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Abstract
A Red, Green, and Blue (RGB) LED driver with the fast reference tracking (FRT) and

charge-recycling (CR) techniques is proposed to implement a high efficiency and low cost
RGB backlight module in color sequential notebook computers’ display. The FRT technique
can speed up the reference tracking performance and effectively improves the up-tracking
performance. However, the down-reference tracking depends on the load current and output
capacitor. Therefore, the charge-recycling and buck-store/boost-restore techniques are
proposed to store extra energy on the re-cycling capacitor when the output voltage is switched
from high- to low-voltage level and releases the reserved energy back to the output node at
next period. Furthermore, the output voltage can be rapidly switched between two different
voltage levels by FRT technique without consuming much power owing to the restored
energy by the CR technique. The proposed BSBR technique not only stores and restores extra
energy during the transient time of the reference tracking response to improve the efficiency
but also enhances the reference tracking response to greatly reduce load transition time.
Experimental results show that the period of reference-tracking response can be

improved. Furthermore, this BSBR technique also can provide a regulated voltage to drive the
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sub-block implemented in the LCD system. The maximum efficiency of energy recycling
with CR and BSBR technique is up to 90% and 94%, respectively. The total power
consumption of a notebook computer’s 15.4’ LCD panel can be reduced from 5W in cold
cathode fluorescent lamp (CCFL) backlight module to about 2-3W in RGB LED backlight
module with the field color sequential (FCS) algorithm. Furthermore, after the
implementation of the LED driver with the FRT and CR techniques, the power loss can be

reduced to about 24% of that without the FRT and CR techniques,.

Keywords—Reference tracking, charge re-cycling, field color sequential, LCD, LED

backlight, feedforward technique
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Chapter 1

Introduction

1.1 Background and the Backlight Module

For high-quality display in liquid crystal display (LCD) panels, the selection of the
backlight module becomes more and more important. The selection of backlight system not
only affects the power consumption.but also determines display quality. The major light
sources of LCD panel are cold-ecathode fluorescent lamps (CCFL) and light-emitting-diode
(LED). The structure of CCFL is shown in Figure I. Currently, the CCFL light source is
widely used in LCD TV because of the light-emitting principle and the physical structure. In
addition, the LCD TV is very close to the fluoréscent tubes used in our daily life. The
outstanding features of this light source ‘are simple structure, less temperature rise on the

surface, high brightness, easy to be processed into various shapes.
But, there are also quite a few shortcomings as follows:

1. In general, the working life of CCFL backlight source is 15,000 ~ 25,000 hours. The
longer the LCD using, the more of the decline in brightness. After being used for 2~3
years, LCD panel will be becoming dimmed and turning yellow, as the result of the

defects owing to shorter working life of CCFL.

2. Each pixel of the LCD panel consists of three rectangular color blocks of R, G, B,
while the color expression of LCD panel entirely depend on the performance of

backlight module and color filter. The 3 primary colors of color filter are expected to



luminance a white light as homogeneous as the sun light, but the CCFL backlight
module cannot actually meet the design requirements, only achieve 70% of the

NTSC standard.

3. As the CCFL is not a flat light source, in order to output the backlight, LCD's
backlight module needs to be collocated with diffuser plate, light guide plate,
reflector, and many other auxiliary components. While the Raster Black or Raster
White screen is displayed, the brightness difference between the panel edges and

center is obviously significant.

4. As the CCFL backlight has to contain a diffuser plate, reflector and other complex
optical components, the size of LCD is no longer further reduced. Furthermore, in the
aspect of power consumption, the use of CCFL as a backlight source of the LCD is

also unsatisfied.

Light

Phosphor UV-Radiation Glass
% = .l A
/ /

Electrode Electron Mercury Rare Gas

Figure 1. The structure of cold-cathode fluorescent lamps (CCFL) backlight source.



The other popular light source is LED which was invented in 1960. and the structure is
shown in Figure 2. This light-emitting device can convert the electrical energy into light
energy directly, with the outstanding features of low power consumption, high brightness and
long working life. When LCD arrive in our world, it was recognized to be the terminator of

CCFL, light bulbs and other lighting equipments, and have the opportunity to initiate a new

era of lighting.
Light Emitted Forward
LED Chip |
Reflector
PC Board
v,
Cathode Lead/ | Anode Lead

Figure 2. The structure of light-emitting-diode (LED) backlight source

Today’s most popular and power-efficient backlight module is the white LED backlight
in LCD panels since the power dissipation can be reduced about 40% compared to
conventional CCFL backlight module. Moreover, since the backlight module will affect the
color gamut, it is popular to make the use of LED backlight in the LCD panels for getting the

higher color gamut. That is, the white-LED backlight has better color gamut than that of a



CCFL backlight. The disadvantage of the white-LED backlight is that it still needs the color
filter to determine the color of the images since the operation of liquid crystal only determines
the gray level of the image. In addition, the white-LED backlight generates only 70~80%
National Television System Committee (NTSC) color gamut. Therefore, the color filter-less
LCD panels with red, green, and blue (RGB) LED backlight can provide 110% NTSC color
gamut as shown in Figure 3. Thus, the RGB LED backlight module becomes a trend of

today’s LCD display market to have better color gamut and low power consumption [1-2].

Figure 3. International Commission on Illumination (CIE) Chromacity Diagram

In addition to a good performance of color gamut, the adoption of the backlight source of
RGB-LED can also enhance the contrast of LCD TV and HI-END display to achieve a more
accurate gradation of gray level and layer sense of picture. LED backlight source is composed by
a large number of tiny LED units that makes it successfully accomplishes the planarization of
light source, any of them can attain an accurate LED brightness control, as well as the amendment
of the brightness in the small region in accordance with the characteristics of the original image.

The planarization of light source not only possesses excellent brightness uniformity, it does not



need a complex optical design. As a result, LCD can be made thinner, but also with a higher

reliability and stability.

The ordinary working life of CCFL backlight source is about 25,000 hours, even a top-CCFL
backlight source is nothing but 60,000 hours. At the end of working life, the LCD brightness will
decrease significantly. However, there will be no such problem in using the panel of LED
backlight source. The actual service life of a white LED backlight at this stage is 50,000~100,000
hours, which is basically the same as the life of LCD panel, but can be further enhanced

potentially. Even if used 24-hours continuously, it still can work for 5 years.
In short, there are three main technical advantages for the LCD to use LED backlight source.
1. The planarization of light source.
2. In terms of color performance;-the LED.is far better than CCFL.
3. The luminous life of LED is far more than CCFL.

In theory, the cost of LED backlight module should be lower than the CCFL. However, the
price of LEDIi is still higher than the CCFL because the LED backlighting is still not mature
enough, despite the LED manufacturers’ great efforts, there are still a great price gap between
CCFL and LED backlight module. Currently the price of LED backlight module components is
about five times of the price of CCFL backlight. The larger panel size, the higher the costs of LED
backlight technology. If without using the color filter and still can demonstrate the true colors, the

cost of LED backlight module will be reduced by 30% and its popularity can then be speed up.

1.2 The Basic Theory of Field Color Sequential

According to the display method of the thin film transistor (TFT) LCD panel, the liquid
crystal, which is functioned as a gate, is turned to the position determined by the content of

the display data. Then, the light from backlight module only pass one of three color filters to



determine the correct color by the operation of the liquid crystal according to the image data.
Therefore, the power loss due to the color filter is relatively large and the power consumption
of the backlight module is difficult to be decreased because a lot of light is blocked by the

color filter. Certainly, the best method is to remove the usage of the color filter.

Recently, the field color sequential (FCS) algorithm [3] that effectively reduced color
breakup and motion blur effects can save much power consumption of the RGB LED
backlight module without the requirement of color filter. The operation of the conventional
FCS technique [3] shown in Figure 4. The frame per second (fps) for the FCS technique
generally is 60Hz or S0Hz in the Europe. According to the FCS technique, one frame of data
needs to be divided into three different color sub-frames, which are Ri.un, Gycan, and Bgeqn as
shown in Figure 4. Thus, the full color of-one image can be constituted by the three
sub-frames. As a result, the sub-frame rate of the three sub-frames is 180Hz. The operation of
one sub-frame contains three basic steps. The first step is the operation of Thin Film
Transistor (TFT) scanning in order to get the image color data. Secondly, according to the
image color data, liquid crystal is Totated.to the-correct position within liquid crystal time #;c.
Finally, after liquid crystal is turned to the correct position, the LED backlight module emits
correct light through the LCD panels to display the image colors at the rest of time, 75, which
indicates the lighting time to determine the brightness of backlight module. Because the RGB
LED are not turned on simultaneously but sequentially, the power consumption can be
reduced. However, the value of time 75, is too small to provide the rated brightness since one
frame is divided into three sub-frames. In order to extend the lighting time of backlight
module, there are many techniques proposed [2-5] in high-performance color sequential
display. Persistence of vision can make the color image appear in human’s eyes without
sacrificing the color gamut compared to conventional CCFL backlight. For portable devices

like notebook computers, the largest power consumption comes from the backlight module.



Therefore, it is important to decrease the power consumption in backlight module of the
notebooks without sacrificing any image quality. As a matter of course, the color filter-less
LCD panel with the FCS technique proves to be the best choice to reduce the power
consumption of the display panels in the design of notebooks. Consequently, the RGB LED
backlight module with the FCS technique becomes more and more popular owing to the

characteristics of low power consumption and high image quality.
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Figure 4. The timing diagram of color sequential technique for the color filter-less LCD panel.

The power consumptions in the recently LCD panels are reduced to 15W in white LED
backlight and 5W in color sequential RGB LED backlight system, respectively, compared to
30W in CCFL backlight. However, there is the color breakup effect when the RGB LED emit
light in sequence in the FCS technique. Thus, a modified FCS algorithm is utilized to generate
the color breakup-fewer patterns for reducing the side effect of color breakup [1] as shown in
Figure 5. For the implementation of modified FCS algorithm, the LCD panel is divided into
three sections to display different colors owing to the small-size panel of the notebooks.
Furthermore, the RGB backlight module employs impulse-type display method instead of the

hold-type display by CCFL backlight technique for eliminating the motion blur [1]. The



disadvantages of the conventional FCS technique can be alleviated by the implementation of

the modified FCS algorithm.
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Figure 5. The implementation of modified FCS algorithm for reducing the color breakup and improving the

efficiency.

1.3 The Analysis of Power Consumption and the

Overall Efficiency in the RGB LED Driver

The comparison of power consumption between a conventional TFT-LCD with a
white-LED backlight module and a FCS TFT-LCD with a RGB-LED backlight module is
illustrated in Figure 6. Interestingly, the FCS technique can save 40% power compared to the
conventional LCD display because there is no color filter that may reduce the brightness in
the front of the LCD panel. Hence, the power consumption of the backlight module can be
drastically minimized. Furthermore, this technique can be extended to contain the local
blanking/dimming technique according to the locally averaged image data. That is, a higher
power saving result can be achieved and thus the power reduction can be more than 60%.
Actually, the minimum power consumption of the LCD display can be reduced to 20% of the
conventional design when the backlight system is turned off. However, the image only

contains gray levels at this moment. For portable devices like notebook computers, the largest



power consumption comes from the backlight module. The power consumptions in the recent
LCD panels are reduced to SW in white LED backlight and 3W in color sequential RGB
backlight system, respectively, compared to 10W in CCFL backlight. Therefore, it is
important to decrease the power consumption in backlight module of the notebooks without

sacrificing any image quality.
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Figure 6. The current waveform of inductor, diode and power MOS(Iy;)

In addition, when the modified FCS technique is applied in the LCD panel, there is only
one of three colors or black frame appearing in each section of the LCD panel. In general, the
forward voltages of red, green, and blue LED are different to each other owing to the
characteristic of material. Furthermore, the light illumination of LED is related to the amount
of driving current and the forward voltage [6-7]. However, it is unreliable that the light
illumination is controlled by utilizing the forward voltage when temperature and time is
changed [8-9]. That is, it is inappropriate to make use of forward voltage to control the
brightness of LED for getting high quality image of LCD panel. In order to get uniform and
sufficient luminance, the LCD backlight module requires many LED to be series-and parallel-
connection. The series connection ensures the series LED have the same conduction current.

The parallel connection needs a constant current regulator circuit to maintain stable and



uniform light illumination in every series connection as shown in Figure 7. The Single Boost
DC-DC converter is used to offer a sufficient voltage to overcome all the forward voltage
Viep of series LEDs. Owing to the great variation of LED material, each of the series LED
forward voltage Vygp is different. Hence, the current balance circuit is designed as the current
of LED I¢¢ that is independent of the voltage V¢, which is the voltage across the current
balance circuit. In general, the LED module will minimize the voltage V¢ [8-9] for reducing
the power consumption because the power consumption is equal to the product of Ve and I¢c.
If the output voltage is larger than Vigp+Vecmin), the redundant voltage will be across the
current balance circuit. Therefore, the power loss will be increased and the efficiency #.gp of
the LED array, which depends on the ratio of the V;gp and the V,,,,, will be decreased. In order
to improve the efficiency of LED backlight module, the value of the voltage Vg must be

minimized and the variation of the voltage Vg will not affect the driving current /¢p.
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Figure 7. Inductor current are CCM operation at heavy and medium loads

The power dissipation Pqu. in LED backlight module for the FCS technique is

composed of three parts as expressed in (1).

P =P, +F.+P

module LED DC-DC ( 1 )
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Prep is the power consumption on the series-connected LED when the constant driving
current flows through and forces the LED to emit light to the LCD panel. The constant
driving current generated by the constant current generator consumes power dissipation Pcc,
assuming the voltage across the constant current generator is Vcc. Besides, the power
dissipation of the boost DC-DC converter is Ppc.pc. In the efficiency consideration of the
backlight module, the power conversion efficiency of the switching DC-DC converter is
higher than 90%. That is, the reduction of power loss Ppc.pc in the DC-DC converter is much
smaller than those of other power dissipations and cannot be decreased remarkably. Thus, in
order to reduce the overall power consumption of the LED backlight module, the primary

consideration of reducing power consumption is focused on the P;zp and Pcc.

