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Abstract: The red-green-blue light-emitting diode (RGBLED) driver with adaptive driving voltage
and energy-saving (ADVE) technique is presented in this paper. To obtain the proper driving voltage,
a dynamic output voltage selector is proposed. This approach tracks the reference voltage of a boost
converter to achieve the appropriate output voltage of the boost converter. Hence, the power loss of
the linear current regulator is reduced to improve the efficiency of whole system. Moreover, the chip
area is saved by the proposed switching linear current regulator. This chip was fabricated using
TSMC 0.35 um 2P4M complementary metal-oxide-semiconductor (CMOS) technology. The active
chip area is 0.3 mm?. The maximum driving current and operating frequency are 100 mA and 100 kHz,
respectively. Compared with a conventional LED driver with fixed output voltage, the experimental
results demonstrate that the power loss of the proposed LED driver with ADVE technique is reduced
by over 58%.
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1. Introduction

Light emitting diodes (LEDs) have been widely used in lighting and backlight units (BLUs) due
to their long lifespan, high reliability, good gamut, and energy efficiency [1-5]. For example, the power
consumption of the LED BLU in liquid crystal display (LCD) panels is reduced by 40% compared with
the conventional cold cathode fluorescent lamp (CCFL) BLU [6].

LEDs have been gradually improved by technological advances. The advances in the LED
field can be attributed to the significant improvement in Ill-nitride-based device efficiency [7,8].
Specifically, the internal quantum efficiency of LEDs has been extensively researched and improved in
recent years. The internal quantum efficiency of InGaN LEDs has been improved by use of the large
overlap quantum well concept [9-11], and the light extraction efficiency of LEDs has been improved
by use of the surface roughening technique [12] and microsphere arrays [13,14].

White LEDs and red-green-blue (RGB) LEDs are two popular sources of BLUs. First, white LEDs
can directly emit white light. However, the white LED driver usually requires color filters in LCD
operation mode. As a result, the LED driver is less efficient. Another source of BLUs is RGBLEDs.
By using an RGBLED driver with the field-sequential-color (FSC) technique [15,16], the color filters
can be eliminated. The operating principle of FSC is depicted in Figure 1.

An LED driver consists of a power stage and LED strings. In order to obtain sufficient voltage to
drive LED strings, the selection of power stage is significant. A charge pump, as shown in Figure 2,
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is a kind of inductorless DC-DC converter that uses capacitors as energy storage components to
generate ahigher or lower voltage source [17]. It is applied to low-power circuits because of its
poor efficiency,such as in flashlights in portable devices and memory circuits [18]. To achieve high
conversion efficiency in medium- or high-power applications, such as lighting and backlighting for
LCD displays, inductor-based boost DC-DC converters are usually employed [19].
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Figure 1. Concept of frequency-sequential-color technique.
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Figure 2. Schematic of a light-emitting diode (LED) driver with charge pump.

The luminance of LEDs is proportional to forward current [20]. Hence, current regulators are
employed to ensure current accuracy. In addition, to guarantee sufficient luminance, parallel and
series LED strings are used. However, each LED probably has a different forward voltage due to
the process variation, use time, and environmental temperature [21,22]. This phenomenon leads to
redundant voltages across linear current regulators. As a result, the power consumption of the LED
driver gradually increases.

