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2 Multi-phase buck converter 2| feedback loop model

2.1 Conventional voltage mode

Vour Cs
T
il [
R R V, IND1
RIS P . 0 [ SWi T
< CZ _M—lc|_
T "Ves ‘ ! _%_ B
VCTRL
s Veee | A saw| L >EWMI {>¢ cory |
S 2-pole — !
A 2-zero
= integrator sawz L PWM2| = [
e PWM3
M T sawe saws| L
L L | sAW3
4-phase Oscillator (SAW) [-SAW4_ sawa| L DM

<1&l.2.1 Conventional Voltage Mode Block Diagram>

Conventional scheme 2 type-3 compensation 0] sawtooth It 2 4 d3st=
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2.2 Proposed Multi-phase Buck Converter

18l 2.2 & proposed multi-phase DC-DC buck converter block diagram O| L.
X Qtst=

3|2+ voltage controlled oscillator-based buck converter 2t ripple-based
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20 A2 0= switching frequency O 2 CLK_OUT =& 2Ot SESHA &L
IC 2/ 20| 22 inductor @ capacitance & S3

R,C filter E
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MM =l output voltage 7} feedback
HAX M Z2+29| scheme O [FE control block 22 O|0{M Al closed
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2.3 Ripple-based constant-on-time (COT) mode

1%l 2.3 2 ripple-based constant on time mode block diagram O|Ct. &%}

HEAI
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rlo
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oF 2ot ZoMEH U™ ving ® MY Vout 1t vref E &3 DC
accuracy /b HFOX|0 O|2 Qloto] ME mMHL clock divider & &3l
LEFI{ ™A 2t phase Off SHZEl= cot_generation block 22 S0{7tA XBXOZ
High-side MOS % Low-side MOS 9| gate input 22 20| £|0f S&tstct O2

oIsto], =3 HYQl Vout & A gA|ZICH
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<1 8l.2.3 Ripple-based Constant-On-Time Mode Block Diagram>
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0= 0t 74X|30 CHA| off-time & HtRCH d2{Lt O|lf OFEl: feedback T O
target TRYELH HCHH, off-time 0] FE BOIX|L on-time 22 HZO| IO
target Y22 B0 Zi2l= S UYL HHHZ feedback TRO| target

MYELCH ICHH off-time 22 HOIUA =ICH

11



P On-Shot
(Timer) Minimum
ON_0A Orc|i-t|me CLK_OA
V FB — + n_n ON_0®B (:An. CLK ®B
I '|]_ CLK_SPREAD [oN_oc CLK oC
I —_—] A ~ ®D ON_®D 8 CLK_®D
oC —
— Vref ®D

<1 2l.2.5 Ripple-Injection Feedback Control Block Diagram>

Ripple-injection mode 4|9 feedback 2| &%, light load application Of| A

single-phase 2 &%2 & 0= faster transient response, better line regulation,
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2.4 Voltage-controlled-oscillator (VCO)-based

constant-on-time (COT) mode

2.4.1Voltage-controlled-oscillator (VCO)

Converter Scheme

VCO-based converter & type-3 compensator 2t differentiator, VCO, COT
generator, high/low-side MOS 2|11 QIEEQt YEHS sensing o0 EMS|F= R
Csensor 2 TEE|0f QACE

R It C2 g% filter = AHEHS JYES SHEL AN vCO o COT
generator block O TE3S0 load transient AEO|A ECt WEH 3FO0|

7ls3t=E Z2tFE1 inductor current balancing 2
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2.4.2Voltage-controlled-oscillator (VCO)

Converter Current Feedback Scheme
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<118l.2.8 Voltage Controlled Oscillator Current Feedback Scheme>
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. ctrl

Kvco

A KT cor gen COTT

CLK2 COT _GEN COoT2

CLK3 cot Gen —COT3

CLK4 cor gen -COT4

<1 &l.2.9 Voltage Controlled Oscillator Frequency Control Scheme>
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Kvco

A N cor gen COTH

CLK2 ot gEN COT2

COT on-time ctrl

CLK3 cot Gen —SOT3___

CLK4 cor gen COT4

<1 &l.2.10 Voltage Controlled Oscillator Constant-On-Time Control Scheme>
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| Y I | VCO &
Ivishifter