When the power consumption of conventional L.CDs with white-LED backlight and FCS
LCDs with RGB-LED backlight are compared under the same light illumination condition,
the FCS technique can save 40% power compared to the conventional LCD display since
there is no color filter that reduces the brightness of the LCD panel. Hence, the power
consumption Prgp of the backlight.module can be drastically minimized. The power
dissipation on the constant current regulator is proportional to the current /cc and the
headroom voltage V¢ as shown in Figure 7. According to the aforementioned statement, the
Icc 1s designed to define the brightness of LCD panel which should not be reduced arbitrarily.
Therefore, the LED backlight module is designed to minimize the voltage V¢ for reducing
the power consumption [10-11]. Generally speaking, since the material characteristic of blue
and green LED is indium gallium nitride (InGaN) and the material characteristic of red LED
is aluminum gallium indium phosphate (AlGalnP) [12], the forward voltages of red LED are
different from that of green and blue LEDs. That is, the forward voltage of green and blue
LED is approximately 2.8~3.3V, and the forward voltage of red LED is close to 2.2~2.8V.

Moreover, LED drivers use constant current regulator to provide the constant current for

11



constant lumen. In general, the constant current generator occupied minimum about 0.4V to
keep the characteristic of regular current and when the current is regulated to 25mA, the
forward voltages of an R-LED and a G-LED (or B-LED) are close to 2.2V and 3V,
respectively. As a result, the LED backlight driver would employ more DC-DC converter to
provide different output voltage for overcoming the forward voltage of different color
series-LEDs. Therefore, the LED with different colors require different supplying voltages
[13]. 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. However, the disadvantages are required the larger cost

and the printed circuit board (PCB) area.

This thesis proposes two kinds ‘implementations of the RGB backlight module for
achieving the fast reference tracking. First method, the charge recycling (CR) technique and
the fast reference tracking (FRT) are applied to a single boost converter. The other method is
the buck-store and boost-store (BSBR) technique. The proposed fast reference tracking (FRT)
can enhance the transient response of up- and down- reference tracking. The proposed CR and
BSBR techniques can store extra charge and recycle it back to the output node when the
backlight module switches between the R-LED and G-LED (or B-LEDs). The efficiency of
CR and BSBR techniques can be up to about 90% and 94%, respectively, which is the
common power efficiency in DC-DC converters. Moreover, the BSBR stage not only can
operate the buck-store and boost-restore operations in order to achieve fast reference tracking
performance but also can supply the regulated voltage Vgsgr by the Pulse Frequency
Modulation (PFM) control when the stored charge needs to supply other sub-blocks of the
system. The fast reference tracking performance can ensure the voltage across the constant

current generator is minimized to achieve high efficiency. As a result, the equation of
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luminance efficiency, which indicates the power transformation from the electric power to

light luminance, can be written as (2).

— KX P 2)
module P

LED + PCC + PDC—DC

K indicates the converting coefficient from electric power Pgp to luminance of light.
This value of K depends on different display techniques and backlight characteristics. This
thesis uses the FCS technique to enhance the value of K so that the backlight module can
achieve better light luminance by means of smaller power dissipation P;gp. Furthermore, the
DC-DC converter with the BSBR technique can efficiently store and recycle extra charge, and
thereby reducing the value Pcc to improve the overall efficiency #moque. As a result, the
proposed techniques can reduce the number of DC-DC converters and output component for
reducing the cost and the printed circuit board (PCB) area. In addition, the high efficiency

also can be acquired.

1.4 Prior Arts

The conventional RGB LED backlight module with conventional FCS algorithm, which
utilizes many output components and DC-DC converters for providing the different output
voltages, is illustrated in Figure 8 [14-16] because the forward voltages of red, green, and blue
LED are different to each other from the characteristic of material. Therefore, the cost and
footprint area is an drawback in the conventional LED backlight module system. In addition,
when the modified FCS algorithm is applied in the LED backlight module, the LCD panel is
divided into three sections to display different colors for the small-size panel of the notebooks.
There is only one of three colors or black frame appearing in each section of the LCD panel as

shown in Figure 4. As a result, the LED driver with the modified FCS algorithm requires nine
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DC-DC converters for driving the notebook’s panel with the advantages of much power

saving on the current balance circuit.
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Figure 8. Conventional RGB LED backlight with three DC-DC converters.

In general, the six series LED ate applied in the LED backlight module of notebook, and
thus LED backlight module would supply 16 V and 21 V for 6 series R-LED and G- or B-
LEDs, respectively. Since the bandwidth of the DC-DC converter is limited to the low-pass
filter which is composed of the inductor and capacitor, the fast output voltage tracking
between 16V and 21V is very difficult in the conventional DC-DC boost converters.
Therefore, the LED with different colors require different supplying voltages [13]. 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

constant current regulator.

The conventional voltage-mode PWM buck converter is depicted in Figure 9 (a). The
power stage is composed of power transistors Mp, My, and low-pass filter which is formed by

inductor L and capacitor C;. The error amplifier with compensated resistor and capacitor
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compare the reference voltage V,.r with feedback voltage Vj, to generate the error signal V., for
determining the duty cycle of PWM signal Vpyy. In addition, the duty cycle of
continuous-conduction mode (CCM) buck converter has a relationship with output voltage

and input voltage (V,,/Vi,). Thus, the conversion equation is given by

Vi _pyVeVs "
Vin VH _VL

where Vy and V, are upper and lower bounds of the ramp signal VRamp. When the reference
voltage V,.ris changed, the output voltage V,,, would be varied by changing the duty cycle of
PWM signal Vpyy, as shown in Figure 9 (b). Since a large compensator capacitor is utilized to
provide the dominant-pole for compensating the power system. The signal V. would slowly

raise to the steady state and the tracking response of output voltage is slow.

This thesis proposes a DC-DC converter with' fast reference tracking to provide the
output voltage for overcoming.the different color of series-LEDs. The new implementation of
the RGB backlight module is depicted in Figure-10 for achieving low cost and high efficiency.
It is obvious that only one DC-DC converters are employed. The hardware cost and volume

can be effectively reduced.

Several topologies and control techniques have been proposed to fast reference tracking
output voltage. The reference tracking technique in [17] proposes the end-point prediction
(EPP) for voltage-mode PWM buck regulator as shown in Figure 11. A voltage adder is
required to sum the error signal V,; and reference voltage V,. to form the V., and generate the
PWM signal. In addition, this technique design that the upper bound of ramp signal Vy is

equal to
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V,=bxV. +V,

“)

where b is the ratio of feedback resistor (Rr; and Rp,). Therefore, the information of reference voltage and

input voltage is acquired to generate the PWM signal for improving the transient response of reference tracking.

However, the transient response of up-tracking still be clamped by the compensation capacitor.
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Figure 9. (a)Conventional voltage-mode PWM buck converter. (b) The transient duty cycle of

PWM signal Vpyy, at reference tracking.
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Figure 11. Voltage-mode PWM buck regulator with end-point prediction (EPP) technique
Another reference tracking technique in [18] is utilized by the hysteretic comparator and

limiting current control to improve the transient response of reference tracking as shown in

Figure 12.
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Figure 12. System architecture of hysteresis buck converter with current limit control for fast

reference tracking.

The up-tracking process can be divided into the following three phases as shown in Figure

13.

1.

Inductor current ramp-up phase (7;): During the period 77, the average inductor current
ramps up from the output (lead) current to the maximum allowable current with full
duty cycle. The Hysteresis buck converter can generate the full duty cycle. Thus, the

inductor current can fast ramp up to maximum current.

Maximum current charging phase (73): During the period 7>, the inductor current
switches between two predefined levels such that the average inductor current is kept
at I,,,x. The maximum current is charging the output capacitor at full speed until the

output voltage reaches the predefined value V..

Inductor current ramp down phase (73): When the output voltage reaches the
predefined value, the inductor current is then decreased to the new output load current.
The load transient time depends on the control methodology of the converter. The total

up-tracking time is 7+ T+ T5.
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The down-tracking process also can be divided into the following three phases as shown in

Figure 13.

1. Inductor current ramp down phase (74): During the period 7, the average inductor
current ramps down from the load current to the minimum current level which is close
to zero. The Hysteresis buck converter would not turn on the Power MOSFET Mp.

Thus, the inductor current can fast ramp down to minimum current.

2. Maximum current charging phase (7’s): During the period Ts, the output voltage is
discharge by the load current and the down-tracking speed is dominated by the load

resistor.

3. Inductor current ramp up phase (7s): When the output voltage reaches the predefined
value, the inductor current is then increased to the new output load current. The total

down-tracking time is T+ 15+ Ts.
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Figure 13. The up- and down- reference tracking process.
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1.5 Motivation

In order to effectively reduce the chip cost and footprint area of the LED backlight
module, the reference tracking process is required to turn on the RGB LED in sequential. The
prior arts of reference tracking technique are well-design on the up-reference tracking
response, however, the down-reference tracking are always depending on the load resistor or
releasing the energy to ground. This thesis proposed the fast reference tracking (FRT) and
charge recycle (CR) techniques to implement the up- and down- reference tracking with fast
response and high efficiency. The FRT technique can make the LED driver drives more than
6-series R- and G-/B- LED by fast increasing or decreasing the output voltage to correct
voltage level. Furthermore, the CR technique is presented to store the extra energy when the
output voltage is decreased from high-supplying voltage level for 6-series G-/B- LED to
low-supplying voltage level for 6-series R-LEDs. 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. Therefore, the
proposed LED driver with FRT and CR. techniques achieve high efficiency conversion and
low cost performance compared to the conventional design. Moreover, three DC-DC
converters can be decreased to only one DC-DC converter at the sacrifice of power
consumption. In addition, this thesis also proposed charge recycling buck-store and
boost-restore (BSBR) technique. This technique can be implemented as buck and boost
converter on a single converter to store and recycle the extra energy for reducing the power

dissipation on the LED driver circuit and applied on the boost converter to control the voltage.

1.6 Thesis Organization

In the following chapters, an integrated LED driver with fast reference tracking

techniques including the CR and BSBR control mechanism are presented in this thesis. In
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addition, the current regulator and current balance circuit are also discussed in this thesis. The
Chapter 2 would describe the architecture of constant current regulator for LED Driver with
the SAR-controlled adaptive off-time technique. The characteristics of LED backlight module
and LCD panel are introduced in this chapter. In addition, the advantages and the
disadvantages of these prior arts would be discussed in Chapter 2. In the Chapter 3, the
analysis of the reference tracking procedure with FRT and CR technique is presented. The
FRT technique is utilized for rapidly switching between two different output voltages and the
CR technique is proposed for saving much power dissipation during the transition between
two different output voltages. Furthermore, the stability and transient response of the LED
driver with FRT technique is also discussed in this chapter. The circuit implementation
composed of the voltage control current source (VCCS) compensator, the PWM generator,
and the one-shot generator would be detailed illustrated in Chapter 3. In Chapter 4, a new
charge recycling buck-store and ‘boost-restore (BSBR) technique is proposed to reduce the
power dissipation on the LED driver circuit and is applied on the boost converter to control
the voltage, 9.3V for 4 series R-LED and 12.4V.for. G- or B- LED in the LED backlight
module. The architecture of the proposed BSBR control, the BSBR tracking algorithm and the
energy transforming efficiency are also discussed in detail. Experimental results shown in

Chapter 5. Finally, conclusions are made in Chapter 6.
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Chapter 2

The Architecture of Constant
Current Regulator for LED Driver

2.1 The Characteristic of LED

The LED I-V curve is shown in Figure 14. Because LED can be manufactured with
smaller mismatch, the forward voltage variation of LED is expected. In addition, the forward
voltage also varies with temperature and time. In order to get high quality image for LCD TV,
it is impossible to regulate the forward voltage of LED to.dimming the LED for changing the
backlight brightness. In othet words, the luminance is proportional to the level of driving
current. The higher driving current will cause the higher brightness. As a result, by using the
current to dimming the LED can prevent the variation of forward voltage and increase the

brightness uniformity of LED backlight to get the high quality image of LCD TV.
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Figure 14 I-V curve characteristic of LED
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2.2 The Basic LED Current Regulators

The most common method to drive LED current is shown in Figure 15. A simple current
regulator is implemented for LED strings. This circuit includes operational amplifier, a
reference voltage, Vger, and the value of the external resistor, Rgxr, to determine the LED
current. It is uses the constant-current source to regulate LED strings [19-20]. The
constant-current source eliminates LED current changes due to variations in forward voltage.
By using the constant-current source produces the constant LED brightness and strings
uniformly. In Figure 15, LED can connect in a series and parallel to keep an identical current
flowing in each LED, because the LED current I} gp;~ I gpy are produced by the value as Vggr
/Rexr. Therefore, if the external resistances _are matched, this circuit can increase the current

matching ability between channels.

ILED2
VREF l

lum.,

Figure 15. A simplified current regulator for LED driver.

ILED1

Another important issue is LED dimming control. LED dimming control is needed in
many applications. In applications as LCD backlighting, dimming provides brightness and
contrast adjustment. In general, two types of dimming methods can be achieved, analog and
pulse width modulation (PWM) [21]. In analog dimming, the changing of LED’s forward

current can change the brightness. For example, if an LED is at full brightness with 20 mA of



forward current, then 50% of the brightness is achieved by applying 50% of the maximum
current to the LED. However, the drawback with analog dimming is that changes in forward
current cause LED’s color shift. This color shift may become unacceptable in displays
requiring a true color representation. On the other hands, PWM dimming is achieved by
applying full current to the LED at a modulated duty cycle. The LED brightness is controlled
by adjusting the relative duty cycle. For example, 50% brightness level is achieved by turning
the LED on time at full current for 50% of each period. The advantage of PWM dimming is
that the forward current is always constant, so we just have to decide the maximum current for
all the LED strings. Instead of analog dimming, by using this method, LED color does not
vary with brightness. In order to keep the human eyes from seeing the LED turn on and off,
the switching speed must be above 100 Hz. Therefore, the proposed method also includes the
PWM dimming control circuit to maintain the benefits of PWM dimming. In order to
eliminate the inrush current occurred at the instance-of string turn on, we also proposed a
delay method to reduce it. By using the delay method, the on time of all the strings will be
split into several parts. In other words, turning on the strings gradually can reduce the charge
current at the moment. The proposed circuit not only balances the current for LED strings but

also is suitable for PWM dimming control.

