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ABSTRACT This paper proposes a mini-light-emitting diode (mini-LED) driving circuit that is driven by
pulse width modulation (PWM) for the backlights of active-matrix (AM) liquid crystal displays (LCDs).
The proposed circuit compensates for threshold voltage (VTy) variations of low-temperature poly-
crystalline silicon thin-film transistors (LTPS TFTs) and the current-resistance (I-R) rise in VSS lines
to supply a stable driving current. Operating the mini-LED at the high luminous efficacy by the PWM
driving method and setting only the driving TFT on the path of the driving current reduce the power
consumption of the backlight. Based on a 2.89-inch LCD panel with an AMLED 48 x 48 backlit module,
the TFTs are fabricated, measured, and fitted. Simulation results show that the relative current error rates
are all below 4.67% when the Vtg of the driving TFT varies by +0.3 V and the VSS rises by 0.5 V. The
voltage across VDD and VSS of the proposed circuit is 4.5 V lower than that of the 6T1C compensating
driving circuit, so the power consumption of the circuit is at least 27.05% lower. Therefore, the proposed
driving circuit is well suitable to use in mini-LED backlit LCDs.

INDEX TERMS Liquid crystal display (LCD), low-temperature poly-crystalline silicon (LTPS), mini-
light-emitting diode (mini-LED), power consumption, pulse width modulation (PWM), threshold

voltage (Vty).

I. INTRODUCTION

The demand for high resolution displays with high con-
trast ratio has been increasing. Micro-light-emitting diodes
(micro-LEDs) and mini-LEDs have attracted substantial
attention due to their favorable characteristics, such as
self-emission, high efficiency, long lifetime, and high
brightness [1], [2]. However, the mass transfer technology
for the manufacture of micro-LED displays is associated with
numerous challenges because of its low yield and high cost.
In contrast, since the complexity of fabrication decreases
as the chip size of an LED increases, the fabrication of
mini-LED is relatively mature [3]. Thus, the mini-LED, the
fabrication of which has high yield, has been developed
as a backlight unit in liquid-crystal displays (LCDs). For a

mini-LED backlight, local dimming technology is utilized to
improve the quality of images [3]-[5]. Since a mini-LED is
smaller than a conventional LED, the number of dimming
zones can be increased, improving the dynamic range and
the contrast ratio of images. A mini-LED backlight is com-
monly driven by passive matrix (PM) or active matrix (AM)
driving method. In the PM driving method, the resolution
of the display is limited by the complexity of layout of
the printed circuit board (PCB) and the patterning process
on PCB substrates [5]. Also, the use of a large number of
driver ICs to control these mini-LEDs increases the cost of
the panel. However, with the AM driving method, the control
signals for the gate on array (GOA) [6]-[8] and the input
of data voltages can be provided by one driver IC [4], [9],
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thus favoring a reduction in manufacturing costs. As such,
the AM driving method is preferred.

To achieve high brightness of the mini-LED backlight for
use in LCDs, the mini-LED must be driven at several milli-
Ampere (mA) because of the low transmittance of the liquid
crystal. Therefore, the low-temperature poly-crystalline sili-
con thin-film transistor (LTPS TFT) with high mobility and
stable electrical characteristics is favored device to gen-
erate a high driving current for the mini-LED [10]-[12].
Nevertheless, the non-negligible threshold voltage (Vrn)
variations of LTPS TFTs that are caused by the random
distribution of grain boundaries in the channel leads to
the generation of non-uniform driving currents by driving
circuits [13]. Also, high driving currents induce dramatic
current-resistance drop in the VSS and VDD power lines,
severely distorting the driving currents [14]. Since the mag-
nitude of the driving current is proportional to the luminance,
these phenomena reduce the uniformity of the displayed
luminance, degrading the quality of images. To reduce the
influence of the VSS I-R rise, Liu er al. [15] presented
a mini-LED backlight driving circuit that has four LEDs in
series for each driving circuit to reduce the driving current to
a quarter of that obtained using only one LED under the same
luminance. The reduction in the driving current mitigates
the effect of the VSS I-R rise but increases the cost of the
display because it requires the use of numerous mini-LEDs.
However, the Vty variation of the TFT causes the generated
driving currents in the pixels to be non-uniform. To solve the
Vry variation, several circuits with different compensating
mechanisms have been reported [16]-[20]. Shin et al. [19]
employed a diode-connected structure to compensate for the
Vry variation of the driving TFT, reducing the deviation in
the emission current. Nevertheless, the additional switching
TFTs on the path of the driving current increase the voltage
across VDD and VSS because the flow of a current through
a switching TFT generates the extra drain-to-source volt-
age (Vps), increasing the static power consumption. Hence,
Deng et al. [20] demonstrated a driving circuit that raises the
Vs of the switching TFT by the capacitive coupling method
lowering its Vpg and thereby reduce power consumption.
However, the reduced Vps is still too high to greatly reduce
the voltage between VDD and VSS. Furthermore, this circuit
is driven by the pulse amplitude modulation (PAM) driving
method, which controls gray levels by modifying the mag-
nitude of the driving current. Hence, the operated luminous
efficacy of the mini-LED varies with the driving currents.
The luminous efficacy of a mini-LED is extremely low under
low current, so the power consumption of the driving cir-
cuit that achieves the demanded luminance is increased. In
contrast, the pulse width modulation (PWM) driving method
generates a fixed current and adjusts the duty ratio of the
emission time to control the gray level. Therefore, the mini-
LED can be operated at high luminous efficacy [10], [21],
so the power consumption of the backlight is reduced.

