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A Dynamic Compensated and 95% High-Efficiency
Supply Buffer in RGB Virtual Pixel MicroLED

Display for Reducing Ghosting by 73% and
Achieving Four Times Screen Resolution
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Abstract—This article proposed micro light emitting
diode (microLED) virtual pixel array design and driver. The
proposed virtual pixel array effectively increases the pixels per inch
and reduces parasitic capacitance for alleviating ghosting effects.
The push-pull supply buffer in the proposed driver is compensated
by the dynamic Miller compensation technique to achieve fast
transient response and reduce the ghosting by 50%–73%. Four
times screen resolution can be obtained compared to conventional
designs. A 95% high-efficiency microLED driver has the lowest
45 µW power consumption. The proposed supply buffer can drive
microLEDs in 51-inch display panel, which is composed of 214
small 96 × 64 microLED panels for automotive display.

Index Terms—Dynamic Miller compensation (DMC) technique,
microLED, virtual pixel array and driver.

I. INTRODUCTION

INTERNET-OF-THINGS (IoTs) and wearable electronics
that provide a compact solution for a variety of applica-

tions are becoming more popular. Limited by battery capac-
ity, an efficient and compact form factor display is required
[1]–[5]. Recently, micro light emitting diodes (microLEDs)
have been more promising because they feature high-quality
display with small volume and size. Some quality improvements
are implemented to ensure that microLEDs can have state-of-
the-art display resolution compared with other techniques [6].
The microLED display is composed of the thin-film transistor
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Fig. 1. Conventional microLED pixel design.

backplane, and the logic integrated circuit to control the LED
emission [7]. In order to integrate red, green, and blue mi-
croLEDs in one panel, high-quality, high-resolution, full-color,
and smaller pixel sizes are the development trend [8]. To ensure
the driving uniformity, the LED current is also regulated by the
constant-current source in the driver IC [9]. Thus, the driver
IC can take the constant-current control of the analog signals
and turn ON/OFF the microLEDs through the digital controller to
achieve useful dimming functions.

The microscopic LED array in the microLED display in Fig. 1
can much improve contrast, response time, and energy efficiency
compared to an organic LED (OLED) display [1]–[2]. Mass
transfer technology for microLED display continues to improve
pixel resolution [3]–[5], but the design of pixel array in Fig. 1
is limited to pixels per inch (PPI) = 1/0.6252 mm2 because one
pixel including a red (R), green (G), and blue (B) microLED
occupies a footprint area of 0.625 x 0.625 mm2. The distance
between two adjacent pixels decides not only the PPI but also
the parasitic capacitance value, Cpar0–Cpar31. To reduce hard-
ware overhead, the microLED driver uses the time multiplexing
technique to control the microLED array. However, during the
row-by-row transition, the time multiplexing technique will
suffer from the ghosting effect, which is mainly caused by the
residual charge on Cpar0–Cpar31. As shown in Fig. 2(a), while
row0 is turning OFF from the ON-state, the voltage across the
Cpar0 is less than Vsupply. Since there is no path for electric
charge to discharge, the voltage across Cpar0 can be kept less
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Fig. 2. (a) Residual charge is stored on the parasitic capacitance Cpar0 when
the row0 is turned OFF by setting SCAN[0] from low to high. (b) Ghosting effect
occurs at the LED00 when SCAN[1] changes from high to low and CH[0] is
turned on.

than the voltage of Vsupply, and there is little leakage. By the
time-multiplexing method, if the row1 turns ON and the channel
CH[0] is also turned ON, the LED10 will emit light as expected.
Meanwhile, an undesired side effect also occurs at the LED00 as
illustrated in Fig. 2(b), because the residual charge on the Cpar0

finds a discharge path to turn ON the LED00. The unexpected
LED emitting light is the so-called ghosting effect.

The microLED display is plagued by ghosting, which is
a serious problem in OLED displays. Therefore, to alleviate
the ghosting effect to have a good display quality, this article
modifies the pixel array design, arranges the driver control,
and improves the transient response time of the supply buffer.
In Fig. 3(a), two virtual pixels (virtual pixels 1 and 2) in the
proposed microLED occupy an area of 0.94 × 0.47 mm2. In
addition, two additional virtual pixels (virtual pixels 3 and 4)
in the vertical line can be derived to further increase the reso-
lution. Each of the LEDs is used by four virtual pixels without
increasing pixel area; thus, the virtual pixel array can have the
advantage of four times higher screen resolution, as shown in
Fig. 3(b), compared to the conventional pixel arrays. Thus, the
overall parasitic capacitance can be reduced by 4. In scanning
one row LEDs, the switching power loss is reduced by 4. In this
work, the switching power loss occupies 1/3 of the whole driver.
If the switching power loss can be reduced by 4, the overall
power consumption can be improved by 25%. Moreover, the
same color will be driven by the same microLED driver. Thus,
the voltage difference between different colors can be minimized
to eliminate the ghosting effect [10]. Although some external
discharge circuits can be used to eliminate the ghosting effect in
[10], the overall volume and size will reduce the attractiveness of
microLEDs to today’s displays. The conventional LED driver in

Fig. 3. (a) Proposed virtual pixel array. (b) Actual implementation of virtual
pixel of microLED. (c) Capacitance variation of RGB microLEDs at different
driving voltages.

