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Motivation (1/2)
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Motivation (2/2)
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Introduction (1/2)
B Data driving schemes for AMOLED displays
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Introduction (2/2)

B Data driving schemes for AMOLED displays

Conventional Driving Scheme

Analog Analog Digital Digital Voltage Current Hybrid
Voltage Current ARG TRG Feedback | Feedback PWM

Threshold
Voltage Good
Compensation

Mobility
Compensation Poor Good - - Good Good -
Driving :
Speed Fast Slow Fast Fast Slow Medium Fast
Driving _ _ _ _ _
Accuracy Medium Good Poor Medium Medium Medium Medium
Luminance : : :
Uniformity Bad Good Good Medium Medium Good Medium
w w

|:> [High Speed Analog Current Driving Method ]
d

Good Good Good

High Driving Accuracy & Speed Current Feedback Metho
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Current-mode AMOLED Drivers:
DFFC (Direct-type Fast Feedback Current) Driver
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Block Diagram for FFCD

B Conceptual diagrams for Fast Feedback Current Driver(FFCD)

Feedback driver : Current sensing & comparison,
loop compensator and error amp.
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Direct-type Fast Feedback Current (DFFC) Driver

DFFC Driver PIXEL
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Delay Reduction from Capacitance

Low output impedance
V% Data Line
l /C{:\ J Parasitic
C
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Feedback Line
Parasitic

= Move 2nd,3rd poles to higher freq.
= Wider BW, faster driving speed
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Requirement for Min. GBW

Loop Characteristics

Step Responses

IPIXEL
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Adaptive Freq. Compensation

Adaptive Freq.
Compensation Block

Cc Selection Rule
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= Compensation capacitor (C.) array
= Cc from GBW and PM boundary conditions
= Divide 7 ranges according to lgara
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Loop Gain with Full 1,4 Range
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Measurement Result (Data Transition)

: EEEmissi:on : Progrémming: "
i : : Period . i Period : Pe;riod .
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[_s00mv 10.0ps 19[19.80 % |

“Programming.

= Data current range from 10nA to 2.55pA
= Settling time < 11pus
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Current-mode AMOLED Drivers:
TCF (Transient Current Feedforward) Driver
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TCFD (1/15)

Introduction of the TCC
VDD
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RTC Control (TCC)
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TCFD (2/15)

Realization of the TCC
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TCFD (3/15)

Application and Timing Diagram
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TCFD (4/15)

Display Panel Emulation:
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TCFD (5/15)

Driver Architecture with TCFD and Path Exchanger
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TCFD (6/15)

Stability |
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TCFD (7/15)

Verification by Simulation
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TCFD (9/15)

Driving Speed
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Current-mode AMOLED Drivers:

PP-TCF (Push-Pull Transient Current Feedforward)
Driver
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PP-TCF Data Driver (1/15)

B Conceptual Diagram of Push-Pull TCF Driver

-Complete push-pull function for output currents

-PFB gain control for removing undulation phenomena in pixel
currents
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PP-TCF Data Driver (2/15)

B Detailed Schematic for PP-TCF Driver
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PP-TCF Data Driver (4/15)

B Functional Diagram of Prototype Driver IC
Various functions for evaluating the performances of PP-TCF driver

Gate Controls

CLOCK1 —p PP-TCF Control Logic

AMOLED Panel
Load Emulation

5-stage Distributive
Network

VDD

Data Alternation

PRC Enable

Data Gen. Enable
Load Selection

8b

Datal = Data
8b

Data? —= Selector

1 8b
\ 4

CLOCK2 —> Dat j
G aat 8}1 Current
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Gain Control Enable
Output Switch Control
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PP-TCF Data Driver (5/15)

B Positive Feedback Loop (PFB) Gain Control (1)
PFB gain control for removing undulation phenomena in pixel currents
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PP-TCF Data Driver (6/15)

B Positive Feedback Loop (PFB) Gain Control (2)

PFB gain control for enhancing pixel current settling
(IDATA= 3uA, panel parasitic 2kOhmy/ 60pF)

Conceptual Diagram for Simulation Results
PFB Gain Control
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PP-TCF Data Driver (7/15)

B Positive Feedback Loop (PFB) Gain Control (3)

Simulated driving waveforms with/ without PFB gain control
(IDATA= 1 to 5uA, panel parasitic 2kOhm/ 60pF)

8.0u w/ PEB 8.0 w/o PFB
Gain Control Gain Control
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PP-TCF Data Driver (8/15)