The conventional RGBLED driver provides a constant output voltage to the RGBLED strings,
but the forward voltage of red, green, and blue LEDs is different, as shown in Figure 3. In general,
the forward voltage of a green or blue LED is larger than that of a red LED [23]. Figure 4 illustrates
a conventional RGBLED driver. To ensure uniform brightness, current regulators are usually
used. However, redundant voltage across linear current regulators leads to additional power loss.
To minimize the voltage across linear current regulators, adaptive voltage control was introduced
(Figure 5) [24-29]. This approach can suppress the power loss of a linear current regulator using a
minimum voltage selection circuit. However, the output voltage is determined by the larger forward
voltage LEDs. The redundant voltage still occurs across the linear current regulator of the lower
forward voltage LED string. As a result, the efficiency of the improvement is limited. Furthermore, each
LED string requires a linear current regulator and external compensating components so that the chip
area is significantly occupied. Some other approaches have used diodes [24-26] and bipolar junction
transistors [27] as minimum voltage selection circuits, which may not be able to be implemented in a
standard CMOS process. Thus, these approaches may be inappropriate for an integrated circuit.
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Figure 3. Different forward voltages of red-green-blue (RGB)LEDs under the same driving current.
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Figure 5. LED driver with adaptive driving voltage control technique.

This paper presents an adaptive driving voltage and energy-saving (ADVE) technique. The output
voltage of a DC-DC converter can be easily adjusted to minimize the voltage across the linear current
regulator to save chip area. The remainder of the paper is structured as follows. In Section 2,
the proposed LED driver is introduced. The circuit implementation of the proposed LED driver
isoutlinedin Section 3, and the experimental results are provided in Section 4. Finally, our conclusions
are detailed in Section 5.
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2. Proposed Adaptive Driving Voltage and Energy-Saving Technique

A block diagram and the operating principle of the LED driver with the ADVE technique are
depicted in Figure 6. The main functional blocks of the proposed LED driver include the boost DC-DC
converter, pulse-width modulation (PWM) control circuit, ADVE control circuit, and switching linear
current regulator. The boost converter is used to obtain sufficient output voltage Voyr for the LED
strings and can be expressed as:

Vour = Vp + Vicr 1)

where Vp and Vicgr are the forward voltage of the LED and voltages across the linear current
regulators, respectively.
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Figure 6. Proposed LED driver with adaptive driving voltage and energy-saving (ADVE) technique.

When the ADVE is disabled, the voltages across the linear current regulators Vg can be written as:

Vicr = AVLcr + Vicropt (2)

where AV cr and Vicg gpr are the redundant voltage across the switching linear current regulator and
the minimum operating voltage of the switching linear current regulator, respectively. The redundant
voltage AV cr across the linear current regulator may cause unexpected power loss, which can be
determined as:

Pross = ILEp(AVicR + ViCRopt) ®3)

When the ADVE is used, the ADVE control circuit will detect any deviation in the forward voltage
of the LED strings. Hence, the reference voltage of the boost converter can be adaptively adjusted.
Finally, the PWM control circuit generates the corresponding duty cycle to change the output voltage.
The optimized power loss of the linear current regulator can be calculated as:

PLoss,opt = ILED X VLCR,opt (4)

For example, the PWM control circuit generates a wider duty cycle when the ADVE control circuit
detects lower voltage across the switching linear current regulator. The boost converter output voltage
can be increased, and vice versa. Compared with the previous output voltage Vour,re, the modified
output voltage Voyr is appropriate to drive LED strings.
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3. Circuit Implementation

The proposed LED driver with the ADVE technique and its implementation are described in
this section.

3.1. Switching Linear Current Regulators

Linear current regulators are needed to obtain accurate driving current for LED strings. Figure 7
depicts a traditional current regulator. A linear current regulator [30] is shown in Figure 7a,
composed of a power transistor M;, an operational amplifier, and a sensing resistor Rs. The operational
amplifier input voltage Vrgr is provided. Due to the negative feedback configuration of the operational
amplifier, the voltage across the sensing resistor Vrrr is equal to the V. A current I gp is generated
and is expressed as:

Itep = VRer/Rs = Vs /Rs &)

IREF

(a) (b)

Figure 7. Constant current source with (a) a linear current regulator and (b) a current mirror.

