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Reducing Power Consumption of Active-Matrix
Mini-LED Backlit LCDs by Driving Circuit

Ming-Yang Deng
Bo-Shu Chen, Chia-En Wu
and Chih-Lung Lin

Abstract— An active-matrix (AM) driving circuit using a
low-temperature poly-silicon thin-film transistor (LTPS TFT)
is developedto reduce the power consumption of mini-light-
emitting diode (LED) backlit liquid-crystal displays (LCDs).
By lowering the drain—source voltage (Vpg) of the switching
TFT on the driving current path, the range of required volt-
age across the proposed circuit can be reduced, decreasing
the power consumption of the mini-LED backlight. The
proposed circuit also can compensate for Vyy variation in
the LTPS TFT and the R rise of Vgg to provide a uniform
driving current to flow through the mini-LED. By measuring
the -V curves of a fabricated LTPS TFT, we build a reliable
simulation model and compare the proposed circuit to that
of the state-of-the-art. Simulated results indicate that the
proposed circuit can improve the power consumption by
16.67% and reduce the current error rates below 8% when
the Vyy of TFT varies by 0.3 V and Vgg rises +1 V. Measured
results further confirm that the Vpg of the switching TFT
is reduced by 2.208 V compared to a 6T2C compensating
circuit. Therefore, widespread applications of the proposed
circuit for AM mini-LED backlit LCDs to produce high-
dynamic-range images are foreseeable.

Index Terms— Active-matrix (AM), current-resistance
rise/drop, low-temperature poly-silicon (LTPS), mini-light-
emitting diode (LED) backlit liquid-crystal display (LCD),
power consumption, thin-film transistors (TFTs), threshold
voltage (V1R)-
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I. INTRODUCTION

ISPLAY is an important human—machine interface. Its

widespread applications range from smartwatches, smart-
phones, pads, computers, TVs, public display boards, to vehi-
cles, just to name a few. Presently, liquid-crystal displays
(LCDs) and organic light-emitting diode (OLED) displays
are dominating, while micro-light-emitting diodes (LEDs) are
emerging [1], [2]. OLED is an emissive display so that its
contrast ratio is much higher than that of LCD. Moreover, its
thin profile enables flexible and rollable displays. However,
its lower brightness and much shorter lifetime limit its
applications.

LEDs with high efficiency, high brightness, and long life-
time have been widely used in public lightings, outdoor
display boards, traffic lights, automotive lighting, and an LCD
backlight unit (BLU). Recently, shrinking the LED size to
millimeters (called mini-LED) and microns (called xLED)
has attracted much attention for flat panel displays [3]-[6].
An important application of mini-LED is as LCD’s BLU to
achieve high dynamic range (HDR). By using a direct-lit mini-
LED array with sufficient local dimming zones [7], such an
LCD can achieve a comparable contrast ratio with an OLED,
while keeping high brightness and long lifetime. Hence, many
mini-LED backlit HDR LCD products are emerging, such as
notebooks, pads, gaming monitors, and TVs. However, several
of these mini-LEDs are driven by passive matrix (PM) [8], [9].
To achieve HDR images, 100-1000 s of mini-LED dimming
zones are required to suppress the halo effects, depending on
the LCD’s native contrast ratio. A PM BLU increases the
size and complexity of a printed circuit board (PCB) and the
number of source ICs, increasing the cost of the panel [10].

On the other hand, an active-matrix (AM) that is based on
a thin-film transistor (TFT) backplane [11]-[14] can elimi-
nate the need for considerable ICs to drive the mini-LEDs,
keeping down the cost of the panel. Nevertheless, to realize
an AM mini-LED BLU for LCD applications, issues of
power consumption and uniformity of luminance need to be
considered. To achieve the required luminance, say 500 nits,
of the image, the driving current of the mini-LED must be
increased to several milli-Ampere (mA) because of the low
transmittance (5%—7%) of the LCD. With such a high driving
current, the power consumption and current-resistance (/—R)
drop/rise in the power source lines become severe issues.
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Fig. 1. 2T1C driving circuit used in AM mini-LED BLU [11], [12], [14].