2.3 The Structure of LED Lighting System with
HCC and PCC Technique

There is another structure of LED driver for lighting system. The design of the LED
lighting system needs the regulated driving current technique to flow through the LED for
uniform brightness. The prior arts of the LED driver are the hysteretic current control (HCC)
and peak current control (PCC) techniques. The PCC technique uses a constant off-time to

reduce the need for the connection of the sensing resistor in series with the LEDs, sacrificing
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the accuracy. The PCC technique connects the sensing resistor at the source node of the
N-type power MOSFET. As a result, the PCC technique has the advantage of high efficiency
but low accuracy. Therefore, how to get high efficiency and accuracy at the same time
becomes an important design issue in an LED lighting system. The implementation of the
conventional PCC technique is shown in Figure 16(a). It includes an oscillator to periodically
turn on the N-type power MOSFET My. When the inductor current is increased to the
predefined peak current level, the N-type power MOSFET My will be turned off. As a result,
the inductor current is discharged by the freewheel-diode. The inductor current also flows
through the LEDs; thus, the average inductor current will determine the brightness of the
LEDs. Considering the inductor current waveform in the steady state as shown in Figure

16(b), the inductor current ripple Al _can be expressed as (5).

Viw=V, V. +V,
L~ L ton - L toﬂ

where V.~ nV, &)

Vr and V) are the forward voltages of the LED and the freewheel-diode, respectively. The V,
is equal to the summation of the total forward voltage of LED in series. The ?,, and #,4 are the
on-time and off-time of the N-type power MOSFET My, respectively. Owing to the constant
switching frequency, ?,, and f,; can be approximately described as (6) and (7), respectively.

The forward voltage of freewheel-diode is ignored in (6).

t,, =DT, = 4 T, (6)
VIN

ty =(1-D)T, =[l— . JTS (7)

T; and D are defined as the switching period and the duty cycle of the LED driver,
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respectively [22]. Since the bottom current level is determined by the switching frequency, the

average inductor current /74, ) can be calculated as (8).

%

IL(avg) = Ipeak _%tOFF = Ipeak - Vzofj (1 - ‘fz)v j (8)
The value of the input voltage V;y will affect the average inductor current. Moreover, the
different numbers of LED in series which cause the different output voltage (V, = nVp)
influence the average inductor current. Hence, the brightness of the LED is drastically
influenced by the variation of the input voltage. Furthermore, as shown in Figure 16(a), the
major power dissipation of the LED driver in the PCC technique is caused by the external
sensing resistor R, and the diode during phases I and. I, respectively. In phase I, the inductor
current passes through the external sensing resistor R, and the equivalent resistance of the My

(R,) results in the energy consumption calculated as (9).

2
EphI(PCC) = IL(avg) X (Ron + Rs )X ton (9)

Moreover, the inductor current flows through the freewheel-diode to decrease the inductor
current during phase II. Therefore, the freewheel-diode also brings the energy dissipation

described as (10).

E 1

ot Py = L Lavgy XV Xl o (10)
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The HCC technique utilizes two threshold current levels to accurately control the

average inductor current Iy, thereby defining the switching frequency [22]. The
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implementation of the fundamental HCC technique is shown in Figure 17(a). It includes the
simplest implementation of the current sensing circuit composed of an external resistor, Rs.
The inductor current waveform in the steady-state is shown in Figure 17(b). The two
threshold current levels are defined as Iyy; and Ip, indicating the high and low threshold
current levels, respectively. When the switch Mg and the N-type power MOSFET M) are
turned on, the inductor current increases at a rate determined by (V;y — V,)/L. Thus, the current
sensing circuit generates the sensing current via R; and the switch Mg to produce the ramp
voltage V;. When the voltage V; is higher than the Vggp, the switch Mg and the N-type power
MOSFET My are turned off by the output of the comparator. Therefore, V; has a step
variation since the sensing current passes through both the resistors R; and R», not only
through R;. In addition, the inductor current is discharged via the freewheel-diode back to Vi,
as such, V; decays at a rate decided by the inductor current. The current ripple can be defined
as (11):

R R
Al =1, Xx—2—=], X2
L Hth Rl + R2 Lth Rl (11)

The HCC technique can accurately design the low threshold current 7, and the inductor
current ripple by defining the high threshold current Iy, and utilize the suitable resistors R;

and R;. Hence, the average inductor current can be accurately described as (12).

I, +1

IL(avg) — Hth 2 Lth (12)

As a result, the HCC technique can achieve a more accurate average current than that of
the PCC technique. Hence, the brightness of the LED can be effectively controlled by the
HCC technique. However, the large inductor current flows through the sensing resistor Rin

the full period since the whole switching period needs the information of the inductor current
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to compare it with the two threshold current levels. Thus, the energy dissipation by the

conduction loss in phase I and phase II can be expressed as (13) and (14), respectively

E

PhI(HCC) —

1. %X(R, +R)xt, (13)

L(avg)

2
EphII(HCC) = (IL(avg) xXVj +IL(avg) XR, )Xt(yj‘ (14)

According to (9) and (10), the power consumption depends on the sensing resistor Ry and
the forward voltage of freewheel-diode V) because the R, is much larger than R,,. However,
comparing (10) and (14), the power efficiency of the PCC technique is generally higher than
the HCC technique because the inductor current passes through the sensing resistor during
phase I instead of the full period. Thus, the conduction loss of the HCC technique is larger
than that of the PCC technique. There is a trade-off between accuracy and efficiency in the
design of the LED driver. The HCC technique can have more accurate average current but
larger conduction loss. On the other hand, the PCC technique can achieve higher efficiency at
the expense of accuracy. To achieve higher accuracy and efficiency at the same time, the

current regulator with the SAR-controlled adaptive off-time technique is proposed.
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Figure 17. The prior art for LED lighting system. (a) The implementation of the LED driver
with the HCC technique. (b) The inductor current waveform of the HCC technique.
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2.4 The Successive Approximation Register (SAR)
Design Methodology

The conduction loss of phase I due to the sensing resistor [7], [21] can be reduced by
means of the on-chip low-side current sensing circuit that can accurately define the peak
current level [23]. Additionally, the removal of the external sensing resistor can also save the
cost and footprint area, but this causes an inability to sense inductor current during phase II
[16]. Thereby, the average inductor current is difficult to accurately control because the
bottom level of inductor current depend on the constant off-time or fixed frequency.
Therefore, the accuracy of the LED lighting system is deteriorated. The value of the off-time
needs to be adaptively adjusted to ensuré the accurate inductor current that can be controlled
between the peak and bottom current levels. As a result, the average inductor current can be
independent of the variation of ‘the input voltage and the numbers of LED in series. To
adaptively adjust the value ©of the:off-time [24], it is proposed that the SAR-controlled
adaptive off-time calibrate the off-time value. That is, the duration of the off-time can be

adjusted to regulate the bottom current level.

The flow chart of the SAR-controlled adaptive off-time technique is shown in Figure 18.
The 8-bit SAR code A[7:0] is used to decide the duration of the off-time. At the beginning,
the SAR code A[7:0] has an initial value of “1000,0000” and the gain code G[7:0] is set to
“0100,0000”. Adding or subtracting the gain code G[7:0] leads to the accurate calibration
values of the SAR code A[7:0] in the following eight switching cycles. When the duration of
the off-time is too short, the current sensing signal Vi, at the beginning of the next
switching cycle is larger than the expected value of VREF2 as shown in Figure 19. Thus, the
average inductor current is larger than expected value to have an influence on the brightness

of the LED. At this time, the gain codes G[7:0] would be added to the SAR code A[7:0] to
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prolong the off-time. On the other hand, if the off-time is too long, the current sensing signal,
Vsense, at the beginning of the next switching cycle will be smaller than the Vggr,. That is,
the lumen of LED is relatively small due to the smaller average inductor current, and

therefore, the SAR code A[7:0] will subtract the gain code G[7:0].

fm—————————— START

Gai de GI7:0 | Count=1: (vsense>VREF2) : EN=1
ain coce [ ) ] Count=0: (Vsense<VREF2)

' |
g - Count=0 A[7:0] Count=1
0100-0000 1000-0000
Count=0 A[7:0] Count=1 Count=0 A[7:0] Count=1
160300

0000-0001 Count=0 Count=1 ..
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Count=0 =] Countet
(-] Qooo-oooo s—<0000-0001 oo oo 1111-1101 )
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.o 1111-11110

Figure 18. The inductor current waveform at different the off-time values.
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Figure 19. The inductor current waveform at different the off-time values.

After the eight switching cycles, the SAR code A[7:0] can be dynamically adjusted by a
minimum value of the gain code G[7:0], which is “0000,0001” according to the value of the
comparison result of the voltage V., and the reference voltage Vggr,. Consequently, after the

calibration duration, the adaptive off-time can ensure that the bottom level of the inductor
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current will be close to the expected value. That is, the average inductor current can be

independent of the variation of the input voltage.

The external sensing resistor is not needed any more since the on-chip low-side current
sensing circuit can detect the peak current level and the SAR code A[7:0] adaptively adjusts
the off-time. Therefore, the efficiency can be improved owing to the removal of the
conduction loss of the external sensing resistor. Simultaneously, the accuracy is also
guaranteed because the adaptive off-time can ensure the average inductor is independent of
the variation of the input voltage. In other words, the SAR-controlled adaptive off-time has
the advantages of high efficiency like the PCC technique and high accuracy like the HCC

technique.

2.5 The Successive Approximation Register (SAR)

Circuit Implementations

The implementation of the SAR-controlled adaptive off-time technique is illustrated in
Figure 20. The external sensing resistor is replaced by the on-chip low-side current sensing
circuit. As a result, the power dissipation of the on-chip low-side current sensing circuit is
much smaller than that of the external sensing resistor. Furthermore, the freewheel-diode [25]
is substituted by the active diode, which is the P-type power MOSFET Mp;4., in order to
reduce the power dissipation during phase II. The digital signals EN and CLR are used to
enable the LED driver and reset the initial digital code. The digital signal, Digital PWM, is the

dimming signal for adjusting the brightness of the LED.
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Figure 20. The proposed LED current driver uses the SAR-controlled adaptive off-time

technique.

Two major circuits are ‘used to enhance the accuracy of the LED driver. One is the
SAR-controlled adaptive off-time control circuit-and the other one is the on-chip low-side
sensing circuit with the blanking time circuit. During phase I, the N-type power MOSFET is
turned on to increase the inductor current. The current sensing circuit thus increases the
sensing voltage Viense. Once Vi, is larger than Vggp, the output of the comparator ‘CMP2’
triggers the signal Reset to turn off the N-type power MOSFET My. The on-time duration #,,

is decided. The peak level of inductor current can be expressed as:

KXV
Ipeak =——~tL (15)

sense

K refers to the sensing ratio. At this particular time, the active diode Mp;,q Will be turned on
to discharge the inductor current. The forward voltage of the active diode is the source-drain

voltage Vsp of P-type power MOSFET. The off-time duration ¢, is controlled by the 8-bit
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SAR code A[7:0] from the SAR-controlled modulator. After the off-time duration, the
adaptive off-time module sends a signal Set to turn on the N-type power MOSFET to charge

the inductor current again.

At the beginning, the SAR-controlled adaptive off-time technique calibrates the off-time
duration depending on the output ‘Count’ of the comparator ‘CMP1’. The signal ‘Count’
equaled to ‘1’ or ‘0’ means that the sensing current signal Vi, is higher or lower than the
reference voltage V... After the calibration process, the bottom level of inductor current can
be determined by the voltage Vger,. Thus, the bottom level of the inductor current can be

formulated as:

— K VREF 2 (16)
bottom
sense
Therefore, the current ripple divided by the average current can be calculated as:
Iripple — 2x (VREFI _VREF2) (17)
Iavg (VREF 1 + VREF 2)

As a result, the current ripple ratio can be maintained by the reference voltages V,.; and
V.erz and would not be influenced by the input voltage or the numbers of LED in series.
Smaller current ripple has a more stable LED lumen. However, the ratio of the current ripple

also defines the switching frequency as:

1

1 1 (13)
ri] lfx(i
" V() VIN -V

According to (18), a small inductor current ripple results in a faster switching frequency

and increases power consumption. On the other hand, a high inductor current ripple results in

35



a slower switching frequency Therefore, power efficiency is increased because the switching
loss is further reduced. However, the conduction power is increased due to large current ripple.
Therefore, the inductor current ripple, which is about £15% of the average inductor current
has a better power conversion efficiency as shown in Figure 21. The power efficiency would
be reduced while the current ripple is smaller than £15%. Moreover, the current ripple can be
increased to reduce the size of the inductor at the cost of reduced efficiency and, possibly,
LED lifetime [26]. As a result, the suitable ratio of the inductor current ripple is £15%. This is

popularly used in today’s LED lighting products.

i 4

(Hz)

Designed point i

35% % 3% >
The Ratio of Inductor Current Ripple ( lrippiellavg)

Figure 21. The relation of the ratio of inductor current ripple (Lippie / lavg), the power

efficiency (), and the switching frequency (f;).

The LED driver needs to provide an accurate driving current for LED lighting systems. It
should be noted that the SAR-controlled modulator can still dynamically adjust the off-time to
rapidly react to the variations of the input voltage and the numbers of LED in series. In
addition, the power dissipation during phases I and II can be reduced and expressed as (19)

and (20), respectively.

— 2 1
EphI(SAR) - IL(avg) X Ron Xton ( 9)
EphII(SAR) = IL(avg) XV X1y (20)
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According to (15), the power dissipation in phase I is much less than those in (9) and
(13). During phase II, the power dissipation can also be reduced through the use of small Vpg
because of the active diode. Hence, the technique can minimize the conduction power loss
and improve the accuracy of the driving current. The following subsections will describe the

implementations of the sub-modules.

2.5.1 The Implementation of the SAR-Controlled
Modulator

The implementation of the SAR-controlled modulator is composed of three sub-modules
as shown in Figure 22. The three sub-modules are the up-down 8-bit counter, the 8-bit SAR
gain code generator, and the over-control logic circuit. The up-down 8-bit counter is used to
calculate a new 8-bit SAR code A[7:0}-and a gain code G[7:0] according to the digital signal
Count. The 8-bit SAR gain code generator provides G[7:0] to the up-down 8-bit counter to
calculate the precise A[7:0]. The over-control logic circuit detects A[7:0] and generates C[7:0]

to avoid the overflow issue.