Another method for current regulation, shown in Figure 7b, is the current mirror [31]. The current
accuracy is not guaranteed with this mechanism because of the transistor M; and power transistor
M3 mismatch. However, multiple linear current regulators should be used because of the multiple
LED strings with output. The power consumption and the chip area increase. As a result, the whole
system efficiency decreases. The proposed switching linear current regulator is shown in Figure 8a,
consisting of an operational amplifier, a multiplexer, two power transistors M; and My, two assistant
transistors M3 and My, two sensing resistors Rspnse1 and Rsensga, and two transmission gates TGy
and TG,. To create the negative feedback configuration of the operational amplifier, the voltages across
the sensing resistors Vspnse1 and Vsensga are equal to the input voltage Vconst. Therefore, we obtain
the driving current I gp1 and I;gpy. They can be determined as:

Itep1 = Veconst/ RseNsEl (6)

Itep2 = Veonst/ Rsensk2 (7)

To save chip area, an operational amplifier is used. The driving currents I;gp; and I rp»
alternatively use the operational amplifier by the selection signal Vggr. To satisfy the display frame
rate of the FSC algorithm, the Vsr; was set as 60 Hz. The multiplexer and the transmission gates are
used to switch the multiple LED string driving current. When the selection signal Vsgy, is high, as
shown in Figure 8b, the transmission gate TG; is chosen. The multiplexer connects to the source of
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the power transistor M; to form the negative feedback configuration. The assistant transistor My is
turned on to prevent the glitch. The transmission gate TG; is selected when the selection signal is
low,as shown in Figure 8c. The source of the power transistor M; is connected to the multiplexer and

the negative feedback configuration is formed. To preclude the glitch, the assistant transistor Mj is
turned on.

l IreD: l I1Ep2
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Figure 8. Proposed switching linear current regulator: (a) schematic; (b) driving current path of LED
string1; (c) driving current path of LED string?2.
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3.2. Adaptive Driving Voltage and Energy-Saving Control Circuit

Figure 9 depicts the proposed ADVE control circuit. Vcr1 and Vicrp are the voltages across
the switching linear current regulator. According to the selection signal Vg, the multiplexer can
acquire the drain voltage of the switching linear current regulator to the operational transconductance
amplifier (OTA). The error amplification is formed by the voltage across the switching linear current
regulator Vi cr1, Vicrz, and the minimum operating voltage of the switching linear current regulator
VicR,opt to modify the boost converter reference voltage. Thus, the boost converter output voltage can
be adjusted. The operating waveform for the ADVE technique is shown in Figure 10.

DC-DC Vour
Converter
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VIN°_

ADVE Control Circuit
MUX I ep; Iiep:

VREF

=)
=N
N

:
Vierz

Switching Linear
Current Regulator

Figure 9. Proposed adaptive driving voltage and energy-saving control circuit.
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Figure 10. Operating waveform of proposed adaptive driving voltage and energy-saving control circuit.

3.3. Sawtooth Generator

We used a sawtooth generator [32] to generate a sawtooth wave for the PWM control circuit.
Figure 11 illustrates the sawtooth generator, composed of a V-I converter and a hysteretic comparator.
Given the operational amplifier negative feedback configuration, the input voltage Viy_saw is equal to
the voltage across the resistor V1. The current It is generated and can be calculated as:

It = Vin saw/Rr = V1 /Ry 8)
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The current It is replicated by the current mirrors M, and M3 to charge the capacitor Ct. When the
capacitor Ct voltage is larger than the upper threshold voltage Vy;p, the transistor My turns on using the
SR latch to instantaneously discharge the capacitor Ct. The transistor My is turned off using the SR latch
when the capacitor Ct voltage is smaller than the lower threshold voltage Vpy. Thus, the capacitor Cris
charged again by the current I. The periodic operation can obtain the sawtooth wave. According to the
above operating principle, we determine the capacitor Ct charge. It can be expressed as:

Q=1Ir/f=Cr(Vup — Vpn) )

When the upper threshold voltage Vip is equal to the sum of the lower threshold voltage Vpy
and input voltage VN saw, we can determine:

f=1/CrRr (10)

where f is the sawtooth generator oscillation frequency.

