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Abstract

In this work, we propose a rail-to-rail output buffer with low static-power and high speed for OLED display applications.
To guarantee low static power consumption, low tail-current is designed in the buffer’s first stage and the output stage is
cut off in the static operation. To improve the transient response, dynamic-current-bias technique is used, and it also
improves the system stability by pushing away the non-dominant pole. Meanwhile, we balance the large-signal slew-rate
and system stability with dual-output buffer structure. Placing compensation resistor across the dual outputs creates zero
for suitable phase margin, while the real output still behaves with low ON resistance and keeps high slew rate. The
proposed design has been verified by a 0.18 um 1.8 V/5 V CMOS process, which shows that the buffer only draws 2.8-uA
static current. Under a 1-nF capacitance load and a 5-V power supply, the buffer achieves 1.18-ps settling time, which is
only 41% of the single-output-stage structure with the same chip size (52 pm x 59 pum).

Keywords Low-power - High-speed - Rail-to-rail - Slew rate - Settling time - Current feedback - Compensation resistor -
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1 Introduction

In recent years, as OLED displays are moving toward high
resolution, high refresh rate and low power consumption,
implementation of high-speed low-power source drivers
has become increasingly important. The output buffer
amplifiers play a significant role in achieving these targets
[1]. Hundreds or even thousands of output buffers are built
in a display chip and each buffer amplifier has to be limited
to a small area, so its static power consumption should be
low [2, 3]. As OLED displays are widely employed in
battery-powered systems, the power consumption of the
buffers is more significant. Besides, settling time of the
buffer should be as small as possible to meet the require-
ment by high-refresh-rate and high-resolution displays [4].
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For a 2 K display, its horizontal scanning time is less than
4.069 ps with the refresh-rate of 120 Hz. The settling time
has to be smaller than the horizontal scanning time. In
addition, output buffer needs to offer an almost rail-to-rail
voltage driving, which enables the OLED designs with
higher grey levels [5]. The output buffer realized by
operational amplifiers (op-amp) in unity-gain structure is
used to drive capacitive column lines of the display panel.
If the buffer can drive a wide range of load capacitance, it
means that it can be used in large-/small-size displays and
even AR/VR microdisplays. Moreover, op-amp with high
open-loop gain is essential to obtain a low systematic offset
voltage [6].

Researchers proposed output buffers with a floating
current source structure, which are widely used in display
drivers due to their low tail current and high stability [7-9].
However, the stability and slew rate constrain each other,
and the high speed and low power cannot be achieved at
the same time. Yu creatively proposed a current com-
parator structure, which shuts down the output stage to save
power when the buffer is in static state [10]. Based on this
idea, some papers further increased the buffer speed by
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increasing the slew rate [5, 11-16]. However, the tradeoff
between static power consumption and settling time has not
been settled yet.

The output buffer requires compensation for stability
and the conventional compensation scheme uses a Miller
capacitor, which occupies a large area. Furthermore, the
output buffer with Miller capacitors usually need to set the
output pole as the non-dominant pole [7, 11], which limits
its application for large-size displays. Some buffers adopt
the output terminal as the dominant pole to achieve enough
phase margin without a Miller capacitor [13, 16-20]. But it
is less flexible and not suitable for small size displays and
AR/VR microdisplays. To solve this problem, some other
buffers have been designed to achieve the phase compen-
sation by adding a zero [21-23]. This is realized by a load
capacitor and a compensation resistor connected between
the output of the buffer and the load capacitor. But the
large-signal slew-rate is limited by its compensation
resistor.

To further solve the tradeoff between low static-power
and fast transient-response, here we propose rail-to-rail
output buffer with dual output stage and dynamic-current
feedback. Firstly, we start with a dual-output-stage buffer
and add the zero (compensation resistor) to improve the
system stability. As the real ON resistance at output ter-
minal is unchanged, fast slew-rate is guaranteed. Besides,
low quiescent-power is achieved by low tail current in
input-pair and prerequisite cut-off state in output stage. Its
fast transient-response can be obtained with limited sacri-
fice of dynamic power. During the transient time, the
request-current information is fed to input pair and results
in larger dynamic tail-current. This speeds up first stage. It
also pushes away the non-dominant pole and results in a
more robust system. By this design, we solve the tradeoff
between low quiescent-power and transient response. For
detailed discussion, we present its fundamental building
block in Section II. Its transistor-level circuit is given in
Section III. In Section IV, we provide silicon data to prove
our concept. Finally, we conclude our work in Section V.