Liu et al. [11] reported a mini-LED backlight with four LEDs
in series in a dimming zone to reduce the required driving
current of the backlight, ameliorating the variations of Vpp
and Vgg that are caused by the /—-R drop/rise. This method,
however, substantially increases the cost of the product due to
the use of more mini-LEDs. Without increasing the number of
mini-LEDs, adding an additional metal layer and optimizing
the current-crowding path [12] also can reduce the voltage
variation in the power source lines. To reduce the power
loss associated with the TFTs, the aspect ratio of the driving
TFT can be increased to reduce its equivalent resistance [13].
However, doing so makes the differentiation of gray levels
at low luminance difficult. With respect to the driving cir-
cuit, mini-LEDs are currently driven by conventional 2T1C
[11], [12], [14], which cannot produce a uniform driving
current for a mini-LED BLU owing to the variations in the
electrical characteristic of the TFT and /—R drop/rise in the
power source lines, as shown in Fig. 1. Although compen-
sating pixel circuits [15], [16] in an AM mini-LED display
can ameliorate the aforementioned problems, they cannot
substantially reduce the power consumption of the BLU.

This work presents an AM driving circuit for reducing the
power consumption of mini-LED backlit LCDs by reducing
the total voltage across the proposed circuit. The proposed
circuit also compensates for variations in the threshold voltage
(Vru) of a low-temperature poly-silicon TFT (LTPS TFT)
and the Vgs power line, ensuring the high uniformity of the
driving currents of all mini-LEDs over the backlight. The
compensation for the Vyy variation and the /-R rise of
Vss and the reduction of the power consumption are verified
experimentally.

II. MECHANISM OF COMPENSATING CIRCUIT AND
CHARACTERISTICS OF SWITCHING TFT

Since the LTPS TFT has high field-effect mobility, small
layout area, and high reliability, it is suitable for use in the
backplane of an AM array of a high-end display. However,
variations in the electrical characteristics of an LTPS tech-
nology, such as Vg, make the driving current of the emis-
sive device nonuniform, degrading the quality of the display
image [17], [18].

A diode-connection scheme has been commonly imple-
mented in the pixel circuit of an AMOLED display to compen-
sate for the Vry variation of LTPS TFT [19]-[25], as shown
in Fig. 2. By connecting two TFTs, Tswl and Tdri, to act
like a diode, the charge stored in the capacitor discharges
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Fig. 2. Diode-connected scheme used in AMOLED pixel circuit.
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Fig. 3.  Measured Ip—Vps transfer curves of LTPS TFT with W/L =
1040 um/(7 + 7) um at Vgs = 4, 6, 8, and 10 V.

through the TFTs until the potential difference between the
gate and source nodes of the Tdri is close to its Vry. Tdri is the
driving TFT that operates in the saturation region to generate a
stable current to drive a mini-LED. Hence, the Vyy variation in
LTPS TFTs can be sensed and stored in a capacitor. Notably,
in this scheme, a switching TFT, Tsw2, is needed to block any
current that would flow through the emissive device before
the emission period begins, avoiding undesired emission. The
voltage across the circuit is the sum of the drain—source voltage
(Vps) of the TFTs and the forward voltage of the mini-LED.
Since the driving current of the mini-LED as BLU is much
larger than that in the AMOLED pixel circuit, increasing the
number of TFTs on the current path drastically increases the
static power, according to Pyuic = Ip X Vi X emission
duty, where Vg is the sum of Vpg values of the switching
and the driving TFTs and the forward voltage of the mini-
LED. The Vps of the switching TFT, however, can be reduced
by increasing its gate—source voltage (Vgs). Fig. 3 plots the
measured Ip—Vps curves of a fabricated TFT. At a fixed
current of 1.77 mA, Vpg falls by 2 V as Vs increases from
6 to 10 V. Since the total voltage across the circuit is reduced,
the power consumption is improved. Accordingly, this work
proposes a mini-LED driving circuit to increase the Vg of the
switching TFT to reduce the power consumption of the AM
mini-LED backlight.