4

CLK_®A

CLK ®B

l||—)'—u

ON_OA
V_FB \ Ll Time
Vref ON o
_’—/ Vetrl —— Generator

<221 2.11 VCO Clock Pulse Control Block>

<& .2.12 Differential Voltage Oscillator>

CLK ©C
CLK ®D

A8 2.112 VCO clock pulse control block diagram O|C}. V_FB 1t Vref M 2ts

HH= type-lll voltage mode compensation network O Al A=l Vctrl M 20| vCO Of

QI7t7¢ &[of, 2% 213 O|M EO|= HieF Z0] ON_®A ~ ®D 7HX|Q| switching

clock 2 -d35lH, 0| time generator ¢! COT22E &5t %XZTHOE CLKOA ~

®D 9| switching frequency IS d-d35t0 buck converter 8 %A
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Vctrl

VCO_CLK

ON_®A

ON_®B

ON_@C

ON_®D

CLK ®A

CLK_®B

CLK_@C

CLK ®D

0 : ; j't(s)

<121 2.13 VCO based Clock waveform>
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2.5 Comparison of feedback loop models

synchronization
(multiphase)

Voltage Mode Ripple based VCO based VM
coT (COT)
Accuracy Good Bad Good
Bandwidth Bad Good Bad
Compensation Type-II Ripple injection Type-II
Frequency Fixed Variable Variable
Phase Good Bad Good

Simplicity

Bad (1-phase)
Good (Multi-phase)

Good (1-phase)
Bad (Multi-phase)

Bad (1-phase)
Good (Multi-phase)

Balancing circuit Required Required Required

High frequency Bad Good Good

operation

Seamless No Yes Yes (requires +a)
transition

Ripple-based 2| d%0|= 2|=7} ZHEHStH

Az % Yt

rir

CtE scheme CHH| LHHRA UM TEHERCE WPZZ

b ¥slel

=
>

| QUCL CH2E multi-phase 7810 F 2fs

<# 1. Comparison of feedback loop models>

2 A dc-dc converter & 7=

2, dc accuracy 7t

xbE oz RABIZOOF Bt

Vco-based 2| Z20|& conventional TtEQF O§2 SARSICE CHEE, type-3

compensation %

A= N, &

THofl

sawtooth

Al multi-phase & T+

CHAlof

-
S AL
= T

voltage

-

(o] [:I-.
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2.5.1Conventional Voltage-mode Scheme

Sawtooth

®
L

<11@.2.14 Conventional Voltage-mode Scheme>

29| Voltage mode scheme 2 conventional StAH AFEE|O| 2tE EHAO|CE

Converter 2| ZHCIO|A M3 divide |0 ZEHE|= feedback MLl reference

HYE comparator 2| H2=2 &&50] clock pulse & ZEAI7|= SHO|LCY,
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2.5.2 Ripple-based Feedback Scheme

o~

P Time
- Generator
l Clock
V_FB —» + Pulse
) i —>
Vref
:[ —_——]—

<8 .2.15 Ripple-based Feedback Scheme>

o

2|9| ripple-injection scheme 2 converter 2| EZH LA X divide T/

Zr|= feedback O ripple & QAE2Z B clock pulse S LUAA|F|

rr

Feedback T™® O] comparator & E0{7[H reference Fut HJ

S}0

El

E5

mn

E32 ZMAZ|D, time generator O|A YHEO on-time 2 o
capacitance O A FE S YHSICL 2| W& ripple-based scheme A £&3+ DC

accuracy & 27857 @[&0|Ct
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2.5.3 Voltage Controlled Oscillator-Feedback

Scheme

| YV " | VCO &
Ivishifter

V_FB — \ Time Clock
Vref Generator | Pulse

|||—.—)|—

<1 2l.2.16 Voltage Controlled Oscillator Feedback Scheme>

22| voltage controlled oscillator = ripple-based OflA FAFE QI multi-

phase & E 57| I5+0] H|etst= FXO|CE Type-3 compensation O current £

()

