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ABSTRACT This work proposes a novel pixel circuit using analog pulse width modulation (PWM) for
micro light-emitting diode (micro-LED) displays. The proposed circuit generates uniform sweep waveforms
and driving currents to control micro-LED emission precisely by compensating for threshold voltage (VTH)
variations of p-type low-temperature polycrystalline silicon thin-film transistors (LTPS TFTs) and VDD
current-resistance drops (I-R drops). Driven by the PWM method, micro-LED can operate with high
wall-plug efficiency (WPE), leading to low power consumption. To analyze the circuit performance, the
electrical characteristics of a micro-LED and LTPS TFTs are measured to establish the simulated models.
The HSPICE simulation results present that the current error rates and time shift rates of emission
currents are below 1.65% and 2.75%, respectively, with ±0.3 V variations in VTH and 1.2 V drops
in VDD. Furthermore, the power improvement relative to a 7T1C pulse amplitude modulation (PAM)
circuit is higher than 19.05% at all gray levels, confirming that the proposed circuit is suitable for use in
micro-LED displays.

INDEX TERMS Low-temperature polycrystalline silicon thin-film transistor (LTPS TFT), micro
light-emitting diode (micro-LED), pulse width modulation (PWM), power consumption.

I. INTRODUCTION
Over the past decade, many consumer electronics with
brilliant panels have been produced and provide excellent
visual experiences. In the next generation, micro light-
emitting diode (micro-LED) displays are highly attractive
owing to their excellent brightness, wide color gamut, and
extreme contrast ratio [1]. Micro-LEDs are fabricated from
inorganic material, and they do not suffer from burn-in
encountered by organic light-emitting diodes (OLEDs) and
have a long lifespan [2]. For the thin-film transistor (TFT)
backplanes of OLED displays, amorphous indium-gallium-
zinc oxide (a-IGZO) and low-temperature polycrystalline
silicon (LTPS) technologies are mature and widely used.
However, to drive the micro-LED in a high current over the

long term, LTPS TFTs, which possess excellent mobility
and reliability, are preferred for micro-LED display [3], [4].
Although the threshold voltage (VTH) variations of LTPS
TFTs influence the emission currents and generate mura
defects in the displays [5], many pulse amplitude modula-
tion (PAM) circuits for pixels have been proposed to address
the VTH variation issue [6], [7], [8]. Lee et al. presented a
7T1C PAM circuit that can sense and compensate for the
VTH of driving TFT (T1) in Fig. 1 [8]. Nevertheless, the
7T1C circuit is unsuitable for micro-LED displays because
the emission wavelength of micro-LED varies with current
density [9]. Also, the wall-plug efficiency (WPE) of micro-
LEDs is poor at low current densities [10]. To achieve
the required luminance, larger currents must be provided
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FIGURE 1. Schematic and timing diagram of 7T1C PAM circuit [8].

to micro-LEDs, increasing the power consumption of the
displays [11]. Therefore, circuits in micro-LED displays have
adopted analog pulse width modulation (PWM) to control
the emission time with a constant current and determine gray
levels [12], [13], [14], [15], [16], [17]. Oh et al. developed
a PWM circuit implemented in the micro-LED TV applica-
tion [14]. The circuit consists of LTPS TFTs, which have
the capability of generating the required high current density.
Micro-LEDs can thus operate at high luminous efficiency and
with low wavelength shifts when emitting light. Zou et al.
analyzed the performance of PWM circuits with and with-
out VTH compensation of driving and PWM TFTs [16]. The
analysis result presents slight error rates of current amplitude
and pulse width after VTH compensation. The uniformity of
micro-LED displays is improved. In addition to VTH vari-
ations of TFTs, the current-resistance rises and drops (I-R
rises/drops) in the power lines will result in varying emis-
sion currents [18]. In the previous work, we presented a
PWM driving circuit based on n-type LTPS TFTs to elimi-
nate the effect of VSS I-R rises [17]. By the voltage feedback
mechanism, the emission currents can be maintained even
with different voltage variations. However, to realize PWM,
sweep waveforms with different phases are required to con-
trol the emission time row by row. The necessary sweep
integrated circuit (IC) and sweep gate drivers increase the
costs of development and fabrication [19].

Hence, this work proposes a novel analog PWM circuit
with a sweep generation structure for micro-LED displays.
The circuit compensates for VTH variations of p-type LTPS
TFTs and VDD I-R drops and provides stable emission cur-
rent to micro-LED. According to the required gray levels,
different sweep waveforms can be generated to modulate
the emission time of micro-LED. Furthermore, to assess the
suitability of the proposed circuit for micro-LED displays,
a comparison between the proposed and 7T1C circuits is
conducted in terms of power consumption.