This work presents a new mini-LED backlight driving
circuit using n-type LTPS TFTs. Using the PWM driving
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FIGURE 1. (a) Schematic and (b) timing diagram of proposed driving
circuit.

method to operate the mini-LED at high luminous efficacy
and setting only one driving TFT on the path of the driving
current minimize the voltage across VDD and VSS, reducing
the power consumption of an LCD in which such mini-LEDs
are used. Simulation results that are based on a 2.89-inch
LCD panel with 2304 dimming zones establish the ability
of the proposed circuit to generate uniform driving currents
by compensating for both the Vry variation of the driving
TFT and the I-R rise of VSS. Relative to the previously
developed 6T1C compensating circuit [22], the improvement
of the power consumption of the proposed circuit at all
gray levels is above 27.05%, revealing the feasibility of the
power-saving mechanism.

1. OPERATION

Figs. 1(a) and 1(b) plot the schematic and timing diagram of
the proposed driving circuit, which contains one driving TFT
(T1), eight switching TFTs (T2-T9), and two capacitors (C1
and C2). Herein, T1 and T7 are matching TFTs with the same
aspect ratio and electrical characteristics. The PWM control
consists of five switching TFTs (T5-T9) and one capacitor
(C2). S1, S2, S3, and EM are control signals that drive
the switching TFTs. Vswggp is a sawtooth wave signal that
activates T7 in a manner determined by the value of Vparta.
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The operation of the proposed driving circuit is divided into
four periods, which are reset, compensation and data input,
emission, and turn-off periods.

A. RESET PERIOD

S1 and S3 are high to turn on T2, T3, TS, and T8. S2 and
EM are low to turn off T4, T6, and T9. Nodes B, C, and D
are reset to Vp, VDD, and Vpara, respectively. node A is
discharged to VRgr by T2 and T7 to turn off T1. Therefore,
T1 is turned off, preventing any current from flowing through
the mini-LED.

B. COMPENSATION & DATA INPUT PERIOD

S1 goes low to turn off T2 and TS, and S2 goes high to
turn T6 on. S3 remains high and keeps T8 on to deliver
Vpata to node D. T7 forms a diode-connected structure for
V1 compensation, so nodes A and C are discharged to
VRer + VTu_17 until T7 is turned off where Vry 17 is the
threshold voltage of T7. The compensated voltages are stored
in C1 and C2, and are given by the following equations.

Vci = VRer + V1 17 — VL (D
Vc2 = VREr + VTH_T7 — VDATA ()

where V1 and Vo are the voltages across the capacitors
C1 and C2. Consistent with Eq. (1) and Eq. (2), the Vg
variation of T7 is sensed and can be used to compensate for
Vry variations in both driving and switching TFTs.

C. EMISSION PERIOD

S2 and S3 are switched low to turn off T3, T6, and T8,
and EM switched high to turn on T4 and T9. node B is
charged to VSS by T4 from Vi. Since node A is floating,
the voltage of node A is boosted to VSS — VL + VRgr
+ Vtu_17 based on the charge conservation of Cl. T1 is
turned on to generate the driving current as follows.