MzT’_IHHI,‘TMs

Vyp 06— "('j »
- R
Vin saw @ )
Vour saw
+ —
CMP S

SRy CT'|: M

|_|

Figure 11. Sawtooth wave generator.

3.4. PWM Control Circuit

The PWM control circuit is shown in Figure 12. First, the OTA is usedas the error amplifier.
The feedback of the output voltage is Vrp and the reference voltage is Vrrr is the error amplifier input.
The stability of the whole systemrequires the external components Rz and C¢ with the error amplifier
output. They generate the error signal Vg4 to the comparator, which is compared to the sawtooth
wave Vsaw. The comparator output then produces a PWM signal to the gate-driving buffer to drive
the boost converter power transistor.

VPWM

Figure 12. Pulse-width modulation (PWM) control circuit.
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4. Experimental Results

To verify the proposed ADVE technique performance, the chip was implemented using TSMC
0.35 pm 2P4M CMOS technology. The chip microphotograph is shown in Figure 13. The proposed LED
driver specifications include an input voltage of 5-7 V, output voltage of 8-14 V, operating frequency
of 100 kHz, and maximum driving current of 100 mA. The proposed LED driver performance is
compared to prior methods in Table 1.

Dynamic Output l Switched Linear
Voltage Selector i urrent Regulator|

‘Snwtonth Generator

TG o a5
00 oo e o e

Figure 13. Chip microphotograph.

Table 1. Performance comparison.

Specifications [51 [17] [26] [27] This Work
Technology 0.35 um CMOS 0.5 um CMOS 0.35 um CMOS 0.35 um BCD 0.35 um CMOS

Active Area (mm?) 0.89 0.403 N/A N/A 0.3
Input Voltage (V) 4.5~5 2.8~4.2 7 6~27 5~7
Output Voltage (V) N/A 2.8~4.2 10~14 60 8~14

Driving Capability 1LED 1LED N/A 24 LEDs 6~8 LEDs
Driving Current (mA) 220 20 200 30 100
Operating Freq. (kHz) 500 200 100 39 100
Adaptive Control No No Yes Yes Yes
Energy-Saving Control No No No No Yes

The measured output voltage waveforms, voltages across the LEDs, and driving currentsof LED
string1 and string?2 are shown in Figures 14 and 15, respectively. The waveform demonstrates that
the forward voltages, Virp1 and Virpy, of the LED strings are different. Therefore, the output voltage
Vour can be dynamically adjusted to reduce the switching linear current regulator power consumption.
The LED string currents I; rpj and I gpo are constant when the corresponding linear current regulator
is turned on.
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Figure 16 compares the switching linear current regulator power loss with and without the ADVE
technique. When the driving current is different, the proposed ADVE technique can dynamically
regulate the output voltage. Compared with the conventional LED driver with fixed output voltage,
the voltage across the switching linear current regulator is minimized and the power loss of the
switching linear current regulator is suppressed by over 58%.
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Figure 16. Power loss comparison with and without ADVE technique.
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5. Conclusions

This paper presents an RGBLED driver with the ADVE technique. To acquire the appropriate
driving voltage for LED strings, a dynamic output voltage selector is proposed. This approach tracks
the reference voltage of the boost converter to reach the proper output voltage of the boost converter.
Thus, the power loss of the linear current regulators is suppressed to improve the efficiency of the
entire system. In addition, chip area is saved by means of the proposed switching linear current
regulator. The chip is implemented using the TSMC 0.35 pm 2P4M CMOS process. The active chip
area is 0.3 mm?. The maximum driving current and operating frequency are 100 mA and 100 kHz,
respectively. Compared to conventional LED drivers with fixed output voltage, the experimental
results show that the power loss of our proposed LED driver with ADVE technique is reduced by over
58%.
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