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Abstract

In recent years, as a display screen, the thin filamsistor-liquid crystal display
(TFT-LCD) panel becomes the most popular elementfobile or handheld devices such as
cell phones, mp3 players, digital cameras, PDA#p|as, ...etc. With the advantages of high
brightness, rich color depth, fast response tiroe, tost and long life time, the TFT-LCD
panel had defeated many competitors such as tlez suisted nematic (STN) and the organic
light emitting diode (OLED) display panel. As au#sthe industry of TFT-LCD Driver is full
of vigor and vitality.

The switching capacitor voltage converters whioh @so named the charge pumps are
most commonly used in the hand-held TFT-LCD drifersgenerating the power supply. The
voltage converters are used to transform the systent voltage level into a higher voltage
level or even a negative voltage for the use ofesfunmction blocks of the TFT-LCD drivers
such as the gate drivers, the source drivers anad#@OM drivers.

The conventional dual side voltage doubler uses fiwng capacitors to generate two
times the system input voltage and the conventidoal side voltage inverter also uses two
flying capacitors to generate negative time theesgsanput voltage. In this thesis, a dual side
dual output voltage converter is proposed. This nestage converter is successfully
implemented in a QVGA resolution TFT-LCD and is riabted with SilTerra 0.13um
1.8Vv/5V/32V CMOS 1P5M process. This new proposettage converter uses only two
flying capacitors to generate two times and negdiivwe the system input voltage, and in the
meantime, the new voltage converter saves over E7%yout area, 4 IC pin outs and 2
external capacitors than the conventional convedad reduces the cost.

Keywords: Liquid Crystal Display (LCD), Switching Capacif@hargepump
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Chapter 1
Introduction of TFT -LCD Driver

The evolution of thin film transistor-liquid crystdisplay (TFT-LCD) has four waves [1].
The first wave is the product introduction, makihg world flat with the help of TFT-LCD!
The application of TFT-LCD ranges from small siznti-held device to TV application from
1990 till now. The second wave is the performanuéckment, making the world gorgeous!
The performance of TFT-LCD is getting more colorfofighter, longer lifetime and faster
display speed. The third wave is power and matetiazation, making the world green! As
the size of the display panel increases, the pamsasumption becomes much larger. The
technology nowadays focuses to lower the powerwopsion of the TFT-LCD device. The
fourth wave is the functions:for human interfaceakmg the world without gap! The
consumers expect more functions and better perfacenwith the improvement of the human
interface technology. As a result, the TFT-LCD laes the most glory star of the flat display
panel (FDP) industry.

This chapter will show the basic topology of theTHIECD driver, especially applied to
mobile or handheld in section 1.1 firstly. And thain function blocks of the TFT-LCD driver
will be showed in section 1.2. The Power Stage ntlascle of the TFT-LCD driver in will be
shown in section 1.3. Finally, the power specifmaiof the TFT-LCD driver will be revealed

in section 1.4.

1.1 TFT-LCD Driver

As shown in Fig. 1, there are several function kdomn the TFT-LCD driver. These
function blocks are realize within a system on cf8@C) for the sake of power saving and

area saving.



All the function block diagrams of the TFT-LCD deiv need different power sources.
From Fig. 1, the Display Driver IC (DDI) inputs $gm power VCI into the power generation
unit to generate the VCORE voltage for the timingtcol (TCON), VGH and VGL voltages
for the gate driver, DDVDH and VCL voltages for themma reference circuit, the common
plate voltage (VCOM) reference voltage circuit dhd source driver separately. The methods
of generating these analogy voltages needed iTEIeLCD driver will be explained more
detail in the later chapter. This work proposesethmd to decrease the IC layout area and the

number of the external flying capacitors for getiagphDDVDH and VCL voltages.

TFT-LCD Driver
DDVDH/
VCL
Gamma VCOM
Power IN » ¥ s R;e/felrence RIe/feli;ence
VeI ' ower Generation oltage oltage
Unit % ¢
Source Driver
; >
to I/O VGH/VGL
orcc ﬁ CORE

Timing Control Display

DATA [N eyl 0N

Gate Driver

\ 4

TFT-LCD Panel

Fig. 1. TFT-LCD Driver

The timing control unit controls all of the timiraf the DDI by receiving data signals
from the interface input, transfers into the gateeat, the source driver and even the power
block control signals.

The gate driver is responsible for the on and offtwl of the thin film transistor (TFT).

By receiving the control signals from the TCON, tae driver turns on each gate line of the



TFT-LCD panel sequentially.

The source driver is responsible to charge (orhdigge) the analogy voltage inside the
sub-pixels of the TFT-LCD panel. The gamma refegevmltage circuit generates the gamma
voltage levels to the source driver. The VCOM refee voltage circuit generates the
common plate voltage for the TFT-LCD panel, thidtage may be dc or ac voltage, and
normally can be adjusted the voltage value by ¢lggsters in the system.

Let’s gain further insight into the relationshiptveen the gate driver, the source driver
and the TFT-LCD panel. Fig. 2 is an equivalentwirof a panel for Quarter Video Graphics

Array (QVGA) resolution.

OVGA Panel Resolution: - . ~
240(RGB)x320 e Source Driver N
y (Data Driver/Column Driver) \
i TFT(Thin Film Transistor) I’ Power Domain: DDVDH ‘I
T LC(Léquzd Crystall) S S> 83 S719 S720
apacitors o ~ Jis o o
e P o Tt
/ o el el oL
T I T T e
3| G oy gy
2 oL T Y s ol
] I T T T T Ty
5 0| Oty gy
S L R e L T e o=l
S5 , T T T T T
CAaq :
SR |G 1t
. L L Iy oL L
S T T T T T
B G s R b gy
oL L Iy oL oI
VCOM T T T T i

Fig. 2. Equivalent Circuit of a Panel

A TFT-LCD panel with QVGA resolution, which is 24@8*320, means there are total



720 source drivers and 320 gate drivers. The RGBnsene pixel that includes the red, the
green and the blue sub-pixels. The power domathetource driver (also named data driver
or column driver) is DDVDH. The power domain of thate driver (also named scan driver
or row driver) is VGH/VGL.

From Fig. 2, we can see each TFT is responsibleriersingle sub-pixel LC capacitor.
The other G-3;0 output VGL voltage when the gate driveg Qutputs VGH voltage. Those
TFTs along G direction are turned on. At the same time, soulteers S-7,0 output their
own gray scale voltages through each TFT of thepsxél that G turns on, and store the gray
scale voltage into each sub-pixel LC capacitor ef@, outputs VGL, turning those TFTs
along @G direction off. And then, as utputs VGH voltage, those TFTs along dection
are turned on. All source drivers-&o output the gray scale voltages as well. After,tikat
output VGL, turning off all TFTs..So at this tintkhe sub-pixels of two gate lines are charged
to the desired voltage levels. By this means, s are turned on or off sequentially,
completing to store all sub-pixels of the TFT-LCBnel in one frame. Frame rate of 60Hz

means completing update 60 frames per-one second.

1.2 Block Diagram

In this keen competition industry, how to prodube fowest cost without suffer the
guality of a product is a big challenge. For thellLEED driver IC vendors, providing with a
lower price and less external components can craatén-win situation of both the IC
vendors and the module manufacturers. The convaltiwork uses a dual side method by
two flying capacitors to generate DDVDH and VCL aegiely, but this work proposes a new
method with dual side dual output, successfullyuced 4 IC pin outs, 2 flying capacitors and
4 power switches without sacrificing the displaabiy.

Fig. 3 is a traditional 262,144 colour single cBPC driver for amorphous silicon (a-Si)



TFT-LCD panel with the resolution of 240RGB*320 slotomprising 720 channel source
drivers, 320 channel gate drivers, 172,800 bytezplic Random Access Memory (GRAM)
for graphic data of 240RGB*320 dots, and the poswgsply source generation circuit. This
power supply source generation circuit utilizestsling capacitor voltage converters to
generate DDVDH, VCL, VGH and VGL voltage for theusce driver, the gamma reference
circuit, the gate driver and the VCOM referencecwt: Let’s gain more insight into the

TFT-LCD driver.

]
IOVCC —> —>| Index Register (IR) | 5 E
IM[3:0] > 8/9/16/18bit 3 LCD '
. ' .
RESX., DSX > MCU I/F Control Addross DDVDH Sogrce ﬂ S[720:1]
D\/Kél){(XiEl){(]?F )éu 73 > Register > Counter Driver H
’ 584 . CR AC '
D[17:0]; SDA | 3/4 Serial ( ). (AC) { i
HSYNC; VSYNC &> I/F <y Graphics DDVDH,_ | Gamma '
DOTCLKE_’ Qe 71 Reference <—EVreglout
ENABLE +~—> < Read |[ Write Circuit '
SRGB > 6/16/18bit Latch || Latch '
SMX; SMY >4 RGB I/F Y v 1 '
. L}
TEST[9:0]4=> Graphics RAM . |- » CABC ;
VCORE re—] el (GRAM) '
DGND E_’ & Brightness [€ LCD E
PWM_OUT 3¢ — Control —SH 1 Gate -1 G[320:1]
H Timing VGL . '
H OSC Driver '
)
. Controller > '
' '
VCI E—» Switch Capacitor Voltage Converters DDVD VCOM _»: VCOM
AGND > (Charge-Pump Voltage Converters) VCL ™ | Reference '
0 O A LI
CRTR TR RNERNEN Azezma o TTTRITTTY
SSRY SFERYY IzNQ0o =
SSSEE Cools 8g8gsn 3k
R > >

Traditionally: 8 pin outs (C11P,C1IN,C12P,C12N,C31P,C31N,C32P,C32N)
Proposed: 4 pin outs (C11P,C1IN,C12P,C12N)

Fig. 3. TFT-LCD Driver Block Diagrams.

1.2.1 Gate Driver

The TFT arrays of liquid crystal display panel drize by the gate driver as Fig. 4 [2]. A

5



TFT-LCD gate driver is composed of the shift regjist a level shifter and a digital output

buffer. The gate drivers use vertical clock (V_&pand vertical synchronize signal (VSYNC)
to control the turn on and turn off timing of eagdte driver. The level shifters are responsible
for change the low dc voltage level of signals ighhvoltage level VGH/VGL domain. The

digital buffers are responsible for the output ohgvcapability of the gate drivers.

V_Clock VSYNC

N Shift L VGH: 10~20V
register VGL: -5~15V
y
"> Shl{t — | LEVEL | Digital 20:1
register > SHIFTER [ Buffer —»G[320:1]
L[ s ]
register
G[1]
GI2/
—i VGH
GI31 V6L

Fig. 4. TFT-LCD Gate Driver.

As in Fig. 4, the gate drivers output VGH or VGLtage to control the on or off state of
these TFT arrays. Different TFT-LCD panels posddifferent |-V curves of the thin-film
transistors. So the switching capacitor conver@megating VGH and VGL voltage should
keep the elasticity of different voltage level segs.

A QVGA resolution the TFT-LCD panel comprises 24@G20 dots. A gate driver G[1]

outputs voltage VGH to turn on the TFT array of [5fhen all source drivers S[720:1] begin



to charge each sub-pixels to the gamma voltagdsleyaing set individually. After all the
sub-pixels finish the charging action, the gateeiriG[1] outputs voltage VGL to turn off the
TFT array of G[1].

And then gate driver G[2] outputs voltage VGH taton the TFT array of G[2], then all
source drivers S[720:1] begin to charge each sxblpio the gamma voltage levels being set
individually. After all the sub-pixels finish theharging action, the gate driver G[2] outputs
voltage VGL to turn off the TFT array of G[2].

Following this rule, after the last gate driver @03 finishes this action, a frame picture
is written and displayed on the TFT-LCD panel. Fearate 60Hz means the TFT-LCD driver

updates 60 frame data per one second.

1.2.2 Gamma Voltage Generator

Vreglout is an important-power source in the TFBLGAriver. It plays the role of a
power source of the gamma voltage generator-cir€igt. 5 shows a linear regulator that
produces a voltage power Vreglout. This regulatoulds adopt a cap-free [12] design in
some low cost solution projects.

This linear regulator is composed of a VREFGEN wttcan error amplifier, a pass
element and a feedback network. The VREFGEN cingrovides various reference voltage
levels. As to the error amplifier, it amplifies tberor amount of the reference voltage and the
feedback voltage. After receiving the amplifiedoervoltage, the pass element of Vreglout
regulator as a PMOS, adjusts the output Vregloliage to a suitable level. Finally is the
feedback network, comprising of resisters, is rasfae for providing the weight of Vreglout
as the feedback voltage.

In real case application, Vreglout power sourceukh&eep the elasticity of a wide

voltage range as Fig. 5 showed. We can count ometffisters VRH[5:0] to select the exact



reference voltage levels from the VREFGEN circaitthe Vreglout regulator.

DDVDH: 4.7~6V

VRHI5:0]

{

VREF GEN

Vreglout: 3~5.5V
o———1

%

Fig. 5. Vreglout regulator: Reference Power of GanvMultage Generator.

e Stablize
— Capacitor

The simplest distinction of brightness and darkniessinary level. It means just only
bright and dark. For a RGB sub-pixel display, IfRGB sub-pixels only exists two states of
bright and dark state, the display color depth Eqt@?2 bits. That is to say, the panels can
only display 8 kinds of color. In the real worldyem mono color such as black, exists
different gray levels. And each gray level exhikitdifferent shading value to human eyes. In
order to realize the nature images seen by the hueyas, the need of gray levels is
necessary.

This work utilizes 6 bits color depth. That mean®iRG or B color exists 64 gray levels
individually. That is to say, the TFT-LCD driverrcalisplay 262,144 kinds of color on the

TFT-LCD panel.



In Fig. 6, we can realize that the Gamma Voltageggator circuit is used to generate 64

gray levels of voltage for 6 bits color depth.