ILgp = Ek(VGs,Tl - VTH,Tl)2

1 2
Ek(VSS — VL + VRer + VrH_T7 — VSS — V1H_T1)

1
= Ek(VREF - Vp)? &)

where k is - Cox - W/L of T1 and I gp is mini-LED
current. The Vg variation of T1 is compensated for by the
matching TFT method since T1 and T7 are matching TFTs.
The capacitive coupling method is used to couple the voltage
of VSS to the gate node of the driving TFT through CI,
which compensates for the VSS I-R rise. Eq. (3) is obtained
by eliminating Vry_11 and VSS from the equation for I gp,
so the Vg variation of the driving TFT and the rise of VSS
do not influence the uniformity of the driving current. For
the PWM control, node D is firstly discharged to Vswggp_L
by T9, and node C is coupled to Vswgep L — Vpata +
VRer + VTu_ 17 by C2. Since VswEggp is a sawtooth wave,
the voltage of node D gradually increases, and C2 couples
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the voltage differences of node D to the floating node C. As
the voltage of node C continuously increases, T7 will be
turned on in the following condition.

Vas_17 = Vo 17 — Vs_17 > VTH_T7
= (Vsweep — VData + VREF + VTH_T7)
— VREr > Vr1H_T7
= VSwEEP > VDATA )

According to Eq. (4), when Vgwggp is larger than Vpara,
T7 is turned on and discharges node A to VRgr to turn
T1 off. Since the Vry variation of T7 is compensated for
by the diode-connected structure of T7, the total emission
time depends only on the value of Vpara and is unaffected
by the Vry variation of T7.

D. TURN-OFF PERIOD

S1, S2, S3, and EM are low to turn off all TFTs. node A is
maintained at Vrgr, keeping T1 off to avoid the flow of any
current through the mini-LED and to prevent the backlight
from flickering.

The proposed circuit adopts the active driving method in
which the emission of light occurs only in the emission
period, whereas black images are generated in the other
periods. By inserting a long period of black images which
accounts for 92.8% of a frame time and simultaneously light-
ing mini-LEDs in the same row, the effect of the pseudo
contour phenomenon on moving images is reduced.

In the aforementioned operation, the proposed circuit com-
pensates for the Vy variation of the driving TFT and the I-R
rise of VSS to produce uniform and fixed driving currents,
enabling the mini-LED to be maintained at high luminous
efficacy. With respect to the PWM control, after the Vg
variation of T7 has been compensated for, the condition
under which the emission time is controlled is independent
of the Vry variation of T7. Furthermore, the mini-LEDs
are turned off except in the emission period to generate
high-contrast-ratio images. Therefore, the proposed circuit
generates uniform driving currents and increases the quality
of black images.

1Il. RESULTS AND DISCUSSION

To investigate the effectiveness of the proposed mini-LED
backlight driving circuit, the electrical characteristics of the
fabricated LTPS TFTs are measured to establish TFT mod-
els using the HSPICE simulator with the Level 62 RPI
poly-silicon TFT model. Figs. 2(a) and 2(b) plot the current-
to-voltage (I-V) characteristics of a driving TFT with an
aspect ratio of 1040 wm/(7 +7) pm and a switching TFT
with an aspect ratio of 6 pm/(343) pwm, respectively, when
Vgs ranges from —15 V to 15 V. Fig. 3(a) plots the I-V char-
acteristic of the mini-LED. A 2.63 V of forward voltage is
generated when 2 mA of driving current flowing through the
mini-LED. Fig. 3(b) presents a layout image of the proposed
circuit, of which the area is 1000 pm x 1000 pm. Notably,
the resistance of VSS is reduced to ameliorate the VSS I-R
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FIGURE 2. Measured and fitted Ip-Vgg curves of (a) driving and (b)
switching TFTs at Vpg =1V and 10 V.
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FIGURE 3. (a) Measured I-V characteristic of mini-LED. (b) Layout image of
single backlight unit.

TABLE 1. Parameters of proposed driving circuit.

TFT Aspect Ratio and Capacitance
T1, T7 (um/um) | 1040 / (7+7) C1 (pF) 5
T2-T6 (um/pm) 6/(3+3) C2 (pF) 8.5
T8, T9 (um/pm) 6/(3+3)
Voltages of Signals
$1-S3, EM (V) -6~ 13 VDD (V) 9.5
Vi (V) 5.8 VSS (V) -1
Vpara (V) 0~7 Vier (V) -1
Vswzep (V) 1~8.5

rise by adding a metal layer as a power metal mesh [5].
Table 1 lists the channel length and width of the TFTs, the
capacitance of the capacitors, and the voltage swing of the
signal lines in the proposed circuit. Herein, all design param-
eters are based on the specifications of a mini-LED backlight
module that has 2304 local dimming zones, a frame rate of
90 Hz, and a total gray level of 64 for use in a 2.89-inch LCD
panel. The driving current of the proposed circuit is up to
2 mA, and the maximum emission time is 805 s, yielding
a maximum luminance of 14,000 nits, used for backlights
in virtual reality (VR) LCDs.