2 Proposed low-power high-speed driving
scheme

Figure 1 depicts the simplified block diagram of a class-B
output buffer with current comparators. Two complemen-
tary boosting transistors, MOP and MON, are designed to
be turned off in the static state. Because of the settings of
Vosl and Vos2, the current comparators C1 and C2 both
output high voltage while the input voltage is stable.
Consequently, transistors MOP and MON are both turned
off, so no static power consumption is introduced by output
stage. If Vin becomes higher, the output voltage of C1 will
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Fig. 1 Block diagram of a class-B output buffer with current
comparators [10]

rapidly decrease to switch on MOP. As the voltage at
MOP’s gate can reach approximately VSS, a large output
current is provided to charge the capacitance load.

Similarly, if Vin becomes lower, MON will be turned on
to discharge the capacitance load quickly. Therefore, high-
slew-rate driving capabilities can be easily achieved during
the output buffer transient response. The proposed buffer
amplifier exploits two current comparators, which are
freely incorporated in a stacked mirror input differential
stage to reduce power consumption and improve speed.

Figure 2 shows the traditional zero compensation
scheme. It simply uses series-RC-chain at output terminal
to obtain the zero shown in

Zo— -1 (1)

" ReCy

where Cy is the load capacitance and R¢ is the compen-
sation resistance. The non-dominant pole can be cancelled
by the zero to enhance the op-amp stability. According to
the analysis by Itakura [17], the damping factor { of the
closed-loop second-order system is proportional to the
value of Re+/Cr:

{ xRey/Cr (2)

The phase margin (PM) is more than 60 degrees for
{ > 0.6 and the buffer amplifier is stable. The phase
margin can be approximated as follows for { < 0.6 [24]:

Fig. 2 Configuration of the traditional output buffer amplifier with the
zero compensation [5, 22]
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PM ~ 100 x { (3)

It means the compensation resistor should be large
enough to obtain an adequate value of phase margin. In
addition, the larger the compensation resistor, the smaller
the small-signal settling time [5]. However, increasing the
value of the compensation resistor reduces the charge and
discharge current and limits the large-signal slew rate.

The dual output stage is adopted in this proposed design.
As shown in Fig. 3, the compensation resistor is connected
between the output nodes of the two output stages, and the
output node of A2l is fed to the negative input of the op-
amp. The compensation resistor can be designed to be large
enough to obtain sufficient phase margin and short small-
signal settling time [5], while it does not affect the large-
signal slew rate of A22. The transistor aspect ratio (W/L)
of A21 can be designed to be smaller (with larger channel
length) to achieve higher voltage gain and reduce offset
voltage of the output buffer. The architecture of the pro-
posed output buffer is shown in Fig. 4. The dual output
stage is turned off by the current comparators C1 and C2
during the static state. With the advantages of low power,
high speed and low offset, this buffer is suitable for high-
resolution, high-refresh-rate OLED display applications.

3 Schematic of the proposed output buffer

Figure 5 depicts the circuit schematic of the proposed dual-
output-stage dynamic-bias output buffer. Transistor MB1-
MB3 consist a static bias network. In the application of
display driver system, only two bias networks are placed on
the left and right sides of source driver to provide bias
voltage for static tail current transistors MB4 and MB5 of
hundreds or even thousands of output buffers. We design
the same transistor size for MB1, MB2 and MB4, and also
for MB3 and MBS. This leads to the tail current of the
input-pair equal to Iz. Transistors M1-M4 consist a rail-to-
rail input differential pair. The diode-connected transistors
M5, M7, M9, and M10 form symmetrical load to reduce
mismatch. The output of the differential input-pair is

N
v

A22
Vin
+ Voutl k¢
Al A21 Vout
_ c I

Fig. 3 Configuration of the proposed output buffer amplifier with the
zero compensation [5]

Dynamic-Bias
Voutl
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Fig. 4 Architecture of the proposed output buffer with dual output
stage and dynamic-current feedback

mirrored by the current mirror to the comparator stages
MC1-MC2 and MC3-MC4.

By designing a special aspect ratio, the current mirrored
by M10 to MC2 is slightly larger than the current of M9
mirrored to MC1, and the current mirrored by M10 to MC4
is slightly less than the current of M9 mirrored to MC3.
This can be obtained with the special design shown in

(W/L)ycy=AW/L) _ (W/L)yc, (4)
(W/L)y10 (W/L)yo

(W/Dyes_ (W/L)yer—AGW/1) 5

(W/L)yo (W/L)us

Taking the comparator composed of MC3 and MC4 as
an example, as shown in Fig. 6(a). In static state, it is
assumed that both MC3 and MC4 are in the saturation
region. Since the current mirrored to MC4 is slightly
smaller than the current mirrored to MC3, MC3 will leave
the saturation region and enter the linear region. The drain
voltages of MC3 and MC4 are pulled to high potential, and
the output transistors MOP1 and MOP2 are turned off.
Since MC3 is in the triode region, the source-to-drain
voltage of MC3 can be approximately expressed as