CLR CLK A[7:0] Count
? 8 i ?
v v
CLR CLK CLK A[7:0]
8-bit SAR Gain Codes Generator Over-control Logic Circuit Countj<—¢
G[7:0] C[7:0]
' ' %
G[7:0] C[7:0]
—>| cLr Up-down 8-bit Counter Counts |l
A[7:0]
°y
A[7:0]

Figure 22. The structure of the SAR-controlled modulator.
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The circuit of the up-down 8-bit counter is the main module shown in Figure 23(a).
Since A[7:0] starts from ‘10000000, the gate DFFS utilizes the complement of the Q signal
when the signal CLR is high. Therefore, A[7:0] starts from ‘10000000’ after the clear state.
The eight XOR gates and the signal CountB are used to decide if the operation is an addition
or a subtraction. Additionally, CountB is also used as the carry-in signal of the first full-adder
to achieve the correct calculation. When CountB is ‘1°, G[7:0] will be converted into its 2’s
complement value. Hence, A[7:0] subtracts G[7:0] to prolong the off-time duration. On other
hand, if CountB is ‘0’, G[7:0] is not complemented. That is, the addition is proceeded by the

SAR-controlled modulator and A[7:0] is equal to the sum of the previous value and G[7:0].

The 8-bit gain code generator is shown in Figure 23(b). G[7:0] starts from ‘01000000 to
‘00000001°. At the beginning, the binary code [out2; outl, outO] is set to ‘000’ and converted
by the 3-to-8 decoder so that G[7:0] can be set as ‘01000000.” Three full adders are used to
generate the increasing binary code [out2, outl, out0O] from ‘000’ and G[7:0] is converted
from ‘01000000’ to ‘00000001 by the 3-to-8 decoder. Until G[0] is changed from ‘0’ to ‘1°,
the input B of the full adder I becomes. ‘0’ and the binary code [out2, outl, outO] will be
settled. This indicates the end point of the calibration of the SAR operation. Then, the
SAR-controlled modulator starts to slightly adjust A[7:0] by setting the minimum G[7:0] as

‘00000001.°

The over-control logic circuit is depicted in Figure 23(c). The AND gate array is used to
block the clock CLK when the overflow issue happens. When the value of the signal CountB
is ‘1’, the operation of the up-down 8-bit counter is the addition function. If A[7:0] is
‘11111111, the output of the XOR gate array is ‘0’ to block the clock signal CLK. Thus the
over-control signal C[7:0] holds to ‘00000000.” For the subtraction function, the up-down
8-bit counter needs to prevent the value of the SAR code A[7:0] from continuously decreasing

when A[7:0] is ‘00000000.” When the function of subtraction is enabled by the CountB, it
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also prevents the overflow issue from happening through the XOR gate array. The

SAR-controlled modulator with three sub-modules can generate A[7:0] through the digital

signal Count to adjust the dynamic off-time. When Count is ‘0’ or ‘1°, the SAR code will

subtract or add G[7:0] as ‘00000001

b
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Figure 23. The three sub-modules in the implementation of the SAR-controlled modulator. (a)
The up-down 8-bit counter. (b) The 8-bit SAR gain code generator. (c) The over-control logic

circuit.

2.5.2 The Implementation of the Adaptive Off-time
Circuit

The simple implementation. of .the constant off-time circuit is depicted in Figure 24(a).
When the signal control is high, the non-inverting input of comparator V., is discharged to
ground and the output of comparator Set is zero. When the signal control is changed to low,
the constant biasing current Iz will flow into the capacitor C,4 to increase V.. Once V., is
larger than the voltage Vg, the signal Set is changed to high to start the next switching cycle.
Thus, the off-time duration can be expressed as (21).

— Coﬁ‘ VBG

t . 21

B

where 1, 1s proportional to the value of the capacitor C,y. Therefore, the adaptive off-time

circuit as illustrated in Figure 24(b) utilizes the SAR codes to adjust the value of the capacitor
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for the suitable off-time #,5. A[7:0] turns on/off the switches in the SAR-controlled capacitor

array to decide the total value of C,s when the input enable signal EN is high. Each bit in

[7:0] indicates the additional capacitor. As su

C,p=Cx(2"-A+2"-A+..+27

ch, Cyy can be expressed as (22):

A +27)

(22)

Thus, the maximum and minimum values of the capacitor are 2C and C/128, respectively

As a result, the off-time 7, can be dynamically

adjusted to get the accurate average inductor

current.
I
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Figure 24. (a) The implementation of a simple off-time circuit (b) The schematic of the
adaptive off-time circuit and the corresponding capacitor according to each bit of the SAR
code A[7:0].
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2.5.3 The Implementation of the On-chip Low-side

Current Sensing and the Blanking Time Circuits

The on-chip low-side current sensing circuit is shown in Figure 25. The switches M;;-M;;
are used to control the turning on/off the current sensing mechanism. When the Vpy,, changes
to high to turn on the N-type power MOSFET My, the sensing MOSFET M, and the
switch Mj,, the voltage at node SW will pass to Vp through the M;; and voltage V4 will be
equal to the voltage at node SW due to the close-loop of the amplifier. Thus, the transistors My
and M., Will have the same drain, gate, source, and bulk voltages. The W/L ratio of My to
M50 1s about K. In this design, the value of K is 3000. The current /; is approximately equal
to (1/3000)xI;. The inductor current information passes through the current mirror pair,
composed of transistors Mg; and M., to geénerate the sensing signal Vs, which is used to

compare two reference voltages, Vger; and Viggps, to decide the values of 7,, and 7.
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Figure 25. The design of the on-chip low-side current sensing circuit with the blanking time

circuit.

At the beginning of every switching cycle, the current sensing signal Vi, is utilized to
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determine whether the digital Count is ‘1’ or ‘0’. Since the clock signal CLK in the
SAR-controlled modulator can trigger the calibration of the off-time duration, Vi, needs to
correctly present the inductor current information before the clock signal CLK changes from
low to high. Thus, the blanking time circuit is used to delay the signal Vpyy, to generate the
clock signal CLK. That is, the blanking time circuit provides enough time for Vi, to track
the variation of the load current. Therefore, A[7:0] can accurately decide the value of the

capacitor.
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Chapter 3

The Proposed FRT Technique and
CR Technique

3.1 The Analysis of FRT Technique and CR
Technique

The LED driver for modified FCS algorithm ‘needs two characteristics to meet the
requirements of the LCD response time. One is the fast reference voltage tracking [17], [27]
for rapidly switching output voltage to meet the requirement of three colors LED and the
other one is the charge-recycling [28-29] for reducing power consumption. The schematic of
the proposed RGB driver is shown in Figure 26. The main blocks contain the PWM generator
with FRT technique, the CR circuit, the CB circuit, and the timing controller implemented by

FPGA.

3.1.1 The Operation Principle of the FRT Technique

The function blocks of PWM generator with FRT technique is shown in Figure 27 (a).
The correction current I, generated by the G,, amplifier represents the output voltage
condition of the LED driver. Owing to the usage of the G,, amplifier, the characteristic of high
bandwidth can result in fast load/line transient response and reference tracking. However, the
static error is worse since the characteristic of low gain of the G,, amplifier. Therefore, the

FRT technique utilizes the feedforward current /1.4 to minimize the effect of /. for improving
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Figure 26. The proposed LED driver contains the FRT, CR techniques, and the current

balance (CB) circuit.
the static performance. Furthermore, the feedforward current ., standing for the input

voltage information also can improve line transient performance. The output of the saw-tooth

generator is a saw-tooth waveform /, with a high threshold current Iy defined as V,, xG,

and a low threshold current defined as “0”. Therefore, the saw-tooth signal with reference
voltage information can rapidly determine the value of the duty cycle, thereby regulating the

output voltage to quickly track the variations of the reference voltage V..

The duty cycle of a voltage-mode LED driver operated in continuous current mode
(CCM) is defined as (23) and depicted in Figure 27 (b). At steady state, the correction current
I. can be neglected because the feedforward current Iy.; is used to minimize the value of
correction current /.. The static performance can be improved since the duty cycle of LED

driver with FRT technique can be simplified as (24).

Vv-v. I,-U,,—1)
D=-¢ in _ H feed (23)
VO IH
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Vref X Gm -1 feed
D=— , where 1, =V,
V%G, ‘

xG, (24)

When the LED driver is well-designed, the feedback voltage Vj, is equal to the reference
voltage Vs as shown in (25). According to (24) and (25), the expression of the duty cycle is
rewritten as (26). It is obvious that the transient response of line/load can effectively improved
due to the appearance of the input and output information in (26). Therefore, the FRT
technique not only has fast line/load transient response with a minimized static error but also
has fast reference tracking since the variation of Iy is proportional to the variation of the
reference voltage.

RFZ

RF2

V =V, =— 2.y =V wWhere r =——£2 25)
re /b o °
Ryt R Rei 4 Re
V —vV. =rV.xG —1
p="o in = 0 m feed where Ifeed = r‘/in XGm (26)

V rV, XG,,

o

When output voltage is changed from low- to high-supplying voltage level, the output voltage
can quickly increase by peak current level owing to the high bandwidth of G,, amplifier and
FRT technique. However, when output voltage is changed from high- to low-supplying
voltage level, the duty cycle of PWM generator can be decreased by fast response of G,
amplifier and FRT technique. Nevertheless, the drop of output voltage still depends on the
load current and output capacitor. If the value of the load current is small [30], the recovery
time of the regulated output voltage is prolonged. There is not any high efficiency method
proposed to solve this problem [18]. Thus, the CR technique is presented to speed up the
recovery time, thereby enhancing the power conversion efficiency due to the energy

recycling.
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Figure 27. (a) The PWM generator with-FRT technique. (b) The determination of duty
waveform in the PWM generator with FRT technique.

~ D~

3.1.2 The Operation Principle of the CR Technique

The low-supplying voltage level can be quickly raised to the high-supplying voltage
level by the proposed FRT technique. However, the pulling down response time of the output
voltage from high- to low-supplying voltage level depends on the values of the output
capacitor and load current. The CR technique stores the extra charge from the output capacitor
Cloaa to the re-cycling capacitor Cge.cycie and thus rapidly pulls down the output voltage to the

low-supplying voltage level for driving R-LEDs. Hence, the LED diver can maintain high
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efficiency due to the minimized power consumption on the current balance circuits. The

implementation of the CR technique is conceptually illustrated in Figure 28.
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Figure 28. The schematic of the charging-recycling technique.

At the beginning of the operation of the LED driver, the LED backlight module enters
the soft-start period. The output voltage of the LED driver is slowly and smoothly raised to
the low output voltage for driving R-LEDs. Simultaneously, the comparator turn on the power
transistors M,; and the voltage Vge.cyc. followed the output voltage V., is also slowly pulled
up to low-supplying voltage level in the CR technique. After the soft-start period, the LED
driver enters the normal operation for the modified FCS algorithm. In addition, the FCS
algorithm begins to display different color LED in sequence for the reducing the effect of the
color breakup. Therefore, three signals (V. Vs Ves) are enabled to turn on/off three
different color LEDs. The LED driver needs to switch the output voltage between the high-
and low-supplying voltage levels for minimizing the power consumption because the
high-supplying voltage level for 6-series R-LED consumes much power due to the large

voltage across the current balance circuit compared to G- or B- LEDs.
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When the LED backlight module changes from G- or B- LED to R- LEDs, the signal V .z
is switched to low and the voltage V,,, will be decreased from high- to low-supplying voltage
levels. In the meanwhile, the one-shot circuit will generate the signal Ty, to turn on the
power transistor Mp; and decide the duration of the storing period. Therefore, the CR
technique is activated and the extra charge on the output capacitor is delivered to the
re-cycling capacitor Cge.cyce Via the inductor and power transistor M,;. Owing to the current
continuity of the inductor, the CR technique can continuously deliver extra charge to the
re-cycling capacitor Cge.cycle €ven that the output voltage V,, is smaller than the voltage
VRe-cyele- Therefore, the high-supplying voltage level can be rapidly pulled down due to the
charge storage on the re-cycling capacitor. Therefore, the CR technique can totally deliver the
extra charge from the output capacitor Crsqq-to the external capacitor Cre.cycle if the Cre-cycre 18
chosen with a value similar to that of the Cy,,4. Therefore, the output voltage is rapidly pulled
down to the lower regulation voltage for driving R-LED and the LED driver effectively stores
the charge on the re-cycling capacitor Cg,-yz.. And the one-shot time is defined as (27) by the

laws of conservation of energy.

(CLoad or CRe—cycle ) X Vdiff

T, =—2 ' @

LRe-cycle(avg.)

The difference voltage Vi is defined as the difference between the high- and low-supplying
voltage levels for controlling the charge storing or restoring procedure. Irge-cycieavg) 1S an
average inductor current in the charge storing procedure. Therefore, the period of CR
technique is inversely proportional to the value of the inductor current I;g,.cyce according to

(27). During the charge-recycling procedure, the peak value of inductor current l,eqr is

and the slope of inductor current is defined as AV /L

approximated to 2x/ Re—cycle -

LRe-cycle(avg.)

In addition, the value of AV is nearly equal toV,, /2 and the peak current appears at time
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t=T,, /2. Therefore, based on (27), the period of charge-recycling process Tiu,; can be
derived as (28).
AV Vd@ff' XTchm‘
Ipeak :Tt = (ILRe—cycle )avg :814—

Re—cycle

= ’Tshut = \/8LRe—cycle (CLuad or CRe—cycle) (28)

According to (28), the value of Ty, is proportional to square of the product of the values of
inductor and capacitor. It means the larger the values of inductor and capacitor need more
storing/restoring time. Furthermore, it is also important to limit the peak inductor current to
prevent the circuit from being damaged by the large inductor current. Thus, the boundary of

the peak current is expressed as (29)!