B Current Pulling Function for Enhancing Data Current Settlement (1)
Complete push-pull function for output currents
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PP-TCF Data Driver (9/15)

B Current Pulling Function for Enhancing Data Current Settlement (2)
Fast current sense block for current pulling operation

Fast Current Sense Circuit
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Conv. Current Sense Circuit
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PP-TCF Data Driver (12/15)

B Measurement results (1)

Pixel current settling times improved by current pulling function
(IDATA transitions from 4.98uA to 60nA, VPRC= 0.4 to 1.2V, 0.2V step,
panel parasitic 4kOhmy/ 90pF)

Tek Run 43 \ =

.................... e —— —
a W/ Current Pullin
“4.98)A 9 |
Ty ___________ |
: . , .8V f
. : : .:.:.ubsténtial
: : : Delays < : . =
j g ) T ) j ) Delays in Dat;%g'
L S W ¥ Settlement - "
B .......S.C.A.N. o . z{- s
. ’_ PRC/-EQEN - : . : r
"R Soomv slchzl S 00V MTo.oms [N 2oomv 'a'm'c'hz] o |’rui|'1'o OS]
ch3[ 5.00V ch3[ 5.00V
Ref4 [ 200mV 10.0Ms |+~ [3.90 Ref4 [ 200mV 10.0Ms |+~ [3.90

EECS, KAIST
Circuit Design & System Application Laboratory



PP-TCF Data Driver (14/15)

B Measurement results (3)

Waveforms for various data current levels: High to low transitions and low to

high transitions of data currents (data current = 20nA to 4.98uA, Vpp= 0.7V,
parasitic load = 4kOhm/ 90pF)

TekRun g [ : = ——TekRun g [ : -
o High to Low Transitions W | ow to High Transitions
498 pA . . . N . . . . . . 4.98 A
‘Node Y ' ' - 3.01uA ~3.01 A
SRR I L_..Loztvx :%..LO?{M&
- : 410 nA 410 nA

T (< NATY
20 A

- 78 nA

LEes 0 Vee=o0av

.
.,

Vire=0.7 V

XIIDTﬁT]h.'.“M“.......

FEQEN/PRC - T

_____ T T T T T T 3 T T T T T T e T T T
200mV_ BCh2[ 5.00V  |M[10.0M8] 200mV_ 8Ch2[ 5.00V _ |M[10.0Ms]
Ch3[ 5.00V ch3[ 5.00V
Ref4 [ 200mV 10.0Ms |+v[3.81 Refd [ 200mV 10.01s |m~+~[3.81
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PP-TCF Data Driver (15/15)

B Performance summary

Process 0.35 um CMOS (1P 4M)
Operation voltage 3.3V

Data current range 20 nAto 4.98 pA

Gray scale 8 bit (16.8 million colors)

Maximum driving load

(Panel parasitics) 4 kQ2/90 pF (Full-HD)

Settling time <6 us
Static current 4.5 pA/ Channel
Occupation area 60 x 308 um?/ 2 Channels

O Appropriate for FHD AMOLED displays
-Low power consumption
-Stable operation at high data currents
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Real-time Image Sticking Compensation
using Current Driving
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OLED Degradation

Burn-in Discoloration

no burn-in

”

switch ALL on

switch off

= Differential aging dependent on sub-pixel.
* Prolonged display of static image (burn-in)
= RGB have different degradation curves.

37



Conventional Image Sticking Compensation

Data driver IC
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OLED Degradation Sensing
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Real-time Compensation using Current Driving (2/7)
NS Heab A Huw

Compensation Method  Real-time Compensation
using Voltage Driving using Current Driving

BMER HEO| 2 MR A2 hjojE M F
st 71 Fast Slow
H 2 2| Large 7|=9| 1/3 O] AF ZHA
37| (Vth, p, OLED) (OLED)
HAFA| ZE Long time Real time
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Real-time Compensation using Current Driving (3/7)

> ELVDD
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Hybrid Data Driver

—
ADC
=/
N\ Q2
[Memory CDAC/ -~
VDAC “’1__
€ Data line
Re S
aleml
Cp
Pixel

1. Read data-line voltage by ADC (OLED compensation)

2. Store by line voltage information of each pixel at memory
3. 1, VDAC & Amp. pre-charge data-line by pre-stored information.
4. $2, CDAC provides data current to pixel. (TFT compensation)



Block Diagram of Hybrid Data Driver
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Real-time Compensation using Dual Data Driving (3/4)