Fig. 4 shows the transient waveforms of the Iy gp, and the
voltage of the gate nodes of the driving and switching TFTs,
with VSS I-R rises of 0.5 V and Vg variations of +0.3 V.
According to Fig. 4(a), at the end of the compensation period,
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FIGURE 4. Simulated transient waveforms with Vyy variations of +0.3 V
and VSS I-Rrise of 0.5 V for (a) node A, I gp, and (b) node C.

the voltages of node A are discharged to 1.519 V, 1.231 V,
and 0.942 V, respectively, so namely the proposed circuit
senses the Vry variation of 0.288 V and —0.289 V. During
the emission period, the voltages of node A are boosted
to 6.396 V, 5.820 V, and 5.645 V, demonstrating that the
Vg variation and the VSS I-R rise are compensated for
by the matching TFT method and the capacitive coupling
method, respectively. Furthermore, no unexpected current
flows through the mini-LED during the reset period, and the
compensation and data input period, increasing the contrast
ratio of the panel. As shown in Fig. 4(b), the diode-connected
structure of T7 detects Vg variation of T7 of 0.288 V and
—0.289 V in a compensation period of 50 ws. Since the
sensed Vry of T7 is stored in C2, the condition that activates
T7 is immune to Vry variation. Thus, the emission time of
the proposed circuit is independent of the Vry variation
of T7.

Fig. 5(a) compares driving currents of the proposed cir-
cuit with those of the conventional 2T1C circuit at different
gray levels for a VSS I-R rise of 0.5 V and a Vty varia-
tion of the driving TFT of +0.3 V. For the proposed circuit
with the PWM driving method, driving currents at all gray
levels are around 2 mA, showing the effectiveness of the
matching TFT method and the capacitive coupling method
to compensate for the Vry variation of the driving TFT and
the VSS I-R rise. In contrast, the 2T1C driving circuit with
no compensating mechanism suffers from the Vrty variation

259



ELECTRON DEVICES SOCIETY

LIN et al.: AM MINI-LED BACKLIGHT DRIVING CIRCUIT USING PWM METHOD WITH POWER-SAVING MECHANISM

$Ha% Conventional 2T1C

—h— (AVyy=+03V & AVSS = +0.5V)
—4— (Vi =-0.3V & AVSS =+0.5 V)
Proposed Circuit
—4— (AVry =+03 V & AVSS =+0.5V)
A (AVyy=-0.3V & AVSS = +0.5 V)

40 36.58%

‘\\‘34.25%

20p
459% \‘\-\.\k
F A 38w

ox o
——

Current (mA)

Relative Current Error Rate (%)

P S S S S S A S———
7 14 21 28 35 42 49 56 63 7 14 21 28 35 42 49 56 63

Gray Level Gray Level
(a) ®)
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gray level. (b) Relationship between Vpara and activation period of driving
current.

of the driving TFT and the I-R rise of VSS, causing non-
uniformity in the driving current. Thus, the driving currents
of the proposed circuit are more uniform than those of the
conventional 2T1C circuit. Fig. 5(b) shows the relative cur-
rent error rates of both circuits at different gray levels. The
relative current error rates of the 2T1C circuit range from
11.10% to 93.44% while those of the proposed circuit are
all below 4.67%, revealing that the driving currents of the
proposed circuit are more uniform.

To confirm the ability of the proposed PWM method to
control the gray level, Fig. 6(a) shows driving currents with
four values of Vpara to modify the emission time of the
mini-LED at different gray levels. When Vpara is set to
7V,496V, 294V, and 0 V, the emission times are 805 s,
536 s, 268 s, and 0 ps representing the high, medium, low,
and zero gray levels, respectively. Fig. 6(b) plots the rela-
tionship between Vpata and the activation period of driving
currents, which is the emission time of the mini-LED. When
Vpata ranges from 1.5 V to 7 V, the relationship is linear
because the falling times of the driving currents within this
data voltage range are equal, so a long falling time does not
affect the linearity between Vpara and the activation period
of the driving current. With Vparta in the range from 0 V to
1.5 V, a non-linear relationship obtains at low gray levels.
However, a wide data voltage range is employed to determine
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FIGURE 7. (a) Schematic and (b) timing diagram of previously developed
6T1C circuit [22].

