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ABSTRACT This work proposes a mini-LED driving circuit that adopts the pulse-width modulation (PWM)

driving method for use in a liquid-crystal display (LCD) backlight. The proposed circuit can compensate

for the threshold voltage (VTH) variation in a low-temperature poly-crystalline silicon thin-film transistor

(LTPS TFT) and a VSS current-resistance (I-R) rise, to generate a stable driving current to power the

mini-LED. Since the proposed circuit uses the PWM method, the mini-LED can be operated at the best

luminance-efficacy point, minimizing the power consumption of the circuit. The electrical characteristic

of fabricated LTPS TFTs are measured to establish a simulation model to demonstrate the feasibility of

the proposed circuit. Simulation results demonstrate that the relative mini-LED current error rates are

below 9% when the VTH varies ± 0.3 V and VSS rises by 1 V. With respect to precise control of the gray

level, the time shifts of current pulses are within 11.48 us over the whole grayscale. The improvement

in the power consumption of the proposed circuit is more than 21% than that of a circuit that is driven

by pulse amplitude modulation.

INDEX TERMS Active-matrix display, LCD backlight, high dynamic range, mini-LED, pulse-width

modulation, power consumption, thin-film transistor.

I. INTRODUCTION

Since the micro light-emitting diode (micro-LED) is an inor-

ganic and self-emitting device, the micro-LED direct-view

display is expected to be the next-generation technology

for its advantages such as high reliability, high resolu-

tion, and high contrast ratio [1]. However, the mass transfer

issue reduces the processing yield of the micro-LED which

leads to the higher cost of the micro-LED panel. Mini

light-emitting diode (mini-LED) has some characteristics

in common with the micro-LED such as high reliabil-

ity and high luminance. Although the resolution of the

mini-LED panel cannot reach to as high as micro-LED dis-

plays, such diodes have been used as a direct-lit backlight

module in a liquid-crystal display (LCD). By utilizing multi-

zone local dimming, an LCD with a mini-LED backlight

module can achieve a high dynamic range (HDR), favor-

ing image quality. The two driving methods of mini-LED

backlight are the active matrix (AM) and passive matrix (PM)

driving methods. The AM driving method is preferred

since one control IC can drive more mini-LEDs than

the PM method, increasing the resolution of the back-

light module [2]. Since the backlight transmittance of an

LCD panel is typically less than 7% [3], the driving cur-

rent of a mini-LED must be at the milliampere level to

achieve enough light intensity. Hence, a low-temperature

poly-crystalline silicon thin-film transistor (LTPS TFT) is

used in AM methods to drive mini-LEDs owing to its high

mobility and excellent current driving capability [4]–[6]. For

example, the conventional 2T1C driving circuit has already

been used in mini-LED backlight units in current LCD
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products [7]. Nevertheless, the non-uniformity of the laser

beaming energy in the excimer laser annealing (ELA) pro-

cess causes threshold voltage (VTH) variations of LTPS

TFTs [8]–[10]. In addition, the voltage on the power line

can be affected by the intrinsic parasitic resistance, leading

to the power line current-resistance drop/rise (I-R rise/drop)

phenomenon [11]–[13]. Consequently, the driving current is

non-uniform, causing a severe image mura. Most active

matrix organic light-emitting diode (AMOLED) pixel circuits

that use the voltage programming method solve the afore-

mentioned problems [14]–[18]. However, applying these

circuits to a mini-LED may increase power consumption

since the luminance efficiency is not linearly correlated with

the driving current of the mini-LED. The circuit proposed

by Kimura et al. using the pulse-width modulation (PWM)

driving method can keep the driving current at the optimal

luminous-efficacy point. In this method, the gray level is

represented as emission time which is considered to be an

effective way [19]. Nevertheless, to meet the demand for

mini-LED backlights, the current in the circuit must be at the

milliampere level, which is difficult to achieve. Kim et al.

proposed another PWM driving circuit without a current

source [20]. Although their circuit is more easily realizable,

the rising and falling times must be reduced to less than the

emission time of one gray level to achieve precise control

of the gray levels.

This work proposes a new mini-LED backlight circuit

whose power consumption is reduced by using the PWM

driving method. The VTH variations of LTPS TFTs and

VSS I-R rises on the power lines are both compensated

while the VDD I-R drop is not taken into the considera-

tion as the gate-to-source voltage of the n-type driving TFT

dominates the emission current of the mini-LED (see the

detailed explanation in Appendix A). To further reduce the

power consumption, only a single TFT is located in the

driving current path, so the voltage across VDD and VSS

can be shrunk. Results of simulations of a backlight panel

with 48 × 48 dimming zones and a frame rate of 90 Hz

indicate that the proposed circuit can compensate for VTH

and VSS. The precise control and power saving are verified,

establishing the feasibility of the proposed circuit for use in

a mini-LED backlight unit.