Vreglout

\ DDVDH: 4.7~6V

>t
>t

—~—> GAMMA[63:0]

MUX
\ 4
GAMMA OP

En

Fig. 6. Gamma Voltage Generator.

The generator circuit comprises a resister typ¢agel divider, a mux, and the gamma
operation amplifiers. The resister type voltageid#v uses Vreglout as a reference power
source, and divides various sets of reference gelts the reference voltage of the gamma
operation amplifiers. The mux circuits select tektive reference voltage by the registers for
the gamma operation amplifiers. The gamma operaioplifier always configures as an
unity gain topology and plays the role of an anglogtput buffer of the 64 gray levels.

The liquid crystal is a kind of a light gate. Thartsmitted luminance depends on the

rotate angle of the liquid crystal molecules colttb by the voltage applied across the top



plate and bottom plate of the TFT-LCD panel. A$ig. 7, the LC voltage means the voltage
applied across the TFT-LCD panel. Each voltage |leetates to different transmitted
luminance.

An opposite sign of the LC voltage results in ampagte rotate angle, but however,
relates to the same transmitted luminance. Weimtilbduce in the later section. This is what
the polarity change method does. The polarity cekangthod must be applied to increase the

lifetime of a TFT-LCD panel and prevents it fromrmsidue effect.

Transmitted Luminance (%)

100

e

TN

7 VoV 75 /A LC Voltage

Fig. 7. LC Gamma Curve.

1.2.3 Source Driver

The source drivers charge display data voltagehéo Selected liquid crystal storage
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capacitors and liquid crystal capacitors of a TiHRyon a TFT-LCD panel, which is turned
on by the selected gate driver. For a resolutioQUGA 240RGB*320, the source drivers
S[720:1] need to charge 320 sub-pixels individualiygl sequentially to complete one single
frame data. For 60 Hz frame rate, the source dsivered to drive 60 frame data in one
second.

In Fig. 8, the TFT-LCD source drivers [2] are coreed of the shift registers, the latches,

the level shifters, the DACs (digital to analogyeerter) and the source operation amplifiers.

DDVDH: 4.7~6V
HClock HSYNC DATA CTOT GAMMAJ63:0]

| 1 |

Shift J LSH+ |
* > register » Latchl [+ Laenz 7 DAC @—b S[1]
. h¢f I | 1
ift | LSH+ |
> register 7> Latchl = ¥ DAC > S[2]

\ 4 \ 4 \ 4

Shift
—> <» Latchl »

LSH~+
register | Latch2 DAC > 8[720]

\ 4

Fig. 8. TFT-LCD Source Driver.

The display DATA are latched in latchl through #mared 18 bits data bus. The source
drivers use HClock (horizontal clock signal) andYHN& (horizontal synchronize signal) to
control the shifter registers to store the displ4TA sequentially into each latchl of the
source drivers. Then the display DATA are stored the latch2 and the level shifter by the
CTOT signal. The CTOT signal is a signal similartte HSYNC signal. After that, the
display DATA select the desired gamma gray levdtages by DAC circuit, and at last, the

source operation amplifiers which are configuredanalogy unity gain output buffers, are
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responsible for driving the desired gamma grayllgeiages into the selected sub-pixels.
Fig. 9 shows a self-biased folded cascode raiktbeperation amplifier [13]. The source
op-amplifiers are used to drive 64 gamma gray sealege levels into the TFT-LCD panel.
The op-amplifiers should be able to drive signalsge within full range from DDVDH to
ground because of the voltage range of 64 gammagale voltage levels are almost full
range from DDVDH to ground. For a QVGA resolutioitiw240RGB*320, there must exist
720 source drivers which contain 720 source op-#ieqg. The total dc static operation
current for source op-amplifiers is very large ife wse the conventional two-stage
op-amplifier. A Self-biased and class AB folded aate op-amplifier is a very suitable

solution to the source drivers.
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Fig. 9. Self-biased Folded Cascode Rail-to-rail@dmplifier.

1.2.4 Data Driving Method

Before introducing the VCOM driver, we need to dss the data driving method of the

12



TFT-LCD driver first. The liquid crystal acts likidne light gate, controlled by the voltage
across it, to adjust the angle of the liquid crigsteesulting in brightness control. Unlike the
spontaneous light emitting display panel, the TEJBLpanel need extra backlight source
such as Cold Cathode Fluorescent Light (CCFL) ghtEmitting Diode (LED) to display a
picture.

The electric field applied to the liquid crystassariented. If we change the electric field
with an opposite direction, that is so-called pdjachange [2]. This polarity change would
not and should not result in the transmitted lumagaof the liquid crystals, but the angles of
them. Because the DC blocking effect of the origomalayer and the dc residue effect of
TFT-LCD panel, we must apply polarity change bglor by frame.

There are two methods of polarity change, which i explained in the following
contexts. Fig. 10 shows the inversion types adopiede TFT-LCD driver to do the polarity

change for preventing the liquid crystals from dsidue effect and increase life time.

Frame 1 Frameil Frame 1 Frame 1
G+ |+ ]| G H+H[H[+H]|F| G| -|[FH]|-|F| G| H|-|F+]|-|F
Gyl +|+|+]|+[+| Gy -|-|-|-1-| G| +|-[+]|-|+] G -|+]-]+]-
Gy +|+|+|+|+| G{H+|+|+|+| G| +|-[+]-[+]| G| +]-|+]- |+
G+ [+ +|+[+| Gi-|-[-1-1-| G+|-[+|-+] GJ-|+]-]+]-
Frame 2 Frame 2 Frame 2 Frame 2
Gl-|-|-|--1G-{-{-|-|-|Gy|l-|H-|F|-|Gi|-|+-]|+]-
Gyl - [ - [ |- |- GaH [+ G- |- |- ]| G H[-[F]- |+
Gy-|-|-[-|-1Gy-|-|-|-|-|Gsl-|[H-|+]|-]|Gs-|+-]|+]-
Gy - [ - |- |-Gy H A H[ ][] Gaf - |- |- ]| G H[-|[F]- |
Frame Line Column Dot
Inversion Inversion Inversion Inversion

Fig. 10. Inversion Types of TFT-LCD Driver

Frame inversion updates the pixel voltage polantghe form of frame. We can see all of
the sub-pixels in frame 1 are positive, and in g&2rare negative.
Line inversion updates the pixel voltage polanty the form of line (gate driver
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direction). We can see in frame 1, the sub-pixél&&»p are positive and those of=(zn are
negative. But in frame 2, the sub-pixels @ffz are negative and those ofgy are positive.
Column inversion updates the pixel voltage pofaritthe form of column. We can see in
frame 1, the sub-pixels ofobp are positive and those oty are negative. But in frame 2,
the sub-pixels of §p are negative and those aof\&y are positive.
Dot inversion updates the pixel voltage polantyhe form of pixel. We can see in frame
1, all of the polarity of the sub-pixel is contrary the neighbor ones. And in frame 2, all of

the polarity of the sub-pixel change.

AC VCOM Data Driving Method

VCOM voltage is a reference common electro platéage inside the panel. AC VCOM
means the VCOM voltage level changes polarity bg br by frame to avoid the dc residue
effect of the liquid crystals. In-Fig. 11, VCOM vadle changes polarity by line or by frame
between the voltage level VCOMH and VCOML. - The VCBNnd VCOML voltage depend
on the LC characteristics for the different' panakers.

In the positive polarity period, the voltages asrdbe liquid crystals are gray scale
voltages (\§" ~ Vs3') minus VCOML, these voltages are the positive sigltages, and then,
in the negative polarity period, the voltages asrnbe liquid crystals are gray scale voltages
(Vo' ~ Ve3') minus VCOMH, these voltages are the negative gajtages.

If we well adjust VCOMH and VCOML voltage level tet the positive sign voltage just
equal to the absolute value of the negative sidtage, by doing so can prevent the liquid

crystals from dc voltage residue and increase ttieitime.
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AC VCOM Driving Method

VCOM VCOMH
waveform : :
Vo' Vs
Vit V2
Gray Scale
Voltage
Vez' Vi
Ves' Vo
VCOML
Positive Polarity Negative Polarity

4—1 line/ frame—»i

Fig. 11. AC VCOM Driving Method.

DC VCOM Data Driving:Method

Fig. 12 shows the DC VCOM driving method. DC VCOMans the VCOM voltage
level always keeps a dc value at anytime. By thag,whe job of polarity change is controlled
only by the source drivers.

In the positive polarity period, the voltages asrdlse liquid crystals are gray scales
voltage (" ~ Ve3') minus VCOM, these voltages are the positive sigitages, and then, in
the negative polarity period, the voltages acrhsditjuid crystals are gray scale voltages' (V
~ Vs3') minus VCOM, these voltages are the negative sijiages.

If we well adjust VCOM voltage level to let the pidge sign voltage just equal to the
absolute value of the negative sign voltage, bygl@io can prevent the liquid crystals from
dc voltage residue and increase their life timet @tferent from the AC VCOM, the gray

scale voltages range {V~ Vg3') of the DC VCOM method must large than the AC VC@M
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maintain the same voltage levels across the liguystals.

DC VCOM Driving Method
Vo'
Vit
Gray Scale
Voltage Ve
Ves'
waveform Ves
V2
Vi
. Vo_
Positive Polarity Negative Polarity

4—1 line/ frame—»i

Fig. 12. DC VCOM Driving Method.

Comparison Between AC VCOM and DC VCOM

TABLE I. shows the advantages and disadvantagepaonsons of AC VCOM and DC
VCOM. Let’s gain further insight into the differeex between the AC VCOM and the DC
VCOM data driving method.

For example, in AC VCOM case, assume

Gray scale voltagev,” =4V

Gray scale voltage/, =05V 1)

VCOML voltage VCOML=-05V

VCOMH voltage VCOMH =5V
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In the positive polarity, the voltage across tlyiid crystal is 4.5V, and in the negative
polarity, the voltage across the liquid crystald$V. Because the Gray scale voltage range is
4V to 0.5V, the source driver only need the 5V devior this design.

In DC VCOM case, assume

Gray scale voltageV,” =4V

Gray scale voltageV,” = -5V 2)

VCOM voltage VCOM =-05v

In the positive polarity, the voltage across tlgiild crystal is 4.5V, and in the negative
polarity, the voltage across the liquid crystaldsV. Because the Gray scale voltage range is
4V to -5V, the 5V device can not meet this desmgthie source driver. In this case, the source
driver needs the 12V device and this will-incretmewafer cost.

In TABLE |, the image quality of DC.VCOM: is bettdran AC VCOM, but the cost of
DC VCOM is more than AC VCOM because the highetage process is needed. This work

uses AC VCOM for design because the cost of AC VC®Mwer than DC VCOM.

TABLE |. COMPARISONS OFDATA DRIVING METHODS

Characteristics AC VCOM DC VCOM

Frame, Line, Column,
Inversion Type || Frame, Line inversion
Dot inversion

Image quality Poor Better
Power dissipatior Higher Lower

Process Lower voltage process Higher voltage proces$
Cost Lower Higher
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1.2.5 VCOM Driver

The liquid crystals of the sub-pixel, as a lightegaf TFT-LCD panel can be regarded as
a capacitor with two parallel electrode platesides sub-pixel of TFT-LCD panel, one of the
electrode plates is isolated individually with tb#her sub-pixels, connects to the thin film
transistor and expands to two-dimensional arraygetteer with all the other sub-pixels.
Another electrode plate of the sub-pixel, named/@OM (the common electrode plate) is
actually shared with all sub-pixels of the pandle WCOM voltage level plays the role of the
reference voltage of all liquid crystals of a TFCIR panel. We can change the VCOM
voltage level to eliminate the flicker effect off&T-LCD panel [14]. The voltage difference
across the two plates of a sub-pixel is direct propnal to the electric field intensity be
applied to the liquid crystal, and is also.propmrél to the transmitted luminance of the liquid
crystal.

The VCOM driver is used to provide the referencencmn electrode plate voltage of
the TFT-LCD panel. As mentioned in the last sectithrere are two methods to fulfil the
liquid crystal polarity change in LCD driving. Thikquid crystal polarity change is
responsible for increasing the lifetime of the Ildjerystal, and also preventing the liquid
crystal from the dc residue effect. This work agls AC VCOM driving method for polarity
change.

Fig. 13 shows the structure of the VCOM driver. WeéOM driver is composed of a
reference voltage generation circuit, two operagiomplifiers and an analogy output buffer.

The reference voltage generation circuit is resypbmsfor providing the reference
voltages for VCOMH and VCOML, controlled by VMH[G:@nd VML[6:0] registers. OP1 is
a p-type (PMOS as input device) folded cascode atjper amplifier, generates VCOMH
voltage for the VCOM driver. OP1 uses DDVDH and V&Spower and ground because of

the VCOMH voltage specification range is betweefiV2o 5.875V. OP2 is a n-type (NMOS
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as the input device) folded cascode operation dimplgenerates VCOML voltage for the
VCOM driver. OP2 uses VCI and VCL as power and gbbecause of the VCOML voltage
specification range is between 0V to -2.5V. At |aste analogy buffer is responsible for
output the AC VCOM voltage level into the TFT-LCel. The POL (polarity) signal is
used to control the analogy buffer to output theOMH voltage level when the POL signal at
high level, and when the POL signal is at low lewké analogy buffer outputs the VCOML

voltage level.

VMH[6:0] DDVDH: 4.7~6V

VML£6:0] T

- VCOMH: 2.7~5.875V

orl1 *
+ i Stablize
47 =T Capacitor

VCOoM
VCI: 2.5~3.6V POL £ Panel

VREF GEN

%

VCOML: 0~-2.5V

or2 ®
+ l Stablize
L =T Capacitor
VCL: -2.4~-3V \/

Fig. 13. TFT-LCD VCOM Driver.