[9] uses a step-up switching converter to generate a sufficiently
high voltage to drive the microLEDs. Although the selectable
feedback control can reduce the driving output variation, the
step-up switching converter suffers from low bandwidth to react
to the fast scanning change of microLEDs.

To alleviate the output-voltage ringing effect caused by par-
asitic capacitance changes, it is necessary to improve the drive
capability and transient response time of the supply buffer. In
Fig. 3(c), the capacitance of each color varies under different
driving voltages. The capacitance variation ranges from 4 to
12 pF for the red microLED, from 8 to 109 pF for the green
microLED, and from 8 to 174 pF for the blue microLED. Due
to this change, the ratio of the maximum capacitance to the
minimum capacitance is greater than 21.75. In addition, each
microLED driver needs to turn ON 0–48 R, G, or B microLEDs,
and the capacitance change may be as high as 8352 pF. To
eliminate ghosting effects, the proposed push-pull supply buffer
needs to provide sufficiently high bandwidth under wide output
capacitance changes while maintaining high efficiency. There-
fore, the ringing effect on the output voltage can be suppressed
to avoid any ghosting effects.

The rest of this article is organized as follows. Section II shows
the proposed microLED driver. The proposed microLED driver
includes a push-pull supply buffer that is compensated by the
dynamic Miller compensation (DMC) technique to ensure the
adequate charging and discharging of the Cpar by fast transient
response. Circuit implementation is shown in Section III. Ex-
perimental results are shown in Section IV. Finally, Section V
concludes the article.

II. PROPOSED MICROLED DRIVER

The driver IC of the virtual pixel microLED display is shown
in Fig. 4, which delivers 1.6, 2.2, and 2.5 V different forward
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Fig. 4. Proposed microLED driver has the push-pull supply buffer, which is compensated by the DMC technique, and the current setting circuit to determine the
current of the current regulator for driving the MOSFET in the triode region.

voltages for R, G, and B, respectively. The input voltage AVDD
is regulated by the proposed push-pull supply buffer. The supply
buffer consists a constant Q-damping operational amplifier and
utilizes the DMC technique controlled by the scan line signal
SCAN [0:31] to meet the minimum forward voltage of the R, G,
and B microLEDs.

Owing to the limitation of small form factor in the microLED
display, the filter capacitor CL of the Q-damping operational
amplifier needs to be limited within tens of picofarads, and the
output pole will be located at high frequencies. However, when
the microLEDs are turned ON, the capacitance will increase
and the output pole will be pushed toward low frequencies
to deteriorate stability. That is, the turning ON/OFF of a lot of
microLEDs will have the stability issue if the supply buffer
cannot rapidly react to the load changes. In order to solve the
above problems, the scan signal SCAN [0:31] is compensated by
the proposed DMC technique, which corresponds to an increase
in the number of microLEDs that are turned ON.

The prototype of a 96 × 64 microLED panel requires eight
microLED driver ICs to drive the R, G, and B microLEDs
and the supply buffer provides an appropriate supply voltage
accordingly. The gray level of each channel is controlled by a
gray-level controller with 16-bit grayscale. The driving current
setting is determined by the signal IOUT [0:7] and an external
resistor REXT. The voltage headroom consumed by the current
regulator determines the overall efficiency, and it is necessary to
minimize the voltage drop across the current regulator. There-
fore, the current regulator of Fig. 4 uses the operational amplifier
Op1 to regulate the gates of MN1 and MN2. Both MN1 and MN2

operate in the triode region to improve linearity and efficiency
because they have the lowest VDS voltage drop.

III. CIRCUIT IMPLEMENTATION

The constant Q-damping operational amplifier in the proposed
supply buffer includes three stages, as shown in Fig. 5(a). The
input stage Gm1, from transistor M1 to M11, works as a folded

cascade transconductance amplifier. The bias current of M1 and
M2 is equal to that of the M4 and M5 to ensure similar slew rate
for both positive and negative transitions. The second stage Gm2,
formed by M12–M14, implements a positive transconductance
that can establish the negative feedback from the last stage
Gm3, which is a class-AB output amplifier that is driven by
the common-gate MA and MB from the output current of the
second stage.