(w/L)
(W/L)y0 L M10

V. = < |V
M, Cox (W /L) yyes (Vsames — [V |) [V
(6)
where
Vsemes = Vsomo = UL + Vi | (7)
0.544,Cox(W/L) g

Here (1, is the hole mobility, Cox is capacitance of gate
oxide per unit area, and Vg, is the threshold voltage of the
PMOS transistor. I; (i =9, 10) is the static current of the
related transistors and it can be equal to either Iz (both
buffer’s input-pairs are turned on) or 0.5/ (only one input-
pair is turned on).
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Fig. 5 Transistor-level of this proposed output buffer with dual output stage and dynamic-current feedback
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Fig. 6 The output characteristic curve of MC3 and MC4 during the
a static state and b dynamic state

Similarly, the drain voltages of MC1 and MC2 are
pulled down, and the output transistors MON1 and MON2
are turned off. The drain-to-source voltage of MC2 is given
by

(W/L)MCI

1
(W/L)y M9
\% = < Vi, (8
bsme2 /.LnCOX(W/L>MCQ(VGSMC2 - VTHn) TH ( )
where
Vasmcr = Vasmio = Do + Vrm, 9)
0.51,Cox(W/L)yp0 !

Here u, is the electron mobility in the n channel, and
Vran is the threshold voltage of the NMOS transistor.
Therefore, the output transistors consume no power during
the static state. MF1-MF3 and MF4-MF6 (marked in red in
Fig. 5) are dynamic biased structures. Taking MF1-MF3 as
an example, since the gate of MF1 is connected to the gates
of output transistors MOP1 and MOP2, MF1 is turned off
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in static state. Thus, the current positive feedback of MF1-
MF3 is disconnected.
Given g,y = &m1 + &m as the transconductance of op-
amp’s input-pair. When the input common mode voltage is.
close to VSS (VDD), g, (gm1) is equal to 0. If the input-
signal toggles, and the input-variation AV is sufficiently
large to satisfy

Iy A(W/L)

AV > — , AV >0 10
2 50t (W /L) ey —8m ACW/D) (10

or
—AV > s AW/L) , AV <0 (11)

2 ngN(W/L)MCZ —gmA(W/L)

the output transistors will be turned on due the fact that
Iyics (Incz) is smaller than Iycq (Iycr) [22]. As shown in
Fig. 6 (b), assuming that the input voltage increases, the
drain-source current of M1 decreases, and the drain-source
current of M10 increases, so the current mirrored to MC4
increases, and MC4 enters the linear region from the sat-
uration region, while MC3 enters the saturation region
from the linear region. The gate voltage of MF1 is pulled
down, MF1 and the output transistors MOP1-MOP2 are
turned on. Therefore, a feedback current is generated,
which is added to the tail current source through the current
mirror MF2-MF3, which greatly increases the bias current
of the first stage. By dynamically increasing tail (bias)
current, the slew-rate for buffer’s input-stage is improved,
while the actually required static tail-current can be quite
low and the static power consumption is minimized.
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3.1 A. Small-signal analysis

The small-signal equivalent circuits of the proposed output
buffer is shown in Fig. 7, where g1, &m2, &m31 and gusi
are the small-signal transconductances of the stacked-mir-
ror differential amplifier stage, current comparators, and
two output stages, respectively.

Ro1, Rozy Rozt, Roz2, Coty Cozy Coziy Coza, and Vi, Vs

are the equivalent output resistances, capacitances and
voltages of the relevant amplifier stages, respectively.
The open-loop transfer function A,;(s) can be derived
from Fig. 7. Assuming R,i, Ry, Ry31, Ry32 > Rc and
Co1, Cp2, Cp31, Cozp <K Cp, it can be expressed by

Vit (s) (1+2)
R (I (o (o M

where Ay, pi1, P2, p3 and Z¢ are given by

Aol (S‘) =

Age = gmlRalgmzRoZ(ngl + gm32)(R031//R032) (13)
~ o7 (14)
P (Ro31//Ro32)CL
1

- d 15
b2 R02C02 i ( )

w
_ L gmioad \/Z“COX (2) womiols 16)

pP3 = R,1C, o Con B Cy

8m31 + &m32

e mReCL 17
7 guRcCL (17)

Ay 1s the DC open-loop gain, while py, py, p; and z¢
are the frequencies of the dominant pole, sub-dominant
pole, third pole and left-half-plane zero contributed by the
compensation resistor R¢. u is the effective mobility for p-/
n- type input-differential-pair. For analysis, the the bias
current (including dynamic feedback) at the first stage is
named as I. R, is equal to 1/gmupas, While g,n is
approximately equal to g,1,qs in the proposed buffer. g,10q4
is the transconductance of the load current mirror transis-
tors for the differential amplifier stage. The small-signal
equivalent circuit contains three poles. However, the sub-
dominant pole p, is cancelled by the left-half plane zero.