0|83t0] frequency & =E3t= VCOE FASIH EAHE TIAS ALY

Type-3 compensation 2| ctrl MO| voltage controlled oscillator 2| tail

\J

MOSFET 22 QI7}E|0f ring oscillator 7t &Z&StA| EICE O] ring oscillator & 0|0
Zt stage HE 40| FEE[0 U0, =&A multi-phase & <ot THAZS H7|7t

Ct.

o>
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3 Multi-phase VCO-based COT buck converter design

3.1 The analysis of multi-phase VCO-based COT

buck converter

3.1.1Power Loss Analysis

DC-DC buck converter & AASH7[0f %A HS2=Z ¢jjof & &

rlo
o
I

UAE BEMElE= Z40|CH32). DC-DC buck converter o FA| &8 Al 3.1 4 Z0|
gte2 Z™O0| ECh Poss= A331F 20| conduction loss @ Peoy, switching loss €1

Psw, body diode loss @1 Ppjopg, external device loss ! Pex pe 2t LHE block 2] loss Q!

Poys 2 ZAHO| EICE J2|1, Py = Al 3

~

ot Z0| QIEAXIQl inductor, output
capacitor 2} inductor current sensing 2 98t M Rper Resk IF Rsense 215H

Z273d0| =Cf

_ Pour _ Pour (3.1)
Py Poyr + Pross
2
Py = Poyr + Pross (3.2)
Pross = Peow + Pow + P Psys + P (33)
Loss = Pcon T Psw + Pprope + Psys + Pex pE
(3.4)

Pex pe = Ppcr + Pesr + Psense
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Power MOSFET 2| RON Aoz dkl= &4l conduction loss & high-
side MOSFET I} low-side MOSFETO| ZtZ} turn-on & [0 M= &40|Ct FA|
conduction loss & 21 35 @ Z0| high-side OA 2= conduction loss €

Pus.con 1t low-side Ol A] 2 MEH= Pis con 2 B2 Peon 22 20| =L} Conduction

|0
]
o
OF

loss & power MOSFET 2| turn-on resistance(Ron) I 20| &) 7| 20

22 22 77 Utk

IO

size ZE2 S0 =2

PCON = PHS_CON + PLS_CON (35)
VOUT
PHS_CON = I(Z)UT X RDS(ON) X v (36)
IN
= J2 VOUT 37
Prs_con = Tour X Rpscony ¥ (1 =) (3.7)

VI N

Switching loss & 4| 3.8 1t Z0| gate driver =A@l Pgarr 2F power

MOSFET 2| 7|’d capacitor Of 2[siA ZMSt= switching loss @ Psy 2 22

11
0x
rn

1

t. 4] 3.9 & high-side gate driver 2t low-side gate driver Of| A| - M35l= FA|

>
>
o

|2, D& onduty £ 2|0|StH O|E C} ©SHH, driver 7} turn-on A|0f 2 E| =
% loss & ZZ3CE Converter 7t switching A0 power MOSFET Of A g =
switching loss & 1&.3.12F 41310, 4311 20| t,2} ;5 &% ton s 2F 42 t: &

S torr us 2 LHEFLHOf TICH

(3.8)

Psw = Psw us + Psw 1s X Pgare
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Poare = Poareys + Poare,s

= [(IHSDRIVER VBOOT - D) + (ILSDRIVER 'AVDD) (3'9)
(11— D)] " Fsy

(3.10)

Psw ns = Vs ps X Ius p X Fsw X (ton_ns + torr us)

(3.11)

Psw 1s = Vis ps X Ips p X Fsw X (ton s + torr Ls)

Body diode loss = High side 2 Low side power MOSFET O| &A|0f On

MBTE g

Q
rH
ofm
>
n
N

HHSIK| AEE High side 2t Low side power
MOSFET & 2% ATl HEfZ PHSO0iFs FH0lM Ldst= &40|Ch O] AlZtS

deadtime O|2t11 S}

L=
o
Rl
S
Offt
re

Power MOSFET 0| L& =[O0 = Body diode O
Ol MUZLSHIt LMSHA = MAASH= 2F 600 mV ~ 700 mv 7t Al SHA =ICH
Body diode loss A 3.12 2 Z0| ™LZSE VF, toraorme= tierrpeap + TRIGHT DEAD