The compensation stage GmD consists of two parts, one part
is used for N-type MOSFET MDN, whose gate is biased by the
bias voltage VB5 through resistor RDN, and the other part is used
for P-type MOSFET MDP, whose gate is biased by bias voltage
VB6 through the resistor RDP. Both the drains of MDP and
MDN are connected to the output of Gm2. The circuit can have
a large swing without forcing MDP and MDN into triode region.
The output total capacitance COUT(total) (= CL + CmicroLED)
increases with the number of microLEDs that are turned ON.
In Fig. 5(b), the equivalent impedance Zeq1 consists of RDN,
CDN, CDP, RDP, and the compensation stage GmD. The other
equivalent impedance Zeq2 is composed of ROUT, COUT(total),
CD2N, and the class-AB output stage Gm3. Zeq2 increases when
COUT(total) increases, and Zeq1 contains a constant compensa-
tion GmD. The equivalent impedance provides the desired Zeq

(= Zeq1 || Zeq2), which is proportional to the square root of
COUT(total). As illustrated in Fig. 5(c), a constant Q-damping
is established by the Zeq. That is, the quality factor expressed in
the following equation is constant at high frequencies. Thus, the
constant Q-damping operational amplifier will not be affected
by the increase of COUT(total), as shown in Fig. 5(d)

Q = Zeq ·
√

CeqGm2Gms

COUT(total)
. (1)

For stability considerations, it is not necessary to design a
constant Q-damping operational amplifier compensation at the
maximum COUT(total), thereby breaking through the bandwidth
limitation and increasing the transient response. The supply
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Fig. 5. (a) Operational amplifier of the supply buffer. (b) Small signal model of the operational amplifier. (c) Constant Q-damping is established by the Req.
(d) Wide range GBW of the operational amplifier.

buffer can quickly change the drive capacity in response to the
change of microLEDs that are turned ON. Although the parasitic
capacitance will vary with the number of microLEDs that are
turned ON, the Miller compensation can be adjusted adaptively to
ensure stability without having any ringing effect at the output.
In other words, even in the large capacitance change caused

by the change between the minimum and maximum number
of microLEDs that are turned ON, the supply buffer can be
adaptively compensated through the DMC technique to improve
stability.

Since COUT(total) is determined by the number of microLEDs
that are turned ON, the scan line signal can turn ON or OFF the
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Fig. 6. (a) Conventional current mode Miller compensation. (b) Proposed
DMC technique. (c) Increase GBW by the DMC technique.

microLEDs and at the same time control the Miller compensa-
tion in the DMC technique. In Fig. 6(a), conventional current
mode Miller compensation uses the compensation capacitor CC

with an amplified current KIB to derive a Miller equivalent
capacitance Ceq = (1+K)CC. The derived input impedance ZIN

can be expressed as

ZIN =

(
1 + sCC

gm

)
sCC(1 +K)

. (2)

Similarly, in Fig. 6(b), the DMC technique can add one series
resistor with an equivalent Req in (3) controlled by the scan
line signal SCAN [0:31] to control the equivalent capacitance
CDMC in (4) and derive the modified ZIN, as shown in (5). The
switches in Fig. 6(b) are ON-chip MOSFET transistors fabricated
in the same process as those in Fig. 4. It will have a small
equivalent ON-resistance in parallel with the existing resistors

R0–R31 if the switch is turned ON. For example, if the scan
signal SCAN [0] is high, the R0 is used to increase the overall
resistor value. Contrarily, if the scan signal SCAN [0] is low, a
small ON-resistance contributed by the switch will be added to
the overall resistor value. Although the small ON-resistance has
little effect on compensation, it can be ignored.

When SCAN [0:31] has more logic “high,” the COUT(total) is
increased and more microLEDs are turned ON. Simultaneously,
the value of Req is also increased by the SCAN [0:31]. Thus, the
equivalent dynamic Miller capacitance CDMC is also increased
by the expression of (4). The dominant pole P1, which is equal to
Gm1/CDMC, will be pushed toward the origin when COUT(total)

increases. Contrarily, when COUT(total) decreases, SCAN [0:31]
can decrease the value of Req and, thus, decrease CDMC. As
shown in Fig. 6(c), the dominant pole P1 can be pushed to a
higher frequency to obtain a higher bandwidth to achieve a fast
transient response. The DMC technique can ensure the stability
of the entire drive circuit. The output of the supply buffer has no
ringing effect and will not cause any residual charge on the output
capacitor. In other words, the ghosting effect can be effectively
suppressed

Req = Ra +

31∑
i=0

Ri · SCAN[i]

where i = 0 to 31 (3)

CDMC = CC · (1 +K) ·
(
1 + gmReq ·

(
K

1 +K

))
(4)

ZIN =
1 + sCC

(
Ra +Req + 1/gm

)
sCDMC

(5)

IV. EXPERIMENTAL RESULTS

The test chip was fabricated in a 0.15-µm CMOS BCD
process. Fig. 7(a) shows the chip micrograph with an area of
4650 × 4580 µm2. The microLED back-side driver system
and the microLED front-side display are shown in Fig. 7(b).
In Fig. 7(c), the proposed supply buffer can drive microLEDs in
51-inch display panel, which is composed of 214 small 96 × 64
microLED panels for automotive display.