2(Cpu 0t Cy, o)
Ipmké\/ ’dL LY (29)

‘Re—cycle

According to (28)-(29), the CR technique can utilize the larger inductor to decrease the
peak inductor current and extend the period Ty, to accomplish the charge-recycling
procedure. On other hand, when the one of the signals V,; and V5 is switched to low and the
signals Vg is switched to high, it means that the output voltage will be raised from low- to
high-supplying voltage level for turning on the G-/B- LEDs. Therefore, the signal Ty, is
generated by the one-shot circuit and the restoring period is started to restore the charge from
the re-cycling capacitor to the output capacitor, thereby rapidly raising the output voltage
back to its high-supplying voltage level. Hence, that means the restored charge can rapidly
raise the output voltage back to it regulated voltage level and the rising recovery time is

effectively decreased to extend the emission of the LED for ensuring the brightness. The
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timing diagram of charge-recycling procedure is conceptually depicted in Figure 29.
Moreover, since the recycling voltage Vge.cyee switches between high- and low-supplying
voltage levels, the body selection circuit is needed to avoid the forward biasing current for

improving power efficiency.

vRe-cycIe

ILRe-cycIe @ (s—hotj 0

“Ipeak

Figure 29. The timing diagram of the proposed charge-recycling technique.

The selection of the inductor/and capacitor can ensure the CR technique smoothly
transfers energy between two external capacitors depend on the equation (27)-(29). According
to the previous designs, the pulling down response time depends on the load current and
output capacitor. It is very hard to speed up the response time. However, due to the existence
of the CR technique, the response time can be effectively reduced. Furthermore, when the
output voltage V,,, is needed to switch from low- to high-supplying voltage level, the stored
energy is restored back to the output capacitor Cy,.4. Considering another condition that G-
LED changes to B- LED or vice versa, the CR technique is not activated due to the same
output voltage level for driving G- or B- LEDs. The CR technique not only saves much power
when the backlight module changes from G- or B-LED to R-LED but also speeds up the

transient response time.
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3.1.3 Reference Tracking Procedure

The FRT and CR techniques can speed up the transient response of tracking response.

Therefore, the reference tracking process of LED driver with mixed color sequential can be

divided into four stages, which are described as follows.

Start Stage | Stage Il Stage Il Stage IV
VoutH
V, Peak Current leve
out VoutL voutL
. AT
I (Re-cycle) Tshot Tshot
Vref2
vref vref1 vre 1
1=Vier2XGimy _
1=V,er1*Gim = o 1=Vrerr%Grn
lfeed = Ic | / I
( o T a
b VM by Dutycycleis Vout Step-down Duty cycle is

peak current and
CR technique

defined by G,

amplifier and
ramp signal

depend on load
current and CR
technique

defined by G,
amplifier and
ramp signal

Figure 30. The timing diagram of the proposed charge-recycling technique.

Stage I: When the reference voltage Vs steps from Vs to V,.p, the peak value Iy of the

saw-tooth current I, is increased instantly due to reference tracking mechanism. The

correction current /., which is the output of G,, amplifier, is also increased owing to a larger

difference voltage between V., to V. A feedforward current I., is determined by input

voltage V;,. The difference current between Ir..q and 1. is compared to the saw-tooth current /,

for determining duty cycle. Therefore, the current of /5., - I. is decreased instantly as a result

that reference voltage Vs is increased. Thus, by comparing I, and I, - 1., the control signal

Vewu 1s switched to a high level and the turn-on time of power transistor MN; in Figure 5 is

limited to a predefined maximum duty that represents a peak current level. Thus, the boost
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converter is controlled by the peak current loop. At this time, the CR technique also conveys
the energy from the capacitor Cge.¢ycie to output capacitor Cy,qq. Therefore, the voltage Vie.cycie
is decreased by CR technique and the output voltage can be quickly increased. The output
voltage is raised to a high-supplying voltage level for a forward conduction voltage of 6-series

green or blue LED within a short time.

Stage II: When the output voltage V,,,, approaches the high-supplying voltage level V,,x,
the correction current /. is gradually decrease because the difference voltage between Vp, and
V,er18 decreased and the characteristic of fast response of the G,, amplifier [31-32]. Hence, the
current of I.q - I. is increased rapidly and then the outputs of the PWM generator can
substitute for the peak current control to regulate the output voltage of the LED driver.
Certainly, the static error is minimized due to the insertion of feedforward current Ij.q

compared to the current-mode boost converter with currént-domain control.

Stage III: When the reference voltage Vi is decreased instantly from Vip to V.., the
correction current /. by the G, amplifier is instantly decreased owing to a larger difference
voltage between V,.r and Vp,. Furthermore,-due to the reference tracking mechanism, the peak
value of the saw-tooth current I, is decreased instantly. Thus, the current 7, is decreased and
the value of I, - I. is increased instantly as well. By comparing the values of 1, and Iyeq - I,
the control signal Vpy) can be adjusted to a lowest level to turn off power transistor My;
illustrated in Figure 6. In addition, the CR technique is activated and stores extra energy on
the capacitor Cge.cyce at this time. Therefore, the output voltage of proposed LED driver is
decreased according to load current and the CR technique. And the down tracking can be
quickly achieved compared to conventional converter after the implementation of the CR

technique.

Stage 1V: When the output voltage is decreased to the low-supplying voltage level V,,,

the correction current /. is gradually increased. Due to the fast response of the G,, amplifier,
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the current of Iy - I. is decreased instantly. The fast and stable pulse width control is

guaranteed and the timing diagram of the LED driver is shown in Figure 30.

3.1.4 The stability of the LED driver with the FRT
and CR techniques

After the description of the FRT and CR techniques, the stability of the whole system
must be guaranteed to ensure the stable operation. Because the CR technique is enabled in the
transient time of reference tracking procedure, the stability analysis of LED driver can ignore
the effect from the CR technique. Since the design of the LED driver is based on the
voltage-mode boost converter design, the LED driver with FRT techniques is needed to be
analyzed and compensated. The transfer function of a voltage-mode boost converter in CCM

[33-35] is defined as (30).

T(s) = G (5)x 2l

X
VHDI / [ g JZ (30)
T+
QwO a)O

2
| ! D Roa
where @, :%, Q= DR\/%, and @, :()%

r is feedback resistor ratio defined by (25). Vy is the amplitude of the saw-tooth signal. wy is
the double poles due to the output LC filter. The parameter Q is called the quality factor. @, is
the right-half plane (RHP) zero of the boost converter in CCM operation. R;,.s is the output
equivalent load resistance. Instead of the error amplifier, the FRT technique uses the low-gain
and high-bandwidth G,, amplifier to speed up the reference tracking time. G,,(s) is used to

stand for the transfer function of the G,, amplifier and can be treated as a low-gain amplifier
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with having a high-frequency pole. As illustrated in Figure 27(a), in order to stabilize the
whole system, a left-half plane (LHP) zero is inserted by the voltage-control current source
(VCCS) compensator [36-37] to enhance the phase margin. Then, the system transfer function

of the proposed structure is modified as (31).

N N
o
Voml’ ) @, yces) @, -1

, where @
V,D' s P 2
I+———+| —
Qaw, \a,

Z(VCCS) — ﬁ
wyvees) 18 an low-frequency LHP zero generated by the VCCS compensator. The

T(s)=G,(s):

€1y

parameter k is the amplified factor of the compensation capacitor C. and is determined by the
VCCS compensator. The stability. of ‘the proposed boost converter can easily promised by
using a G, amplifier with a high-frequency pole above the crossover frequency and a
low-frequency zero w;wvccs). The Bode plot of the converter as illustrated in Figure 31 show

the adequate phase margin [38].
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Figure 31. The Bode plot of the proposed boost converter.
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3.2 Current Sensor and Charge Reservation

Circuits

3.2.1 The Design of the Voltage Control Current
Source Compensator

The purpose of the voltage control current source (VCCS) compensator is to generate a
low-frequency zero to extend phase margin. The design of the VCCS compensator is depicted
in Figure 32. Due to the variations of the output voltage, the small-signal current /; can be
expressed as (10) by using small integrated capacitors C.; and C,,. In addition, the resistors R;
and R, must be used to reduce the DC level of output voltage for avoiding that the capacitor
C.; is damaged by higher voltage.

aV R
KN, where a= 2

1YsC. +Zs R +R,

I (32)

Z, is output impedance seen at node X. The value of Z, is low enough to be ignored since
there is a negative feedback loop that is composed of transistors M; and M;[37]. Ideally, the
small-signal current /; flows through transistor M; because the impedance at the source of
transistor M; is much smaller than that of the bias current source. Thus, the small-signal

voltage at node Y is equal to (33).

V, = I, xR, (33)
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R, is the output resistance seen at node Y. In order to convert the small-signal voltage to
current signal, a transconductance amplifier g, is used and thus the output current of the

VCCS circuit 1, is defined as (34).

gaRV. C R,aV,
Iaut :ngVY — 0" out S Cgm a out ~SCchmR aV

/C +z,  1+sC,Z, out

where k=g,,R,(R;/(R;+R;)) is the multiplication factor to amplify the effective value the small
compensation capacitor C.. That is only a small capacitor is needed to generate a LHP zero
near the crossover frequency. Besides, the other parasitic poles in the VCCS compensator
locate at higher frequency because the value of impedance Z, is small. Therefore, these poles
have no effect on the stability of the.system. Therefore, a low-frequency zero is generated by

the VCCS circuit without inserting any-low-frequency pole.

- _G;,,_a'm_p'nﬁér% _______ l]t_ .

Rr1 o Vg Rr2

Figure 32. The circuit of the VCCS compensator.

3.2.2 The Implementation of the PWM Generator
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with FRT Technique

The circuit implementation of the PWM generator with FRT technique is shown in
Figure 33. The circuit is used to generate the prediction PWM control signal and consists of
two voltage-to-current circuits, a G,, amplifier, and a current comparator. In order to have the
same transconductance of the two voltage-to-current converters, the resistors R; and R; of the
two voltage-to-current converters are designed to have the same value. The upper bond of the
voltage V,um, 1s defined as V. and the low bond of the voltage V., is defined as ground.
Therefore, the voltages V., and rV;, are converted into current signals I, and Iy.s to
implement the equations (24)-(26) by the two voltage-to-current converters with the same
transconductance. The matching methods of layout technique are carefully used to reduce the
process variation between the two resistors. The G, amplifier [31] is used to convert the
difference voltage between Vyand V¢ to a current signal /.. That is the signals Vi, and V. are
applied to the gates of transistor M; and M, respectively: The output current /. is injected to
the input of the current comparator. The flipped-voltage-follower (FVF) is used to minimize
the resistance seen at node X and Y for improving the linearity of the transconductance of the

G,, amplifier. Obviously, the reduction of the impedance at node X or Y can be found as (35).

1 1 1
Z, = (35)
Eml 8msTos 8m3lol

Therefore, the transconductance of the G,, amplifier is approximated to //R due to the low
impedance at node X and Y. After the operation of the three current mirrors, which are (M3,

M7), (M4, M), and (Mo, M), the correction current /. is defined as (36).

V=V
I = 2N% (36)
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The current Ipwy, is the summation of the ramp current /,, the feedforward current /5.4, and
the correction current /. at the input of the current comparator. Thereby, the value of the
current Ipyy decides the duty of the PWM signal. Moreover, not only the prediction duty
cycle can be decided by I, and /.., but also the correction current can adjust the duty cycle to

regulate the output voltage.

SEN

*’| IZ"'*’I E Peak

Current

__LDwPWM
[ e

\ Q} <Current Comparator—-
(N 3 1). Vop (1 : 1)

- G., amplifier: >

Figure 33. The PWM generator with FRT technique consists of voltage-to-current converters,

G,, amplifier, and current comparator.
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3.2.3 The Proposed One-Shot Generator for Charge
Recycling Technique

The FCS algorithm implemented by FPGA send the controlling signals (V.g, Vg and
V) to turn on/off the different color LED in sequence as shown in Figurel. In addition, the
LED driver not only supplies 16V to supply 6-series R- LED but also supplies 21V to 6-series
G- or B- LED for minimizing the voltage across the current balance circuit to maintain high
efficiency [8-9]. According to the color of the backlight module in the section I of the
notebook with FCS algorithm as illustrated in Figure3, the controlling signals Vg, V. and
V. are turned on/off in sequence and can define the output voltage level as depicted in Figure
34. The black (K) frame means that all the LED:are turned off to reduce the effect of color
breakup. Furthermore, the output voltage is kept constant when the black frame is inserted to
the FCS algorithm. Until one of ‘the controlling signals which need different output voltage
level is switched to the low level, the output voltage will be changed to the appreciate voltage
for reducing power consumption on.the current balance circuit. Therefore, when the output
voltage switches from high- to low-supplying voltage level or low- to high-supplying voltage
level, the LED driver will start the CR technique to transmit the charge for speeding the

reference tracking procedure.

Vout level  High Low High

f f | T f f f 3\

Ve | I K|RIR|K| | | K|
| | | | | | | | | The FCS signals
| | | | } } | \ of Section IlI
| | K | | | K ! K | generated from
\ \ | | | | \ | | FPGA
| T T I I T T

Vee 'B|K} | K| | [ K|B )

| | | | | | —_—
Tshot
Time

Figure 34. The timing diagram of modifier FCS signal in Section I of the notebook and the

one shot signal T,
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These signals (Vg Ve, and V) used to generate the one-shot signal T, are shown in
Figure 34 to decide the turning on/off the power transistor M),; of the CR technique in Figure
8. Therefore, the one-shot generator, which is composed of the enable circuit and two
one-shot circuits, utilizes the three signals (V g, Ve, and V) to start the CR technique as
shown in Figure 35. The enable circuit uses three input signals (V. Ve and V) to
generate two signals V;; and V,. The one-shot circuit produces the one-shot signal 7, when
one of the signals V;; and Vi, is instantly pulled to high. Furthermore, the one-shot circuit I
will be reset until the signal V; is switched to low and so does the one-shot circuit II. When
the LED backlight module turns off the G- and B- LEDs, the controlling signals V. and Vs
reset the signal Vj; to low. Therefore, when the signal Vi is switched from high to low means
that the R-LED will be turned on, the signal V; will be instantly pulled to high and the output
voltage should change from high- to low-supplying voltage level. Therefore, when the signal
V,1 is pulled to high, the capacitor C,; is discharged by biasing current /p; to generate the
one-shot signal Ty,. Therefore, the signal T, 1s utilized to turn on the power transistor M,
in Figure 8 and thereby the CR technique is activated to store the energy on the re-cycling

capacitor Cge.cycle. The length of the one-shot signal T, can be calculated as (37).

