig. 19, where the DVO performance shows
within +8mV/−6mV at all 8-bit digital inputs.

In the case of the 960-channel column driver IC employing
the proposed time-shared DAC and dual sampling, the effec-
tive 1-H time to drive the WQXGA panel at 120Hz/frame
is 5μs. According to the measurement results, the voltage
output of the 24-channel test chip settles up to the 99.75%
of the target voltage within 2.5μs as shown in Fig. 20.

The 24-channel test chip and the 960-channel column driver
IC employing the proposed time-shared DAC provide the
1-Frame and 2-H line chopping function for enhancing the
image quality. The measured waveforms of the channel output,
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Fig. 21. Measured waveforms of the output amplifier with the 1-Frame
and 2-H line chopping: (a) column driver IC with 2:1 DEMUX switches,
(b) Channel 1, (c) Channel 12, and (d) Channel 24.

when the chopping function is activated, are shown
in Fig. 21.

Each output amplifier drives odd and even column lines
alternatively at each 1-H period, since the 2:1 DEMUX
function is employed in this AMOLED panel as shown
in Fig. 21(a). In Fig. 21(a), the 1-Frame and 2-H line chopping
function is enabled to average the offset voltages of the ampli-
fier DAC and the output amplifier using the source follower
input, since the offset voltages of amplifier can generate a line
dimming of the AMOLED panel. According to the results
of observing the outputs of the three (1, 12, 24) channels,
it is confirmed that the offset of each sampling channel is
averaged in every 2-H cycle. Meanwhile, the channel 1 shows
the largest offset voltage, but the channel offset voltages appear
randomly without any specific pattern according to each chan-
nel. Actually, those channel offset voltages are caused by the
amplifier DAC, the source follower, the output amplifier, and
the sampling errors. The maximum difference of the voltage
according to each period in channel 1 is about 70 mV as
shown in Fig. 21(a), which means that an offset voltage of
channel 1 is ±35mV. The offset voltage of channel 1 is mainly
generated by the amplifiers, but as mentioned, it is averaged
by the chopping operation. However, since the offset due to
various sampling errors cannot be averaged by the chopping
operation, it is required to minimize the offset with circuit
design. In this work, each sampling error is designed to be less
than 4mV. As a result, the DVO performance with chopping
operation can be obtained to ±8mV at the 960-channel column
driver IC.

Photographs of an 11-inch WQXGA AMOLED panel
driven by the 960-channel column driver IC employing the
proposed time-shared DAC are illustrated in Fig. 22. As a
result of driving the WQXGA AMOLED panel, the panel
uniformly outputs a clear image.

The measured performance of the proposed 24-channel
time-shared DAC and the previously reported DAC for the
column driver IC are compared in Table 8. In the proposed
time-shared DAC, given the RGB-independent reference and

Fig. 22. Panel evaluation of the 960-channel column driver IC: (a) image
sample 1, (b) image sample 2, and (c) image sample 3.

8-bit resolution, the effective channel area of the column driver
IC is 5520μm2, proving its competitiveness against other
works. In this work, the PIS capacitor and the four metal layers
are used, but if a metal-insulator-metal (MIM) capacitor and
more metal layers are used, it is expected to show the better
area efficiency to the previously reported [8]. The measured
DNL, INL, and DVO of the proposed time-shared DAC are
superior to other proposals. These results demonstrate that
using the proposed time-shared DAC and dual-sampling circuit
successfully minimize the area while maintaining the required
performances.

V. CONCLUSION

This work proposes an area-efficient time-shared 8-bit DAC
with dual sampling for AMOLED column driver IC’s. The
proposed time-shared DAC allows a single DAC to be shared
among 24 channels for the small area column driver IC.
By using the proposed dual-sampling technique, the power
consumption of the time-shared DAC, output amplifiers, and
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global reference driver is minimized. The proposed 8-bit DAC
adopts the two-step interpolation structure composed of a
6-bit R DAC as first stage and a 2-bit amplifier DAC as second
stage to maintain the small area and output uniformity among
channels at the high operating speed of the time-sharing
architecture. In the first-stage 6-bit R DAC, the two-step
ROM-type R DAC is used for optimizing area and operating
speed. For the time-sharing control, the 24-byte shift register
in which the 24-channel memory function and the 24-to-1
MUX function are integrated is used. In the dual-sampling
circuit for the time-sharing architecture, the simple dummy
switch and source follower are used to improve the sampling
accuracy. The effective channel area of the 24-channel time-
shared DAC implemented in a 0.13μm high-voltage CMOS
process is 5520μm2. The 960-channel column driver IC,
in which the 40 shared DAC’s are used, is integrated to
drive an 11-inch WQXGA AMOLED panel, and as a result,
the panel successfully outputs the uniform-quality image. The
proposed time-shared DAC with dual sampling is capable of
implementing the small-area column driver IC while using
the existing two-step interpolation architecture based on the
resistor string of the first stage where the monotonicity is
guaranteed.
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