I1l. PROPOSED MINI-LED DRIVING CIRCUIT

Fig. 4(a) schematically depicts the proposed mini-
LED driving circuit, which consists of eight TFTs and
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Fig. 4. (a) Schematic and (b) timing diagram of proposed mini-LED

driving circuit.

three capacitors. T1 is the driving TFT, which controls the
current that flows through the mini-LED, and T2 to T8 are
the switching TFTs. C1-C3 are the storage capacitors.
Herein, T7 and C3 are used to increase the gate voltage of
T2 to reduce its Vps. Fig. 4(b) shows the timing diagram
of each controlling signal [S1[n — 2] — [n], S2[n], S3[x],
and electromagnetic (EM)]. The operation of the proposed
circuit can be divided into reset, compensation, programming,
emission, and BLU off phases.

A. Reset Phase

S1[n —2] and S2[n] are high to turn on T1, T3, TS5, and T8.
Node A is reset to Vin to activate T1, discharging node C to
Vss, and node B is charged to Vrgr through T5. Herein, since
node D is discharged to Vgg through T8, T2 can be turned off
to prevent the flow of any current through the mini-LED.

B. Compensation Phase

Si[n — 2] goes low to turn off T3, and S1[n — 1] goes
high to turn on T4. Node A is discharged to Vss + Vry 11
through T1 and T4 when T1 is turned off. Herein, Vry 1
is the threshold voltage of T1. Therefore, the Vss and Vry
variation in the driving TFT of each mini-LED driving circuit
can be sensed and stored in C1.

C. Programming Phase

S1[n—1] and S2[rn] become low to turn off T4, TS5, and TS.
Since S1[n] becomes high to turn on T6, node B can be

charged from VRgr to Vpara. Based on the charge conservation
of a capacitor, the voltage of node A is boosted by C1 as
follows:

Va = Vss + Ve 11 + (Vbara — Vrer). (1)

Thus, the data voltage is stored at node A. The Vgs of
T1 can be expressed as the following equation:

Vas = Vss + Vru_ti + (Vbata — Vrer) — Vss
= Vra_ti + (Voata — Vrer). 2)

D. Emission Phase

At the beginning of this phase, Viny is applied to node D
through T7 when S3 goes high, so T2 is turned on. After that,
node D is coupled to Vini+ (Vou — VL) by C3 when EM
changes from Vg to Vgy. As described in Section II, since
the Vs of T2 is increased, the required Vpg of T2 is reduced.
The driving current that is generated by T1 can be expressed
as follows:

1w )
hiep = zuCox—(Vgs — Vrn)

2 L

W ,
=3 ﬂCOXf[(VDATA — Vrer) + Vra_m1 — Vra_T1]

1 w
= EﬂCOXf(VDATA — Vier)? 3)

where u, Cox, W, and L are the field-effect mobility, gate
oxide capacitance per unit area, channel width, and channel
length of T1. As shown in (3), since Vry 11 and Vgg are stored
in C1, the driving current is immune to the Vry variation and
Vss rise. The uniformity of the current that flows through each
mini-LED is, thus, ensured.

E. BLU off Phase

S2[n] goes high again to turn on TS5 and T8. Node D is reset
to Vss to turn off T2 to avoid the flow of any current through
the mini-LED. Notably, the voltage of node A is reduced to
Vss + Vi 11 to turn off T1 since node B is discharged to Vrgr
through T5. Hence, the BLU is turned off.

According to the aforementioned operation, the proposed
mini-LED driving circuit consumes less power than the
AMOLED pixel circuit because it has a lower Vpg of the
switching TFT that is placed on the driving current path.
The proposed circuit can also compensate for the Vg and
the Vss I—R rise variations and ensure that no current flows
through mini-LED before the emission phase, increasing the
uniformity of the light from the mini-LED backlight.