II. OPERATION
Figs. 2(a), 2(b), and 2(c) present the schematic, timing
diagram, and layout image of the proposed pixel circuit,
respectively. The circuit comprises eleven TFTs (T1-T11)
and four capacitors (C1-C4), where T1-T6 are for current
uniformization (CU), and T7-T11 are for sweep generation

FIGURE 2. (a) Schematic, (b) timing diagram, and (c) layout image of
proposed pixel circuit.

(SG) to realize PWM. In the CU part, T1 is a driving TFT
to supply a stable current to the micro-LEDs, while T2
is a PWM TFT to control the switching of T1, modulat-
ing the pulse width of the emission current. In addition, to
compensate for the VTH variations of T1, T1 and T2 are
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matched TFTs to have the same aspect ratio and are located
adjacently in the layout, exhibiting identical electrical char-
acteristics [20], [21], [22]. In the SG part, T7 provides a
sweep-generation current (ISWEEP) to charge C3 slowly, and
a sweep waveform is generated at node D. Since VTH varia-
tions of T7 distort ISWEEP, T7 is designed to match T11 for
the VTH compensation of T7. The operation in each period
is described below in detail.

A. RESET PERIOD
S3 and S5 are at VGL to turn on T3, T5, and T6, while S1,
S2, and S4 are at VGH to turn off T4, T8, T9, and T10. The
voltages of nodes A and C (VA and VC) are reset to VREF2,
and that of node B (VB) is increased to VH. Since VREF2
equals VDD, T1 at the cut-off region prevents micro-LED
from emitting, suppressing the flicker phenomenon.

B. CU COMPENSATION PERIOD
S1 goes to VGL to turn on T9, and S5 goes to VGH to
turn off T5. The voltage of node E (VE) is decreased to
VL, causing T7 to be in the on-state. Hence, VREF_L starts
to charge nodes A and C. Because of the diode-connection
structure of T2, VA and VC can be increased to VREF_L –
|VTH_T2|, where VTH_T2 is the threshold voltage of T2 and
equals that of T1 (VTH_T1).

C. SG COMPENSATION PERIOD
S1 goes VGH to turn off T9, and S2 goes VGL to turn on
T8 and T10. T11 is diode-connected and thus node E is
charged to VDATA – |VTH_T11| to compensate for the VTH
of T7, where VTH_T11 is the threshold voltage of T11 and
identical to that of T7 (VTH_T7). As the gate voltage of T7
(VE) is increased above its source voltage, T7 is turned off.
The voltage of node D (VD) is decreased to VL. Herein, VL
is lower than VA and VC, so T2 is turned off, enabling VA
and VC to remain at VREF_L – |VTH_T2|.

D. EMISSION PERIOD
S2 and S3 are at VGH to turn off T3, T6, T8, and T10, while
S4 is at VGL to turn on T4. VB is discharged to VDD, and
VA changes to VREF_L – |VTH_T2| – VH + VDD due to the
capacitive coupling effect of C1. Subsequently, T1 operates
at the saturation region and begins to provide an emission
current to the micro-LED. The magnitude of the emission
current (ILED) is derived as follows.

ILED = 1

2
kT1

(
VSG_T1 − |VTH_T1|

)2

= 1

2
kT1

[
VDD − (

VREF_L − |VTH_T2| − VH + VDD
)

−|VTH_T1|
]2

= 1

2
kT1

(
VH − VREF_L

)2 (1)

where kT1 is μ·COX·W/L for T1. In Eq. (1), VTH_T1 and
VDD are eliminated, eliminating the threshold voltage varia-
tions and VDD I-R drops. Meanwhile, VREF is changed from

FIGURE 3. (a) I-V curve and (b) wall-plug efficiency of fabricated
micro-LED.

VREF_L to VREF_H, and VE remains at VDATA – |VTH_T11|,
so T7 is activated and charges node D with ISWEEP. The
equation for ISWEEP is as follows.

ISWEEP = 1

2
kT7

(
VSG_T7 − |VTH_T7|

)2

= 1

2
kT7

(
VREF_H − (

VDATA − |VTH_T11|
)

−|VTH_T7|
)2

= 1

2
kT7

(
VREF_H − VDATA

)2 (2)

where kT7 is μ·COX·W/L for T7. In Eq. (2), ISWEEP is unaf-
fected by the VTH_T7 variations and depends only on VDATA.
Thus, the magnitude of ISWEEP determines the charging rate
for node D, and the highly uniform sweep waveforms are
generated when the same VDATA is input. Subsequently, VD
will increase and meet the below condition to turn on T2.