A9H Fots Fsw oF M&F IOUT 22 ZA7d0| =Lt

(3.12)

Pprope = tpeaprime X Esw X Vg X loyr

AX HE0AME fo = @480t OtL|2t Bonding wire, PAD, PCB Line
&4 & COYer &450] LS X 24E & EC 44510 LIELY

a3

M=o A AN = oty HN =E

Iig

Al
=

Mg Aofs Zo|zE

—

o
A
J

mjo

2 A5H0{0F S}
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Switching loss in Gray section

Switching loss in Gray section
\‘HS_DS: — — \/— VLs_ns am U N
: C N
i : M
: 1 :
Ius_o 5 . <> L5.D - Paio it
AT T 3 T e Switch on | A?vn\ch‘oﬂ
¢ ton_ms ! i torrF_ns ON_LS i t:OFF_liS
High side ; Highside ; Low side P yside
Power i Conduction Power i
: i loss H
Loss H i Loss } i
;  (Pus con) i i (Prscon) i
(mW) g 1 ; (mW) ; : : 1 : : d
............................ > l..\ . >
i Turnon Turnoff & pipe(us) Y - | L : Time(us))
i Switching Switching i «— -—s :
: Yoss ; Toss : Body Diode Loss  Body Diode Loss:
VBOOT '\ (‘Ll:)'lil)l%\ll) (tkflum,nun)
High Side Low Side i AVDD
Gate Gate ;
) L
€ > Time(us) Time(us
High Side Turn on

Low Side Turn on

<@ 3.1 High-side and Low-side Power MOSFET switching waveforms>
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3.1.2 Calculation of Inductor and Output Filter

Capacitor

Switching type 2| regulator &= High side power MOSFET 2| switch 7} turn
of O] &[S Mol= inductor 2 FLHHYO] SHAZE E|BHAM inductor 2 SE+&
MFo| BI7I6HA =l B7t8t MF 7t inductor Of S E|A EICH40]. BHCHEZ High-
side Power MOSFET 2| switch 7} turn off £/l Low-side power MOSFET O| turn on

2 Moz ®F 520 XAEHED MEEof AF R £ LIz =5/

o o

ZICE O]2{$t switching 2| On EE Off A|ZHS ZHSIY st MY U4S
MMESHA EICE inductor YFEHO A2l MU MEO| A= Al 313 It ZO
BFAEH 0232 o ZCH
di (3.13)
V =L X— )
IND dt

Switching regulator = Ts 2| F7|E 7tX|1 BtEHMO 2 inductor 0 &7 1t
WS SE5HA ECoh o F710 T HHE= MR ¥E HES SIEH 4
3.14 2 Z0| HYSIH A 3.152F Z0| Fe|7t FCf

1 rTs Ts
ZJ Vinpdt = j dlinp =1(Ts)—1(0) =0 (3.14)
0 0

Ts
j Vinpdt = 0 (3.15)
0
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inductor ¥LEHO| Z2l= FLE switch 7t On &= SQHol= FHTAQ
Viy It SHFLR Vour & A2 HASHA =2 Off 0= EX[QE Vour & At2

LIEFLEA ZICH O|E =ACZ HJSIH 4 3161t 317 2 M| = ULt [32].

(VIN - VOUT)DTS = VOUT(1 —_ D)TS (316)

(3.17)

Vin XD =Voyr

IlI\‘D
(A)

IL'\' D{max)

ILoap

TN D(min)

i ; z —
DTs (1-B)Ts (1+D)Ts 2Ts  Time (us)

VIND
V)

Vin-Vour |7

Vour

0

-Vour

Time (us)

<18 .3.2 Inductor Current and Voltage Waveforms>
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Al 317 2 Edl DC-DC Buck Converter ©| turn on duty & & 7t U

NTH

EICh YEMYS SHUYLE Ux 4o 4 318 It 20| /ot 228 &5H

™ ZF duty 7t LA EICH

D=1 x Vour (3.18)