The frequency of the zero is a function of
Re, Cr, gm31 and gu32. The larger value of Cp increases
the phase margin.

From Egs. (15) and (16), it can be observed that larger
tail current (dynamic-current-bias, no static-current pen-
alty) at the first stage pushes the poles p, and p; to be
higher to gain benefit of system stability. Meanwhile, to
achieve lower system offset, we can design larger channel
length for output stage to obtain a higher Ag.

3.2 B. Large-signal analysis
If the input experiences a large signal, the output transistors

and the current positive feedback will be turned on. The
increased tail current in the first stage can be expressed by

1 w 2

Ly = E“pCOX (f)MFl(VDD = Vp|) (18)
1 w

Ly = 51, Cox | 7 (Voo — VTH")2 (19)
2 L J vira

Figure 8(a and b) depict the large-signal equivalent
circuits of the output stages for the rising and falling edges.
The output step responses for rising and falling edges of the
input waveform can be expressed as

VLH(t) = VL _—‘- (VH — VL)
/€ )] (20)

(Rmor1 + //Ruor2)

x |1 —exp| —

VHL(t) =V, - (VL — V]-])

[ e,
8 _exp ((RMONl + RC)//RM0N2>‘| @)

where V; and Vg are respectively the initial low value and
the final high value of the output voltage, while Ryop; and
Ryoni (i =1, 2) are the ON resistances of the related
transistors.

The settling time depends on the small-signal amplifier
performance and the slew-rate time period. If the proposed
buffer is required to drive the large-size OLED display
panel, the settling time is dominated and restricted by slew
rate, so the slew rate is very important, which can be
expressed by

Voutl RC

V1 VZ
Zm IVin lgm2v%> _|_gm3 1 VZ _|_ gm32V2
Rol Col —|— R02 Co2 —|— Ro3l C031—|— R

032 Co32

Fig. 7 Small-signal equivalent circuit of the proposed output buffer
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VDD
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Fig. 8 Large-signal equivalent circuits of the output at a the rising
and b the falling edges

(0 Y
SRt = abs( r |t—0> = (Ryor1 + Rc)/ /Ruor2
(22)
(Wl N Va=Vi/C
SR~ = abs< dt |r0) ~ (Rwon1 + Re)/ /Ruonz
(23)

The value R¢ can be chosen to be larger to obtain the
adequate stability, while still keeping a low small-signal
settling time [5, 17]. And the slew rate can be improved by
the second output stage, and the large-signal slew rate is no
longer limited by the compensation resistance R¢. More-
over, the current positive feedback not only pushes the non-
dominant pole to be higher (more stable system) but also
further improves the driving speed of the output buffer.

3.3 C. Layout verification result

The designed amplifier is dynamically biased from under
5-V supply, and the compensation resistor is set to 600 Q.
We designed layout based on 0.18 um 1.8 V/5 V BCD
process to verify the advantages of the proposed output
buffer. Table 1 shows the dimensions of all devices in the
buffer with dual output stage.

Based on post-layout simulation, Table 2 gives the
results of peak dynamic-feedback current (/,rmax and
Iyt max for n — /p — different-pair’s bias) under a 50-kHz
4-V input step waveform and different load conditions.
Approximately 500 x times boost in bias current helps to
push away the non-dominate pole for stability concern.

The quiescent current of the proposed buffer can be very
small due to the dynamic-current feedback and low-tail-
current comparators. Post-layout simulated data shows that
the circuit draws only 2.8-pA quiescent current. Because
there are hundreds or even thousands of output buffers in
source driver for OLED display application, it is important
to estimate the sensitivity of the proposed output buffer
under different process corners and temperature variations.
The post-layout simulations have been carried out at — 10
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Table 1 Device sizes used in the proposed output buffer

Device Dimension (um/pm or Q)
MBI1, MB2, MB4, MF4 2/1

MB3, MB5 12/1

M2, M3 6 x (6/2)
MI, M4 6 x (36/2)
MS, M6, MF5, MF6 2 x (6/1)
M7, M8, M10, MC2 2 x (212)
McC4 2 x (1.8/2)
M9, MC3 2 x (24/2)
MCl1 2 x (22/2)
MF1 2 x (12/1)
MF2, MF3 2 x (4/2)
MF4 2/1

MON1 4 x (8/2)
MOPI 4 x (24/1)
MON2 8 x (16/2)
MOP2 8 x (96/2)
Rc 600

Table 2 Post-layout simulation result of buffer’s dynamic feedback
current with different load capacitances

