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Abstract 

A boost converter with charge-recycling technique 
fabricated by 0.25µm CMOS BCD process can 

provide different supply voltages to drive series 

RGB LEDs in sequence for reducing the power 
consumption on the constant current generator. The 

proposed technique stores and restores extra energy 

to improve the efficiency, as well as enhances the 
reference tracking response. Experimental results 

show that the period of reference-tracking response 

can be improved. When the load current is 100mA, 
the periods of reference down-tracking and up-

tracking are smaller than 10µs and 20µs, 

respectively. Experimental results demonstrate fast 
and efficient reference tracking performance is 

achieved.  

 

1. Introduction 

 

For improving power conversion efficiency of 
LEDs backlight module, a field color sequential (FCS) 

technique was proposed to effectively reduce color 

breakup and motion blur effects and save much power 
consumption [1-3]. Because the red (R), green (G), 

and blue (B) LEDs are turned on in sequential, the 

power consumption can be reduced. According to 
display pattern of FCS technique as shown in Fig. 1, 

one frame per second (fps) data is divided into three 

sub-color frames which are Rscan, Gscan, and Bscan in a 
60 Hz frame scanning frequency. One sub-color frame 

is composed by three operating sequence. The first 

sequence decodes color data of image frame. Liquid 
crystal then rotates to corresponding angular position 

within rotating time. Final sequence is that RGB 

LEDs backlight driver emits corresponding light 
through LCD panel to display image during emitting 

time. However, the forward voltages of red, green, and 

blue LEDs are different to each other owing to the 
characteristic of material. That is, the forward voltage 

of a red LED is approximately 2.5V and the forward 

voltage of a green/blue LED is about 3.5V [4]. 

Therefore, the LEDs with different colors require 

different supplying voltages [5]. That is, the 
implementation of the LED driver of the modified 

FCS algorithm needs nine DC-DC converters for 

driving the notebook’s panel with the advantages of 
much power saving on the current balance circuit. 

This expensive backlight module system is illustrated 

in Fig. 1(a) [6]-[9]. This paper proposes a new charge-
recycling (CR) technique of the RGB backlight 

module depicted in Fig. 1(b) for achieving low cost 

and high efficiency. It is obvious that only three DC-
DC converters with current balance circuit are needed. 

The hardware cost and volume can be effectively 

reduced. Since the bandwidth of the boost converter is 
limited to the low-pass filter which is composed of the 

inductor and capacitor, the fast switching output 

voltage between low- and high-supplying voltage 
level is very difficult in the conventional DC-DC 

boost converters. To effectively reduce the chip cost 

and footprint area, the implementation of CR 
techniques is utilized to store the extra energy when 

the output voltage is decreased from high- to low-

supplying voltage level. Therefore, the CR technique 
can quickly decrease the output voltage and the stored 

energy can be sent back to the output node for rapidly 

increasing the voltage level back to the high-
supplying voltage level. 

 

 

Fig. 1. Field color sequential (FCS) algorithm [1]. 
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Fig. 2. (a) Conventional RGB LED backlight with 

nine DC-DC converters. (b) A high efficiency RGB 
LED backlight with three DC-DC converters.  

 

 

2. Proposed Charge-Recycling Technique 
 

The output voltage for driving the series-connected 

R-LEDs is smaller than that for driving G-LEDs and 

B-LEDs. Thus, the output voltage of the boost DC-DC 
converter needs to switch between two output 

voltages, which are 9.3V and 12.4V. In order to 

switch the output voltage between the two values, the 
reference voltage needs to switch between 0.92V and 

1.22V. The proposed CR technique is applied to the 

boost DC-DC converter for achieving fast and 
efficient reference tracking performance. The function 

blocks and waveforms are illustrated in Fig. 3. The 

BSBR technique delivers extra charge and stores it on 
the capacitor CLoad2 once the output voltage Vout 

expresses much voltage stress on the constant current 

generator. Furthermore, the CR technique recycles the 
stored charge back to the capacitor CLoad when the 

FCS technique changes the color of LED from red to 

green or blue. Therefore, the CR technique can 
efficiently recycle extra charge and enhance the 

transient response of reference tracking. When the CR 

technique is enabled to store or restore extra charge, 
the boost converter is disabled to prevent the two 

power stages from being influenced by each other. 