B Implementation

n / —o V
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Digital Processing Algorithm

—A~—>| Gamma-LUT

. memory

o : degradation

percentage of OLED

Vi
ADC

lbac
CDAC

Vi(new) i 10
" /7
) 4 '
» 10 |,
Vi (new) ———>%>| 1° Latch
Sy
\ 4 '
' DATA1
Vi (new)-V, (init) j&— V, (init) ;
l A VoLep r E ©lh
ally e ;
y ° ; ‘DZ/:
' A
DATA’= X DATA '
100-a i DATA2
10* DATA’ ;
10 10 '
—~1»l Memory for DATA’ AL +—f 2" Latch
DATA DATA E

= DATA1 and DATA2 for hybrid data driving
» ¢-LUT for OLED compensation




Data Transition
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= Data driving waveforms for various current levels
= High current level (LuA~ 5uA, 1uA step)



Data Transition

6on |
i ‘ error|< 0.5LSB @ the end of ¢1
sgn | ts = 5ps
agn L C . . . o 4O0NA_
z : ',
o 3@n : : : . ' 3004
Ll L
= :
1on | ; 10nA
k: SNA ': 2 2 2 i 2 SNA
0. T d i Wy
—1dn [ Driving o1 : Sps ) 2 . ts:settling time within 0.5L.SB
g Start 1LSB =5nA
SersL 1 B R R R PR S | B ERET S Ol S S L e g e Bp b golsoge et 5p G g gw g | 5 3 % 5 g sy oG
45u S@u Siall S@u &ou 7au

time ( 5 )

= Data driving waveforms for various current levels
* Low current level (5nA~ 40nA)



Parameter Variation
with Degradation Rate

400

2.0

IDATA2

lpataz @ 0

- 300

1.5 A

Current Ratio
H
o

05 - \ o) L 100
K U

w/o compensation

00 - T T T
0 10 20 30 40 50

Degradation Rate (a) (%)

= Changes of I ra, and AV, by compensation algorithm
" Ioatar @ 0=0% =100nA



m Feedback (DFFC) driver

v Range of data currents from 10nA to 2.55uA
v WXGA-sized panel load of 1.5kOhm/ 100pF.

m Feedforward (TCF, ITCF, PP-TCF) drivers

v" Full range of data currents from sub-10nA to 5pA
v" Various panel load condition from XGA to FHD-sized panel

m Real-time image sticking compensation methods
v' Compensate the luminance degradation of OLEDs
v" Compensate the variation of the driving TFT by current driving

EECS, KAIST
Circuit Design & System Application Laboratory



PMIC

Single-Inductor Multiple-Output (SIMO)
DC-DC Converters

KAIST Dept. of EECS,
Circuit Design &
System Application
Laboratory

Korea Advanced Institute of Scienc_




Motivation (1)

Why Multiple On-Chip supply ?

= Different blocks require different supplies
= AMOLED display requires multiple supplies

= \oltage Scheduling scheme for effective power
saving in digital circuit

= Performance improvement in analog & mixed
signal systems
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Background (1) — Boost converter and LDOs

I | |
L [Boost _[_'V°1 nAdvgntages
+ m Simple
- m Lowripple
—{LDO 1 —1—V02

m  Short time-to-market

— LDO 2 03

0 Disadvantages
on m Voltage drop = Low efficiency

I—LDOn

"Hi "Hi H
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Motivation (2)

Why SIMO converter ?

Vin [—e—"" "o / V01
Y 1 / Vo1
Vin TV‘”
<~ <~
L v Vo2 1 —
/ v
SIMO converter

= Single inductor : fewer magnetic components, fewer
IC pins, lower cost, higher integration

= Fewer on-chip power devices

= SIMO converter is a cost-effective solution !

EECS, KAIST
Circuit Design & System Application Laboratory




Time-Multiplexing

(PCCM/DCM)
\_‘kBattery /
gopand Sx

Inductor ;ﬁ \Ig

Our method

.....