IV. RESULTS AND DISCUSSION

The feasibility of the proposed mini-LED driving circuit
is verified using an HSPICE simulator with the Rensselaer
Polytechnic Institute (RPI) poly-Si TFT model (level = 62).
To build a simulation model, the characteristics of the fabri-
cated LTPS TFTs are measured and fitted, as shown in Fig. 5.
Table I presents the simulated parameters, including the aspect
ratio of the TFTs, the capacitances of the capacitors, the
voltage levels of the power sources, and the voltage swing
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of each scan signal. Since the mini-LEDs are driven by a
high current of 2 mA, the driving TFT is composed of two
TFTs with an aspect ratio of 1040 um/(7 + 7) pum that are
connected in series to reduce the stress of the driving TFT.
The designed parameters are based on an AM 48 x 48 mini-
LED backlit module (2304 dimming zones) with an operating
frequency of 120 Hz for use in a 2.89-in virtual reality (VR)
LCD with a resolution of 3456 x RGB x 3456 and a frame
rate of 90 Hz. To eliminate the motion blur of the VR display,
each mini-LED emits for only 672 us to reduce the moving-
picture response time [26].

A. Compensation for Vry Variation and Vss I-R Rise

To validate the effectiveness of the proposed circuit in com-
pensating for the Vpy variation, Fig. 6(a) plots the simulated
transient voltage waveforms at node A when the Vry of the
driving TFT is shifted by +0.3, 0, and —0.3 V. During the
compensation phase, the voltages at node A are discharged
to —1.880, —2.177, and —2.472 V, respectively, demonstrat-
ing that the circuit can successfully sense the variations of
the Vry. Fig. 6(b) plots the driving currents of the mini-LED
and relative current error rates with different data voltage.
The driving current that is generated by the proposed circuit
increases with the data voltage from 2.38 to 5.14 V. The
generated currents are almost equal, and the current error
rates are all below 1.12%. Since a voltage change of the
power source affects the stability of the driving current, 2 V

current error rates of proposed mini-LED driving circuit with different
Vry variations.
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Fig. 7. Simulated relative current error rates of (a) conventional 2T1C
and (b) proposed circuits with Vry variations of £0.3 V and 0 to Vg rise
of 2 V.

Vss I-R rise and +0.3 V Vpy variations are considered
simultaneously to evaluate the feasibility of the proposed
circuit. The conventional 2T1C circuit [11], [12], [14] and the
proposed circuit are compared with respect to the Vg variation
and the Vgg I—R rise compensation in an AM mini-LED BLU.
As shown in Fig. 7(a), the driving currents that are generated
by the conventional 2T1C circuit change drastically when Vgg
rises 2 V. In contrast, the relative current error rates of the
proposed circuit are less than 7%, 8.8%, and 14% at high,
medium, and low gray levels, respectively. Notably, the Vsg
rise of 2V is considered to be the worst case for analyzing
the reliability of the proposed circuit. The rise of the voltage
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of the Vs power source can be further reduced to below 2 V
by adding an additional metal layer or optimizing the current-
crowding path [12]. Since the Vry of each LTPS TFT may vary
over the whole substrate, Fig. 8 plots the simulated driving
currents, considering variations of Vg of —0.3, —0.2, —0.1,
0, +0.1, 40.2, and +0.3 V and variation of Vsg of 2 V when
the initial driving current is 2 mA. The relative current error
rates of the 2T1C circuit are up to 84.5%, while those of the
proposed circuit are less than 7%. Notably, the driving currents
of the proposed circuit remain highly uniform and overlapping
even if the Vg of the driving TFT varies from —0.3 to 0.3 V.