1.3 Power Stage Selection

In Fig. 14 [3], in a cell phone module system, slystem power supply comes from the
battery. Function blocks such as PA (power amp)ifieNA (low noise amplifier), Analogy
R/F (radio frequency), Baseband, Display (TFT-LCBydio and Interface, need different

power supply sources. And there are 4 choices afepsupply: 1) nothing, directly from
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battery, 2) LDO, 3) switching capacitor, 4) inducswvitching regulator.

Charger

VBAT:2- 7~5.5V
v PS] [PS PS

2.5~3.6Vy V1652560 | 15V
v
Display
<« | uP/DSP Y D/A
- core 10
<>
Audio 10 _
Interface Base‘{?and Analog R/F

A 251 2.5V

25 ]

Power supply choices: 1) nothing 2) LDO
3) switching capacitor 4) inductor switching regulator

Fig. 14. Power supply of Cell Phone System.

Based on the functions and‘the power consumpticdigdts, every power supply sources

may have different choices.

1.3.1 Linear Regulator

Linear Regulator as Fig. 15 [4] shown, is composE@ reference voltage circuit, an
error amp, a pass element and a feedback elemariy. @ays architectures need an extra
stabilize capacitor, but nowadays, many new prop@sehitectures with multi-stage design,
miller compensation, and nested miller compensdiih been accomplished cap-free design

[12].
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Fig. 15. Linear Regulator.

The advantages of the linear regulator:-circuticttire simple, low cost, low footprint
area, low output voltage ripple, fast line respom®e and fast load response time.

The disadvantage of the linear regulator: can @dgerate output voltage lower than
input voltage, lower efficiency when the voltageoplrbetween the input voltage and the
output voltage increase and thermal dissipatiogelar

The reference voltage circuit is used to generaifeaence voltage that is independent
of process, voltage and temperature.

The error amp is an error operation amplifier goaplifies the error voltage between the
reference voltage A£r and the feedback voltage-a/for controlling the pass elements. For the
system stability consideration, an error amp uguagiplies some ac compensation method.
Normally if an error amp with large dc gain, the@@cy of output voltage will be better.

There are many types of pass elements, such agNE&N or PNP) or MOSFET (NMOS
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or PMOS). The choices of pass elements are ofteerdeon the application, specification
and cost. Pass elements maybe external discreteor@nts or built-in SOC devices.

The feedback element is often composed of a resmttwork, sometimes may need
extra capacitors for ac compensation. The maingbla feedback element is to generate

feedback voltage for error amp.

1.3.2 Switching Capacitor Converter

Fig. 16 is a typical voltage doubler of switchirgpacitor converter [5] [6]. A switching
capacitor converter can generate an output voli@ger (boost) or smaller (buck) than the
input voltage, and even more, a negative voltage.

In many applications, the boosted. voltage or theked voltage or even the buck-boost
voltage are needed in the system, but when th@ifiobtarea or the cost are issue, switching
capacitor converter is a practical solution. Handlloe mobile application often chooses this

method as a solution, this work(TET-LCD Drivergigood example.

Vour =2Vin
'} >ge s
; T s, [ s, Tour
IN
charge pump
= K & e == |3
Q
S, S ~
) r‘
N

Fig. 16. Switching Capacitor Converter: Voltage Dizu.

The advantages of switching capacitor converteficiehcy higher, low EMI and
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medium cost.

The disadvantages of switching capacitor convemetput driving capability small,
output ripple high, layout area large.

Generally speaking, the switching capacitor comrsrtalso named the charge pumps,
are composed of the power switches and the capscis shown in Fig. 16, there are two
phase timing for the voltage doubler operation.iByithe charge phase, switch&d $ are
closed, but $and S are opened. Top plate of the capaciterisCcharged to ¥ by S and
bottom plate of it is charged to GND by. ®uring the pump phase, switch &d $ are
opened, but Sand S are closed. Bottom plate of the capaciteriCcharged to ¥ by & and
because the charge conservation theorem, the &p @l G is now 2V, and be connected
to Vour by S. After several repeated operations of charge amtppphase, Myt will
generally increases to\2y. The following chapter will have more detail degtions of the

switching capacitor voltage converter.

1.3.3 Inductor Switching Converter

This type of voltage converter needs at least adedtor as an electric energy storage
component. Compared with the linear regulator dvel switching capacitor converter, the
inductor switching converter provides highest adincy. A higher efficiency can minimize
thermal dissipation issue, and also increasegnhigeof the battery in the handheld or the
mobile application. Besides, inductor switching werters also support inverting (negative
voltage), buck (lower voltage than input), boosigller voltage than input), and even
buck-boost topology [7].

The Inductor switching converters usually apply pukse width modulation (PWM) by
changing the duty cycle to control the on/off ofAko MOSFET. By doing so, we can change

the amount of the electric energy stored insiderdactor to control the output voltage. The
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Roson (on resistance) of the Power N-MOSFET lower, tlmsvegr loss will be smaller,
resulting in higher power conversion efficiency. w&ver, when the output current loading
becomes smaller, the efficiency of the PWM conimgthod will lower. This is because the
switching loss dominates at small output curremim8& control mechanisms such as pulse
frequency modulation (PFM) [8] or pulse skipping datation (PSM) [9] will have better
efficiency at the smaller output current loadingn@ition by reducing the operation frequency
or skipping some on pulses to minimize the switghoss.

The advantages of inductor switching converterhlgy conversion efficiency and large
output driving capability.

The disadvantages of inductor switching converkegh cost, complex design, large
output voltage ripple, large layout area and EMues

Fig. 17 shows the asyncronize boost type of thedta switching converter [10]. This
converter is composed mainly- by a driver circuifeadback network and an inductoy, la

Power NMOS T and a diode P In the synchronize boost design, Will be replaced by a

Power PMOS.
discharge
L, Tour Vour

4 O

[
Vin—= s C— § % SQ
T Circuit S Z| S
t — 15

Fig. 17. Inductor Switching Converter: Boost.

The driver circuit contains an error amp, which &figs the error voltage between the
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reference voltage and the feedback voltage and M Rjheration circuit, which turns the

amplified error voltage into a PWM signal, then mlades the duty cycle of the Power
NMOS T1. The feedback network is responsible fonitaw the output voltage and returns a
feedback voltage, and even in a current mode dparait will returns an output current

loading information to the control driver circuit.

The operation theory of a boost inductor switchengverter is as below:

First, the Power NMOS iTturns on, the drain of ;Tequals almost to ground,; s
reverse biased and turns off, then the input veltdg stores energy into the inductoy &nd
the inductor current ramps up and the capacitosupplies current to output load. Assuming
the Ryson Of the Power NMOS is very small to be ignored,

. V, -0
Increased inductor currenal  (+) = ™

Ton 3)
Second, the Power NMOS; Turns off; the drain of Tequals to W, D; is forward

biased and turns on, then the-energy stored imthector Ly begins to discharge through D

toward Vout, and the inductor ‘current ramps down. Assumingftineard voltage of B is

small enough to be ignored,

. V., =V
Decreased inductor currerl (=) = %TOFF (4)

Since the inductor current can not be changed dlrigy. 3, must equals to Eq. 4.

T, T +T.
Vour =Viy @+ =) =V, 22 (5)
TOFF TOFF
Ts=Ton +Tores D= TO—N, @-D)= Tore. (6)
TS TS
After replacing Eq. 6 into Eq. 5, we can derive tllation of \byr and Wy,
V
Vour =2 7
oUT T 1 p (7)

From Eq. 7,0< D <1, so the output voltagedyt must be larger than the input voltage
Vn. This is why we call the boost type inductor sWihg converter because it can generate a

larger output voltage ¥t than the input voltage V.
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Table 1l shows the comparison of the linear reguiahe switching capacitor converter,

and the inductor switching converter.

TABLE Il. CoMPARISONS OFDC/DCVOLTAGE CONVERTERS

. Linear Switching Capacitor Inductor Switching
Characteristics
Regulator Converter Converter
_ Buck, Boost, Buck, Boost,
Conversion Type Buck . .
Buck-Boost, Inverting | Buck-Boost, Inverting
Efficiency Low Medium High
Output Voltage . .
) Low High High
Ripple
Output Driving ) .
. Medium Low High
Capability
Cost Low Medium High
Layout Area Small Large Large
Footprint Area Small Medium Large

1.3.4 Power Generation:Unit

After comprehending sections 1.3.1 to 1.3.3, let®s/e into the power generation unit of
the TFT-LCD driver. As shown in Fig. 14, the poveaipply system of a cell phone provides
two power sources to the TFT-LCD driver. That ise tpower source, VCI, is the main
analogy system power and the other power sourcéClQ is the 1/O (input/output pad)
interface power as depicted in Fig. 18, the povegregation unit of the TFT-LCD driver.

VCORE voltage ranges from 1.6V to 1.9V, generatgd. DO and is responsible for the
TCON and the SRAM power. This voltage is alwaysdained by the low voltage device of
the silicon process.

DDVDH voltage ranges from 4.7V to 6.0V, generatgdcharge pump and is responsible
for the power of the source driver and the VCOMelri This voltage is always determined

by the characteristics of the liquid crystals toe tifferent panel makers.
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VCL voltage ranges from -2.4V to -3V, generatedchgrge pump and is responsible for

the VCOM driver’s power. This voltage is also detared by the characteristics of the liquid

crystals for the different panel makers.

System Power

VGH = (4~-6)-VCI = 10~20V

VCI: Analog System Power [
IOVCC: I/O Interface Power CP23
Flying Cap.
C21,C22
DDVDH =2-VCI =4.7~6V |
1 LDO LDO
CPi
Fly]ng Cap Vregl out = VCOMH =
vCI= C11.C12 3.0~5.5V 2.7~5.875V
2.5~3.6V |
IOVCC = LDO
16536V yeorRE=1.6-1.9v
GND
CP4 VCOML =
Flying Cap. 0~-2.5V
C31,€32
7 LDO
VCL = (-1¥VEL=-2453V |
) CP23
LCD Driver Powe.r - Flying Cap.
VCORE: TCON Dlgltal Power C21.C22
DDVDH: Source Driver / VCOM Power ¥ ]

VCL: VCOM Driver Power
VGH/VGL: Gate Driver Power

VGL = (-3—-5)-VCI = -5~—15V

Fig. 18. Power Generation Unit of TFT-LCD Driver.

VGH voltage ranges from 10V to 20V, generated bgrgh pump and is responsible for
the gate driver’s power. This voltage is alwaysed®ined by the characteristics of the TFTs
for the different panel makers.

VGL voltage ranges from -5V to -15V, generated hgrge pump and is also responsible

for the gate driver’s power. This voltage is alstedmined by the characteristics of the TFTs

27



for the different panel makers.

Vreglout voltage ranges from 3.0V to 5.5V, genetdig LDO and is responsible for the
reference power of the gamma voltage generatos Vbltage is always determined by the
characteristics of the liquid crystals for the éiint panel makers.

VCOMH voltage ranges from 2.7V to 5.875V, generatgd_DO and is responsible for
the VCOM driver’'s power. This voltage is always etetined by the characteristics of the
liquid crystals for the different panel makers.

VCOML voltage ranges from 0V to -2.5V, generatedUBO and is responsible for the
VCOM driver’s power. This voltage is also deterndniey the characteristics of the liquid
crystals for the different panel makers.

From Fig. 18 and Fig. 19, the DDVDH voltage is gated by charge pump (@Rwith
two flying capacitors (G, Cio).

The charge pump (GPwith two flying capacitors is a so-called dualesicharge pump.
A dual side charge pump can reduce the voltagéerippthe dual side operation [11].

VCL is generated by charge ‘pump-(ERith two flying capacitors (&, Csz). This is
also a dual side charge pump.

VGH and VGL are generated by charge pumpgCRith two flying capacitors (&,
C,2). This charge pump is not a dual side charge phegause the two flying capacitors are
needed to generate higher level voltage of VGH\&Bd as shown in Fig. 19.

This work proposes a new voltage converter usimy two flying capacitors to generate
DDVDH and VCL power sources, saving the footprirkaaby reducing the number of the
external flying capacitors, and at the same timeing the layout area by reducing the IC pin

outs and the number of the power switches. Latapten will have more detail contents for it.
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Fig. 19. Simple Operation Principle of CEEP, and CBz in TFT-LCD Driver.

1.4 Power Specification

The power management unit is a very important foncblock in every different

application integrated circuits. Fig. 18 showed T€l-LCD driver’s power generation unit

that is composed of various types of linear regutatind switching capacitor converters. Let

us review the power budgets of every function bdoak this work. For a QVGA

240RGB*320 resolution, frame rate 60Hz, the invansiypes chooses line inversion as the

worst case:

Source driver power consumption: Based on the eggstburce panel loading ranges

from 10pF to 20pF, the source driver output voltelganges from 0.5V to 4.5V.

loovon sre = @40BIB20) [(BO20p (45~ 05) = 1106mA
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VCOM driver power consumption: Based on the regM&OM panel loading ranges

from 5nF to 15nF, the VCOM driver output voltageacges from 4V to -1V.

1
| oovon veom = (E (320 605n 4 - (-1)] = 0.72mA

9)
lver veom = (% (320 [60A5n[J4 - (-1)] = 0.72mA

Gate driver power consumption: Based on the reguéde panel loading ranges from

20pF to 40pF, the gate driver output voltage charfigen 15V to -10V.

lygn oare = 320060[20p (15— (-10)] = 192uA
(10)
lyoL eare = 3200B0Z0p [IL5- (~10)] = 192uA

TCON and SRAM power consumption: This item variethwwrocess and various digital
functions and typically 1mA to 2mA current budgeties from the VCORE linear regulator.

Vreglout power consumption: Vreglout is the refeeepower of the gamma resistors,
normally consumes current less than 50uA; thiseziirtcomes from DDVDH.