Vorn =V, )C
%s% (37)
B

Therefore, the one shot circuit can modulate the length of one-shot time by adjusting the
capacitor and biasing current for achieving the preferable CR technique. In practice, the
length of the one-shot time may be varied by the process variation. The value of the capacitor
is trimmed to finely adjust the value of switching frequency [39]. Similarly, when the R-LED
are turned off by the controlling signal V., the SR-latch will reset the signal V; to low. Until

one of the signals V. and V. is pulled to low, the signal V, will be switched to high and it
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represents that the LED driver should supply high-supplying voltage level to turn on the G- or
B- LEDs. Therefore, the signal will enable the one-shot circuit to start the CR technique to
restore the energy back to the capacitor Cj,,4. Thus, the CR technique can achieve the fast up-

and down- reference tracking procedure and high efficiency without consuming much power.

Enable Circuit

(SR flip-slop
s2

—o R

: s c( ——o Veie
\ ——o0 Vcis

Figure 35. The circuit-of the one shot generator.

3.2.4 Proposed Constant Current Regulator

In generally, the light luminance of LED is controlled by the driving current [8-9].
Therefore, the LED backlight module utilizes the current balance circuit to control the amount
of driving current for regulating the constant light luminance of LEDs. The current balance
circuit composed of three current regulators is controlled by the signals Vi, Vg, Vg, and
Vs from the FPGA as shown in Figure 36. The current regulator utilizes the operation
amplifier (OP) and the resistor R to operate as a voltage-to-current converter. Furthermore, the
input signals V.., which is converted by the digital-to-analog (D/A) converter in the FPGA,

determines the value of the driving current in the series connection LEDs. Thus, the voltage
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signal Vg is used to generate the constant current. After the two current mirrors pairs, which
are (Mp;, Mpy), (My; - Mys), the current I; zpr can be used to drive the 4 brunches of LED and
thus the variation of drain-source voltage of these transistors (My; - Mys) will not have large
influence on the value of current I;zpg. Moreover, the FPGA uses the three signals Vg, Ve,
and V.5 to turn on/off the R-, G-, and B- LED for achieving the FCS algorithm as shown in
Figure 3. Using the R-LED as an example, the transistor M¢; operates in the cut-off region
when the signal V_  is pulled to high level. Thus, the current I;gpg is equal to zero and unable
to drive the R-LEDs. In other words, when the V. is pulled to low and the transistor Msg
operates in cut-off region, the voltage-to-current converter will start to convert the reference
voltage V.4 to current signal I;gpr for driving the R-LEDs. Therefore, the current balance
circuit is used to generate the constant current to drive the LED for constant light luminance.
The FCS algorithm can be achieved by turning on/off the LED according the values of signals
Ver, Veac, and V.p. When the current regulator is-activated to convert the current, the
transistors (My; - Mys) operated in the saturation region generally stress the drain-source

voltage for reducing the power consumption.

[Current Regulator o | ol o] o

Current Regulator o | ol ol o
Current Regulator \/,,,
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D/A )

FPGA Color Voo *
Sequntial Technique

S s
M Mys Mh Mys ljﬁ

L Constant Current Regulator
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Figure 36. The constant current regulator.
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Chapter 4

The Proposed Buck-Store
Boost-Restore (BSBR) Technique

4.1 The Buck-Store and Boost-Restore Technique

The output voltage for driving the series-connected R-LED is smaller than that for
driving G-LED 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 integrated in the chip needs to switch
between 0.92V and 1.22V. The proposal BSBR- 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 Figure 37 (a). The BSBR technique delivers extra charge and
stores it on the capacitor Cgspg once the output voltage V,,, expresses much voltage stress on
the constant current generator. As a result, the reference down tracking is sped up and more
charge is saved to achieve high efficiency compared to the conventional structure [40]. In
other words, the LED backlight module can get higher efficiency due to low voltage
headroom of the constant current generator. Furthermore, the BSBR technique recycles the
stored charge back to the capacitor C,,; when the FCS technique changes the color of LED
from red to green or blue. Therefore, the BSBR technique can efficiently recycle extra charge
[33] and enhance the transient response of reference tracking. When the BSBR technique is

enabled to store or restore extra charge, the boost converter is disabled to prevent the two
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power stages from being influenced by each other. That is, the boost converter is shutdown
when the BSBR technique efficiently transfers the charge between the two capacitors Cpuq
and Cgspg. The architecture of the BSBR technique contains one BSBR power stage and one
BSBR controller. The input node of the BSBR power stage is connected to the output node of
the boost DC-DC converter. The output node of the BSBR power stage is named as Vpgpg.
There is a large capacitor Cpspg connected at the node Vpspr in order to store extra charge
from the output node of the boost DC-DC converter. The stored charge can be utilized to pull
the voltage V,,, back to a higher level or to drive another sub-block in the LCD system.
Furthermore, the BSBR power stage can regulate the steady output voltage for the sub-block

of LCD system when the digital signal EN is triggered from high to low level.

The signal E,. generated by the LCD timing control system can indicate the display
color is. That is, the high- or low-level of this signal represent the output voltage of the boost
converter as high- or low-supplying voltage, respectively. The transition of the signal E,.
from low to high indicates the output voltage V,,; needs to be raised to high-supplying voltage
level. The stored charge should be restored back-to the output voltage V,,,. On other hand, the
transition of the signal E,., from high to low indicates the output voltage V,, needs to be
reduced to the low-supplying voltage level. As a result, extra charge should be stored in the
BSBR capacitor Cgsgr. The signal E,.r can be used to determine whether it is the buck-store or
boost-restore operation. The signal Eggspg is a signal to coordinate the two power stages, which
are the boost converter and the BSBR power stage, in order to correctly control the two closed
loops. The digital signal Vpyy, indicates the current comparator output of the PWM generator
and it reflects the output voltage information. The signal Vi, is the sensing information of the
inductor L current. The signals Vp and Vy indicate the sensing information of the inductor

LBSBR current.
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Figure 37. (a)The proposed boost converter with BSBR technique and the timing diagram of

the voltage Vpspr with/without load current requested from another sub-block in the LCD

driving system. The BSBR power stage can be simplified as (b) buck-store operation and (c)

boost-restore operation.

4.1.1 Architecture of the BSBR Power Stage and

Controller

The BSBR technique is composed of the buck-store and boost-restore operations. Extra

charge is transferred from the output capacitor Cy,44 to the capacitor Cpspg by the buck-store
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operation and restored from Cpsgr back to Cr,. by the boost operation. The reference
down-tracking utilizes the buck-store operation to rapidly reduce the output voltage of the
boost converter from the high- to low-supplying voltage level. The BSBR controller is
enabled to turn on the P-type power transistor Mpp; first to increase the inductor current. The
duty cycle is determined by the closed loop of the BSBR controller. After turning off the Mpp,,
the BSBR controller turns on the N-type power transistor Mpy; to decrease the inductor
current. In addition, the current-sensing circuit of p-type power transistor Mpp; is utilized to
set the maximum delivering current and the current sensing circuit of n-type power transistor
M3y is used as the zero-current-detector (ZCD) mechanism for avoiding the reversal inductor
current releasing to ground. The procedure that the output voltage V,,, delivers charge to the
capacitor Cpspg for storing extra charge 'is similar to the operation of a buck converter [28]
that steps down the output voltage V,,, to the voltage Vzspr and the BSBR power stage can be
simplified as the buck-store operation illustrated-in_Figure 37(b). For the reference
up-tracking operation, the system turns on the n-type power MOSFET Mpy; to increase the
inductor current at first and then turns on the p-type power transistor Mpp; to decrease the
inductor current after the power MOSFET Mgy, is turned off.. The charge stored on the
capacitor Cpsgr can be restored back to the capacitor Cr,q. Similarly, the current-sensing
circuits of p-type and n-type power transistors are operated for ZCD and current-limiting
mechanism, respectively. Thus, Vgsgr steps up the output voltage V,,,, through the operation of
the boost converter as shown in Figure 37(c). Therefore, the BSBR technique can rapidly pull
down the output voltage V,,, from 12.4V to 9.3V and raise V,,, back to 12.4V from 9.3V
when driving the G-LED and B-LEDs. Furthermore, the BSBR power stage is also designed
as a switching converter to regulate a steady voltage at node Vpgpg by the simple PFM control

when the BSBR technique is disabled.

4.1.2 The Tracking Algorithm of the BSBR
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Technique

The BSBR 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 the BSBR
voltage Vgspr. Therefore, the tracking algorithm of the BSBR technique is necessary to choose
the appropriate operation loops for avoiding incorrect switching sequences. The algorithm is
described by the flowchart in Figure 38 starting from the transition of the signal E,.; from high
to low or low to high. For the buck-store operation, this algorithm estimates the values of the
voltage Vpspr and the PWM signal Vpyy, to decide whether the charge needs to store in the
BSBR capacitor Cgsgr 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 V,,. Hence, the charge is transferred to the capacitor Cggpg 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 V,,approaches to-the low-supplying voltage (Vi,,) or the
voltage Vpspr exceeds the predefined voltage V.. the algorithm ends the buck-store
operation loop and the BSBR power stage is controlled by the PFM operation. In succession,
the boost converter is enabled to regulate the output voltage V,,,. Consequently, the voltage

Vpsar is increased due to extra charge stored on the BSBR capacitor Cggpg.

For reference up-tracking response, the algorithm will enable the boost-restore operation
loop if the signals Vpggr and Vpyy are set by the correct values. The stored charge is
transferred from the BSBR capacitor Cggpr to the output load capacitor Cp,,; and thereby
steps up the output voltage. Until the voltage Vgspr is lower than the predefined minimum
voltage V., or the output voltage V,, approaches to the high-supplying voltage Vi, the

boost-store operation loop is ended and then the output voltage will be regulated by the boost
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converter. Furthermore, the algorithm also determines the function of current-sensing circuit

in the different power transistors Mpy; and Mpp; as ZCD or current limiting mechanism.

Start Loop
Er “0—1" or “1—0"

Ee=0

Buck-Store
Operation Loop

Boost-Restore
Operation Loop

Disable the boost Disable the boost
®| converter and transfer the converter and transfer the [
energy from Vot to Vgsrr energy from Vgggrr to Vout

VBsrr<Vmin
or
Vout=Vign

Y

Egsrr=0 (End LOOp)
Enable the boost converter

Figure 38. The flowchart of the BSBR tracking algorithm.

When the BSBR technique is disabled by the tracking algorithm, the voltage Vgspr 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 [8-9]. Therefore, the Cgspr (10uF) is
designed larger than the Cj,,s (1nF) and the voltage Vpsgg only rises one-tenth of the output
voltage due to the law of the charge conservation (Q = CxV). In this design, the Vpgpg is used
to turn on white LEDs. Furthermore, the maximum current supplied by the PFM operation of

BSBR controller is about 100mA in this design.
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4.1.3 The Efficiency of Charge Transition

The BSBR technique is utilized to transfer extra charge between the capacitors Cr,.q and

Cgssr- The extra charge energy can be expressed as (38).

1
W, = ECLMAVZ (38)

The AV is the different voltage between high- and low- supplying voltage. During the
transforming procedure, part of the energy is consumed by the equivalent on-resistance of
power transistors (Mpgy; and Mpp;). The energy stored on the capacitor is also wasted on the
feedback resistors (Rpr; and Rppy) during the transition period depending on the FCS

frequency. Therefore, the transforming efficiency can be approximated by (39).

cap R_on VBSBR
Nian = 39
W 5%

cap

The Wk ,, and Wypspr represent the energy consumption on the power transistor and

feedback resistor as shown in (40) and (41), respectively.

W,

R_on = Iavg szs _on (7:4[7 + Tdown ) = 2Iavg Rds _ onCLnadAV (40)

2 2

1174 — Vissr — Vissr
VBSBR FCS
Rypy + Rypy (Rppy + Ryry) fres

(41)

Ry on 1s the equivalent on-resistance of power transistors. 1, is the average transforming
current during up- or down-reference tracking, Cp,.g is the output capacitance, Trcs is the
period of the FCS technique. T,, and T4, are the transient time of up- and down-reference

tracking, respectively. According to (40), small Ry ,,» and I,, can reduce the energy
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consumption of Wy ,,. However, small Ry ,, leads to larger chip area due to large power
transistors and thus the value of Ry ,, can be decreased depending on the chip area limitation.
On the other hand, small average current I,,, results in longer transient time. Thus, in this
proposed design, the maximum transforming current is designed to about 0.5A which is
smaller than conventional current-limiting mechanism. In addition, according to (41), large
feedback resistors (Rpr; and Rpr;) and small Trcs can reduce the value of energy Wygspr.
However, the period of Trcs depends on the speed of liquid crystal rotation. As a result, a

large resistor is chosen to improve the transforming efficiency.
4.2 The Circuit Implementation

4.2.1 The Implementation of the Proposed BSBR
Controller

The proposed BSBR controller and its control signal timing diagram are shown in Figure
39. Basically, the operation mode of BSBR power stage can be divided into two parts, which
are the PFM operation and the BSBR technique. The BSBR enable circuit is designed to
implement the BSBR tracking algorithm as shown in Figure 40. This algorithm utilizes these
signals Vp,p and Vpwy, to appraise whether the system is suitable for transforming extra charge
or not. Therefore, when these two conditions are suitable to enable the BSBR technique, this
circuit will generate the signal Epgpg to enable or disable the boost converter and the PFM
operation of BSBR controller. Moreover, the signals Clk and Egsgg produce the signal Clkgsgg
to increase the inductor current of the BSBR power stage for transferring the energy at a fixed
frequency. Furthermore, the signal selector utilizes these two signals Epspgr and E, to
determine the operation mode and disable either the ZCDppos or ZCDnmos mechanism for
avoid incorrect switching. Therefore, this proposed BSBR technique uses these digital signals

to determine the function of the BSBR power stage as buck-store (down-reference tracking)

71



or boost-restore (up-reference tracking) operation. Moreover, Vy and Vp are sensing signals of
power transistor current (Mpy; and Mgp;). The BSBR technique uses these two signals Vy and
Vp to decide the maximum delivering current. In normal condition, the voltage Vaspr is
regulated by the PFM controller. When the signal Vpgpr is lower than 3.8V, the PFM
controller turns on the power transistor Mpp; at a fixed duty to provide energy for regulating
the voltage Vpspr. As a result, the PFM operation can regulate the voltage Vpspr according to
load current condition. On the other hand, the BSBR technique is utilized to transfer the
charge between the two capacitors Cr,q. and Cgspr. The signal E,.r generated by the timing
control system defines output voltage level of boost converter as described in Section III.
Additionally, when the BSBR power stage is controlled by the BSBR technique, the PFM

operation will be disabled until the BSBR tracking algorithm ends the loop.
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Figure 39. The implementation of the proposed BSBR controller and the control signal timing

diagram.
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Figure 40. The function block of proposed BSBR Enable circuit.