------

Voa Vob Vo1 Vo2 Vo3 Vo4
PCCM/DCM OPDC
energy transfer per 1 switching cycle 1perl All per 1
# Pl compensator # outputs 1
Output extension difficult easy

EECS, KAIST
Circuit Design & System Application Laboratory




Existing PWM DC/DC Converters

L
e X Y Y e
Switch .
Network + {IO
Vg VO RL
v v
Controller |« G.(S) |« ®<+ Vief

« Qutput Voltage Feedback
« Output Cap. and I, affect the Loop Response
« Compensator Design is NOT EASY



SIMO converter with OPDC

o2 S1

Vo1 e—@{+
CP1 p—--emmmmmnoms —1
Vref1 e—-

Vo2 e—R+

Vref2 e—{-

1: S2

generator

Vine T S1 J_ oVo1l . —
1 1 .
52 :
S3

Vo3l e ® + Control
%.Lnﬂic N l
Vref3 o—-
sS4 Vod 54
Vrefd e—+
EA ] =

S3

Vo4 e—RQ—- Sx

[Phuc.ISSCC2007, JSSC 2008]

= Comparator control method
= Only one PWM controller
= Easy output extension and high power capacity

EECS, KAIST
Circuit Design & System Application Laboratory




SIMO converter with OPDC

Vit
Sf
TiL .
Vx*--..____*,-‘s.l VD1
Vg un ' —
L ‘.' ': T
Off-chip digital vs1 |€1T @'“1
signals Peak- and Zero-Inductor-Current Sensor 52
= Vo2
ngmmmab'a: ::g Over-Current T 0021 lo2
Reference [ . (ef3 Detection Vs2 I
Generator |- refd -
b Vo3
Scaler 1 I_I_J‘.I._‘ T
Vo1 3 - %1“ _';:thf Vs3 6031 lo3
re - . =
Scamz Logic Dead-time|:
Vs
e S Mg g N
ref2 ontrol ™1 =ontrol __st + 4_]_
Scaler3 (for 2 vsqa LO I lo4
_D;,_{ " OPDC) [ 1-.\!33
ref3 Gate E : Clm IVON
Scaler 4 drivers [FHVs4 ¢ T
Vod—@—* PWM [ ' : NMOS Cnz lo1
refd —» Generator _'—L 1
Y 4
compensation T i Sx
network ”"—"I Supplied by Vo1 E‘F

= 4 Positive boosted outputs + 1 dependent negative output

EECS, KAIST
Circuit Design & System Application Laboratory




Measurement Results (1) — Normal operation

Tak Prevu_lg [ f . | k Pravu |
DCM - T ] CCM | -
N N ! Vo1
Vo1=10.2V FI‘ ™ _1JL L i Vol Vo1=10.2V Var
LT N T T N Vx
Vo4 =8.0V A S A A S Vo4 =8.0V
: 5 Inductor
E Current 1 Inductor
[y I Current
TENETETE . T wE Mo i e M g g [N Y L
Ch1] T00mV Cru@miE  T00my M 1.00Ms] Al Chl J  582mV TR Toomv olch T Toomy T oo Al Chi T Seamy
chz[ T00mv ~AjCha] Z00mAL: | chi E.OOVQ%& EGDMAQH
=+~ 7. 91994ms -~ 30640005
Tok Prevu Lg [ [ :
@ . . N : . ]
SRR £ Vol
Vo1=10.2V mh b L| L Vol Vo1=10.2V
VO227.0V Bl Vo2 Vo2=5.0V
Vo3=7.5V I’Ti : \M o= e Vo3 Vo3=7.5V
Vod=80V | D e Vo4 =8.0V
s L 1 Inductor
Current
C:hlch:z wli'nmv M ch; 7 ;9zmv fi1 ; ' i .
£} i A h 3 5 h —20.0m
Lugmwaghi 533“&;5”" Tons Al ChZ 720.0

-~ 34 3858ms

Boundary of DCM/CCM Boundary of DCM/CCM

EECS, KAIST
Circuit Design & System Application Laboratory




Performance Summary

Technology 0.5 um Bi-CMOS, t-well, 3AL, 1PS
Chip area 2.9 x 3.0 mm?

Package QFN, 24 pins, 5 x 3 mm?

Supply voltage 2.5~45V (3.7 V, nominal)
Inductor/ESR 10 pH / 350 mQ

Oscillator frequency

700 KHz (nominal)

Current ripple

290 mA

Maximum efficiency

80.8 % @ 450 mW total load power

Output Vo1 Vo2 Vo3 Vod VoN
Voltage (V) 10.2 7.0 7.5 8.0 -95
Load current (max) (mA) 5 30 30 40 5
Load regulation (mV//mA) 1.5 0.78 0.5 0.4 X
Line regulation (ImV/V) 58 73 85 90 80
Output ripple (max) (mV) 160 140 140 120 200
Filtering capacitor/ESR (UF/mQ) | 4.7/300 | 4.7/300 | 4.7/300 | 4.7/300 | 1/150