To analyze the impact of variations in the driving currents
on the luminance of the backlight, a LightTools simulator is
utilized to simulate a mini-LED backlight with 288 dimming
zones (48 x 6) in this work, as Fig. 9(a) depicts. The currents
extracted from the simulated results are converted to the
corresponding luminance of the mini-LED according to the
luminance—current curve. The obtained luminance of each
mini-LED is randomly placed on one of the 288 zones to
simulate a mini-LED backlight. Fig. 9(b) and (c) shows the
simulated brightness distribution of the mini-LED backlight
when the 2T1C and the proposed circuits are used. In our
optical simulation model using LightTools, a 48 x 6 mini-
LED array with 1-mm pitch is employed, and a commercial
diffuser film (Brightview C-HHS80) is placed at 0.5 mm above
the LED chip to eliminate hot spots. Then, we use a brightness
enhancement film (3M Vikuiti BEFIII 90/50) to increase the
luminance under a normal viewing angle. Finally, we use a
spatial luminance meter to measure the uniformity. The size
of spatial luminance meter (4 mm x 4 mm) is set to be smaller
than the LED array (6 mm x 6 mm) to avoid nonuniformity in
the edge region. Comparing Fig. 9(c) with Fig. 9(b), our pro-
posed circuit dramatically improves the backlight uniformity
(Lmax/Lmin) from 59% to 82%. As a result, by compensating
for the Vry variation and the Vsg rise, the proposed circuit
can reduce the variation of the driving current and support the
AM mini-LED BLU producing more uniform brightness for
the LCD.

B. Power Consumption

According to the results that were presented in Section II,
the Vpg of the TFT can be reduced by increasing its Vgs.
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Fig. 9. (a) Diagram of mini-LED backlight with 288 dimming zones.
Simulated brightness distribution of mini-LED backlight when (b) 2T1C
and (c) proposed circuits are adopted.

However, the voltage range of the scan signals that are
generated by the IC is limited, and a higher voltage level to
drive the switching TFTs is not supported. Furthermore, the
enlargement in the output range of the IC will increase the
power that is consumed by the backlight. Thus, a capacitive
coupling method is used in the proposed mini-LED driving
circuit to increase the gate voltage of the switching TFT under
the current specifications of the display system. To evaluate
the reduction of the power consumption by the proposed
circuit, the gate nodes of the switching TFT with and without
that increase are compared. Fig. 10 shows the schematic and
related timing diagrams of the proposed circuit in which
T2 is directly connected to the EM signal. The simulated
parameters are as in Table I. Fig. 11 plots the simulated tran-
sient waveforms of the mini-LED current (I gp) at nodes A,
C, D, E, and Vss before and after the gate node of T2 is
increased. Herein, the driving TFTs in both circuits have the
same Vgs of ~5.88 V and Vpg of ~8.17 V to enable the
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required voltage across the switching TFTs to be evaluated.
Fig. 11(a) shows that when the driving current is 2 mA and
the voltage at node D is 9 V, the voltages at nodes C and
E are 2.77 and 6.18 V, respectively. Therefore, the voltage
across the T2 is 3.41 V. By contrast, since the voltage at
node D is raised to 16.57 V during the emission period,
the Vpg of the T2 is only 1 V, as shown in Fig. 11(b). The
total voltage across the TFTs on the driving current path
is reduced by 24V (VECJTZC - VECfproposed = 1158 V —
9.18 V). Table II lists the voltages of all nodes of T1 and
T2 in both circuits. With the same Vs and Vpg of T1, the total
voltage across the 6T2C circuit must be increased to 14.4 V
[9 V — (=5.4 V)] to achieve the same current of 2 mA.
The power consumed by the proposed mini-LED driving

mini-LED current (ILep) = 2 mA
6T2C circuit Proposed circuit
Vo (V) 2.77 5.18
T1 Vs (V) 0.48 2.89
Vs (V) -54 -3
Vb (V) 6.18 6.18
T2 Vs (V) 9 16.57
Vs (V) 2.77 5.18
Vop (V) 9 9
Vss (V) 5.4 3
Total voltage (V) 14.4 12
6.18V
E
S1[n-2] S1[n-1 D
B P = ]| ov
C
S2[n] S1[n]
=a 0.48V T1
Vess 15| B T6 A_| E
Y= 54V
(a)
Vo Vi 6.18V
7]} s3iml E
1 —EMn) D
. a 12]}-1657v
s |—sz|n| C
2.89 v | 11
Vier A_|
Y= Vo= 3V
(b)