VCOMH power consumption: As Eqg. 9 showed, the ayeraurrent consumption of
VCOMH is 0.72mA and this current comes from DDVDH.

VCOML power consumption: As Eq. 9 showed, the ageraurrent consumption of
VCOML is 0.72mA and this current comes from VCL.

Let's summarize the current budgets as follow:

DDVDH is generated by GRand the current budget is:

loovor o = 1106m+ 072m+ 005m = 1876mA (11)

VCL is generated by GRand the current budget is:

IVCL_totaI = 072mA (12)

VGH and VGL is generated by @fand the current budget is:

IVGH _total = 192UA (13)
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I VGL_total = ngUA

In Fig. 20, the conventional dual side GRe two flying capacitors to generate DDVDH,
and the conventional dual side e two flying capacitors to generate VCL, tooisTwiork
proposes a new dual side dual output;C& Fig. 20 shows that uses only two flying

capacitors to generate DDVDH and VCL.

Conventional CP, (DDVDH = 2-VCI)

Conventional CP, (VCL =—1-VCI)

(]
(]
(]
vcr 2:vcr VCI 0
it ey A L,
Cl1 vl Cll VI ' C31 vcr C31 vcr
- - 0 - -
g e T v
(]
(]
2:VCI vcl ! 0 Vel
+ + ' + +
Ci2 vl ci2 vcr ' (32 vcr 32 vcr
- - ) - -
ver 10 : —1-VCIJ —Lo
(]
Phasel Phasé2 ' Phasel Phase2
(]

New Proposed CP,,(DDVDH/VCL)

140/} 2:VCI VCI 0
Cl1 VCI Cli | 4@} Cl1 VCl Cl1 VCl
0~——| VCI 0’——| —1-VCI
VCI 0 VCI 2:VCl
CI2 VCI CI2 VCl CI2 VCl CI2 VCl
0 —|_—~ —1-VCI 0 —|_—~ VCl
Phasel Phase2 Phase3 Phase4

Fig. 20. New Proposed Dual Side Dual Output Chéngmp

The new proposed method saves two flying capac¢itbpsn outs and 4 power switches
for generating DDVDH and VCL. The IC layout arealod new proposed method saves more
than 27% than the traditional method without saing§ the display quality.

Table 1l shows several system voltage specificetiof the TFT-LCD driver. As

31



introduced in section 1.2, the source driver, thhegdout regulator, the VCOMH and the
VCOML generator use op-based structure to achieyelme regulation performance.

The source drivers are responsible for driving @hima gray levels into the TFT-LCD
panel. The voltage steps between each gamma grelg l@re not equal because of the gamma
correlation of the human eyes. The minimum gammitage step is around 15mV and that
means if the voltage difference is smaller than ¥5the human eyes may not be able to
recognize the difference of the gamma level. The tegulation of source driver is 0.74mV/V
in DDVDH power domain and that means if DDVDH vagjéachanges abruptly 20.27V, the
source driver output voltage will change 15mV. Vde égure out if DDVDH voltage changes
abruptly 33.33V, the output voltage of Vregloutulagor will change one step 50mV. Also if
DDVDH voltage changes abruptly 7.35V, the outputage of VCOMH will change one step
25mV. We can come out a summary for DDVDH voltagat the voltage ripple of DDVDH
should be smaller than 7.35V-to.meet the specifinatof the source driver, the Vreglout
regulator and the VCOMH voltage generator.

We can also figure out that if VCL voltage changbsuptly 3.65V, the output voltage of
VCOML will change one step 25mV. So VCL voltageplip should be smaller than 3.65V to
meet the specification of the VCOML voltage generat

All of these voltage specifications are listed AMBLE 1ll. From Table Ill, we can get the

maximum output impedance specifications for DDVDidl &/ CL,

ROUT_DDVDH_MAX = (2VCl,,y —DDVDH,,y)/1 DDVDH_MAX — (2[25-4.7)/2mA=150Q

ROUT_VCL_MAX =[VClLyax — () WCl, I/ IVCL_MAx =[-24- (-1 [25]/08mA=125Q

The smaller the output impedance, the larger dgiahility the voltage converter has.
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TABLE Il . TFT-LCD DRIVER SYSTEM VOLTAGE SPECIFICATIONS

Line Regulation \oltage Spec
Source driverl 0.74 mV/V (DDVDH) Gamma step | Min 15mV
Vreglout | 1.5mV/V (DDVDH) Vreglout | 3.0V~6.0V, step 50mV
VCOMH | 3.4mV/V (DDVDH) VCOMH 2.7V~5.875V, step 25m
VCOML 6.85mV/V (VCL) VCOML -2.5V~0V, step 25mV
Power Spec
VCI 2.5V~-3.6V
DDVDH || 4.7V~6.0V, ripple < 1V, max current 2mA | Rout_ppvoH_max=150(2
VCL -2.4V~-3V, ripple.< 1V, max current 0.8mARouT vcL_max=125(2
VGH 10V~20V, max current 25uA
VGL -5V~-15V, max current 25uA
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Chapter 2
Performance Checking of Switching
Capacitor Voltage Converter

With the progress of semiconductor process fronmsalmn meter to deep submicron
meter such as 0.35um, 0.25um, 0.18um, 0.13um &g 45nm, the devices are made smaller
generation by generation, and the power supplyageltlevels for the smaller devices also
drop generation by generation for solving powersigigtion issues. But some special
application ICs such as the electrically erasabbg@mmmable read-only memory (EEPROM),
the flash memories, the dynamic random access nye(@®AM) and the TFT-LCD drivers
need high voltages for normal function operatiohaf@e pumps have been used to generate
voltages higher than the system.power supply. veltag these applications. Charge pumps
characterized with low EMI (electro magnetic ingzence), inductor-less, high efficiency
larger than 90%, low cost, low profile-and-compa often the best choice of the handheld
TFT-LCD drivers. The charge pumps have many diffetepologies [15] [16] [17]. In this
chapter, we will introduce the voltage doubler @nel voltage inverter. Gaining more insight
into the theory of the charge pump is the goalhid thapter. Section 2.1 introduces some
basic concepts about the switching capacitor [$8ftion 2.2 shows the voltage doubler

converter and at last, section 2.3 explains therteg of the voltage inverter converter.

2.1 Basic Concepts about Switching Capacitor

2.1.1 Charge Transfer of Capacitors

Capacitors are energy storage materials. The emesggred in the capacitor in the form

of electric charge. From the formula of below, i¢apacitor with capacitance & charged to
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a voltage W, then the charge (3tored in the capacitor is given by
Q=CL,=1,0 (14)

In Fig. 21, for the ideal case, the chargei€stored in the capacitor instantaneously, and
that means t approaches zero. From Eq. 14, if togghes zero, the charging currept |

approaches infinity.

Ideal Case Real Case
| 4 V
X . Jour i M ouT
. 4| Row
lINT l INT ESR
ViN—— Ci— N — ¢
ESL
N E N
— Vin Vin
Vour Vour
— 0 0

| pgak = @ :
IN —>]+ t-0 Ly m
0 : 0

Fig. 21.Waveforms of Charging a Capacitor.

But in real case, the capacitors have the equivaeries resistance (ESR) and the
equivalent series inductance (ESL); meanwhile,ptwer switch has an intrinsic resistance
Rsw. These resistances and inductance will not ordylten energy loss when storing energy
in the capacitor but also increase the time ofisgothe energy in the capacitor. In other

words, the charging curreng, will be suppress to a limited value instead oinity.
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From the law of charge conservation, if two capasitG and G with voltage \f and \b
are connected together, the chargeoQC, and Q of C, will re-distribute between these two

capacitors, but the total charge Will be,
QG =Q+Q,=CV,+CV, =(C + CZ)VEQ (15)

Then the equivalent voltage of the parallel capasiwill be,

V. = Qr :C1V1+Cz\/2: G, V. + C,
© G+C,  GC+C,  G+C, T G+G,

\2 (16)

2.1.2 Switching Capacitor Principle

Fig. 22 shows a simple switching capacitor voltegeverter circuit.

/A= . Vour
>3 T
VIN__ CI S CZ —_— §
~
]
N
Vour
V A
IN
GA)Vin ‘_II
) 7 —
0 T

Fig. 22.Waveforms of Switching Capacitor Operation.

The simple switching capacitor circuit composing tefo switches § S and two

capacitors ¢ C,. When S is closed and Ss opened, then \\ is connected to Owhich will
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be charged to M. When $ is opened and.Ss closed, then Cis connected to £ and the
charge of @and G will re-distribute between each other. Assuming ithitial charge of €is
zero and the capacitance of @1d G are equal. In phasel,; & charged to ¥, and in

phase2, the charge of @nd G re-distribute,

C C 1
Vour = LV, + Z_0==V,
out C.+C, IN C.+C, 5 VN a7)

After the first cycleVout = (1/2)-Mn, thenVoyr = (1/2)-Mn+(1/4)-Mn = (3/4)-\n after
the second cycle. It's not hard to understand dftat infinite cycles, ¥yt will approach W
very closely.

In the steady state, assuming the switching frequén Fig. 22 is f. The charge being
transferred of each cycle @-(Vin-Vour) and results in an average current,

Vin ~Vour :VIN 7 Vour

lavg = fC.(Viv =Vour) = 18
/]/fcl Req (18)

1
Req = TC, (19)

From Eg. 18 and 19, the switching operation resuitsan additional equivalent
resistance B, connecting W and \our. This equivalent resistance leads to an extra powe

loss beyond the switch resistances and ESR resest#rcapacitors.

2.2 Voltage Doubler

The voltage doubler plays a role of generatingDBd/DH voltage of 2 times the system
power VCI. As Fig. 1 shown, DDVDH is the power slypfor the source drivers, the gamma
voltage generator and the VCOM driver in the TFTEL@river. This voltage is always

determined by the characteristics of the liquidstais for the different panel makers.
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2.2.1 Operation of Voltage Doubler

Reminds we had introduced the operation principleaitage doubler in section 1.3.2,
Fig. 16 shown the circuit of the voltage doubldneTcapacitor €is the pump capacitor, also
named the flying capacitor, and the capacitprsGhe load capacitor, also named the stabilize
capacitor.

One complete operation cycle of the switching capaconverter contains charge phase
(phasel) and pump phase (phase2). As we discusfa@ bthere are many energy loss such
as the switch resistances, ESR and ESL, and wagethesistances the charge or discharge of
capacitors need some time.

Assuming the charge pump is at the steady statendpihe charge phase (phasel),
switches $and $ are closed, $Sand S are opened. At this time,; @& charged to ¥, the
top and bottom plate of \ds connected to M and ground individually in order to store
energy. During the pump phase (phase2), switches&$ are opened,s3and S are closed.
At this time, G transfers energy toJCthe top and bottom plate off @ connected to )t
and Vjy individually. The voltage drop of Cequals to \ because the voltage drop of a
capacitor can not change instantaneously. So whes dosed, the voltage of;8 bottom

plate equals to { and the voltage of {3 top plate connected top¥r by S equals to 2\4.

2.2.2 Voltage Ripple of Voltage Doubler

Fig. 23 shows the steady state waveforms of theageldoubler. Assuming the output
load current isdut. The average value of input curreqtis equal to 2.

A charging current around &Jr flows when the flying capacitor,Gs connected to the
input Vin. The initial value of this charging current depgruh the initial voltage across;,C
the ESR1 which is the ESR resistance of, @nd the resistances of the power switches.

The current gyt increases abruptly from zero topgt when the flying capacitor Qs
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connected to the outputor. Half of this current supports the output currand half of it

begins to charge the stabilize capaciter C

. iLUT, - Vour=2"Viy
—
; T Tour
IN
ESR(; ESR(
Vin—— %
C; C, S
¢—O
N

lour
— 0
Veierrer = 2lourESR )
Vour \|//$|$\|//[ -~ VrippLE
I
VRIPPLEZ = ZfOETD
2

Fig. 23. Voltage Ripple of Voltage Doubler.

When the flying capacitor s disconnected from the outpuby and connected to
input VN, the currentdyr decreases abruptly fromk to zero. The current of Zhange
from loyt (charging G) to —lbyr (discharging @), and then:

Varpeies =1 IR=[loyr = (=lour)]TESR, =217 [ESR, (20)

And this —pyt (discharging @) current results in,
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| (@ L our I |
Verpiez = = 2= _—our (21)
C C, 2f[T,

From Eg. 20 and 21, the voltage ripple @fYis:

I
VRIPPLE =VRIPPLE1. +VRIPPLE2 = 2IOUT EESRZ +ﬁ (22)
2

From EqQ. 22, we can minimizer¥p e by two means. The first method is the design
method. By using dual side operation, we can miménthe factor ZJut of VrippLe1 1O lourt.
And we can also increase operation frequency édlice Vsppe2 The second method is the
external component selection. By selecting thec&pacitor with smaller ESR can minimize
Vwrippier And we can also choose largep €apacitor to minimize Nppez These two

methods have some tradeoffs between minimizirpgryve and the costs.

2.2.3 Power Loss of Voltage Doubler

The power loss of the switching capacitor voltagehder can be divided into 3 types,
the static power loss, the switching.power losstaedconduction power loss.
As Fig. 24 showsglis the quiescent operation current of the voltdgebler. The static

power loss is:
PSTATIC = Iq |N/IN (23)

From section 2.1.2 and Eq. 19, we had learned tti@tswitching operation of the
switching capacitor voltage converter results inaaiditional switching power loss with an

equivalent resistancEf-C,.

1
P, =g  R= 1o ” ——— 24
SWITCHING ouT ouT f Eq:l ( )

If the operation frequency f is faster or the capace of the flying capacitor C1 is

larger, the switching power loss can reduced.