Current/Time 200 pF 400 pF 600 pF 800 pF 1000 pF
Lt max(HA) 273.6 273.8 274.0 274.0 273.9
Lot max(HA) 280.6 278.8 279.7 279.1 2783

Table 3 Corner simulation results at different temperatures (Cp = 1
nF)

Corner TT FF SS SF FS
t=—10°C
Idd (LA, Vem =3 V) 280 2.87 274 279 281
SR (V/us) 748 926 6.04 8.10 6.71
Settling time (us,Vewing =4 V) 127 097 1.57 123 133
Offset (mV,Vem = 3 V) 352 227 248 341 264
t=27°C
Idd (A, Vem = 3 V) 2.80 2.87 274 279 2381
SR (V/us) 6.79 844 547 1733 6.09
Settling time (us,Vwing =4 V) 138 1.05 1.72 134 144
Offset (mV,Vem = 3 V) 331 223 243 310 1.75
t=385°C
Idd (A, Vem = 3 V) 2.81 289 275 280 282
SR (V/us) 593 742 476 638 5.35
Settling time (us,Vewing =4 V) 1.52 1.15 191 147 1.58
Offset (mV,Vem =3 V) 352 227 248 264 341
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°C, 27 °C and 85 °C, and the results are summarized in
Table 3 under 1-nF load-capacitance. We found that the
static current only varies within 5%. Meanwhile, input
offset of this buffer is within 3.52 mV under 3-V common-
mode input voltage. Its slew rate is above 4.76 V/us to
keep small setting time.

As can be observed in Fig. 9, with the amplitude of the
input step waveform ranging from 0 to 5 V, the average
value for.

the absolute value of the offset voltage is only 2.18 mV,
which is very suitable for high-precision displays. The
simulation results of transient response and spectrum to a
50-kHz 5-V input sinusoid signal are also provided in
Fig. 10. The THD and SNDR are 2.29% and 32.78 dB
respectively under the same condition. The spectrum dia-
gram is calculated after sampling 65,536 points of the time
domain signal from 0 to 100 ms, and five harmonics are
considered for the harmonic power calculation.

4 Silicon results

Figure 11 shows the microphotograph and layout of the
dual-output-stage structure buffer. The active area of the
main part for the proposed buffer is 52 pm x 59 um,
which is placed in hundreds or thousands for display source
driver. Figure 12 depicts the measured tracking behavior of
the proposed output buffer driven by 50-kHz full-swing
(5 V) triangular wave. With 150-pF load capacitance, it is
found that the buffer’s output keeps good following per-
formance and fast transient response.

As shown in Fig. 13, the transient response waveform
with 50-kHz input step waveform for 150 pF load capac-
itance is obtained. The phase margin cannot be tested
because the output stage and the dynamic-current feedback
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Fig. 9 Post-layout simulation result of offset voltage versus different
common-mode input voltages
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Fig. 10 Simulation results of a transient response and b spectrum to a
50-kHz 5-V input sinusoid signal
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Fig. 11 Microphotograph of the silicon chip and the layout for the
dual-output-stage structure buffer

are turned off during the static state. The input-voltage-
swing is set to 4 V to better observe the stability, and we
evaluate stability from waveform’s oscillation during
transient. The settling time of the buffer with dual output
stage is only 0.32 us at 99% of the final voltage.

The transient response to the same step-wise input under
a large-size capacitive load of 1000 pF, is illustrated in
Fig. 14. The proposed buffer with dual output stage
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Fig. 13 Measured transient response to a 50-kHz 4-V input step
waveform under a 150-pF capacitance of the buffer amplifier with
dual output stage

exhibits the settling time of 1.18 ps at 99% of the final
voltage, which is only 41% of the single-output-stage
structure. For fair comparison, the aspect ratio of the output
transistors in the traditional single-output-stage buffer is
almost the sum of output-stage transistors in the dual-out-
put-stage buffer. The aspect ratio of the other transistors is
also the same, respectively, for both designs.

Finally, for the small-signal performance, Fig. 15 shows
the transient response to a 50-kHz 40-mV step-wise input
for 1000-pF capacitive load. As can be observed, the output
waveform follows the input waveform, and the perfor-
mance of dual-output-stage buffer is better than the single-
output-stage buffer (1.7 ps vs. 2.4 pus).