EECS, KAIST
Circuit Design & System Application Laboratory




L Sz

Vop
Sy Cor
- L

> Boost converter

L CF D1
VON
ng s;\ s c
» Adjustable charge-pump

v" 2 inductors, 4 switches
v Two PI-control

v Bulky & Expensive

EECS, KAIST
Circuit Design & System Application Laboratory

» SIBO converter

v" 1 inductor, 3 switches
v' Cost effective
v Vop : Comparator control

v Vg : Pl-control




Implementation of SIBO converter

Srw

_@EL VH C OHI % IOH --------- -

Vi

YA Vx VIOP —b |

I
Vgilf svp"F cc,pl : jgl T
v v |

H
- v
(,:,F D1 VON I(_}N \ OLED :
Current ! ! T I [
sense | Sngl  Sw C ONJ‘ e J
T Mmf M2 I AMOLED panel
Ramp + peferadiaaaae,
compensation Triangular : :

L

Oscillat signal FBe |
Swn Sve Svn SvrSrw scillator VOP control |sGcv i

T ‘I T 1 T ¢1M|-|zc|ock

B! Level shifters | = PWM & <—|
Vou| & Gate drivers - Channel control

<] FBn

-+

i ¥ Voltage!
t.1..Scaler.!

|Compensation | BGV ¢

[Chae. ISSCC2007, JSSC 2009]

* Modified Comparator Control (MCC) based on OPDC

EECS, KAIST
Circuit Design & System Application Laboratory




Vop control (Modified Comparator Control)

_ Vop
Path 1: Fast error correction
X 1 f CINP «

= |__CINN - FBp
Q o BGV

R2 RZ% Band-Gap

+\ Voltage

Triangular® | A3

\

‘ .- L ‘
R1S Ri1 J‘-..\ Speed - 10& ,_..‘

AAA
¥y

<
Path 2: Steady- state error correction

SMN ‘":Mm Channel

EECS, KAIST
Circuit Design & System Application Laboratory




Measurement Results (1) — Normal operation

Tek Prevu |g I = J
i Y i { . i .
ol v Dol
chl Freq . Chi Freq
] 1.054MHz 1.035MHz
1 ch2 Mean Ch2 Mean
- 1.63mV 4.58 V
- r. Ch3 Mean Ch3 Mean
A : : 5.14mv -6.29V
l “Von
T : : f . VON__
Chi1l 5.00V mchz]_'s'u.Umv'\r&.MMnlJnsl Al Chd £ 504maA Chi 5.00V &Ch2] 2.00V &M[400ns| A Chd4 & 504mA
Ch3[ 50.0mvASERE] 200mAQ | 7 Sep 200 EHJ 5.00V _ [Ch4[ 200mA S 7 Sep 2006
0+~ ([89.9376ms | 22:01:55 -+ [80.9376ms 21:44:53

DCM operation

lop=lon=20mA @ Vg=3.7V
Freewheel switching

EECS, KAIST
Circuit Design & System Application Laboratory

CCM operation

lop=lon=35MA @ Vg=3.7V

No Freewheel switching




Performance Summary

Process 0.5um Power BICMOS
Chip areca 4.1mm?
Battery voltage range 2.7-4.5V (3.7V, nominal)
Inductor / ESR 4.7uH / 320m82
Oscillator frequency I1MHz (nominal)
Maximum efficiency 82.3%
Current ripple Al 240mA
Output voltages Vp (4.58V) Vi (-6.24V)
Output ripples 15mV SmV
Load regulation 0.25mV/mA ImV/mA
Line regulation omV/V 18mV/V
Filtering capacitors / ESR 4.7uF / 20mS2 4.7uF / 20m§2

EECS, KAIST
Circuit Design & System Application Laboratory




Q Freewheeling Current Feedback
Q Output is Comparator-controlled

" QS | .
—10 % — |
Vb QR 4—@: C Gcf (S) fs

« Qutput Cap. and Load Current do NOT affect the Loop
« Compensator Design is EASY




Pros and Cons

Control Scheme Loop . Main Features
Dynamics
Direct Duty Control _
- Complex Compensation
w/ Output Voltage L, C,
- Slow Response
Feedback
Current Mode Control Difficulty in C o
- Difficulty in Compensation for a
Vol .
W/ Output Voltage — Co Wide Load Range
Feedback

+ Load Independent
+ Simple Wide-Bandwidth Control
- Power Switch for Freewheeling