Let's review the conduction loss of the voltage ldeu During the charging phase, a
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current of 24yt flows through the resistance of two of the poweitches and ESR of C,,
when G is connected to the inputp/and ground. During the pumping phase, a current of
2lout flows through the resistance of the other twohaf power switches and EgRof C;

with opposite direction, when;@ connected to the outpubs.

iLUT, - Vour=2Viy
E—
) Ry Tour
l’NT ESR
c2
Viv— 2
C;— =)
~
Rgw !
N N
Tour
2-Iour
lout
— 0

Vour \|//|\|//[ -~ VrippLE

Fig. 24. Steady State Waveforms of Voltage Doubler.

There always exists an rms current afzlflowing through the resistances of gfRand

ESR-1.
Peonouen = (2 OUT)2 2Ry + ESR,) = IOUT2 [(8Rsy, +4ESR,) (25)
From Eqg. 25, assuming EgHs smaller enough to be ignored thagyRWe can use two
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methods to reduce the conduction power lossnfucti: The first method is to reduce the
Rsw value by increase the size of the power switcliés. second method is to use the dual
side operation to minimize the factorogt to lout. Both of these two methods reduce the
conduction power loss by increasing the layout,aaed the second method may have higher
cost for requiring an extra external flying capacit

During the charging phase, a current gfifl flows out from the capacitor ,Ghrough
ESR:; when G is connected to the input/and ground. During the pumping phase, a
current of byt flows into the capacitor &through ESR,; when G is connected to the output
Vour. There is always an rms current g4 flowing through the resistance ESRof the

capacitor G.
I:)CONDUCTZ = IOUT2 [ESQZ (26)

We can reduce®npuct2 by choosing the £capacitor with the smaller ESR.

Therefore, the power loss-of the voltage doublenes out:

I:)LOSS = I:)STATIC + I:)SWITCHING + I:)CONDUCTl + PCONDUCTZ
1 ) (27)
=|q Wiy + loyr mﬁ+8msw+4EES|%1+ES|%z)= lour” (Rour

1

We can always usedgr to judge the driving ability of a switching regtda Assuming

lq is small enough to be ignored,

1
f [T,

Rour = +8Rg, +4ESR, +ESR, (28)

The smaller Byt means the larger driving ability and higher effirecy of a switching
regulator, and on the contrary, the largejyRmeans the smaller driving ability and lower

efficiency of a switching regulator.

2.3 Voltage Inverter

The voltage inverter plays a role of generating Vi@ voltage of a negative time the
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system power VCI. As Fig. 1 shown, VCL is always gower supply for the VCOM driver in
the TFT-LCD Drivers. This voltage is always detemed by the characteristics of the liquid

crystals for the different panel makers.

2.3.2 Operation of Voltage Inverter
Fig. 25 shows the circuit of the voltage inverfine capacitor €is the pump capacitor,
also named the flying capacitor, and the capactors the load capacitor, also named the

stabilize capacitor.

O3 |
lINT S1],S4 N =
charge " pup §
Vin—==— A =1ri C;— ~
AV Tour
———————— O >£ —>
Vour=-1V,
v our IN

Fig. 25. Switching Capacitor Voltage Converter: tdgke Inverter.

One complete operation cycle of the switching capaconverter contains the charge
phase (phasel) and the pump phase (phase2). Aseoussed before, there are many energy
loss such as the switch resistances, ESR and B8Ichtarge or discharge of capacitors need
some time.

Assuming the charge pump is at the steady staten@uhe charge phase (phasel),
switches $and $ are closed, $5and Q are opened. At this time,@& charged to ¥ and the
top and bottom plate of :ds connected to M and ground individually. During the pump
phase (phase2), switchesd&hd $ are opened,ssand S are closed. At this time, Gransfers
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energy to @G and the top and bottom plate of € connected to ground angy+ individually.
The voltage drop of Cequals to W because the voltage drop of capacitor can notgghan
instantaneously. So when, 8 closed, the voltage of;8 top plate equals to zero and the

voltage of G's bottom plate connected ta\r by § equals to -V .

2.3.1 Ripple of Voltage Inverter

Fig. 26 shows the steady state waveforms of voltagerter. Assuming the output load
current is but. The average value of input curreqtis equal to dur.

A charging current around &}t flows when the flying capacitor,Gs connected to the
input Vin. The initial value of this charging current depgruh the initial voltage across,C
the ESR; which is the ESR resistance.of,@nd the resistance of the power switches.

The current gyt increases abruptly from zero toogt when the flying capacitor Qs
connected to the outputor. Half of this current supports the output currantd half of it

begins to charge the stabilize capacitgrr€sulting in

T
|
v - | O - °UT 2 - lour (29)
RIPPLE2
C C, 2f [T,

When the flying capacitor Os disconnected from the outpuby and connected to
input Vin, the currentdyr decreases abruptly fromk to zero. The current of Zhange
from lout (charging G) to —bur (discharging ¢), and then:

Varpeie =1 IR=[loyr = (=lour)] EESR,; =2l oyr [ESR, (30)

From Eq. 29 and 30, the voltage ripple @fYis:

I
VRIPF’LE :VRIPPLEI +VRIPPLE2 = 2IOUT EES%Z + 2 fOE&-: (31)
2

From Eq. 31, we can minimizeg¥pLe by two means. The first method is the design
method. By using dual side operation, we can miménthe factor 2yt of VrippLe1 tO louT.

And we can also increase operation frequency édoice Vs ppLe2 The second method is the
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external component selection. By selecting thec&pacitor with smaller ESR can minimize

Vwrippier And we can also choose largep €apacitor to minimize Nppez These two

methods have some tradeoffs between minimizipgpve and the costs.

——O
i,NT A4
ESR; ESR
ViN—=— %
C; C;— S
E ' Loyt T
| : Vour =-V,
V4 lour our = -V IN
. 2-Iour
N
— —0
0
lout
-2-lour
Veierrer = 2oy ESR o2
Vour \|//$|$\I//[ - VripPLE
I
VRIPPLEZ =T
2f [T,

Fig. 26. Voltage Ripple of Voltage Inverter.

2.3.2 Power Loss of Voltage Inverter
The power loss of the switching capacitor voltageerter can be divided into 3 types,
the static power loss, the switching power losstaedconduction power loss.

As Fig. 27 showslis the quiescent operation current of the voltagerter. The static
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power loss is:
I:)STATIC = Iq |N/IN (32)

From section 2.1.2 and Eq. 19, we had learned tteatswitching operation of the
switching capacitor voltage converter results inaalditional switching power loss with an

equivalent resistancEf-C;.

1

P =gy R= gy ———
SWITCHING ouT ouT fl:q:l (33)

If the operation frequency f is faster or the caaace of the flying capacitor,Gs larger,

the switching power loss can reduced.

lour

-2-Iour

Vour \|//|\|//[ - VripPLE

Fig. 27. Power Loss of Voltage Inverter.

Let's review the conduction loss of the voltageerier. During the charging phase, a
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current of 24yt flows through the resistance of two of the poweitches and ESR of C,,
when G is connected to the inputp/and ground. During the pumping phase, a current of
2lout flows through the resistance of the other twohaf power switches and EgRof C;
with an opposite direction, whem @& connected to the outpuplr. There always exists an

rms current of Zyr flowing through the resistances of giRand ESR;.

Peonouen = (lour)” H2Rgy + ESRy) = loyr” L8Ry +4ESR,) (34)

From Eq. 34, assuming E@Rs smaller enough to be ignored thagwRWe can use two
methods to reduce the conduction power lossnfucti: The first method is to reduce the
Rsw value by increase the size of the power switcliés. second method is to use the dual
side operation to minimize the factorogt to loyt. Both of these two methods reduce the
conduction power loss by increasing the layout ,aaed the second method may have higher
cost for requiring an extra external flying capacit

During the charging phase, a current @il flows out from the capacitor ,Ghrough
ESR:; when G is connected to the input/and ground. During the pumping phase, a
current of byt flows into the capacitor £through ESR,; when G is connected to the output
Vour. There is always an rms current g4 flowing through the resistance ESRof the

capacitor G.
I:)CONDUCTZ = IOUT2 [ESQZ (35)

We can reduced®npuct2 by choosing the £capacitor with the smaller ESR.

Therefore, the power loss of the voltage invertenes out:

I:)LOSS = I:)STATIC + I:)SWITCHING-'- I:)CONDUC'I’l + I:)CONDUCTZ
s 1 ) (36)
ZIqWIN +IOUT QW+8ERSW+4EESR;1+ESQ2)=|OUT EROUT

1

We can always usedgr to judge the driving ability of a switching regtda Assuming

lq is small enough to be ignored,
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1
ROUT"fEC

+8Rsy +4ESR, +ESR, (37)

1

The smaller Byt means the larger driving ability and higher e#frecy of a switching
regulator, and on the contrary, the largeyjuRmeans the smaller driving ability and lower

efficiency of a switching regulator.
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Chapter 3

Switching Capacitor Voltage
Converters in TFT-LCD Driver

In this chapter, the detailed circuit implementasoand simulation results of the
switching capacitor voltage converters in the TEIJEL driver will be showed. Section 3.1
will discuss the conventional voltage converterstioé voltage doubler and the voltage
inverter, including the structure and the real iempéntation of them. The dual side voltage
doubler generates the DDVDH voltage which is thevgrosupply of the source drivers, the
gamma gray level generator and the VCOM driver. @bal side voltage inverter generates
VCL voltage which is the power supply of the VCOMiwr. Section 3.1 uses the
conventional methods for generating DDVDH ‘and VClthw4 flying capacitors and 16
power switches. A new proposed method of the digs dual output switching capacitor
voltage converter that generates DDVDH and VCL wetily 2 flying capacitors and 12
power switches will be discussed in section 3.2hWlt sacrificing the display quality of the
TFT-LCD panel, this new method successfully redutes IC circuit layout area, external
components, external FPC (Flexible Printed Circatprint and costs which is a very

important topic in this keen competition industry.

3.1 Conventional Voltage Converters

Circuit Structure and Implementation

Fig. 28 illustrates the conventional charge pumfiage converters. The conventional

dual side voltage doubler is composed of threesparhe CLK PHASE_GEN circuit
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generates the phase clocks to control this chauggopThe LSH_P6V transforms the signal
voltage level from 3V to 6V domain. The DDVDH POWERNITCH block contains the
power switches needed for this charge pump. Tha dide voltage doubler utilizes two
flying capacitors & and G, to generate small ripple DDVDH voltage. The flyiogpacitors

Ci11, G2 and the stabilize capacitor are all external comepds.

! VCI/0 domain
! CLKo

DDVDH/0 domain i " VCI/VCL domain

ppvpH | ppypH [— POV 3V [ per veL
POWER o | POVER

SWITCH ' LSH:E ::LSH - SWITCH
PU 2P i ; PU 2N

HH Y rwing Fying L 4

cl1l c12 Capacitors Capacitors 32 (31

Stablize
221qm1§

Capacitor
@)
=
[
~
JoumJng

Fig. 28. Conventional Voltage Converters.

The conventional dual side voltage inverter is at@mmposed of three parts. The
CLK_PHASE_GEN circuit which is the same as the ohthe voltage doubler, generates the
phase clocks to control this charge pump. The LSBY Mansforms the signal voltage level
from 3V to 3V/-3V domain. The VCL POWER SWITCH blocontains the power switches
needed for this charge pump. This dual side voliagerter utilizes two flying capacitorssC
and G to generate small ripple VCL voltage. The flyirgpacitors @i, Cs» and the stabilize

capacitor are all external components.
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Clock Phase Generation Circuit

The clock phase generation circuit [19] is usedi¢oerate the charge phase and pump
phase for the dual side voltage doubler. As in Ey. CLK is the clock signal coming from
the TCON. PH_CH is the phase control signal fordharge phase and PH_PU is the phase
control signal for the pump phase. The internalacéprs G and G are used to adjust
non-overlap timing which can prevent from the pblgsioccurring leakage currents during

phase change.

CLKCo

PH CH
CA $

PH PU

CB$
Fig. 29. Clock Phase Generation Circuit.
Fig. 30 shows the simulation results of clock phgseerator. The pbn-overiap iS the
non-overlap time between the charge phase anduting phase control signals. With a proper

design, this non-overlap time can prevent the lgakaurrent when the different phase

changes.
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Fig. 30. Simulation Results of Clock Phase Generato

LSH_P6V Level Shifter

Level shifters are quite frequently used in variapplication ICs. Fig. 31 is a typical
level shifter that transforms the signals of VChaon into DDVDH domain.

The logic high of the signals IN and INB are ashhag VCI which ranges from 2.5V to
3.6V. The logic high of the signals OUT and OUTR as high as DDVDH which ranges

from 4.7V to 6V.
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Fig. 31. LSH_P6V Level Shifter

If the IN signal is equal to VCI, then the INB sains equal to zero. At this time, the
drain voltage of Ms is pulled to ground because thgdMs turned on, and this zero voltage
being applied to the gate ofdMturns Vp, on, resulting in a logic high level up to DDVDH.
The DDVDH voltage of both the drain side obMand My, turns M3 off.

The key design point of M, Mys; Mp2and Mpgis that M, and Mpz should be designed
weaker enough than i and Mys. The gate-to source voltages ofMand M3 are only up to
VCI, but the gate to source voltages opMind Mb3 are up to DDVDH. So M and M3
should be designed weaker thanVand M3, and how weak design is depends on the
specification of VCI and DDVDH voltage range.

Fig. 32 shows the simulation results of the levddter. Assuming the VCI voltage is 3V,
and the DDVDH voltage is 6V. As we can see in figare, when the signal IN is equal to 3V,
the OUT signal is equal to 6V and the OUTB sigsatqual to OV. On the contrary, when the
signal IN is equal to 0V, the OUT signal is equalV and the OUTB signal is equal to 6V.
The level shifter successfully transforms the INnsil from 3V (VCI) domain into 6V

(DDVDH) domain.
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Fig. 32. Simulation Result of LSH_P6V Level Shifter

LSH_N3V Level Shifter

Level shifters are quite frequently used in variapplication ICs. Fig. 33 is a typical
level shifter that transforms the signals of VChuon into VCI/VCL domain.