Table 4 shows the performance comparison. Compared
with the state-of-the-art works, this buffer design has better
performances in quiescent current, settling time and active
area. In Table 2, factors FOM; and FOM, are used to
evaluate the whole buffer performance. FOM, is used to
compare the performance of buffers by evaluating the
tradeoffs between the equivalent capacitor of the OLED
panel Cp, the quiescent current Ipp, and the settling time
Ts. It is defined by
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Fig. 14 Measured transient response to a 50-kHz 4-V input step
waveform under a 1000-pF capacitance of the buffer amplifier with
a single output stage and b dual output stage

Cr

FOM, =
" Tlpp

(24)

Higher output voltage swing can accommodate higher
grey levels of the OLED display. Therefore, Vine has
been added in FOM,. Its basic definition is

CL szing

FOM, =
? Tslpp

(25)
The larger FOM,| and FOM, are, the better performance
the output buffer achieves. We use 5 V device in the pro-
posed buffer design (Table 1, VDD-VSS =5 V), so we
don’t take the advantage of more advanced CMOS tech-
nology (0.18 um CMOS for 1.8 V core devices). Thus, the
process factor is not included into the comparison.

5 Conclusion

We propose a high-speed low-power rail-to-rail output
buffer with dynamic-current feedback for OLED display
applications. The advantages focus on three aspects:
Firstly, we use low-tail-current comparator and cutting off
buffer’s output stage during the static state to guarantee
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Fig. 15 Measured transient response to a 50-kHz 40-mV input step
waveform under a 1000-pF capacitance of the buffer amplifier with
a single output stage and b dual output stage

low quiescent-power. Secondly, we mitigate the tradeoff
between low static-current and fast transient-response by
introducing dynamic-current feedback. With a minimized
sacrifice of dynamic power during transient, the design
allows fast response for buffer’s first stage. And it is a way
to push away non-dominant pole so as to improve the
system stability. Finally, we balance the system stability
and large-signal slew-rate flexibly. Using dual-output-
stage structure, we can place compensation resistor
between them and create one zero to improve phase mar-
gin, while the real ON resistance at output terminal is still
small enough to guarantee good slew-rate during large-
signal transient.

The advantages of the proposed output buffer have been
verified based on 0.18 pm process by measuring silicon
data. The design shows remarkable performance in qui-
escent-current (3 pA), settling time (1.18 us @1 nF
capacitive load), and active area (52 um X 59 pm).
Besides, it provides wide range of capacitive load (150 pF
to 1 nF). This buffer is suitable for high-resolution, high-
refresh-rate, high-precision OLED display applications.

Table 4 Performance summary and comparison

This work®

Ref. [25]* Ref. [26]*  Ref. [27]°  Ref. [28]° Ref. [291°  Ref. [30]° Ref. [15]*

Ref. [22]°

Ref. [11]*

Ref. [5]*

Design

0.35 0.18

0.13
0.7

0.35

33

0.35
33

0.35

0.35
33

6.5

0.6

0.6

0.5

0.35
33
7

Technology (pm)

Vpp(V)
Quiescent current ([LA)

1.63

24

30

3.5

32

1.18@1000

0/5

1.11@1000

0/0.7
5562

553

2.6@30,000

0/0.7
2725

479
335

1.5@600
N.A

1.78@1200

0/3.3

0.8@1000

0/3

6@40
N.A

1.7@1000 1.3@680
0.15/4
N.A
17.4
67

0/3

0.71@1000

0/5

4.1@1000

0/3.3

Settling time @Cy (us, pF)

Output range (V)

52 x 59
282

2940
80

54 x 122

225
743

25 x 25

156
468

33 x 217

31 x 30

73 x 91

44

47 x 57
34.8

115

Chip size( pum?)

168
504

FOM  (pF/(us*pA))

1410

1659

N.A N.A

220

FOM, (pF*V/(ps*pA))

*Measurement results

PSimulation results

@ Springer



Analog Integrated Circuits and Signal Processing

Funding This work is supported by National Nature Science Foun-
dation of China 62074008, Shenzhen Science and Technology Inno-

vation

Grants ZDSYS201802061805105, and

JCYJ20180507181702150.

References

10.

11.

12.

14.

15.

. Cristaldi, D. J. R., Pennisi, S., & Pulvirenti, F. (2009). Liquid

crystal display drivers: Techniques and circuits. New York:
Springer.

. Yan, Z., Mak, P., Law, M., Martins, R. P., & Maloberti, F.

(2015). Nested-current-mirror rail-to-rail-output single-stage
amplifier with enhancements of DC gain, GBW and slew rate.
IEEE Journal of Solid-State Circuits, 50(10), 2353-2366

. Liu, P., & Ting, C. (2014). Low-power buffer with voltage

boosting and improved frequency compensation for liquid crystal
display source drivers. IET Circuits, Devices Systems, 8(4),
263-271

. An, C, Ko, J., Kim, H., & Kong, B. (2015). High-speed column-

line driving with polarity switch-embedded output buffer ampli-
fiers for TFT-LCD application. Electronics Letters, 51(1), 18-20

. Lu, C.-W. (2004). High-speed driving scheme and compact high-

speed low-power rail-to-rail class-B buffer amplifier for LCD
applications. [EEE Journal of Solid-State Circuits, 39(11),
1938-1947

. Lu, C. W. (2002). Low-power high-speed class-AB buffer

amplifiers for liquid-crystal display signal driver application.
Journal of Circuits Systems and Computers, 11(4), 427-444

. Hogervorst, R., Tero, J. P., Eschauzier, R. G. H., & Huijsing, J.