II. OPERATION

Fig. 1 shows schematic and related timing diagram of the

proposed mini-LED driving circuit (see the circuit layout

image in the Appendix B). T1 is the driving TFT that gen-

erates the driving current for the mini-LED. Notably, T1 and

T2 have similar electrical characteristics since T1 is adja-

cent to T2 and both are designed with the same aspect ratio.

T2 is used to compensate for the VTH variation of T1 to

avoid the placement of an excessive number of switching

TFTs on the driving current path, reducing the total voltage

across the proposed circuit. By the matching method (T1

and T2), the power consumption of the circuit can, thus be

reduced. S1, S2, EM, and Vsweep signals drive the circuit;

FIGURE 1. (a) Schematic and (b) timing diagram of proposed mini-LED
driving circuit.

C1-C3 are the storage capacitors. Herein, Vsweep is a saw-

tooth wave-like signal. The operation of the proposed circuit

is described as follows.

A. RESET PERIOD

S1 and EM go high to turn on T3, T6, T7, T8, and T9, while

S2 goes low to turn off T4 and T10. Since the gate voltage of

T1 (VA) is reset to VSS through T3, the turned off T1 ensures

that no current flows through the mini-LED. Meanwhile, T7

and T6 respectively discharge node B (VB) and node C (VC)

to VREF2. Herein, the voltage of VREF2 is smaller than VSS,

so T5 is not activated in this period. With respect to PWM

control, node D (VD) and node E (VE) are charged to VH

to turn off T12.
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B. COMPENSATION & DATA INPUT PERIOD

In this period, S1 turns low and S2 turns high. Hence, T4 and

T10 are turned on, while T3, T8, and T9 are turned off. The

diode-connected T2 discharges node A to VREF + VTH_T2

where VTH_T2 is the threshold voltage of T2. The voltage

that is stored in the capacitor (C1) is given by the following

equation.

VC1 = VREF + VTH_T2 − VREF2 (1)

Since T12 is the TFT that determines the emission time

of the mini-LED, the variation in electrical characteristic of

T12 shifts the emission time, generating non-uniform bright-

ness. To compensate for the VTH variation of T12, T12 forms

a source follower structure to discharge node E through T6

and T12 until VE becomes VDATA+|VTH_T12|. Thus, the VTH

of T12 can be sensed and stored at node E. Herein, node

D (VD) will be input to the corresponding VDATA through

T10 to provide the required gray level of the backlight.

C. EMISSION PERIOD

In the beginning of this period, all TFTs are turned off except

for T11 and the voltage from the sweep signal line transmits

VSWEEP to node D. Since Vsweep is a sawtooth wave, VD

gradually decreases during the emission period and activates

T12 whenever the following condition holds.

VSG = VE − VD >
∣

∣VTH_T12

∣

∣

(VDATA +
∣

∣VTH_T12

∣

∣) − VSWEEP >
∣

∣VTH_T12

∣

∣

VDATA > VSWEEP (2)

According to Eq. (2), since the VTH of T12 is stored at

node E, the emission time of the mini-LED that is controlled

by T12 is independent of the variation of the TFT. When

T12 is turned on, VC is equal to VE because the capacitance

of C3 is much larger than the parasitic capacitance of T5.

Thus, T5 is turned on, and VB is charged to VSS. Since

node A is floating, VA is boosted by the capacitive coupling

of C1 to the voltage, as shown in the following equation.

VA =
(

VREF + VTH_T2

)

+ (VSS− VREF2) (3)

Therefore, the driving TFT (T1) is turned on, inducing a cur-

rent to flow through the mini-LED. The emission current

(ILED) can be derived as follows.

ILED =
1

2
k(VGS − VTH)2

=
1

2
k
(

VREF + VTH_T2 + VSS− VREF2

− VSS− VTH_T1

)2

=
1

2
k(VREF − VREF2)

2 (4)

where k is µ·COX ·W/L of T1. According to Eq. (4), the VTH

of T1 and VSS are eliminated so the proposed circuit can

generate a uniform driving current without being affected by

the VTH variation and the VSS I-R rise.

FIGURE 2. Measured and simulated transfer curves of LTPS TFT with an
aspect ratio of 1040 µm/(7 + 7) µm.