The logic high of the signals IN and INB are ashhag VCI which ranges from 2.5V to
3.6V. The logic high of the signals OUT and OUTR as high as VCI whether the logic of
the signals OUT and OUTB are as low as VCL whiciges from -2.4V to -3V.

If the IN signal is equal to VCI, then the INB sairis equal to zero. At this time, the
drain voltage of Ms is pulled to ground because thgdvand Mysa are turned on, and this

zero voltage being applied to the gate ai:Mturns My2a off. And the zero voltage of the
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INB signal turns off the M, but turns on the M resulting in a logic high level up to VCI,

turning Myza oOnN.

Mp, Mps |y [ Mes | Mes
INo— ‘ o0 %%B
My, Y Myl H[ [ s
Mz, My,
ver

Fig.33:LSH N3V Level Shifter

Fig. 34 shows the simulation. results of the levgdter. Assuming the VCI voltage is 3V,
and the VCL voltage is -3V. As we can see in tgere, when the signal IN is equal to 3V, the
OUT signal is equal to 3V and the OUTB signal isi@go -3V. On the contrary, when the
signal IN is equal to 0V, the OUT signal is equat3V and the OUTB signal is equal to 3V.
The level shifter successfully transforms the Ignsil from 3V (VCI) domain into 3V/-3V

(VCI/VCL) domain.
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Fig. 34. Simulation Results of LSH_N3V Level Shifte

3.1.1 Dual Side Voltage Doubler

Power Switches

Fig. 35 illustrates the power switches of the dside voltage doubler with 8 power
switches, 7 pin outs and 2 flying capacitors. Thaldide voltage doubler is composed of two
single side voltage doublers. The flying capaciigrand 4 power switches iyh, Mi12a, M13a
and Myua realize a single side voltage doubler, while tlyin§ capacitor @ and 4 power
switches Mig, M128, M13g and Mg realize another single side voltage doubler.

The 2.1) turning on resistanced3son of the power switch Ma is listed in Fig. 33 and
we symbolize it as Rvmiia In the following discussions, we will usesiix as the
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resistances Ron Of all other power switches. The resistorg: 2, Rwviza, Ruviza, Ruiaa,
Rwm11s, Ruwize, Rviss and Ru4s represent the IC layout metal routing resistarieds/een the
power switches and DDVDH, VCI and DGND pin outs.eThesistors Rciin Rioci1p
Ritoci2ne Riocizprepresent the TFT-LCD panel ITO (Indium Tin Oxigh@rasitic resistances of
the pin outs G, Ciip Cion and Gopindividually. The resistorsiBvci, Riopeno @and Ropovor
represent the TFT-LCD panel ITO parasitic resistanof the pin outs VCI, DGND and

DDVDH individually.

& * & *

VCIx DDVDHXx VCIx DDVDHXx

Ryisa Ry Ryiisp Ry
3.62 3.62 1.62 1.5Q
phase2 phasel
e M |_ "y _| M3 Mg |_ T 9
PU—I —| 4.62 3.202 PU—I PU_2 4.62 3.2Q Pl -~

Cli Cci2

Riwcioy
6.32

Riocrin
6.32

itoCI11P

6.32

itoCI12P

6.32

CH_1—|[~—3% A | =L T | S o | e
Ryi24 p hasel R4 Ry p hase2 Ryiip
1.292 419 3.3Q 212
DGNDx VCIx DGNDx VCIx
%
VCIx=—\\\—VCI
itoVCI
502 Dual Side Power Switch: 8
DGNDx=ZVV\-—>DGND Voltage Doubler Flying Cap Pin Out: 4 (C11P/CI1IN/CI2P/CI2N)
%02 Flying Cap: 2 (C11/C12)
DDVDHx=N\\—=DDVDH
itoDDVDH

6.3Q2

Fig. 35. Power Switches of Dual Side Voltage Double

Fig. 36 is the simulation results of the dual sidétage doubler. During the phasel; C
is in the charging phase, being connected g While G is in the pumping phase, being
connected to DDVDH. As in Fig. 36, the output catriyr of DDVDH is 2mA. During the
phasel, a current ofdr flows from the VCI pin through Ma, C;1 and Mza to the DGND
pin, and there is also a current gi;t flows from the VCI pin through Mg, C;2 and Mg to

the DDVDH pin.
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Fig. 36. Simulation Result of Dual Side Voltage Dtax,

During the phase2, €is in the pumping phase, being connected to DDVidhile Ci»
is in the charging phase, being connected to VCtukent of yyt flows from the VCI pin
through Mzsa, Ci; and Misa to the DDVDH pin, and there is also a current®frlflows from
the VCI pin through Myg, Ci2> and Mg to the DGND pin. There is always an rms current of
IOUT flowing through Ruia swi Rehia swa Rer2a swi Rerza swa for Cii, and Ruze swa
Rph2s swa Renis swi Renis swefor Ciao. Assuming the switching frequency is 40kHz.

For Gy,

RPHlA_SV\LI. = I%tOVCI + IQi\/lllA + I?SWMllA + RtoCMP = 5+ 41+ 21+ 63 = 17SQ (38)
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RPHlA_SWZ = I:§t0C11N + RSWMlZA + RM12A + I:gtoDGND =63+85+12+5=21Q
RPHZ A Swi = I:ﬂtOVCI + RM13A + RSWM13A + I:§t0C11N =5+36+46+63=195Q

RPH 2 A SW2 = I%toCllP + RSWM14A + RM14A + I:ﬁtoDDVDH =63+32+36+63=194Q

_ 1 _ 1
Rswirchine_c11 = fIC, A0k U

For G,

=25Q

RPH 2B swi = RtOVCI + RMllB + RSWMllB + RtoClZP = 5+ 21+ 21+ 63 = 1SSQ
RPH2 B Sw2 = RtoClZN + RSWMlZB + Rl\/IlZB + RtoDGND = 63+ 85+ 33+ 5 = 23'19
RPHlB_SV\/]. = RtoVCI + Rl\/llSB + RSWMlSB + RtoClZN = 5+ 16 + 46+ 63 = 17SQ (39)

RPHlB_SWZ = RtOClZP + RSWM14B + RMl4B K RtODDVDH = 63+ 32 + 15+ 63 = 1739

1 1

RSWITCHING_ClZ = f [q:lz = 40k D.u ./ 25(2

For the Ryt of the dual side voltage doubler,

Rout_dual_side_doubter = [0-DLL75+21) + 05195+ 194)] +
(40)
[050 @55+ 231+ 05 075+17.3)] +25//25=879Q
Comparing to TABLE lll, Eq. 40, the & of the dual side voltage doubler is much
smaller than the output impedance specificatiorDBVDH Rour ppvon max=15Q2. That
means the driving ability of the designed dual sidkage doubler can meet the need of the

TFT-LCD driver.

For the output voltage ripple of the dual side agé doubler,

VRIPPLE_duaI_side_doubIer = 2m /(2 mOk D.U) = 25mV (41)

Comparing to TABLE IIl, Eq. 41, the output voltaggple of the dual side voltage

doubler is much smaller than the output voltagplespecification 1V.
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3.1.2 Dual Side Voltage Inverter

Power Switches

Fig. 37 illustrates the power switches of the dside voltage inverter with 8 power
switches, 7 pin outs and 2 flying capacitors. Thal@ide voltage inverter is composed of two
single side voltage inverters. The flying capac@er and 4 power switches dvh, M3oa, M3sza
and Mssa realize a single side voltage inverter, while tlyeng capacitor G, and 4 power

switches Mis, M3z, M33g and Mgg realize another single side voltage inverter.

DGNDx VCIx DGNDx VCIx

RJIJZA RIWJ 14

phasel 082 phase2

M4
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6.32 6.32

M M;;p

4.62 1.3Q

e
4.62
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532 312 1.52 5.82
VCLx DGNDx VCLx DGNDx
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VCLx -—;}/\/\,—D VCL

itoVCL

6.32

Flying Cap: 2 (c31/C32)

Fig. 37. Power Switches of Dual Side Voltage Ineert

The 3.22 turning on resistancedson of the power switch Ma is listed in Fig. 38 and
we symbolize it as Rvwsia In the following discussions, we will usesfixx as the
resistances Kon oOf all other power switches. The resistorgsfR, Rwvsza, Rusza, Rwsaa,
Rwms1s, Rvszs, Rvsss and Ruzss represent the IC layout metal routing resistardsieen the

power switches and VCI, DGND and VCL pin outs. Thsistors Rocsin, Riocsip Riocszn,
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Riocszprepresent the TFT-LCD panel ITO parasitic resistgnof the pin outs v, Caip Cazn
and Ggp individually. The resistors iBvci, Riopeno and Rovel represent the TFT-LCD panel
ITO parasitic resistances of the pin outs VCI, DGaial VCL individually.

Fig. 38 is the simulation results of the dual sidéage inverter.

EEE EEERE EEEE BERE = =
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Fig. 38. Simulation Result of Dual Side Voltage éner.

During the phasel, &£is in the charging phase, being connected it While G is in
the pumping phase, being connected to VCL. As ¢n B9, the output currenddr of VCL is
2mA. During the phasel, a current gf;4 flows from the VCI pin through Ma, Cs; and
M32a to the DGND pin, and there is also a currentgf; flows from the DGND pin through

M3z3zg, Cao and Mg tO the VCL pln
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During the phase2,4&is in the pumping phase, being connected to VhilenCs; is in
the charging phase, being connected to VCI. A otirod loyt flows from the DGND pin
through Mssa, Cs1 and Meya to the VCL pin, and there is also a currentgfrlflows from the
VCI pin through Mg, Cs; and Mg to the DGND pin. There is always an rms current of
IOUT flowing through Ruia swi Renia swa Rerza swi Renza swe for Csi, and Ruzs swa
Reh2e_swa Renis swi Renis swefor Czo. Assuming the switching frequency is 40kHz.

For G,

RPHlA_SV\LI. = I%‘[OVCI + RM,?;lA + RSWM,?;lA + RtoCSlP = 5+ 08+ 32 + 63 = 1539
RPH1A_SW2 = RtoClSN + RSWMSZA + RM32A + RtoDGND = 63+ 48+ 38+ 5 = 1ggQ
RPH 2A sw1 = RtODGND + IQM33A + RSWM33A + RtoCSlP = 5+ 31+ 13+ 63 = 15'7Q (42)

RPH 2 A SW2 = I%’(OCSIN + RSWM34A + RM34A T RtOVCL A 63+ 46 + 53+ 63 = ZZSQ

_ 1 1
RSWITCHING_C31 - f [Csl - A0k [Li i

For G,

25Q

I:vaH 2B _SWi = I:ﬁtoVCI + RMSlB + I:'2$WM31B + RIOCSZP =5+33+32+63=178Q
I:vaH 2B_SW2 = I:<t0C32N + RSWM32B + RMSZB + RIODGND =63+48+19+5=18Q
I:vaHlB_S\/\/.I. = I:itoDGND + I:vzf\/I33B + RSWM33B + RIOCSZN =5+58+13+63=184Q (43)

I:vaHlB_SWZ = I:'§t0C32N + RSWM34B + RM34B + RIOVCL =63+46+15+63=187Q

1 1

IQSWITCHING_CC%Z = f B[:Sz = 40k Mu =25Q

For the Ryt of the dual side voltage inverter,

I:\)OUT_dual_side_inverter = [OH:K]-53+ 199) + 055(157 + 22'5)] +
(44)
[05 (L7.8+18) + 05 (184 +187)] +25//25= 8565Q

Comparing to TABLE lll, Eq. 44, the &gt of the dual side voltage inverter is much

62



smaller than the output impedance specificatioDDVDH Rour ver max=1252. That means
the driving ability of the designed dual side vghkainverter can meet the need of the
TFT-LCD driver.

For the output voltage ripple of the dual side agé inverter,

VRIPPLE_duaI_side_inverter = lrn /(2 m()k D.U) = 12'5mv (45)

Comparing to TABLE IIl, Eq. 45, the output voltaggple of the dual side voltage
inverter is much smaller than the output voltagele specification 1V.

The conventional voltage doubler and voltage ireremeed 4 flying capacitors which are
Ci1, Gz, Gsp and Gy; 12 pin outs which are VCI, DGND, DDVDH, VCL,1&, Ciin, Ciop
Cione Carp Gainy Caop and Gon; 16 power switches which areiM, Mi2a, Mi3a, Miaa, M1,
Mi28, Mi13g, Mi14g, M31a, Ma2a, Maza, Masa; Maig, Maze, Mazg and Myss. We are going to see
the differences between the conventional convertard the proposed converter in the

following section.

3.2 New Proposed Voltage Converter

The new proposed dual side dual output switchingacior voltage converter can
generate DDVDH and VCL voltage by assert two mdrase clocks. Let's gain more insight

in the following sections.

3.2.1 Dual Side Dual Output Switching Capacitor Vdhage
Converter

Circuit Structure and Implementation

Fig. 39 illustrates the proposed dual side duapuautoltage doubler. The proposed

charge pump is composed of three parts. The CLK_$FHASEN circuit generates four phase
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clocks to control this charge pump. The LSH_P6V &&H N3V transforms the signal
voltage level from 3V to 6V domain and to 3V/-3Vmdain. The POWER SWITCH block
contains the power switches needed for this chpugep. This dual side dual output voltage
converter utilizes two flying capacitors {and G to generate small ripple DDVDH voltage
and VCL voltage. The flying capacitorsC,;, and the stabilize capacitors are all external

components.
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Fig. 39. Dual Side Dual Output Voltage Converter

Clock Phase Generation Circuit
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Fig. 40 is the clock phase generation circuit @f pinoposed voltage converter. The clock
phase generation circuit is used to generate thegehphases and pump phases for the dual
side dual output voltage converter. As in Fig. @K is the clock signal coming from the
TCON. PH_CH is the phase control signal for thergimg phases. PH_PUL1 is the phase
control signal for the pumping phase. PH_PU2 i dlse phase control signal for the
pumping phase. The internal capacitors &d G are used to adjust non-overlap timing
which prevents from the possible occurring leakagerents during phase change as we
mentioned before. As to the DFF, it is used torinseo more inter-leave phases for the dual

side dual output voltage converter.