Current Mode Control

w/ Freewheeling

Current Feedback _ o
- Small Decrease in Efficiency
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Control of Multiple Output Converter

* No. ofE outputs can be increased easily

67/115

Vref2 -

Io1‘fset

G cf (S)

+
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Tekstop | F

Measured Waveforms

100mA

e ‘=:|*:.=:H

1

! Vip < 100mV 4

@ikl 100mA & 500mV A

Ch3| 2.00V 200mA €2

1|30.00 %

Load Transient

Ch1 Freq
2.501KHz

Ch1 Ampl
100ma

Ch3 Mean
4.01V



Measured Waveforms

Steady State

TekPrevu | i

1

o
P Ch2 Mean

—4.76 V

\V/ OO WS Y DU SO S RSN VR WS DU ROV SRV UYL S URUTY U, ! Ch3 Mean
on : : : : : : : : : : : 3.06 V

: Ch4d Max
4 172mA

@ ... ChéMin

..... , , , . . . . : : - : 37.9mA

O] 5.00V < Ch2| 5.00V M 400ns| A Chd4  136mA I
Ch3[ 5.00V _|Chd[ 100mA® lop = lon = 23MA
i+~ [0.00000s |
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Measured Performance

Technology 0.5um Power BICMOS

Area 3.2mm?

Supply Voltage 3.7V nominal (2.7 ~ 4.5V)
Inductor / ESR 10pH / 350mQ

Switching Frequency 1MHz

Filtering Capacitor 10uF Tantal // 470nF Ceramic
Maximum Efficiency 81% *

I(_I\cl)jiggzng elr;)tOmA) Vo pp < 100mV, Tg < 20us **

* 82.3% achieved in [Chae, ISSCCO7].
** These values do not represent the best achievable results.



(Seol, ISSCCO9)

VA

Vin+Vd
(Vd=1V)

V) |

%Sn
ST L J_ IJ__I o Vo _X
‘[@—{ Vrefl :lf: J:-

Q Auxiliary Output VA Feedback
Q Output Cap. and I, affect the Loop Response(LIC)

a Additional components are Needed



Implementation of Multiple Output Converter

c2,

o Va
oo h—,fas]luosc
LZ’UG‘ Sd— R 4
sz sf }%\lm""ﬁ
- r{[ >:I -
Vine L1fﬂ_|:j‘- fl Sn I_.I. a I
Vmc"—% D,
X T *Vpac
Vsp © } N I
Refe A S Ve
eference || o .0 Lt
\_generatﬂr Dr:ﬂg-r SBT—l % oV
Ve yc o =P i )
ontrol — .
Logic Sef 1 Ve * VIn:28~45V
VEC > —""\ﬁs— _-_I—_ L4 VR’G’B: 2 -~ 9 V
BT 1 o W .

Vgo % I ’ *  Vgp: Higher than Vi,,5 by 0.5V
ref Ro— | | ' (Lower limit 6.3V)
ref_Go—
ref Bo——

O Vpac: Higher than Vg by 2V (Lower limit 8.3V)

EECS, KAIST
Circuit Design & System Application Laboratory



Output switching control

4 off

4[>IT Vo1 > Vo3 > Vo2 > Vo4 2 off
S3 off

S1 off

S$1, S2, S3, S4 on
1L
L J
—0 " » Average of outputs

a Slightly different outputs
A Simultaneous Turn on &Sequential Turn off

Averaging of outputs by simultaneous switching

Discharging of inductor current by the averaged voltage

Enforced averaging effect by the charging sharing between outputs
Chaotic switching is alleviated by the averaging effect

EECS, KAIST
Circuit Design & System Application Laboratory

Q
Q
Q
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Measurements Results

a Normal operating waveforms

TekStop | —t—t
: VI S A

oy 149V

o Vin=3.7V Ref RG,B=6V 6.0V 0} Vin=45V Ref RGB=2V 15 gy
: . . . . . . . _ i : : . . . _ . _ _ _ VR:

VR

500V B[R] S M[1.00[s A Chd & 400mA )
®EE 10.0vV &Ch4] 200mA Qs

c::h1m|_5.(gmv
<Step down>

Ch3[ 10.0V B{Ch4] 500mA Q8

<Step up>
Circuit Design & System Application Laboratory




Performance Summary

Process 0.5um 1P3M BiCMOS
fsw 1MHz
Vbac 8 ~ 12V, 20mA
Vep 6 ~ 10V, 30mA
VRGB 2 ~9.5V, 25, 25, 45mA
Accuracy 0.1% [1.5%]*
Line regulation 0.05 %/V** [1.04%/V]
Load regulation 0.01 %/mA*** [0.015%/mA]
Efficiency 83 % ****[80%0]