The architecture of the CR technique contains one CR 

power stage and one CR controller. There is a large 
capacitor CLoad2 connected at the node VCR to store 

extra charge from the output node of the boost DC-

DC converter. The stored charge can be utilized to 
pull the voltage Vout back to higher level or to drive 

other sub-block in the LCD system.  

The high- or low-level of the signal Eref, which is 
generated by the LCD timing control system, 

represents the output voltage of the boost converter as 

high- or low-supplying voltage, respectively. The 
transition of the signal Eref from low to high indicates 

the output voltage Vout needs to be raised to high-
supplying voltage level. The stored charge should be 

restored to back to the output voltage Vout. On the 

other hand, the transition of the signal Eref from high 
to low indicates the output voltage Vout needs to be 

pulled down to the low-supplying voltage level. As a 

result, extra charge should be stored in the BSBR 
capacitor CLoad2. The signal EBSBR is a signal to 

communicate the boost converter and the BSBR 

power stage to correctly control these two closed 
loops. The digital signal VPWM indicates the current 

comparator output of the PWM generator and it 

reflects the output voltage information. The signal Vsen 
is the sensing information of the inductor L current. 

The signals VP and VN indicate the sensing 

information of the inductor LBSBR current. 
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Fig. 3. The proposed boost converter with BSBR 
technique and the timing diagram of the voltage 

VCR with/without load current requested from 

another sub-block in the LCD driving system.  

 
The CR power stage is controlled by the three 

operation loops (buck-store operation, boost-restore 

operation, and PFM) to pull down/up the output 
voltage or regulate VCR. Therefore, the tracking 

algorithm of the CR technique is necessary to choose 

the appropriate operation loops for avoiding incorrect 
switching sequences. The algorithm is described by 
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the flowchart in Fig. 4 starting from the transition of 
the signal Eref from high to low or low to high. For the 

buck-store operation, this algorithm estimates the 

values of the voltage VCR and the PWM signal VPWM to 
decide whether the charge needs to store in the BSBR 

capacitor CLoad2 or not. When all of the controller 

signals are in the correct state, the BSBR power stage 
increases the inductor current by means of energy 

delivering from the output voltage Vout. Hence, the 

charge is transferred to the capacitor CLoad2 every 
switching cycle. The boost converter is disabled in the 

meantime in order not to disturb the closed loop of the 
BSBR power stage. 

When the output voltage Vout approaches to the low-

supplying voltage (VLow) or the voltage VCR exceeds 
the predefined voltage Vmax, the algorithm ends the 

buck-store operation loop and the CR power stage is 

controlled by the PFM operation. In succession, the 
boost converter is enabled to regulate the output 

voltage Vout. Consequently, the voltage VCR is 

increased due to extra charge stored on the BSBR 
capacitor CLoad2. 

For reference up-tracking response, the algorithm 

will enable the boost-restore operation loop if the 
signals VCR and VPWM are set by the correct values. The 

stored charge is transferred from the CR capacitor 

CLoad2 to the output load capacitor CLoad and thereby 
steps up the output voltage. Until the voltage VCR is 

lower than the predefined minimum voltage Vmin or 

the output voltage Vout approaches to the high-
supplying voltage VHigh, the boost-store operation loop 

is ended and then the output voltage will be regulated 

by the boost converter. Furthermore, the algorithm 
also determines the function of current-sensing circuit 

in the different power transistors MBN1 and MBP1 as 

ZCD or current limiting mechanism.  
When the CR technique is disabled by the tracking 

algorithm, the voltage VCR is also designed to supply a 

regulated voltage by PFM operation for another sub-
block in the LCD system. Therefore, this voltage 

should be kept constant to prevent the sub-block in 

this system from being affected by the voltage 
variation [10]. Therefore, the CLoad2 (10µF) is designed 

larger than the Cload (1µF) and the voltage VCR only 

rises one-tenth of the output voltage due to the law of 
the charge conservation (Q ≡ C×V). In this design, the 

VCR is used to turn on white LEDs. Furthermore, the 

maximum current supplied by the PFM operation of 
CR controller is about 100mA in this design. 