D. TURN-OFF PERIOD

S1 and S2 are maintained at low voltage level. EM goes

high to turn on T6 and T7, so VB and VC are reset to

VREF2. VA is boosted to VREF +VTH_T2 by C1, so the VGS

of T1 is smaller than VTH_T1, and no current flows through

the mini-LED. Thus, the mini-LED backlight is turned off.

By the aforementioned operation, the proposed circuit can

produce a uniform driving current for the mini-LED by com-

pensating for the VTH variation and the VSS I-R rise. To

achieve low power consumption, the proposed circuit has

only one TFT on the driving current path and it is driven

by the PWM method; hence the mini-LED can be operated

at best luminance-efficacy point and the total voltage range

across the circuit is narrowed. Therefore, the proposed cir-

cuit can be applied to a mini-LED back light unit for LCD

applications.

III. RESULT AND DISCUSSION

Fig. 2 plots the measured and fitted transfer curves of a fab-

ricated LTPS TFT, in which the channel width and length

are 1040 µm and 14 µm (7 µm + 7 µm). The drain-to-

source voltages (VDS) are set to 1 V and 10 V. By extracting

the measured data, an HSPICE simulator with RPI model

(level = 62) is used to establish the simulation model. The

VTH of the TFT is 2.5 V. Table 1 shows the designed param-

eters of the proposed circuit, including the aspect ratios of

the TFTs, the capacitances, the voltage swing of the signal

lines, and the voltages of the power lines. TLED is a diode-

connected TFT that emulates the mini-LED device in the

simulation. The parameters are based on the specifications

of a display using an AM mini-LED backlight which has

2304 (48 × 48) dimming zones. The maximum luminance

of the backlight is 14,000 nits.

To investigate the effectiveness of compensating for VTH

and VSS, Fig. 3 plots the transient waveforms of node

A when the VTH variation of T1 and T2 is set to ±0.3 V and
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TABLE 1. Parameters of proposed circuit.

FIGURE 3. Transient waveforms of VA and ILED with VTH_T1 variation of
±0.3 V and VSS rise of +1 V.

the VSS I-R rise is set to +1 V. In the end of the compen-

sation period, the differences of the voltage at node A are

0.294 V and −0.292 V, proving that the proposed circuit can

sense the VTH variation of the driving TFT. During the emis-

sion stage, the differences in node A are respectively coupled

to 1.265 V (0.3 V+1 V) and 0.698 V (−0.3 V +1 V) when

the VSS rises by 1 V, demonstrating that the variation in

VSS can be detected by the proposed circuit. Fig. 4(a) plots

the simulated waveforms of the driving currents when the

VTH variation and the VSS I-R rise are considered. The

driving currents are maintained at 0.8 mA, 0.74 mA, and

0.73 mA during the emission period. The relative current

error rates are within 9%, verifying that the proposed circuit

effectively compensate for the VTH variation of T1 and the

VSS I-R rise, keeping the mini-LED operated at the best

luminance-efficacy point. To investigate further the compen-

sating performance of the proposed circuit, Fig. 4(b) plots the

relative current error rates of the state-of-the-art mini-LED

driving circuit [7]. At various data voltages, the relative error

rates exceed 42%. However, the current error rates of the

proposed circuit are below 9%, revealing that the proposed

circuit can generate uniform current for the mini-LED in

spite of the VTH variation of T1 and the VSS I-R rise.

In order to confirm the control-ability of the proposed cir-

cuit, Fig. 5(a) plots the driving currents with different input

data voltages. Since the proposed circuit uses the PWM

driving method, the emission time of the mini-LED can be

modulated by VDATA to differentiate the gray level. Herein,

the total grayscale of the backlight is 64 and the total emis-

sion time of the backlight is set to 2000 µs; thus, one

FIGURE 4. Variation in simulated mini-LED currents of (a) proposed
circuit (b) 2T1C circuit with VTH variation of driving TFT of ±0.3 V and VSS
I-R rise of +1 V across at all gray levels.

TABLE 2. Parameters of 6T1C circuit.

grayscale is 31.25 µs. Fig. 5(b) shows the expanded graph

of Fig. 5(a) to manifest the rising times of each driving cur-

rent. The rising times of the driving currents over the whole

data range are all less than 11.48 µs. The proposed circuit is

capable of differentiating the gray level precisely since the

emission time representing one grayscale is 31.25 µs. To

evaluate the effectiveness of the compensation for the VTH

variation of T12, which affects the emission time of the

mini-LED, Fig. 6 plots the transient waveforms of VD and

VE with VTH variations of the control TFT, T12, ±0.3 V.