Fig. 12. Equivalent circuits of (a) 6T2C and (b) proposed circuits.

circuit is, thus, improved by 16.67%, as shown in the following
equation:
PSTATIC76T2C =2 mA x 14.4 V x Emission duty

PSTATICJ)RQPQSED =2mA x 12V x EmiSSiOIl duty
PstATIC4e — PSTATIC_PROPOSED

x100%.
“)

To further validate the improvement of the proposed circuit,
the equivalent circuits of the 6T2C circuit and the proposed
circuit shown in Fig. 12 are measured. Fig. 13(a) displays the
configuration of the measurement platform. Two fabricated
TFTs, which operate in the saturation region and linear region,
respectively, are connected in series to represent T1 and T2 in
the both circuits. Nodes A and Vsg of T1 and nodes D and E of
T2 in the measurement are as the same as the voltages listed in
Table II. Fig. 13(b) exhibits the measured results of the two
equivalent circuits. When the current is 2.0070 mA and the
voltage at node D is 9 V, the voltage at node C is 2.792 V.

Improvement(%) = F—
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Fig. 13. (a) System of measurement platform. (b) Measured results of
two equivalent circuits.

TABLE IlI
COMPARISON BETWEEN PROPOSED AND
PREVIOUSLY DEVELOPED CIRCUITS

[11] [12] [14] This work
Driving method AM AM AM AM
TFT process a-Si:H LTPS a-Si:H LTPS
Number of LED 4 1 1 1
per zone
Number of TFT
1 1 1 2
on current path
Vi . No No No Yes
compensation
Vss . No No No Yes
compensation
Dimming zone 432 1024 5184 2304
Panel size (inch) 21.2 2.02 75 2.89

Thus, the Vps of T2 is 3.388 V; when the current is 2.0175 mA
and the voltage at node D is 16.57 V, the voltage at node C
becomes 5.00 V, and thereby the Vpg of T2 is 1.18 V. It can
be seen that the measured results highly meet the simulated
results and verify the feasibility of the proposed circuit for
reducing the power consumption of the AM mini-LED backlit
module.

C. Comparison Between Proposed and Previously
Developed Circuits

Table III compares the proposed circuit and the state-of-
the-art circuits that are used in AM mini-LED backlight.

In previous works [11], [12], [14], conventional 2T1C circuits
have been used to drive mini-LEDs, generating a nonuniform
driving currents in each BLU. Although [15], [16] imple-
mented the compensation structure in the AM mini-LED
display, the issues concerning the power consumption that
are raised by the switching TFTs must still be improved.
In contrast, by compensating for the Vry variation and Vsg
I-R rise, the proposed circuit provides a stable driving current
for a mini-LED, providing more uniform brightness than the
conventional 2T1C circuit. Also, without adjusting the voltage
level of the scan signals or increasing the size of the TFTs,
the proposed circuit reduces the Vpg of the switching TFT,
improving the power consumption of the mini-LED backlight.

V. CONCLUSION

This work proposes a new AM mini-LED driving circuit
for HDR LCDs. The proposed circuit can compensate for
the Vry variation in an LTPS TFT and the Vss I—R rise to
produce a highly uniform driving current that flows through the
mini-LED. Furthermore, by reducing the Vpg of the switching
TFT that is placed on the driving current path, the proposed
circuit can generate the required Iy gp despite reducing the total
voltage across the circuit. Simulated results demonstrate that
the proposed circuit can improve the brightness uniformity
of the mini-LED backlight from 59% to 82% with Vry
and Vsg variations. The power consumption of each driving
circuit is reduced by 16.67% relative to that achieved with
a conventional AMOLED pixel structure. In comparison to a
6T2C circuit, the measurements verify that the total voltage
across the proposed circuit is 2.4 V lower when the driving
currents of both equivalent circuits are about 2 mA. These
results demonstrate the feasibility of the proposed mini-LED
driving circuit for use in an LCD BLU with uniform brightness
and low power consumption.
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