Fig. 8(a) shows the ghosting effect on the channel CH[0] when
SCAN [0] changes from high to low and vice versa. In the red
microLEDs, if the transient voltage differenceΔV is higher than
1.6 V, the ghosting effect will be triggered as shown in Fig. 8(a).
On the other hand, when the transient voltage difference ΔV is
suppressed to 0.8 V due to the fast response of the proposed
supply buffer in Fig. 8(b), the ghosting effect can be effectively
suppressed. Moreover, the scan signal SCAN [0:31] can be
pulled to low voltage not zero voltage to further reduce the
ghosting effect where the low voltage can be programmed to
be 1.7–2.2 V.

Similarly, the ghosting effect occurs when the transient volt-
age difference ΔV is higher than 2.2 and 2.6 V in green and
blue microLEDs, respectively, as shown in Figs. 9(a) and 10(a),
respectively. Due to the fast response of the proposed supply
buffer, the transient voltage difference ΔV is suppressed to 0.8
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Fig. 7. (a) Chip micrograph. (b) MicroLED back-side (left) and front-side
(right). (c) MicroLED has been implemented in 51-inch display panel for
automotive display.

Fig. 8. Measured waveforms in the red microLED. The ghosting effect in (a)
has been suppressed from 1.6 to 0.8 V in (b).

Fig. 9. Measured waveforms in the green microLED. The ghosting effect in
(a) has been suppressed from 2.2 to 0.8 V in (b).

Fig. 10. Measured waveforms in the blue microLED. The ghosting effect in
(a) has been suppressed from 2.6 to 0.7 V in (b).
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Fig. 11. Comparison of original picture and the improved picture without
ghosting effect. (a) Red microLED display. (b) Green microLED display. (c)
Blue microLED display.

and 0.7 V in green and blue microLEDs, respectively, as shown
in Figs. 9(b) and 10(b), respectively. In conclusion, the transient
voltage difference can be reduced by 50%, 64%, and 73% in R,
G, and B microLEDs, respectively. In other words, the display
quality can effectively be improved.

Fig. 11 shows the actual display of the original drive technique
and the proposed supply buffer. The ghosting effect occurs at
the edge of each letter in the original drive technique. After
the proposed supply buffer improves the transient response, the
ghosting effect can be effectively suppressed. Table I shows a
comparison table between the proposed microLED driver and
the prior arts of LED drivers.

Owing to the difficulty of measuring each channel power
consumption, the power consumption is measured by scanning
the whole screen to get the overall power consumption. During
one frame time, the test turns ON each row of RGB microLEDs
with their highest contrast in sequence to consume the maximum
power. After that, turning OFF each row of RGB microLEDs
in sequence tests the ghosting effect and measure the power
consumption. The overall power consumption is divided by the
number of channels to derive the power consumption of each

TABLE I
COMPARISON TABLE WITH THE PRIOR ARTS

channel. The proposed 95% high-efficiency microLED driver
has the lowest 45 µW power consumption in comparison since
the new proposed pixel design can effectively reduce the value
of parasitic capacitance.

V. CONCLUSION

The proposed microLED display has four times screen resolu-
tion compared with conventional pixel arrays. The ghosting ef-
fect can be effectively suppressed since the pixel design reduces
the parasitic capacitance and the driver is used for one color.
Besides, the proposed microLED driver has a push-pull supply
buffer that is compensated by the DMC technique to ensure
fast transient response under the output capacitance variation
from 1 to 8352 pF. For different R, G, and B microLEDs, the
voltage difference ΔV to trigger ghosting effect is 1.6, 2.2, and
2.6V, respectively. After applying the proposed supply buffer,
the voltage difference ΔV of the R, G, and B microLEDs is
reduced to 0.8, 0.8, and 0.7 V, respectively, by 50%, 64%,
and 73%, respectively. The ghosting effect can be effectively
eliminated, although the ratio of the maximum capacitance to
the minimum capacitance is greater than 21.75. The proposed
95% high-efficiency microLED driver has the lowest 45 µW
power consumption in comparison.
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