VSG_T2 = VD − VC>|VTH_T2|
⇒ VD − (

VREF_L − |VTH_T2|
)
>|VTH_T2|

⇒ VD>VREF_L (3)

According to Eq. (3), the turn-on condition is independent
of the variations of VTH_T2. When T2 is on-state, node A is
charged to VREF_H, which is higher than the source voltage
of T1. T1 is in the cut-off region and ceases to provide the
emission current to the micro-LED.
Owing to its sequence of operations, the circuit can alle-

viate the effects of the VTH_T1 variations and VDD I-R
drops on the emission current. By utilizing a stable high
current, the micro-LED can be effectively driven at high
luminous efficiency, reducing the power consumption of the
circuit. Additionally, to realize the precise PWM control,
uniform sweep waveforms are obtained by compensating
for VTH_T7. Also, the turn-on condition of T2 is not influ-
enced by VTH_T2, which ensures that the emission time is
independent of VTH_T2.

III. RESULTS AND DISCUSSION
Fig. 3(a) shows the emission current to the forward voltage
curve of the fabricated micro-LED. Forward voltage refers
to the positive voltage applied from the anode to the cath-
ode of a micro-LED, enabling it to conduct current and
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FIGURE 4. (a) Transfer characteristics and (b) reliability test under
continuous stress of driving TFT.

FIGURE 5. (a) Transfer and (b) output curves of switching TFT.

emit light. The micro-LED with a chip size of 93 μm
× 150 μm is designed for RGB displays. An equivalent
model of a diode-connected TFT in parallel with a capacitor
in an HSPICE simulator represents the behavior of micro-
LEDs. The driving current of micro-LED is selected at 200
μA, corresponding to a high WPE of 16.67% as shown
in Fig. 3(b). Fig. 4(a) shows the transfer characteristics of
the driving TFT. The driving TFT can provide an emission
current of about 200 μA to micro-LED when operating in
the saturation region with VSG and VSD values of 5.13 V
and 6.69 V. To verify the reliability of driving TFT, Fig. 4(b)
presents its performance under the stress where VS, VG, and
VD are 0 V, −5.13 V, and −6.69 V, respectively. The driv-
ing current remains almost constant during a stress period
of 240 h. Figs. 5(a) and 5(b) show the transfer and output
curves of the switching TFT. The switching TFT can serve as
a switch and as T7 to generate constant currents in the satu-
ration region. Furthermore, Rensselaer Polytechnic Institute
(RPI) poly-Si TFT models (Level = 62) are employed to
emulate the electrical characteristics of the fabricated micro-
LED and TFTs. The simulation of the proposed circuit is
carried out by HSPICE simulator based on micro-LED dis-
plays with a size of 5.23 inches, a frame rate of 120 Hz, and
a resolution of 160 × 135. The design parameters, including
the aspect ratios of TFTs, the capacitances of capacitors, the
voltage levels of scan and power lines, and the equivalent
model of the micro-LED are listed in Table 1.

TABLE 1. Design parameters of proposed pixel circuit.

FIGURE 6. (a) Transient waveforms of VA and VC with VTH variations
(�VTH = ± 0.3 V) of T1 and T2 and VDD I-R drop (�VDD = −1.2 V).
(b) Schematic of conventional 2T1C circuit.

Fig. 6(a) shows the simulated waveforms of VA and VC
with ± 0.3 V VTH variations of T1 and T2 and VDD I-R
drop of 1.2 V. When �VTH is 0 V, 0.3 V, and −0.3 V, VA
and VC both rise to 4.799 V, 5.096 V, and 4.505 V at the
end of the CU compensation period since nodes A and C
are connected to each other. The differences are 0.297 V
and −0.294 V, which are close to the VTH variations of T2.
In the emission period, VC remains at the voltages that are
stored in C2, and VA is coupled to −1.134 V, −2.021 V,
and −2.614 V by C1. The differences in VA are −0.887 V
and −1.480 V, including the VTH variations of ±0.3 V and
VDD I-R drop of 1.2 V, confirming effective compensation.
Moreover, Fig. 6(b) schematically depicts a conventional
2T1C circuit based on p-type TFTs [23], [24], [25]. The
2T1C circuit is the simplest structure adopted in active-
matrix micro-LED displays. However, the circuit without
any compensation suffers from non-uniform luminance of
the displays. Figs. 7(a) and 7(b) compare the proposed cir-
cuit with the conventional 2T1C circuit when VTH varies
by ± 0.3 V and VDD drops by 1.2 V. The emission cur-
rents that are produced by the proposed circuit are highly
uniform and the current error rates are less than 1.65%. In
contrast, the 2T1C circuit without compensation exhibits dra-
matic variations in emission currents. The current error rates
of the 2T1C circuit exceed 59.40% at all gray levels and
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FIGURE 7. (a) Emission currents and (b) relative current error rates of
proposed circuit compared to 2T1C circuit with VTH variations (�VTH =
±0.3 V) of T1 and T2 and VDD I-R drop (�VDD = −1.2 V) at various gray
levels.