“[ resultof [2] ™Vn=25t045V "OmMATtO | jpag @ViN=3.7V
@ Vin= 3.7V, Ref=6, | 10a¢=25_gr, 25_g, 45_g,30_gp,10_pac

EECS, KAIST
Circuit Design & System Application Laboratory




A6 4’[>_“:Mn C°lv° R
c > A,

Ui QS |
QR 4—@_ Vic Ve e UP |0,
Control < DOWN [¢—®,

Q Loop response is independent of L & Co

Q I is Zero in steady-state : No decreasing Power Efficiency
Q Control Loop is Simple



The Role of V;

Excessive Energy Deficient Energy
Vic v =]
VISN
Ib

ooooooooooooooooooooooooooooooooooo

-0 Vpy - 200mV

Ver —— — -~ Q Larger than
VRep {1 = , .

] Vox / | = VO S Rlpp/e
B e e S D

Py

Du

DOWN
UP .

« Make @, go to High even when deficient energy case
« Ver causes small Offset Voltage — corrected by MCC



Pros(+) and Cons(-) - ZOC

Control Scheme

Loop
Dynamics

Main Features

FW Current
Control

- Extra Energy
- Power Switch for Freewheeling
- Decrease in Efficiency

Auxiliary Output
Voltage Control

Zero-Order
Control

+ Vestigial Current is returned
- Extra Energy
- Additional Components for VA

+ Balanced Energy

+ No Decrease in Efficiency

+ No Additional Components
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Measured Waveforms
+————  Steady State - CCM

e ...... _ QO Load = 60mA

O NoFW period

o 5.00V M 1.0

Ch3| 5.00V Chd| 1.00 AQ
W+¥|20.0000ns
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Measured Waveforms

Ch3[ 500mAQ [WE] 1.00AQ

W+v|1.29800ms |
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v Switching frequency

- Constant
- High

v" Switch control

- Comparator control

- PMB control

v' Bang-bang control
- Stable

Switch Control Logic

- Fast and accurate regulation

81/115



PMB Control (Vo6)

PMB : PLL-based Multiple-Output Bang-Bang

VDD
L VP_bias1-—||:I J
| I
| 1
p_— VP_bias2
gm1] | _blasz |« |
-2 1=

I | -

o [
a \V/
V_lac+ |:>—|E|_ _|j|—<:| V_lac- vsew I_‘ o Vo—l-

gm2
- —»V_Vac- \/ /\ |:
—-»V_Vac+ == C_sum
g—. VN_bias2 VNbiasZo—'E
................. EA .__IA Ad’d | e cccccccccsssssnns N HyStere:is Lee
|‘ T er + Comparator >|

M In-Phase Voltage information of error voltage is
reproduced by error amplifier (EA).

M Hysteresis comparator is implemented by the inverter
and capacitor through the system delay.
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Loop Analysis of the switching converter

——— [ -——=

(SIMO DC-DC Converter) |

Up I

Fref 04— =3 »Charge Pump |
| |58 T :

13 @ Low Pass |

|| S Downl  Filter |
e — — J

Fs VCO Ve

PLL control-loop

me O

103238
aseyd
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Waveform at the Steady State

Tek Stop £ G |

v

: Vc=34V

b & o 4

o} Y. S
E) AL VYN viaame (mmm Manae

O e
i P e Pl P e

1

Vb

D L L L e, ]
Chl, 5.00V Ch2 500V M200ns A Chl S 4,70V

EE 2.00V Chd4| 200mAS

15040%

Tek Stop [ 1} {

1 ]
Chi, s0o0mv Ch2 s00mV M 200ns A Chd S 400mA
Ch3| soomv EE S00mAQ
1150.40%

o1 = 22mA,
|02 = 28MA,
|03 = 3Z2MA,
lo4 = 20mA,
|05 = 19mA,
lo6 = 30mA.
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Vb
Chl 5.00v chz 500v M200ns A Chl & .60V
EIE 200V Chd] 200mALw
[50.40 %
Tekstop [ i ]

T

~ Vo5 |

[P rtemes st i «-w---tn- e s VD'H:

* A
: | |

i sty Tcha oo M 20005 A Chd S 930mA
Ch3 s0omv  MIE S00mAQ
150,40 %

130mA, 105
= 127mMA




Hybrid Energy Transfer Media

0p)
w

» V(g : Li-ion battery(2.7V ~ 4.5V), USB(5V)
» Vgp 1 4.6V by boost or buck operation
» Vg & -5.4V by inverting flyback operation



Calculated peak current comparison

1oL | —®—Previous SIBO Converter .