H. (1994). A compact power-efficient 3 V CMOS rail-to-rail
input/output operational amplifier for VLSI cell libraries. IEEE
Journal of Solid-State Circuits, 29(12), 15051513

. Ito, R., Itakura, T., & Minamizaki, H. (2007). “A class AB

amplifier for LCD driver”, in IEEE Symp. (pp. 148-149). VLSI
Circuits Dig. Tech. Papers: Kyoto, Jun.

. Kim, J. S., Lee, J. Y., & Choi, B. D. (2012). Slew-rate-enhanced

rail-to-rail buffer amplifier for TFT LCD data drivers. Electronics
Letters, 48(15), 924-925

Yu, P.-C., & Wu, J.-C. (1999). A class-B output buffer for flat-
panel-display column driver. IEEE Journal of Solid-State Cir-
cuits, 34(1), 116-119

Grasso, A. D., Marano, D., Esparza-Alfaro, F., et al. (2014). Self-
biased dual-path push-pull output buffer amplifier for LCD col-
umn drivers. IEEE Transactions on Circuits and Systems I, 61(3),
663-670

Wang, F.-H., & Hsu, T.-H. (2006). A high slew rate and low
offset voltage buffer for TFT-LCD source driver. SID Symposium
Digest Technical Papers, 37(1), 333-335

. Tsai, C.-H., & Wang, J.-H. (2012). A high-speed rail-to-rail

output buffer with push—pull dual-path and dynamic-bias for
LCD driver ICs. Analog Integrated Circuits and Signal Pro-
cessing, 70(3), 303-310

D. Marano, G. Palumbo and S. Pennisi, (2011) “Self-biased dual-
path push-pull output buffer amplifier topology for LCD driver
applications. In Proceedings. IEEE International Symposium of
Circuits and Systems (ISCAS), Rio de Janeiro, pp. 29-32.
Grasso, A. D., Palumbo, G., & Pennisi, S. (2018). Dual push-pull
high-speed rail-to-rail cmos buffer amplifier for flat-panel dis-
plays. IEEE Transactions on Circuits and Systems II: Express
Briefs, 65(12), 1879-1883

. Marano, D., Palumbo, G., & Pennisi, S. (2010). Low-power high-

speed rail-to-rail LCD output buffer with dual-path push—pull
operation and quiescent current control. Analog Integrated Cir-
cuits Signal Processing, 65(2), 289-298

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Itakura, T., Minamizaki, H., Saito, T., et al. (2003). A 402-output
TFT-LCD driver IC with power control based on the number of
colors selected. IEEE Journal of Solid-State Circuits, 38(3),
503-510

P. Liu, J. Hong and J. Wang, (2014) “A fast-transient buffer with
voltage booting technique for LCD column drivers,” in Int. Conf.
Information Science, Electronics and Electrical Engineering,
Sapporo, Apr. 2014, pp. 535-539.

D. Marano, G. Palumbo and S. Pennisi, “A high-speed low-
power output buffer amplifier for large-size LCD applications,”
in Int. Conf. Electron., Circuits Syst. (ICECS), Yasmine Ham-
mamet, Dec. 2009, pp. 132-135.

I. K. Chang, M. S. Kim, J. H. Lew, et al., “6.6L: LateNews
Paper: A low quiescent current and fast settling output buffer
with boosting slewrate scheme for large LCD driver,” SID Symp.
Dig. Tech. Papers, vol. 41, issue 1, Seattle, May 2010, pp. 74-76.
Itakura, T., & Minamizaki, H. (2002). A two-gain-stage amplifier
without anon-chip miller capacitor in an LCD driver IC. IEICE
Transactions on Fundamentals of Electronics, Communications
and Computer Sciences., 85(8), 1913-1920

Marano, D., Palumbo, G., & Pennisi, S. (2010). A new compact
low-power high-speed rail-to-rail class-B buffer for LCD appli-
cations. IEEE Journal of Display Technology, 6(5), 184—-190
Wen, J., Liu, B., Zhou, T., et al. (2018). High-slew-rate low-
static-power dynamic-bias rail-to-rail output buffer for OLED-
on-Silicon VR microdisplay. SID Symposium Digest of Technical
Papers., 49(1), 295-298

Franklin, G. F., Powell, J. D., & Emami-Naeini, A. (1987).
Feedback control of dynamic systems. (pp. 253-258). Reading,
MA: Addison-Wesley.