With the source-follower structure of T12, VE detects values

of 0.293 V and −0.297 V, which are close to the extremes

of the variation of ±0.3 V. Hence, T12 with different values

of VTH can be turned on at the same time, verifying that the

emission time of the proposed circuit is independent of the

368 VOLUME 9, 2021
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FIGURE 5. (a) Emission time and (b) rising time of driving currents of
mini-LED with different input data voltages, corresponding to three gray
levels.

FIGURE 6. Transient voltage waveforms of VD and VE with VTH_T12

variation of ±0.3 V.

variation of T12. Fig. 7 plots the related time shift versus

gray level. The time shifts are all less than 4.5 µs, verifying

that the functionality of the proposed circuit that exploits the

FIGURE 7. Related time shifts of emission time versus gray levels with
VTH_T12 variation of ±0.3 V.

FIGURE 8. (a) Schematic and (b) timing diagram of 6T1C circuits [18].

FIGURE 9. Power consumption of proposed and 6T1C circuits and relative
improvement thereof versus gray levels.

PWM driving method is immune to the VTH variation of the

LTPS TFT. To evaluate the power saving of the proposed

circuit, the power consumptions of the proposed circuit and

the compensating driving circuit that are used in AMµLED

VOLUME 9, 2021 369



LIN et al.: AM PWM DRIVING CIRCUIT FOR MINI-LED BACKLIGHT IN LCDs

FIGURE 10. Simulated waveforms of driving current of proposed circuit
with VTH variation, VSS I-R rise and VDD I-R drop.

displays are compared [18]. Fig. 8 shows schematic and tim-

ing diagram of the 6T1C circuit, whose designed parameters

are listed in Table 2. Herein, since the 6T1C circuit has two

switching TFTs on the driving current path, the total volt-

age across the circuit is 1.9 V larger than that across the

proposed circuit. Fig. 9 reveals that the power consumption

of the proposed circuit is at least 21.84% better than that

of the 6T1C circuit over the whole data voltage range. At

a low gray level, the power consumption can be reduced

by 27.02%, because the mini-LED that is driven by the

proposed circuit is operated at the best luminance-efficacy

point. Therefore, the proposed PWM driving circuit can be

applied in mini-LED backlight units to improve the image

quality of LCD products with a power consumption that is

less than that of the compared PAM circuit [18].

IV. CONCLUSION

This work proposes a mini-LED backlight circuit that com-

pensates for the VTH variation in its driving TFTs and the

VSS I-R rise to generate a uniform driving current. To reduce

the power consumption of the backlight, the proposed circuit

uses PWM driving method and the switching TFT on the

driving current path is eliminated. Simulation results indicate

that the current error rates over the whole data range are all

less than 9% when the VTH variation of the driving TFT is

±0.3 V and the VSS I-R rise is +1 V. The shift in emis-

sion time at every gray level is less than 4.5 µs, verifying

the precise control of the circuit. The power consumption

of the proposed circuit is at least 21.84% better than that

of the normal PAM driving circuit. Therefore, the proposed

circuit is suitable for use with the mini-LED backlight unit

in an LCD.

APPENDIX A

VDD I-R DROP

Since the n-type driving TFT is operated in the saturation

region in the emission period, the driving current depends

on only the gate node and the source node. Therefore, the

FIGURE 11. Layout image of backlight unit of proposed driving circuit.

proposed circuit is ideally immune to the VDD I-R drop. In

Fig. 4(a), the simulated waveforms of the driving currents

when the VTH variation and the VSS I-R rise are considered

are maintained at 0.8 mA, 0.74 mA, and 0.73 mA dur-

ing the emission period, and the relative current error rates

are within 9%. To investigate the effect of the VDD I-R

drop, Fig. 10 shows the simulated waveforms of the driv-

ing currents when the VDD I-R drop is considered. The

driving currents are maintained at 0.8 mA, 0.718 mA, and

0.706 mA throughout the emission period, and the relative

current error rates are within 12%. Although the variation of

the VDD power line is not compensated for, the error rates

that are caused by the VDD I-R drop are trivial compared

to those caused by the VSS I-R rise.

APPENDIX B

CIRCUIT LAYOUT

The specifications of the proposed circuit are based on

a 2.89 inches LCD panel with 48 × 48 dimming zones,

so the area of each mini-LED backlight unit is designed as

1000 µm × 1000 µm.

PITCH =
2.89 inches

1.414 × 48
× 25.4 mm ≈ 1.081 mm

Fig. 11 presents a layout image of the proposed back-

light circuit. The layout area of the proposed circuit is

525 µm × 560 µm. The rest area of the backlight unit

is covered by the VSS to reduce the intrinsic resistance and

ameliorate the VSS I-R rise. Hence, the proposed circuit can

be used in an AM mini-LED backlight module.
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