TABLE 2. Parameters of previously developed 6T1C circuit.

TFT Aspect Ratio and Capacitance
T1, T4, T5 (um/um) | 1040 / (7+7) C1 (pF) 5
T2, T3, T6 (um/pm) | 6/(3+3)

Voltages of Signals

S1, S2 (V) 6~13 VDD (V) 9.5
EMI1, EM2 (V) -6~13 VSS (V) 55
Vpara (V) -5.8~-03 Vi (V) 5.8

a few gray levels, so these gray levels can be differentiated
more finely to increase the controllability of these low gray
levels of the mini-LED backlight. Therefore, modifying the
activation period of the driving current by using different
Vpata confirms the linearity of the relationships between
the currents and data voltages of the proposed circuit.

To investigate the effectiveness of the power-saving
mechanism in the proposed circuit, the power consump-
tion of the proposed circuit is compared with that of
the previously developed 6T1C compensating circuit [22].
Fig. 7(a) shows the structure of the 6T1C compensating cir-
cuit, and Fig. 7(b) displays the timing diagram of the control
signals. For a fair comparison, the parameters of the proposed
circuit and the previously developed 6T1C circuit are based
on the same specifications. The design parameters of the
6T1C circuit are shown in Table 2. Figs. 8(a) and 8(b) plot
the voltages of the nodes on the driving current path of the
proposed circuit and the previously developed 6T1C circuit.
For a maximum gray level of 63, the Vgs and Vpg of the
driving TFT in both circuits are equivalent to 6.64 V and
7.87 V to generate driving currents of the same magnitude.
The voltage across VDD and VSS in the proposed circuit
is 10.5 V to generate the driving current of 2 mA. In con-
trast, the voltage across VDD and VSS in the 6T1C circuit
is 4.5 V higher because a driving current of 2 mA flowing
through the two extra switching TFTs generates a Vps of
378 V in T4 and a Vpg of 0.72 V in T5. Hence, the total
voltage across VDD and VSS of the 6TI1C circuit is 15 V,
which increases the static power consumption of the circuit.
The improvement of the static power consumption of the
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FIGURE 8. Transient waveforms of all nodes on driving current path for (a)
previously developed 6T1C and (b) proposed circuit at gray level of 63.

TABLE 3. Power consumption of proposed and previously developed 6T1C
circuit and corresponding improvement.

Power Consumption
Improvement (%)
Gray Level |Proposed circuit (mW)| 6T1C circuit (mW)
7 0.177 0.248 28.60
14 0.353 0.484 27.05
21 0.527 0.734 28.10
28 0.701 0.964 27.33
35 0.872 1.201 27.40
42 1.042 1.441 27.68
49 1211 1.684 28.13
56 1.379 1.929 28.52
63 1.547 2.174 28.85

proposed circuit over that of the 6T1C circuit is calculated
as follows.

Pstatic—6T1C — PStatic—Proposed

Improvement (%) = x 100%

Pstatic—6TIC

where Psatic-Proposed and Pspaic-6Tic are the static power
consumption of the proposed circuit and that of the 6T1C
circuit, respectively. Table 3 compares the power consump-
tion of the 6T1C circuit with that of the proposed circuit.
The power consumption of the proposed circuit at each gray
level is lower than that of the 6T1C circuit, and the improve-
ment of the power consumption at all gray levels is above
27.05%, demonstrating that placing only one driving TFT
on the path of the driving current saves power. Therefore,
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the power-saving method makes the proposed mini-LED
backlight circuit suitable for use in VR LCDs.

IV. CONCLUSION

This work proposes a mini-LED driving circuit to produce
a stable driving current by compensating for the I-R rise of
VSS and the Vtg variation of the driving TFT. By using
the PWM driving method, the proposed circuit operates the
mini-LED at the high luminous efficacy to save the power
of the backlight. Furthermore, setting only one TFT on the
driving current path further reduces the power consumption
of the backlight. Simulation results show that the proposed
circuit generates uniform driving current with a current error
rate below 4.67% when the VSS rises by 0.5 V and the Vg
of the driving TFT varies by 0.3 V. The voltage across
VDD and VSS for the proposed circuit is reduced by a
voltage of 4.5 V lower than that in the 6T1C circuit, so the
maximum improvement of 28.85% in power consumption is
achieved. Therefore, the proposed mini-LED driving circuit
is promising for use in the backlight of VR LCDs.
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