Lu, C.-W., & Lee, C. L. (2002). A low power high speed class-
AB buffer amplifier for flat panel display application. IEEE
Transactions on Very Large Scale Integration Systems, 10,
163-168

Jeon, Y.-J.,, Son, Y.-S., Jeon, J.-Y., et al. (2009). Improved
transient current feedforward output buffer for fast and compact
active-matrix OLED column dirvers. IEEE Transactions on
Circuits and Systems II, 56(7), 560-564

Marano, D., Palumbo, G., & Pennisi, S. (2010). Improved low-
power highspeed buffer amplifier with slew-rate enhancement for
LCD applications. Journal of Circuits Systems and Computers,
19(2), 325-334

Huang, W.-J., Nagayasu, S., & Liu, S.-I. (2011). A rail-to-rail
class-B buffer with DC level-shifting current mirror and dis-
tributed miller compensation for LCD column drivers. /[EEE
Transactions on Circuits and System I Regular Papers, 58(8),
1761-1772

Lu, C.-W., & Hsiao, C.-M. (2011). A rail-to-rail buffer amplifier
for LCD driver. Journal of Circuits Systems and Computers,
20(7), 1377-1387

Mak, K. H., et al. (2015). A 0.7V 24pA hybrid OTA driving 15
nF capacitive load with 1.46 MHz GBW. IEEE Journal of Solid-
State Circuits, 50(11), 2750-2757

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



Analog Integrated Circuits and Signal Processing

Jinyuan Wen received his B. E.
degree inelectronic science and
technology from Xi’anJiaotong
University in 2017. Currently,
he ispursuing the M.S. degree in
the School ofElectronic and
Computer Engineering, Pek-
ingUniversity Shenzhen Gradu-
ate School. Hisresearch interests
include advanced driversystems
for microdisplay, high-speed
low-power output buffersand
gate drivers.

Chenglin Li received his B.E.
degree in fromUniversity of
Electronic Science andTechnol-
ogy of China in 2018. He is
currentlypursuing the  M.S.
degree with the School ofElec-
tronic and Computer Engineer-
ing, PekingUniversity. Since
2018, he is involved ininte-
grated microdisplay systems
and his currentresearch interests
include switched-capacitor
power converterdesigns.

Junjun An received his B. E.
degree inmicroelectronics from
NorthwesternPolytechnical
University in 2019. Currently,
heis a postgraduate student in
the School ofElectronic and
Computer Engineering, Pek-
ingUniversity Shenzhen. His
research interestsinclude pixel
circuits and readout circuits.

Zhichao Peng received his B. E.
degree inmicroelectronics from
Nankai University, Tianjin,
China, in 2018. He is current-
lypursuing the M.S. degree with
PekingUniversity, China. His
current researchinterests include
AMOLED displaypixel-circuit
designs and driver IC designs.

computing  systems and the
managements.

includeadvanced ICs  for
flexibleelectronics.

display,

Hesheng Lin received his M.S.
degree (withhonors) from the
School of Electronic andCom-
puter  Engineering, Peking
University,Beijing, in 2016. He
held internship (orresearch
assistant) positions in
SolomonSystech Limited (2014-
2016), SKL-AMSV inUniver-
sity of Macau (2016-2017) and
Peking University (2017Fall).
He is now pursuing his Ph.D.
degree in imec and KU Leuven,
continuing his study on power
delivery networkdesigns for
related  fully-integratedpower

Min Zhang received her B.S.
and M.S. degreesfrom Xi’an
Jiaotong University, and her
Ph.D.degree from the Depart-
ment of Electronic andCom-
puter Engineering, Hong Kong
Universityof Science and Tech-
nology in 2006. From 2006to
2012, she worked in Solomon
SystechLimited. She joined the
School of Electronicand Com-
puter  Engineering,  Peking
University in 2012 and iscur-
rently an Associate Professor.
Her research interests
nanoelectronics, and

Shengdong Zhang received the
Ph.D. degree inelectrical and
electronic  engineering from
PekingUniversity, Beijing,
China. He joined the Pek-
ingUniversity in 2002, where he
is currently a FullProfessor with
the School of ElectronicsEngi-
neering and Computer Science,
and the deanof School of Elec-
tronic and ComputerEngineer-
ing at Shenzhen Campus. His
current researchinterests include
emerging display technology,
amorphousoxide semiconductor

materials and devices and ICs for systemon panel.

@ Springer



	High-Speed Low-Power Rail-to-Rail Buffer using Dynamic-Current Feedback for OLED Source Driver Applications
	Abstract
	Introduction
	Proposed low-power high-speed driving scheme
	Schematic of the proposed output buffer
	A. Small-signal analysis
	B. Large-signal analysis
	C. Layout verification result

	Silicon results
	Conclusion
	Funding
	References