CLKc »—DO—DPH_ CH

CA$

PH _PUI1

LD 0
DFF

>
CLK OB )o—>o—[>—uPH_PU2

Fig. 40. Clock Phase Generation Circuit

Fig. 41 shows the simulation results of clock phgseerator. The pbn.overiapiS the
non-overlap time between the phasel, phase2, plamkphase4. With proper design, this
non-overlap time can prevent the leakage curremtvihe different phase changes.

There are four phases for the new proposed changeppPhasel and phase3 are
responsible for the charging phase. Phase2 is megpe for the pumping phase which pumps
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DDVDH or VCL voltage. Phase4 is also responsible tfee pumping phase which pumps
DDVDH or VCL voltage. Phase 3 and phase 4 are neaecharging and pumping phase

clocks for the dual side dual output operation.

i EaE .
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Fig. 41. Simulation Result of Clock Phase Genera@arcuit

Power Switches

Fig. 42 illustrates the power switches of the diidé dual output voltage converter with
12 power switches, 8 pin outs and 2 flying capasito
The dual side dual output voltage converter is aogefd of two single side dual output

voltage converters. The flying capacitor;@nd 6 power switches i, Moa, M3a, Mga, Msa
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and Msa realize a single side dual output voltage convewtile the flying capacitor  and
the other 6 power switches;M Mg, M3g, Msg, Msg and Mg realize another single side dual

output voltage converter.
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Fig. 42. Power Switches of Dual Side Dual Outputage Converter

The 2.82 turning on resistancegzson Of the power switch W is listed in Fig. 42 and
we symbolize it as Ruwia In the following discussions, we will usesiixx as the
resistances fon Of all other power switches. The resistorg B Rvza, Ruza, Rvaa, Rusa,
Rwvea, Rwis, Rwz2s, Russ, Rwae, Rwss and Rues represent the IC layout metal routing
resistances between the power switches and DDVDEl, WGND and VCL pin outs. The
resistors Rociin Rioc1ip Riocizn @and Rocizp represent the TFT-LCD panel ITO parasitic
resistances of the pin outs:& Ciip, Cion and Gopindividually. The resistorsiByci, RiobeNos
Ritooovon and Rover represent the TFT-LCD panel ITO parasitic resistanof the pin outs
VCI, DGND, DDVDH and VCL individually.

Fig. 43 shows the simulation results of dual sidaldutput voltage converter. In this
simulation, the load currents of both DDVDH and V@te 2mA. During the phasel and
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phase3, both  and G, are in the charging phase, being connectedo™uring the phase2,
Cy1is in the pumping phase, being connected to DDVIdHiJe G, is in the pumping phase,
being connected to VCL. During the phase4, i€ in the pumping phase, being connected to

VCL, while G,z is in the pumping phase, being connected to DDVDH.
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Fig. 43. Simulation Results of Dual Side Dual Oufgoitage Converter

Output Loading for DDVDH Only

To simplify and to distinguish the difference oétherformance of DDVDH between the
conventional doubler and the proposed converteramgegoing to discuss the output current

loading occurring only at DDVDH. Let’s review theitput impedance & and the output
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voltage ripple of DDVDH of the dual side dual outpoltage converter.

During the phasel and phase3, both énd G, are in the charging phase, being
connected to ¥. As in Fig. 44, thedyr output current of DDVDH is 2mA. During the
phasel and phase3, a currentgf flows from the VCI pin through M, Ci; and M to the
DGND pin, and there is also a current gf1 flows from the VCI pin through M, Ci» and

Mg to the DGND pin. There is always an rms currentgfr flowing through Ru13a swi

and Ron1,3a swefor Ci1, and Ry s swiand Roui s swefor Cio.
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Fig. 44. Simulation Results of Dual Side Dual Outgoitage Converter: DDVDH only

During the phase2,:€is in the pumping phase, being connected to DDVidhile G,

is in the pumping phase, being connected to VCtuient of 24yt flows from the VCI pin
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through Ma, Ci1 and Mya to the DDVDH pin, and there is also a current kf,2 flows from
the DGND pin through Nk, C;2 and Msg to the VCL pin. There is always an rms current of
2lout flowing through Ruza_swiand Rroa swafor Cig, and Rnos swiand Renos swefor Coo.
During the phase4,:&is in the pumping phase, being connected to VCGiilenCy; is in
the pumping phase, being connected to DDVDH. Aantrof 2byt flows from the DGND
pin through Ma, Ci1 and Msa to the VCL pin, and there is also a current @fy2iflows from
the VCI pin through Mg, Ci2 and Mg to the DDVDH pin. There is always an rms curreint o
2lout flowing through Rusa_swiand Ruaa_swafor Cia, and Ruag_swiand Rpag_swafor Coo.

Assuming the switching frequency is 40kHz. Fay,C

Ren1za sw = Riover * Ruia ¥ Rewmna + Riocip =5+ 46+ 28+ 63=187Q

Reniza swe = Riocin T Rewmza + Ruza & Rissénip = 63+ 6.2+ 25+5=20Q

Rerza s = Riover T Rusa ¥ Rowniga + Rigean = 9538+ 33+ 63=184Q

Ronza swe = Riocie * Rowman + Ryun = 63423+ 42=128Q (46)
Reriaa s = Riooeno + Rusa * Rewwsa + Riociip =9+ 42+ 1.3+ 63=168Q

Reraa swe = Riocin * Rowwea + Ry = 63+ 4.9+ 62=174Q

RS = 1 = 1
WITCHING_C11 f mll 4(]( D_u

For G,

=25Q

I:vaH 13B_SwWi = I:ﬂtoVCI + I:szlB + RSWMlB + RIOClZP =5+18+28+63=159Q
I:vaH 13B_SW2 = RIOCIZN + IQSWMZB + RM 2B + RIODGND =63+62+32+5=207Q

(47)
I:vaHZ B Swi = I%toDGND + I:szSB + IQSWMSB + I:§t0C12P =5+36+13+63=162Q

I:vaHZb_SWZ = I%toClZN + RSWMGB + I:szESB =63+49+18=13x
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RPH4 B swi = I%toVCI + RM 3B + RSWM3B + RIOClZN =5+12+33+63=158Q

RPH4B_SW2 = I:ﬁtoCZI.ZP + RSWM4B + RM4B =63+23+13=99Q

1 1

I:'2€WITCHING_C12 = f B[:lz = 40k|j.u =25Q

For the Ryt of the dual side dual output voltage converteldo/DH,

ROUT_DDVDH _dual_output — [0.50118.7 + 20) + 02504184 +128)] +
(48)
[05 159+ 207) + 025[ 4l (158+9.9)] +25//25+ 6.3//6.3=1102Q
Comparing to TABLE IlI, Eq. 48, thed® of the dual side dual output voltage converter
for DDVDH is much smaller than the output impedansgecification of DDVDH
Rout povoH_max=1502. That means the driving ability of the designedldiide dual output

voltage converter for DDVDH can meet the need ef TR T-LCD driver.

For the output voltage ripple of the dual side dugput voltage converter for DDVDH,

VRIPPLE_DDVDH _dual_output — 2m/(2 20k [1u) = 50mV (49)

Comparing to TABLE lll, Eq. 49, the DDVDH output Kage ripple of the dual side dual

output voltage converter is much smaller than thipwat voltage ripple specification 1V.

Output Loading for VCL Only

To simplify and to distinguish the difference oktperformance of VCL between the
conventional inverter and the proposed converterave going to discuss the output current
loading occurring only at VCL. Let’s review the put impedance &1 and the output
voltage ripple of VCL of the dual side dual outpottage converter.

During the phasel and phase3, both é@nd G, are in the charging phase, being
connected to ¥. As in Fig. 45, thedyr output current of VCL is 2mA. During the phasel
and phase3, a current egfk flows from the VCI pin through M, C;; and Ma to the DGND
pin, and there is also a current gf;# flows from the VCI pin through M, Ci» and Mg to
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the DGND pin. There is always an rms current @frlflowing through Rui3a swiand
Reh1,3a_swefor Cig, and Ry 3e swiand RBouass swafor Cro.

During the phase2, is in the pumping phase, being connected to DDVidhile Ci»
is in the pumping phase, being connected to VCtukent of 24yt flows from the VCI pin
through Msa, Ci1 and Mya to the DDVDH pin, and there is also a current kf 2 flows from
the DGND pin through Nk, C;2 and Msg to the VCL pin. There is always an rms current of

2lour flowing through Ruza_swiand Reroa swafor Cig, and Rnzs swiand Renos swefor Coo.

El
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Fig. 45. Simulation Results of Dual Side Dual Outgoitage Converter: VCL only

During the phase4,€is in the pumping phase, being connected to VQii|leaC,; is in

the pumping phase, being connected to DDVDH. Aantrof 2byt flows from the DGND
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pin through Ma, C;; and Msa to the VCL pin, and there is also a current @f2lflows from
the VCI pin through Mg, Ci2 and Mg to the DDVDH pin. There is always an rms current o

2lout flowing through Ruaa_swiand Roraa swafor Cig, and Russ_swiand Ronag_swefor Coo.

Assuming the switching frequency is 40kHz. Fay,C

Reniza sw = Riover * Ruia ¥ Rowmna + Riocap =5+ 46+ 28+ 63=187Q

Renisa swe = Riocin T Rewmaa + Ruza * Riopeno = 63+ 6.2+ 25+5=200

Rerza s = Riover T Rusa + Rswnsa + Ry =5+ 38+ 33+ 63=184Q

Rerza swe = Riociie * Rowman + Rusn = 63+ 23+ 4.2=1280 (50)

RPH4A_SW.I. = I:ﬂtoDGND + RM 5A + I:QSWMSA + RIOCIIP =5+42+13+63=168Q

RPH4A_SW2 = I:ﬁtoCllN + RSWMGA + RM 6A =63+49+62=174Q

11
IQSWITCHING_Cll - f B[:ll - 4(](|].U

For G,

=25Q

Ron1se s = Riover * Ruis + Rows + Riocizr =5+ 18+ 28+ 63=159Q

Reriae swe = Riocian * Reunze + Ruze + Riopeno = 63+ 62+ 32+5=207Q

Ren2e s = Ruooeno + Ruse + Rswwse + Riocize =5+ 36+1.3+ 63=162Q

Revi2s suz = Riocizn + Rownes + Rues = 63+ 49+18=130 (51)

RPH4 B Swi = RtOVCI + RM 3B + RSWMSB + RtoClZN = 5+ 12 + 33+ 63 = 158Q

RPH4B_SW2 = RtoClZP + RSWM4B + Rl\/I4B = 63+ 23+ 13 = 999

1 1

RSWITCHING_ClZ = f [q:lz = 40k D.u = ZSQ

For the Ryt of the dual side dual output voltage converteMfGLL, from Eq. 46 and 47,
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ROUT_VCL_duaI_output = [OSE(]'&? + 20) + 0'25@' EK]-68 + 174)] +
(52)
[05 159+ 207) + 025[4[ (162 +13)] + 25//25+ 6.3//63=1167Q

Comparing to TABLE Ill, Eq. 52, thedgr of the dual side dual output voltage converter
for VCL is much smaller than the output impedanceectication of VCL
Rout veL max=125R2. That means the driving ability of the designedildside dual output
voltage converter for VCL can meet the need offthé-LCD driver.

For the output voltage ripple of the dual side duaput voltage converter for VCL,

VRIPPLE_VCL_duaI_output = lrn /(2 DZG( D.U) = 25mV (53)

Comparing to TABLE lll, Eqg. 41, the VCL output vage ripple of the dual side dual

output voltage converter is much smaller than thipwat voltage ripple specification 1V.

3.2.2 Comparisons of Conventional and Proposed Valge

Converters

Table IV shows the performance comparisons of theeventional and the proposed

voltage converters.

TABLE IV . PERFORMANCECOMPARISONS OFV OLTAGE CONVERTERS
BY HAND CALCULATIONS

Hand Calculations Output Impedang®utput Voltage Ripple
Doubler (DDVDH) 87.902 25mV
Conventiona
Inverter (VCL) 85.65(7 12.5mV
Doubler (DDVDH) 110.2(2 50mV
Proposed
Inverter (VCL) 116.7(2 25mV
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As we can see, although the DDVDH and VCL outpyteaances of the proposed dual
side dual output voltage converter are larger tt@nconventional voltage doubler and the
conventional voltage inverter, but the area, exkenomponents, pin outs of it gain more
merits for the costs. And comparing to TABLE llhet output impedance and output voltage
ripple of the conventional or the proposed voltagaverters can meet the specifications of
the TFT-LCD driver.

Table V shows the difference comparisons of theventional and the proposed voltage
converters. The new proposed dual side dual ougplihge converter reduces 4 power

switches, 4 pin outs and 2 flying capacitors. Theppsed voltage converter is very suitable

for lowering the costs of the TFT-LCD driver.