For the buck-store (down-reference tracking) case, the current-sensing circuits of power
transistors Mpp; and Mpy; illustrated in Figure 37(a) are utilized to act as current limiting and
ZCD mechanism, respectively. The transistor Mpp; 1s turned on and then the inductor current
is increased to ramp up. The transistor Mpp; is turned off when the inductor current exceeds
the predefined maximum current. ‘After-the dead-time period, the transistor Mpy; is turned on
to decrease the inductor current. In succession, the BSBR power stage undergoes the
switching activities, turning on and off the transistors Mpp; and Myp, alternately. Hence, extra
charge can be safely and quickly transferred to the BSBR capacitor Cgsgr. When the signal
Vpwwm transits from low to high or the Vpgpg is higher than the V,,,,, the buck-store algorithm
loop is ended. The signal Clkgspg is disabled and the inductor current will not be increased to
ramp up anymore. The remaining inductor current is decreased through the power transistor
Mgy, to the capacitor. When the reversal of the inductor current happens, the ZCDnwmos 1S
used to turn off the transistor Mgy, for alleviating the problem of the reverse inductor current
flowing to ground. On the contrary, the function of the ZCDpyjps is disabled to avoid the error

digital control signal. For the reference up-tracking case, the boost-restore operation is
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selected by the BSBR Enable circuit according to the BSBR algorithm. At first, the BSBR
turns on the power transistor Mpgy; to increase the inductor and then transfers extra charge to
the capacitor Cr,.y. Hence, the boost-restore technique senses the n-type power transistor
Mpy; to decide the discharging time and uses the ZCDpyos to alleviate the boost converter to
provide the unnecessary energy to the capacitor Cgsgg. When the signal Vpyy, is triggered to

low or the Vggpg is lower than the voltage V,,;,, the boost-restore operation is completed.

4.2.2 The PWM Generator of the Boost Converter

The PWM generator is the main circuit of the boost converter as shown in Figure 41.
The LED backlight driver uses the boost converter to provide enough voltage and current to
overcome the forward voltage of series-LEDs. This PWM generator translates all signals to
current domain [27] in order: to_compensate the system without any large external
compensation capacitors [34], [41]. The G,, amplifier [29] with high bandwidth characteristic
is used to convert the voltage difference between Vj, and V.. to a correct current signal
according to the output voltage condition. Therefore, the response of this converter can result

in fast load/line transient [32] and reference tracking.

Since the LED driver turns on the series-LED after the liquid crystal being rotated to the
correct position according to the image data as discussed in Section I, the PWM generator
needn’t increase the inductor current every switching period. Hence, when the timing control
system turns on the LED driver and leads to Vj;, drop below the reference voltage Vy or Vi, the
signal Vpyy instead of the clock signal enables the pulse control circuit to turn on the power

transistor My; as described in Figure 37(a).

The reset signal of the PWM signal is determined by three loops. In the normal condition,
the current-domain control forms the linear loop composed of G,, amplifier and current

comparator to determine the duty ratio. The peak current control uses the current information
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of My; to turn off the My; preventing the chip from being damaged by large current. Besides,
the PWM system applies the maximum duty loop to ensure that the inductor current is
transferred to the output during a period. In this proposal, the maximum duty is set as high as
80%. Hence, this three control loops can effectively regulate the boost converter. During the
BSBR technique operation, the digital signal Epsgg transits to high and prevents the boost
converter from being enabled by the pulse signal of the pulse control. There are two

conditions that decide the end of the buck-store algorithm loop.

One condition occurs when Vggpr is higher than the predefined maximum voltage. That
is, no extra charge on Cj,.; needing to be transferred to the capacitor Cpgpg. The signal Vpyy
indicates the output voltage information is still in the low level to keep the power transistor
My, off. Once the output voltage drops-below-the reference voltage V;, the boost converter
starts switching activities to regulate the output voltage. This condition is designed to prevent
the chip from being damaged by excess voltage Vzspr. In-general, the buck-store algorithm is
ended when the signal Vpyy transits from low-to high to end the buck-store algorithm.
Accordingly, Epspg instantly transits from high to low level to generate the pulse signal V.

as depicted in Figure 41 and the sequence is shown in Figure 42(a).

Therefore, the boost converter can be immediately controlled by the PWM generator.
Similarly, the BSBR technique ends the boost-restore algorithm loop when the output voltage
exceeds the high-supplying voltage or the Vpspr is lower than the predefined minimum
voltage V.. Nevertheless, some power loss occurs in the procedure of transforming energy.
Thus, the boost-restore algorithm loop is usually ended once the Viggpg is lower than V. In
the meanwhile, the signal BSBR,. described in Figure 40 transits from high to low level and
Vpwa 1s still in the high level. Therefore, the pulse signal from one-shot circuit is immediately
generated to turn on the transistor My; for increasing the inductor current and stepping up the

output voltage and the signal sequence is shown in Figure 42(b). As the BSBR technique ends,
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the PWM generator can be activated without any delay to avoid the voltage drop and use the

peak current control loop to rapidly pull up the output voltage. Therefore, this converter with

BSBR technique can quickly track the output voltage that the series-LED need.
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Figure 41. The schematic of .the PWM generator with characteristic of fast response and
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Figure 42. The enable sequence of boost converter resulted from the end of BSBR tracking

algorithm. (a) The buck-store operation is ended by the signal Vpyy . (b) The boost—restore

operation is ended by the signal BSBR ;4.
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Chapter 5

Measurement Results

5.1 The Measure Result of SAR Methodology

The proposed SAR-controlled adaptive off-time technique for the LED lighting systems
was fabricated by the UMC 0.35um high voltage process. The threshold voltages of n-type
and p-type low voltage MOSFET ate 0.56 V and 0.79V, respectively. The chip micrograph is
shown in Figure 43. The total silicon-area including the testing pad is about 1100 pm x 1000
um. The LED current driver in this technique can operate-from 8 V to 40 V and the regulated

driving current can be higher at-about 1-A. The detailed specifications are listed in Table 1.
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Figure 43. Chip micrograph.
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Table I: The Specifications of SAR Methodology

Fabrication Process UMC 0.35um high voltage process
Chip area 1100 pm*1000 pum

Vin 8Vtod0V

Supply Voltage 4V

Quiescent current 0.5 mA

Maximum adaptive off-time 2.5 us

SW 8Vtod0V

Inductor 33 uH

Maximum LED Current 1.5A

The on-chip reference voltage can be adjusted to 360 mA and 720 mA and the
experimental results are shown in Figure 44 (a) and (b), respectively. The SAR-controlled
adaptive off-time technique starts, to calibrate the off-time duration once the LED driver is
enabled. After eight switching clock cycles, the off-time value is determined and this
technique enters the dynamic adjustment stage through the up-down converter. In particular,
to 1s finely and adaptively adjusted for the variation of the environment after the calibration
stage. The calibration times are 42.5 ps and 120 ps when the LED driving currents are 360
mA and 720 mA, respectively. The average inductor currents are adjusted to the predefined
values of 360 mA and 720 mA. After the calibration, the ripples of the inductor current (1)
are adjusted to 108 mA and 210mA peak-to-peak when the LED driving currents are 360mA
and 720mA, respectively. The inductor current ripple is approximated to within *15% of the
average inductor current. The switching frequencies of the two load conditions are different

because of the adaptive off-time.
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Figure 45. Experimental results. (a). When-the duty of the PWM dimming is 50 % and the
input supply voltage changes from 10V to 20V or vice versa. (b) The waveforms of the SAR
technique when the duties of the digital PWM signal are 25% and 50%.

Fig. 45(a) demonstrates that this technique can rapidly adjust the off-time #,; to maintain
the LED driving current when the input voltage is increased from 10V to 20V and vice versa.
Furthermore, the digital PWM signal is used to adjust the brightness of the LED lighting
system at different duties of the digital PWM. The inductor current operates at the defined
value when the digital PWM signal is high. In addition, the inductor current is zero when the
digital PWM signal is low. Thus, the average output current can be adjusted between 0% and
100% by adjusting the duty ratio of the digital PWM signal. Similarly, when the number of
LED is changed, the condition is the same as the test of line transient regulation because the

voltage across the inductor is changed and the LED current is kept constant. Fig. 15(b) shows
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the experimental results of the inductor current waveforms when the duties of the digital

PWM signal are 25% and 50%. The average inductor current is adjusted back to the

predefined 720mA after eight switching cycles at the beginning of the digital PWM signal.

This technique can effectively adjust the off-time 7, back to its accurate value every time

when the LED lighting system is turned on.
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Figure 46. Experiment results (a) The efficiency comparison between the HCC, PCC and

SAR techniques. (b) The accuracy comparison between the HCC, PCC and SAR techniques

at different input supply voltages.

Figure 46 (a) demonstrates the improvement of the power conversion efficiency

compared with the previous designs. The power conversion efficiency is increased by about

8%~15% compared to the HCC method, and by about 5%~8% compared to the PCC method

when the LED driver is used to drive 5 to 8 series-LEDs. As shown in Figure 46 (b), the
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accuracy of this proposed technique can only keep 1% error percentage compared to that of
the HCC technique. However, the error percentage of the PCC method may be larger than
15% under different input supply voltages. In other words, the SAR-controlled adaptive
off-time technique can effectively enhance the power conversion efficiency and, at the same

time, provide accurate driving current.

5.2 The Measured Result of FRT and CR Technique

The proposed LED driver with CR and FRT techniques was fabricated in 0.25um TSMC

BCD 40V technology and the micrograph of the chip is shown in Figure 47.
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Figure 47. The chip micrograph.

Figure 48(a) shows the one DC-DC converter without the reference tracking technique
supply only high-supplying voltage level as 21V to drive all of the R-, G-, and B- LEDs.
However, when the backlight module drives the R-LED by such high supplying voltage level,
the voltage across the current balance circuit is larger than that during driving the G-/B- LEDs.

Therefore, the efficiency of the LED backlight module is deteriorated. The LED driver with
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the FRT technique can speed the transient performance of reference tracking, and thereby
reducing the power dissipation. However, the up-reference tracking procedure can be quickly
achieved due to the FRT technique and the down-reference tracking depends on the output
capacitor and load current. Unfortunately, when the value of the load current is small, the
output voltage is slowly decreased by the small load current as shown in Figure 48(b), which
shows the signal V. decides the turning on/off of the R-LEDs. The low value of the signal
V.ir means the output voltage needs to be low-supplying voltage level as 16V. On other hand,
the high value of the signal V,.z means the output voltage needs to be high-supplying voltage
level as 21V. Therefore, when the LED driver operates at light loads, large output voltage
across the current balance circuit causes much power dissipated in the constant current
regulator. Certainly, the extra energy is‘always dissipated on the current balance circuit at any

load condition.
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Figure 48. (a) The waveforms of the LED driver without reference tracking technique. (b) The
waveforms of the LED driver with the FRT Technique.
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The proposed CR technique can reduce the power consumption on the constant current
regulator circuit and increase the efficiency of the LED driver. The waveforms of LED driver
with CR and FRT techniques can effectively speed the up- and down- reference tracking
procedures as shown in Figure 49. Therefore, the CR technique can save much extra energy on
the recycling capacitor Cgecyce and the detail waveform of CR and FRT techniques is shown

in Figure 50.
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Figure 49. The waveforms of the LED driver with or without the FRT and CR techniques.

When the output voltage changes from high-supplying voltage level for G- or B- LED to
low-supplying voltage level for R- LEDs, the one-shot generator sends the signal Ty, to turn
on the power transistor M),; for transmitting energy from Cjyuq t0 Cge-cycle- The duration of the

signal T, is approximated to 7us as shown in Figure 21(a). Simultaneously, the Irge-cycie)
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transmits energy from the output capacitor Cjy,q to the re-cycling capacitor Cge-cycie at time 7.
Thus, the output voltage V,,, can be rapidly decreased from 21V to 17V within time 7. The
value of T; about 7us is faster than other conventional structure. Furthermore, the recycling
voltage Vge.cycle 15 also raised from 17V to 21V because the extra charge is high efficiency to
store on re-cycling capacitor Cge.cycie. Thus, the fast response from high- to low-supplying
voltage level is demanded for achieving high performance of the FCS technique. And then the
settling time 7> depends on the value of the output capacitor Cj,,s and load current. The output
voltage is pulled down to near 17V after the period 7;. This voltage level is enough to drive
the 6 series R-LED with minimized power loss since the voltage stress across the current
balance unit is smaller that of the high supplying level as 21V. But the CR technique also
dissipates power due to the conduction loss. However, the efficiency still can be improved
due to low conduction loss during the short storing/restoring time. When the low-supplying
voltage level steps to high-supplying voltage level, the signal T, is sent to transferred the
re-cycling energy on the Cge ey back to the output capacitor Cj,qq for rapidly raising the
output voltage V,,, to the regulated voltage. Thus, Figure 21(b) shows the reversing current
I1(Re-cycie) Trom Vige_cyele 10 Vo at time T3. The output voltage V,,; gets stored energy from the
CR technique of the LED driver at time 73 about 7us. Thus, the extra energy stored on the
re-cycling capacitor Cge.cycle 18 efficiently used to speed the up-reference tracking procedure.
After the period T3, the FRT technique is used to regulate the output voltage V,, to the

high-supplying voltage level, which is 21V, within time 7.

The load regulation is shown in Figure 51, the value of load regulation is 0.5mV/mA
when input voltage V;, is 12V and the output voltage V,,,, is 21V. The load transient time is
only 10us when variation of load current is about 80mA. It is obvious to find that the load
regulation is improved [18] and the transient response time is short due to the FRT technique.