—®— Proposed SIBBIF Converter e

om L. :

V. | —
e pk_SIBBIF — L
0.0 I N T T R

0 50 100 150 200 250 300

Peak Inductor current (A)

Load Current (mA)



Simulated efficiency comparison

85

fficiency (%0)

—e— Proposed SIBBIF Converter |
—A— Previous SIBO Converter

0 50 100 150 200 250 300

Load Current (mA)
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Proposed SIBBIF Converter

Block Diagram
Hybrid Energy Transfer Media

V2

D Vop (4.6V) AMOLED Pixel

........... Fomoo,
[ J

I
DN V _5 4\7‘\‘ Hybrld Fast
' ON( . ) P Transient
- Peak current sensor CON_ Control
; //% + Artificial Ramp ”
Multi Level (D>0.5) =
Gate Driver Enhanced
=% Transient
B ! PI control
Oscillator — Switch Control
Logic Vier +
T 7 ’ Comparator
oI/p T Dead Zone Control
Pulse Skip Soft N ETC
Logic start
+
=FoVRer
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Vy

Multi Level Gate Driver

L
o— 7YY

/

/ |:>_|SNM

»Time

Dp

Vor

Conventional Gate Driving

(1) Psw — Cg ngz X FS

l

Multi Level Gai[e Driving
(2)R,, = Cg X (EVQ)2 x 2F

MLGD is to reduce switching loss

» To reduce the conduction loss, Vg Is applied as large as
possible
» It inevitably increases switching loss

89/115




Multi Level Driving Voltages

Gate voltage of Spy

Yerten K ° VON Vop(4.6V)
e = Dn V4(3.7V)
GND e
Von(-5.4V)
Von(-5.4V
Gate voltage of Spa on(-5.4V)
N Time

Vy(3.7V)

GND f
Von(-5.4V)

Time
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Multi Level Gate Driver for Sp,,

Vg Switch Size: Spy > Spa > Sam

T

Vim
Vg = 3.7V
GND
VON = '54V €-oomene ,ﬁ MN3-I ‘_Dl

D1 Time



Multi Level Gate Driver for Sy,

Vor(4.6V)

Body bias of the My, and Mg,
o IS selected as the largest
Von(54V) voltage between V, and Vqp

Vy(3.7V)




Measurement Results

- _ - 193

 Vy=3.7V no load (Pulse skip) . V,=3.3V load = 30mA (DCM)

V1
Voo LA S |

(@ s5.00v 500V 200mA J[ I[ : }I ) (@ .00V 500V € 200mA J[ I[ }I )

=4.2V  load = 100mA (CCM) I, V,=5.0V load = 290mA (CCM)
\\/\\/\\/’\/\/\\/\\/\\/\\f | / WMM /hmwwm ." meus N / N‘m /«.ﬁw

.‘?: . Vi
Vi Yy

12

C | - V +V o
Vop ONT Vg Von

| J nadh
A
g e 0 T A o A R e A L vw TR YR s L AT £ B R R L & Fd P ' . 1 )
" 4] . o o o
1 2.00V ® 2.00V € 100mA )
4 value Mean Min Max std Dev ]
(@ 5.00V ® 500V 200mA J[ H M @ Mean -5.28V -5.28 -5.28 -528  0.00 : :

| @ Mean 460V 4.60 4.60 4.60 0.00 [[400ns 1[2.50G5/5 ] S 756mA




Performance Summary

Process

0.5um BCD 1P 3M

Supple voltage

2.7V to 4.5V & 5V(USB)

Frequency

1.25 MHz

Max efficiency

87.1 %@600mW

Output Vop Von
Voltage 4.6V -5.4V
Max Power 3W
Line regulation 0.3 %/V 0.14 %/V
Load regulation 0.12V/A 0.2V/A
Output ripple |50mV@300mA | 60mV@300mA




Q New topology about SIMO DC-DC Converter
— Cost effective solution
— AM-OLED Display application
— Focus on high stability
— Focus on high efficiency

QO New control method about SIMO DC-DC Converter
— Focus load independent stability



Thank You
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