TABLE V. COMPARISONS ORVOLTAGE CONVERTERS

Voltage Converters Power Switclﬂe@in Outs| Flying Capacitors
Doubler (DDVDH)
Conventiona 16 12 4
Inverter (VCL)
Doubler (DDVDH)
Proposed 12 8 2
Inverter (VCL)
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Chapter 4

Measurements of Switching Capacitor
Voltage Converters in TFT-LCD Driver

In this chapter, measurements of the switchin@gciéqr voltage converters that we
mentioned in the last chapter will be presentedti&e 4.1 shows the measurements of the
conventional dual side voltage doubler that geesrBXDVDH for the TFT-LCD driver. Also
in section 4.1 shows the measurements of the coiomahdual side voltage inverter that
generates VCL for the TFT-LCD driver. Section 4h®ws the measurements of the new
proposed dual side dual output voltage convertgrgbnerates DDVDH and VCL for the
TFT-LCD driver. All the measurements include ICday areas, waveforms, load regulations
and voltage ripples.

The conventional dual side voltage doubler and dig# voltage inverter are fabricated
with SilTerra 0.18um 1.8V/5V/32V CMOS-1P5M proceBgy. 46 shows the IC layout of the

prior TET-LCD driver with the total chip area equal19800*880urh

| I TV TR
S i

Fig. 46. Layout of the Conventional Voltage Doulded \oltage Inverter
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The layout area of the dual side voltage doubldr3¥5+*130um. The layout area of the
dual side voltage inverter is 1355*130tmAs mentioned in section 3.1, the conventional dua
side voltage doubler and the dual side voltagerteveise 16 power switches, 12 pin outs and

4 flying capacitors.

4.1 Conventional Voltage Converters

4.1.1 Dual Side Voltage Doubler

Fig. 47 shows the waveform of the conventionalagdtdoubler.

File Verical Timebase Trigger Display Cursors Measure Math Analysis Ulilities Help

DDVDH ( 546V)

DR VDH ( 7()()m in ) 58,,, %

h"k /1 ’}w Wu‘/]ﬂ ){Mi‘f"’"q#w gw/]w 1 p« . kw

+
@ 56V CLIP 1 phase2

_.—A*!—___EA__

] &
]
|
'

A
I
1

L

r

1

i
|
|
i
i

imebase 303|.| gg
500kS 1.0 6Sis|wi

K= -53.001ps &X= Ons
X2= -53.001ps 1K= -

6/7/2010 9:59:22 AM

Fig. 47. Waveform Measurements of the Conventiénall Side Voltage Doubler

During the phasel, charging phase ef, Ci;pis charged to VCI and 1g is pulled to

ground. During the phase2, pumping phase gf Ciipis pumped to DDVDH and & is
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connected to VCI. The DDVDH zoom in waveform shawat DDVDH voltage is pumped

whether in phasel or phase2.
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Fig. 49. DDVDH \Voltage Ripple of the Conventional@ Side Voltage Doubler
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Fig. 48 and 49 illustrates the load regulation #melvoltage ripple of the conventional

voltage doubler. We can figure out that

Rour aual_site_ coupier = (5-9599-5.8797)V /(18— 06)mA= 668Q (54)

Comparing to TABLE lll, Eq. 54, the &gt of the dual side voltage doubler is much
smaller than the output impedance specificatiorDBVDH Rout ppvoH max=1502. That
means the driving ability of the designed dual sidkage doubler can meet the need of the
TFT-LCD driver.

For the output voltage ripple of the dual side agé doubler in Fig. 49, comparing to
TABLE ll1, the output voltage ripple of the duablsi voltage doubler is much smaller than the

output voltage ripple specification 1V.

79



4.1.2 Dual Side Voltage Inverter

Fig. 50 shows the waveform of the conventionalagptinverter.
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Fig. 50. Waveform Measurements of the Conventiénall Side Voltage Inverter

During the phasel, charging phase ef, ©s;p is charged to VCI and 4 is pulled to
ground. During the phase2, pumping phase @f Csip is pulled to ground and gy is
pumped to VCL. The VCL zoom in waveform shows @&l voltage is pumped whether in
phasel or phase2.

Fig. 51 and 52 illustrates the load regulation #rel voltage ripple of the conventional

voltage inverter.
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Fig. 52. VCL \Woltage Ripple of the Conventional D&de Voltage Inverter
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In Fig. 51 and 52, we can figure out that

ROUT_duaI_side_inverter = (_28868+ 29623V /(18_ 06)mA: 629Q (55)

Comparing to TABLE lll, Eq. 55, the &&t of the dual side voltage inverter is much
smaller than the output impedance specificatiod©FE Rout ver max=1252. That means the
driving ability of the designed dual side voltagwerter can meet the need of the TFT-LCD
driver.

For the output voltage ripple of the dual side agé inverter in Fig. 52, comparing to
TABLE lll, the output voltage ripple of the duablsi voltage inverter is much smaller than the

output voltage ripple specification 1V.
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4.2 New Proposed Voltage Converter

The new proposed dual side dual output voltage exer is fabricated with SilTerra
0.13um 1.8V/5V/32V CMOS 1P5M process. Fig. 53 shomes IC layout of the TFT-LCD
driver with the total chip area equal to 16500*7@0uThe layout area of the dual side dual
output voltage converter is 1955*130tiMs mentioned in section 3.2, the new proposed dua

side dual output voltage converter uses 12 powéclsas, 8 pin outs and 2 flying capacitors.

Photo of TFT-LCD Driver (This Work) .

wngpg/

Layout of Dual Site Dual Outputs Volta.g;gs 5C0nverter
o

Fig. 53. Layout of the Proposed Dual Side Dual Quyoltage Converter

Fig. 54 shows the wavefoerm ‘of the proposed duat sidal output voltage converter.
During the phasel and the phase3; the-chargingpifag,, Ciipis charged to VCI and /&y
is connected to ground. During the phase2, the pumphase of G, Ciip IS pumped to
DDVDH and Gy is connected to VCI. During the phase4, the pugpinase of G, Ciipis
connected to ground and & is pumped to VCL. The DDVDH and VCL zoom in wavefs
shows that VCL voltage is pumped whether in phasephase4 because of the dual side

operation.
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Fig. 54. Waveform Measurements of the Proposed Bigs Dual Output Voltage Converter

Table VI shows the IC layout area comparisons afveational and proposed voltage
converters. The total layout area of the dual sidiéage doubler and the dual side voltage
inverter is 351,000ufmwhile the layout area of the proposed dual sidal dutput voltage

converter is 254,150uimMore than 27% layout area is reduced.

TABLE VI. IC LAYouT AREA COMPARISONS OFV OLTAGE CONVERTERS

Area(uni) | Percentage (%

Dual Side Voltage Doubler 130*1345
Convential 100

Dual Side Voltage Inverter 130*1355

New Proposed Dual Side Dual Output Voltage Converte30*1955 72.41
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Fig. 56. DDVDH \oltage Ripple of the Proposed VgikaConverter
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Fig. 55 and 56 illustrates the load regulation #relvoltage ripple of the proposed dual

side dual output voltage converter for DDVDH. Wea égure out that

Rour oovor_aual oupu = (5:9411-5.8324V /(L8- 0.6)mA= 93080 (56)

Comparing to TABLE IIl, Eq. 56, thed® of the dual side dual output voltage converter
for DDVDH is much smaller than the output impedansgecification of DDVDH
Rout povoH_max=150R2. That means the driving ability of the designedldside dual output
voltage converter for DDVDH can meet the need ef TR T-LCD driver.

For the output voltage ripple of the dual side duatput voltage converter for DDVDH
in Fig. 56, comparing to TABLE IIl, the DDVDH outpwoltage ripple of the dual side dual
output voltage converter equals to 110mV, and ishmemaller than the output voltage ripple

specification 1V.
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Fig. 57. VCL Load Regulation of the Proposed Vodt&pnverter
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Fig. 58. VCL \Voltage Ripple of the Proposed \oltdgenverter

Fig. 57 and 58 illustrates the load regulation #relvoltage ripple of the proposed dual

side dual output voltage converter for-VCL. We &@gnre out that

Rout ver dual_oupu = (—2.8201+ 294V /(18— 0.6)mA= 99920 (57)

Comparing to TABLE IlI, Eq. 57, the ROUT of the dsade dual output voltage doubler
for VCL is much smaller than the output impedanceectication of VCL
Rout veL max=125R2. That means the driving ability of the designedildside dual output
voltage converter for VCL can meet the need offthé-LCD driver.

For the output voltage ripple of the dual side dwmatput voltage converter for VCL in
Fig. 58, comparing to TABLE IIl, the VCL output vabe ripple of the dual side dual output
voltage converter equals to 53mV, and is much s@nahan the output voltage ripple
specification 1V.

Table VII shows the performance comparisons of eatienal and proposed voltage
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converters by measurements. The performance oheine proposed dual side dual output

voltage converter can meet the specifications ¢putuimpedance and output voltage ripple

for DDVDH and VCL, and the IC layout area is minead and more compact without

sacrificing the display quality of the TFT-LCD p&n&he proposed charge pump’s DDVDH

and VCL output impedances are larger than the adioreal charge pumps. This means the

efficiency of the proposed charge pump is lowenttiee conventional charge pumps.

TABLE VIl . PERFORMANCECOMPARISONS OFVOLTAGE CONVERTERS

BY MEASUREMENTS

Output Impedarllc©utput \oltage Rippl

A3

Measurements
Doubler (DDVDH) 150(2 v
Specification
Inverter (VCL) 12507 v
Doubler (DDVDH) 66.8(2 58mV
Conventiona
Inverter (VCL) 62902 21mV
Doubler (DDVDH) 93.08(2 110mV
Proposed
Inverter (VCL) 99.92(7 53mV

The main reason of the new proposed charge pungfiad a good trade-off between

the specification over-designed and the costs. Rate V, VI and VII, the new proposed

charge pump reduces over 27% IC layout area thanctimventional charge pumps by

reducing 4 power switches and 4 IC pin outs. Andh@ mean time, the proposed charge

pump also reduces 2 external flying capacitorsotwel the costs and making a smaller

footprint area on the FPC.

Fig. 59 shows relationship between the DDVDH outpybedance of the conventional

and proposed charge pumps and the operation fregu€he DDVDH output impedance of
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the proposed charge pump is higher than the comvetcharge pump, but still lower than
the maximum specification of 15D in the operation frequency range of 10kHz to 200kH
The best operational frequency of the proposedgehpump is around 40kHz, because the
minimum output impedance value occurs around teiguency. The highest efficiency of this

charge pump is also occurs around the best opeahfiequency.

DDVDH Qutput Impedance
200 m /
180
e 00000 / DDVDH Rout max = 150 (2

!

0 |

—— Conventional
== Proposed

Rout (Ohm)
: 2

60 1 1 IL 1 1 1 1 1 1 |

0 40 80 120 160 200 240 280 320 360 400
Frequency (kHz)

Fig. 59. DDVDH Output Impedance versus Operaticggbency

Fig. 60 shows relationship between the VCL outpupedance of the conventional and
proposed charge pumps and the operation frequdiay. VCL output impedance of the
proposed charge pump is higher than the conventorage pump, but still lower than the
maximum specification of 1Z3 in the operation frequency range of 20kHz to 180kFhe
best operational frequency of the proposed chargeppis around 60kHz, because the

minimum output impedance value occurs around tieiguency. The highest efficiency of this
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charge pump is also occurs around the best opeahfiequency.

VCL Output Impedance

200 /
180 /
160 /
-
=
S VCL Rout max =125 (2
:: _____________________________ ?f‘_ _”_1?':6_: _______ ——— Conventional
§ 120 ~i- Proposed
Sl
100
80
—b
. — |clc
60 1 1 1 | 1 1 1 ]

0 40 80 120 1607 2007240 280 320 360 400
Frequency (kHz)

Fig. 60. VCL Output Impedance versus Operation keeqy

Fig. 61 illustrates the test board of the TFT-LCDdule of this work. The driver IC is
attached on the glass with the COG (chip on glasthod. The signals for the TFT-LCD
panel come out from the driver IC through the IT@®tah lines on the glass and go into the
panel. And the signals from the baseband must gudin the FPC. The external components
needed for the driver IC are all placed on the FP& FPC is a flexible printed circuit that
can be easy fabricated. The IC die size of the IED driver is 16500x700umand be
fabricated with SilTerra 0.13um 1.8V/5V/32V CMOSS5N® process The new proposed dual
side dual output voltage converter occupies 130%085 layout area and works well within

this driver IC in Fig. 61.
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FPC

Fig. 61. TFT-LCD Test Board and TFT-LCD Panel Mazlul
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Chapter5

Conclusions and Future Work

5.1 Conclusions

In this thesis, the dual side dual output switchiagacitor voltage converter is proposed,
fabricated with SilTerra 0.13um 1.8V/5V/32V CMOSSN® process, measured and utilized in
the TFT-LCD driver IC. Compared to the conventiodakl side voltage doubler and the
conventional dual side voltage inverter, the newppsed dual side dual output switching
capacitor voltage converter reduces 4 power switchepin outs, 2 flying capacitors. This
new voltage converter not only saves more than 2396ut area than the conventional
voltage converters, but also reduces the cost @fettternal components. Besides that, the
footprint area on the FPC can also be reduced. névs dual side dual output switching
capacitor voltage converter works‘well- without dazing the display quality of the TFT-LCD

panel.

5.2 Future Work

With the tremendous competition, the cost downsaresof the TFT-LCD driver is very
large. How to lower the cost further is an impottasue.

From Table Ill, we can learned that the output idgoee specifications of DDVDH and
VCL are 1502 and 12%) separately.

In Table VII, the output impedances of DDVDH and V&f the new proposed dual side
dual output voltage converter are much smaller thasse in Table Ill. That means we can

still try to shrink the layout area of the new pospd dual side dual output voltage converter
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further. We can also try to reduce the maximumentrrequirements of DDVDH and VCL by
utilizing some new approaches [20] [21] [22] suchcharge recycle and pre-charge or the
line inversion-based method when driving the Soudirdeers and the VCOM driver. By doing
so, we can not only shrink the area of the voltemeverters that generate DDVDH and VCL

but also increase the possibility of removing thxéemal flying capacitors and stabilizing

capacitors.
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