 

 

 

Fig. 4. The flowchart of the tracking algorithm. 
 

3. Results and discussion 
 

The chip containing the boost converter and BSBR 
technique was fabricated in a 0.25µm BCD process and Fig. 

4 shows a die micrograph with the die area is 4.03mm
2
 

which the BSBR controller only occupies 0.072 mm
2
. The 

developed prototype for testing is shown in Fig. 5. Table I 

summarizes the design parameters and the measurement 

results. 
 

 

 

 

Fig. 4. Chip micrograph  Fig. 5. The prototype  
 

Table I: Chip Features 

Fabrication Process 
0.25µm BCD 40V 1P5M 

(Maximum VDS = 40 and VGS = 12V) 

Chip Area 4.03mm2(1908µm×2114µm) 

Supply Voltage (Vin) 3.3-6V 

Output Voltage (Vout) 9-15V 

Control Voltage (VDD) 3.3V 

Switching Frequency 1MHz 

Maximum Load Current 300mA 

Inductor L=10µH, LBSBR=10µH 

Capacitor CLoad=1µF, CLoad2=10µF 

Maximum Efficiency of 

Charge Recycling 
94% 

Maximum Efficiency of 

Boost Converter 
94.5% 

Reference Tracking Speed 
10µs for 9.3V→12.4V with ILoad=100mA 

20µs for 12.4V→9.3V with ILoad=100mA 
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The prototype working with input voltage ranging from 
3.3V~6V is applied to the RGB LED backlight module 

with FCS technique and thus the boost converter steps up 

the output voltage to 9.3V for 4 series R-LEDs and 12.4V 

for 4 series G- or B-LEDs. Besides, the voltage VCR is 

regulated around 3.8V to turn on white-LED implemented 

on the flashlight of the portable devise. The frequency of 

the FCS technique usually utilizes the 60Hz switching 

frequency to switch different color LEDs. Nevertheless, in 
order to ensure the functionality and reliability of the 

developed prototype, a higher switching frequency (3 KHz) 

is utilized to test the performance and observe the response 

of the reference tracking procedure as shown in Fig. 6. The 

output voltage is dynamically stepped up to 9.3V and 12.4V 

according to the digital signal Eref from the FCS technique 

when the load current is 100mA. For reference down-

tracking response, the output voltage with BSBR technique 
can transfer extra energy to the capacitor CLoad2 so that the 

period of reference down-tracking is smaller than 10µs and 

5X faster than the converter without BSBR technique when 

load current is 100mA. In the meanwhile, the voltage VCR is 

raised from 3.8V to 4.09V under no-load situation. On the 

contrary, when the output voltage is raised from 9.3V to 

12.4V, the boost-restore technique is enabled to transfer the 

stored energy back to the capacitor Cload. Until the voltage 
VCR is smaller than 3.8V, the boost-restore technique is 

disabled. In succession, the boost converter continues to 

step up the output voltage to the desired voltage, 12.4V. As 

shown in Fig. 6, the output voltage has two different rising 

slopes when the output voltage is stepping up from 9.3V to 

12.4V. The first slope is controlled by the BSBR technique 

and the second one is by the boost converter. Since the 

BSBR technique uses the smaller transforming current for 
reducing the power consumption, the first slope is smaller 

than the second one. However, the up-tracking response is 

smaller than 20µs and faster enough for the FCS technique. 

Furthermore, the maximum efficiency of the extra energy 

recycling can be up to 94%.  
 

 

 

Fig. 6 . Measured waveforms for reference 

tracking response with/without BSBR technique. 
 

4. Summary 

 

The LED backlight module with FCS technique bec

omes more and more popular due to low power consu
mption and high image quality. A RGB LED backlight 

driver is proposed for rapidly switching the output volt

age between 9.3V and 12.4V for driving 4-series red a

nd 4-series green/blue LEDs in the backlight module, r

espectively. As a result, an innovative control mechanis

m, the BSBR technique, is proposed to enhance the re

ference-tracking response and reduce the power consum

ption of the LED backlight module. In addition, the re
gulated voltage can be utilized to implement other appl

ications such as turning on white-LEDs on the portable 

devices. 
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