The line regulation is shown in Figure 52, the value of line regulation is 1.36mV/V when the
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Figure 50. (a) When Vs changes from 1.1V for G- or B- LED to 0.8V for R-LEDs, the extra
energy is stored in the auxiliary inductor Lge-cycie) and capacitor Cge-cyere, Which is triggered by
the one-shot generator. (b) When Vs changes from 0.8V for R-LED to 1.1V for G- or B-
LEDs, the extra energy stored in the auxiliary inductor L g.cycre) and capacitor Cge.cycle 15

released to the output node V,,,,, which is also triggered by the one-shot generator.
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output voltage V,,, is 21V and load current /;,,, is 100mA. Similarly, the recovery time of the
line transient response is decreased within 10us. The For a conventional boost converter
design with PI compensation, it is very hard to decrease the line/load transient response time
within 10us. Figure 53 shows comparison of the power consumption between LED driver
with or without CR and FRT technique. The LED driver without FRT and CR techniques
always supplies 21V and thereby the power still waste on the current balance circuit when the
backlight module turn on the R-LEDs. However, the driver with FRT technique can reduce
the power loss due to the small voltage across the current balance circuit. Furthermore, the
proposed driver with FRT and CR techniques can reduce the power consumption and
efficiently enhance reference tracking performance. When the RGB LED backlight module
with FCS algorithm drives 12-branches LED and each branch consumes 20mA, the LED
driver without FRT and CR techniques consumes 1.04W. However, the LED driver with the
FRT and CR techniques switches different voltage level and consumes only 0.252W. The
power saving can achieve 0.788W_if the LED driver utilizes the proposed CR and FRT
techniques. In addition, when the LED driver drives the one branch of the LED array, the
current balance circuit consumes a little power. That is, the difference power consumption
with or without CR and FRT technique is smaller than that of driving many branches of the
LED array. The reason is the quiescent current of the LED driver dominates most of the
power loss in driving one branch of the LED array. However, after the implementation of the
CR and FRT techniques, the power consumption on the current balance circuit still can be
reduced. Furthermore, the transient response is also speeded up due to the restored charge by

the CR technique. The performance summary of FRT and CR technique is listed in Table 1.
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Figure 51. Load regulation when load current changes from 80mA to 240mA.

Vout =21V i15a4=100mA

Vin

13.5V
|
—_— 8V !
10us Vi : 1.5V/Div
ii >
20.80V

20.74v

<1ﬂ’>s Vou: 50mV/Div

Figure 52. Line regulation when input voltage changes from 8V to 13.5V and back to 8V

when load current is 80mA.
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Figure 53. Measured power loss of the LED driver with or without the FRT and CR
techniques.

Table II: Performance Summary of FRT and CR Technique

Fabrication Process TSMC 0.25um BCD 40V 1P5M
Chip Area 6.178 mm?(2325um*2657um)
Supply Voltage (V;,) 8-13.5V

Output Voltage (V) 16-30 V

Switching Frequency 1.5 MHz
Maximum Load Current 300 mA

Inductor / Capacitor L=10 pH, Lge-cycte=2.2 pH /

Cload:4-7 },LF, CRe—cycle:4-7uF

Load Regulation 0.5mV/mA@V;,=12V, V,,=21V
Line Regulation 1.36mV/vV@V,,=30V, 1,,=80mA
Maximum CR Current 4A

Reference Tracking Speed 12us for 17V — 21V with Ijp.q = 20mA

Ims for 21V — 17V with Ijp,q = 20mA
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5.3 The Measure Result of BSBR Technique

The chip containing the boost converter and BSBR technique was fabricated in a 0.25um
BCD process and Figure 54 shows a die micrograph of the implement with the die area is
4.03mm* which the BSBR controller only occupies 0.072 mm®. The maximum allowable
voltages for drain-source voltage and gate-source voltage are 40V and 12V, respectively. The
developed prototype is shown in Figure 55. Table III summarizes the design parameters and

the measurement results.

. -]:"i'l'i.;-:rifiri"[il’i

AERRRRAR AR AR

1908pm

2114pm

Figure 54. Chip micrograph.

Figure 55. The prototype for testing the RGB LED driver with the BSBR technique.
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Table III: Chip Features of BSBR Technique

0.25um BCD 40V 1P5M

Fabrication Process ]
(Maximum Vps=40V and Vgg=12 V)

Chip Area 4.03 mm?*(1908 pmx2114 pm)
Supply Voltage (V;,) 33-6V

Output Voltage (V) 9-15V

Control Voltage (Vpp) 33V

Switching Frequency 1 MHz
Maximum Load Current 300 mA

Inductor L=10 pH, Lpspr=10 pH
Capacitor Croaa=1 UF, Cpspr=10 pF
Maximum Efficiency of Charge Recycling 94%

Maximum Efficiency of Boost Converter 94.5%

20 ps for 9.3V—12.4V with I1,,,=100mA

Ref Tracking Speed
slerence Lracking Spee 10 s for 12.4V—9.3V with /;,0=100mA

The prototype working with input veltage ranging from 3.3~6 V is applied to the RGB
LED backlight module with FCS.technique and thus the‘boost converter steps up the output
voltage to 9.3 V for 4 series R-LED and 12:4 V for 4 series G- or B-LEDs. The values of the
inductors L and Lggpg are both chosen as 10uH. The values of the capacitors Cr,.s and Cgspr
are chosen as 1 uF and 10 pF in this proposal. Besides, the voltage Vzgpg is regulated around
3.8 V to turn on white-LED implemented on the flashlight of the portable device. However,
the capacitor Cpsgr can be chosen to be any types of capacitors according to different
applications. The frequency of the FCS technique usually utilizes the 60 Hz or 50 Hz
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  Figure 56. The output voltage is dynamically stepped up to 9.3 V and
12.4 V according to the digital signal E,. from the FCS technique when the load current is
100mA. For reference down-tracking response, the output voltage without BSBR technique

drops slowly and causes large power consumption on the constant current generator. However,
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the output voltage with BSBR technique can transfer extra charge to the capacitor Cgsgg SO
that the period of reference down-tracking is smaller than 10 ps and 5X faster than that of the
traditional converter when load current is 100mA. Furthermore, extra charge stored on the
capacitor Cpgpg 1s more efficient than prior art [18], [40], and [42]. Therefore, the voltage
Vpsar is raised from 3.8 V to 4.09 V under no-load situation when the boost converter changes
the output voltage level to turn on the R-LEDs. On the contrary, when the output voltage is
raised from 9.3 V to 12.4 V, the boost-restore technique is enabled to transfer the stored
charge back to the capacitor Cjys. Until the voltage Vpspr is smaller than 3.8 V, 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 Figure 56, 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 20 ps.and fast enough for.the FCS technique. Furthermore, the

maximum efficiency of the extra charge recycling can be up to 94%.

Figure 57 shows the measured waveforms of the BSBR power stage with 80mA load
current. Because the forwarding voltage of white-LED is close to 3.5V, the voltage Vgsgr
must be set above 3.7V. Therefore, the PFM control and BSBR techniques are used to
regulate Vpgpg to be 3.8V in this application. When the output voltage drops from 12.4V to
9.3V, the BSBR technique is enabled to transfer the extra charge and thus the voltage Vpspr 1s
instantly increased owing to buck-store technique. When the buck-store technique is disabled,
the PFM control technique continues to regulate the voltage Vzsgr. However, when the output
voltage rises from 9.3V to 12.4V, the boost restore technique is still enabled at first. As

mentioned before, the technique is disabled when the voltage Vggpris lower than 3.8V and
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Figure 56. Measured waveforms. for reference tracking response with/without BSBR

Positive

technique.

then the BSBR power stage is: controlled by the PFM operation. Figure 58 shows the
measured efficiency of boost converter under different load current with and without BSBR
technique when input voltage is 5V. The effective efficiency of LED backlight driver

composed of boost converter and constant current generator is calculated as (42).

g 42
”LED—driver = nboost X% ( ))

out

The Viep is the total voltage of the string LED and the V,,, is the output voltage of the
boost converter as illustrated in Figure 7. The #.ep amer indicates the efficiency of the LED
driver. In addition, the #,.. indicates the efficiency of the boost converter. Thus, the
efficiency of LED backlight module with BSBR technique can be improved by 8%. Figure 59
(a) and (b) show the measured efficiency the boost converter versus load current under

different input voltages when output voltages are 9.3V and 12.4V, respectively. The efficiency
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measurement is setup by the power supply and electron load. When the electron load is
connected with the prototype, the power supply would show the input voltage and input
power. The input power P; can be calculated by multiplying the input current and input
voltage. And the electron load also show the output current and output voltage. The output
power P,, also can be calculated by the output current and output voltage. Thus, the
efficiency of boost converter can be measured through output power P,,, divided input power
P;,. The charge recycling efficiency is calculated by the transmission ratio. The output of CR
power stage should be pulled up about 5 V. The measured result is about 4.5 V. The
efficiency of CR technique is about 90%. And the output of BSBR power stage should be
pulled up 310 mV and measured result are about 290 mV. Thus, the efficiency is about 94%.
Moreover, the BSBR power stage not only can_operate the buck-store and boost-restore
techniques for reference tracking performance but also'can supply the regulated voltage Vpsgr

by the PFM operation technique.

IBSBR=80mA

0.922V
vref

Eref = 3 kHZ
@‘/in=5‘/y ILoad = 100mA

21 | imehase 6 pg(Trigger [C2]
2.00 Vidiv 200 mVidiv 500 mvidiv 100 psidiv| Stop 3872V
-5.100 V ofst -3.7800 ¥V -2.240 V ofst 250kS  25MSis|Edge  Positive

Figure 57. Measured waveforms showing the BSBR power stage with 80mA load current
(Ipspr) for forwarding white-LED. The PFM control and BSBR techniques are used to

maintain the voltage Vpsgr above 3.8V.

94



90 y. r/[]__[}—-m———{l—m\m
E 85 ]/m/ Dy
\
S / ] d
2 751 /(z
=
L
65
10 100 400
—/\— BSBR Disabled
—(1— BSBR Enabled Total LED current (mA)

Figure 58. Measured efficiency of the boost converter with and without BSBR technique

enabled under different load current when input voltage.is 5V.

Load Current (A)

(a)

95



Vout= 12.4V

96

94

92

0

Efficiency (%) g
86

84

82

80

250m
200m
150m1 00m

Load Current (A)

50m 20m

(b)

Figure 59. Measured efficiency of the boost converter versus load current under different
input voltages are illustrated (a) when output voltage is 9.3V and (b) when output voltage is
12.4V.
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Chapter 6
Conclusions and Future Works

6.1 Conclusions

The prior arts of the LED drivers such as the PCC and HCC methods have shown a
trade-off between efficiency and accuracy. In this thesis, the LED driver with the
SAR-controlled adaptive off-time technique is proposed to achieve high accuracy and
efficiency at the same time. According to the operation of this technique, the average inductor
current can be adjusted to a constant value. The on-chip low-side current sensing method and
the active diode can greatly improve efficiency. Thus, this topology achieves 94% efficiency
and 98% accuracy. The power efficiency is increased to about 8%~15% compared to the HCC
method and to about 5%~8% compared to the PCC method. The SAR-controlled adaptive
off-time technique can be widely used in LED lighting systems with PWM dimming control.

Moreover, the constant current regulator for the RGB backlight module requires the
DC-DC converter with fast reference tracking technique. A RGB LED backlight driver is
proposed for rapidly switching between driving 6-series R (about 16V) and 6-series G/B LED
(about 21V). Owing to voltage difference about 5V between driving series-R and series-G/B
LEDs, the FRT technique is presented to enhance line and load regulations. Besides, the CR
technique stores extra energy on the re-cycling capacitor at the transition from high-suuplying
voltage (21V) to low-supplying voltage (16V). On other hand, it can restore the energy back
to output node to speed up the raising of voltage back to 21V at the stage of driving G/B

LEDs. Both the transient response time and efficiency are enhanced. The proposed LED
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driver with the FRT and CR techniques was implemented in 0.25um TSMC BCD 40V
technology. Experimental results show that the load transition time can be reduced within
10us and the line transient response time can be reduced within 10us. It demonstrates the fast
reference tracking performance achieved by the proposed FRT technique. The power
consumption of the backlight module in the implementation of the field color sequential (FCS)
algorithm is smaller than 3W. Furthermore, the power loss due to the LED driver can be
effectively reduced to about 24% of the LED driver without CR and FRT techniques. The
proposed LED driver with the FRT and CR techniques can improve the reference tracking
performance and reduce the power loss.

In addition, another innovative control mechanism, the BSBR technique, is proposed to
enhance the reference-tracking responsé and reduce the power consumption of the LED
backlight module. The proposed BSBR' technique. can store extra charge on the output
capacitor to the recycling capacitor when the output voltage transits from high-supplying
voltage (12.4V) to low-supplying voltage (9.3V). As a result, the power dissipation on
constant current generator can be considerably improved. On the other hand, when the output
voltage level is changed from low- to high-supplying voltage, the charge stored on the
recycling capacitor can be used for raising the output voltage back to the high-supplying
voltage level. Therefore, extra charge can be recycled and the overall power consumption of
the backlight module can also be reduced. In addition, the regulated voltage can be utilized to

implement other applications such as turning on white-LED on the portable devices.

6.2 Future Works

The proposed charge-recycling (CR) and buck-store/boost-restore (BSBR) technique can
store extra charge on the output capacitor to the recycling capacitor when the output voltage

transits from high-supplying voltage for turning on the G- B-LED to low-supplying voltage
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for turning on the R-LEDs. As a result, the power dissipation on constant current generator
can be considerably improved. In addition, these techniques also can reduce the numbers of
output component to improve the PCB area. However, these two techniques still require the
external large capacitor and inductor to achieve the performance of fast reference tracking. In
order to have future works on the reference tracking, furthermore simplify the driving module
and reduce more power consumption of the FCS-LCD backlight module can be continuously
studied. The BSBR and CR technique can be based on a synchronous boost DC-DC converter.
In addition, there are many challenges on the studies of reference tracking technique. Such as
that the new control algorithm for reducing chip area and power consumption, the fast
transient technique for stepping load transition, a new controlling error amplifier or

compensator for improving the load\line regulation.
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