FIGURE 8. (a) Schematic of proposed circuit without VDD compensation.
(b) Emission currents and relative current error rates of proposed circuit
with and without VDD compensation under VDD I-R drops within a range of
1.2 V.

even reach 99.99% at low gray levels, seriously influencing
image quality. To further validate the necessity of VDD com-
pensation, an analysis is conducted on the proposed circuit
with and without VDD compensation. Fig. 8(a) schematically
depicts the proposed circuit without VDD compensation. The
gate voltage of T1 cannot be adjusted for various VDD drops,
so the VSG of T1 varies. Fig. 8(b) plots the emission currents
and the relative current error rates of the proposed circuit
with and without VDD compensation under the VDD I-R
drops within a range of 1.2 V. The proposed circuit with VDD
compensation is immune to VDD I-R drops. However, with-
out VDD compensation, the emission current significantly
decreases by 68.80% with a VDD drop of 1.2 V.

In addition, the sweep generation and PWM control of
the proposed circuit are investigated in Fig. 9. While gen-
erating a sweep waveform, T7 can remain in the saturation
region to charge node D from −2.5 V to 7 V with a con-
stant current. The voltage change is linear with time, so the
slopes of the voltage waveforms are constant. As VDATA
increases, the slope of the sweep waveform decreases. The
different pulse widths of emission currents are generated to
distinguish gray levels, achieving the analog PWM method.
To prevent the impact of the VTH_T7 variations on gray
level control, VTH_T11 is stored at node E to compensate for
VTH_T7. Fig. 10(a) shows VE increases to 9.328 V, 9.628 V,

FIGURE 9. Transient waveforms of VD and ILED when different VDATA
values are applied.

FIGURE 10. (a) Transient waveforms of VE and (b) emission times and
relative time shift rates at various gray levels with VTH variations (�VTH =
±0.3 V) of T7 and T11.

and 9.028 V, and the VTH variations of ± 0.300 V are
detected during the SG compensation period. The shift rates
of emission time with variations in VTH of T7 and T11
by ± 0.3 V at various gray levels are calculated to evalu-
ate the compensation effectiveness. The time shift rates are
expressed as the following equation.

Time shift rate = |TVARIED − TUNVARIED|
TUNVARIED

× 100% (4)

where TVARIED and TUNVARIED are the emission times with
and without the VTH_T7 and VTH_T11 variations. Fig. 10(b)
presents the emission times are almost unchanged and the
relative time shift rates are all below 2.75% despite the
variations in VTH_T7.

Fig. 11 shows the power comparison of the proposed
circuit with that of the 7T1C circuits. The power consump-
tion and its improvement are expressed as the following
equations.

Power consumption = ILED × VSUPPLY × Emission duty

(5)

Improvement = |PPROPOSED − P7T1C|
P7T1C

× 100% (6)

where VSUPPLY, PPROPOSED, and P7T1C are the difference
between VDD and VSS, the power consumption of the
proposed circuit, and the power consumption of the 7T1C
circuit, respectively. Table 2 presents the design parameters
of the 7T1C circuit. To make an objective comparison, the
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FIGURE 11. Power consumption of proposed circuit and its improvement
relative to 7T1C circuit at various gray levels.

TABLE 2. Design parameters of 7T1C PAM circuit.

TFTs and C1 of the 7T1C circuit are set the same as those of
the proposed circuit to ensure identical driving and voltage
stabilization capability. Fig. 11 shows that the power con-
sumption of the proposed circuit is lower than that of the
7T1C circuit at all gray levels. The proposed circuit yields a
power improvement of over 19.05% compared to the 7T1C
circuit.

IV. CONCLUSION
A micro-LED pixel circuit with analog PWM based on
p-type LTPS TFTs is proposed. The proposed circuit can
generate sweep waveforms and emission currents to drive
micro-LED. By PWM control, micro-LED operates at high
luminous efficiency, lowering the power consumption of
the micro-LED displays. Simulation results show that the
proposed circuit compensates for the VTH variations of
TFTs and VDD I-R drops to provide uniform emission
current waveforms. The current error rates are less than
1.65%, and the time shift rates are below 2.75%. In
contrast to the 7T1C PAM circuit, the proposed circuit con-
sumes less power and achieves an improvement of at least
19.05%. Consequently, the proposed circuit is prospective
for application in micro-LED displays.
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