333 oMet 20| Z2HHMLO| ripple 2 inductor 2| M2 ripple @1 Al LO|
=3 capacitor Off X} XS S SHYL, Vour 2l ripple 2 EGSHA EICL
inductor M&F7} Load current (Iopp) EEF 2 B% inductor O SHEO Y= HG|
Q 7t capacitor Of BTEHAM ZHAYES J7I6HA ElCh BHHE o 2L

inductor M=7} ZOtE AP Capacitor 2ZFE H7F HHEHAM ZSHFAO|

et Bixe Pior BTt 33

1

AQ=EX(

DiTs Dsz) Al Al (3.19)
7 T ) 7 =g X
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Iinp A
(A)

< > < >
ton torr
el

<18 3.3 Inductor Current and Voltage Ripple Waveforms>

Al 3211 20| £ MY ripple 2 7& & QUCH

A _ (Vin = Vour) XD (3.20)
I, =
fs X L
AQ Al Vin =V, X D 3.21)
AVOUT=_=_L><TS=(1N our) X T2
c 8C 8XLXxC

AL, It AVyyr & A™S7| Q8iME inductor @ Capacitor 2 A7|E
MENSIOJOF BTt Al € inductor O AMO|Z=Q} switching frequency O 2JsiA]

A=t O3 34 £ inductor @t switching frequency O #1310 2 |\, BHSIE
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HOFCt. Switching frequency Lt inductor AFO| =7}
inductor 2| S7t2 QIs{ IfAXIO| Cfgt H[EO| J7I5k= EHEO| UL Btz
Switching frequency Lt inductor AtO| =7} Z48HA & d% 4l O S7I5HA &|BHAM

inductor 7t =3} AMEf0| 2| =& Continuous Conduction Mode (CCM) 10|

2487 Eof H2 HaloM 52 582 JE 4 QA ok 12jnz A 3228
£38i 2=31% inductor AFO|XE Z7stojof B},

Vin = Vour) X Vour

(3.22)
Vin X fs X Al

L =

Low

‘g Frequency

Il.\'D A

Reduced L

N ‘
’
. ‘\
.
. ~

hmg l\(d L

High

- Frequencey

Time (us') Time (us)

<& 3.4 Inductor Current Ripple Waveforms>
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=3 Capacitor 2| AFO|=&= inductor 2 AMO|Z=QF BHH AVoyr = ZBHSHA
EICh EZ0 AVour2l Spec 2 ZESIRACHH A 323 2 &3l Capacitor 2| AIO|=E

—

tat == QUCt 12{t-| &3 Capacitor £ Equivalent Series Resistance (ESR)& &2

X
>

UA7| 20| Leakage Current O 2ot MALSH B2 LUSHA EICH

1
ook
ot
Ei

g8z 4 323 & SO AdtE gt2EH of 10% Old 2 Capacitor & AHESHY]
XS EY 5 UEF BOfF L.

co_ A (3.23)

A El inductor 2} Capacitor 422 DC-DC Converter 2| Closed Loop Gain,

ZAX B}

Phase Margin J12|11 Compensation Size € 2% QAT ElC}

rr
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3.1.3 Continuous-Conduction-Mode (CCM) /

Discontinuous-Conduction-Mode (DCM)

DC-DC Converter = £3t2| A7|0f Mz} MF AL ZEEQl Continuous
Conduction Mode (CCM) 2F M&F =% ZEQ Discontinuous Conduction Mode

(DCM)Z  SESA EICh CCM ZEOME  lwpomn©l 0 OJAOIM SIXo=z

S&SHA =k 08 35 & CCM ZEO|M N7 ZEIt mtdEE LIEHHCE CCM

2oL Yoz o7t 2 MEslM SESA Hch WO ccM ZoBrg
M8 DC-DC Converter 2| A2 Ino 0l 0 O[3t2 2MshH 2 B o MF7t

LS NN 2282 =4cHH BojEe|A =ICE olgfst o MR ost FEZ2
Z0|7] Q8 g 36 I Z4E DCM mode & HOolstC} DCM mode = CCM

mode 2Lt F57F &2 4 £ SHSIES

nx

AElLt. 8 FotoMe dR/Rb

—

HE R B}

SR 7 S Ino 7t 0 ECF B2 F2H0] THESHA =1 o9 R TES

rir

o

AXSE7| I8l Zero Current Detector S+ Zero Current Sensing & AME35I0] vx
LC MO X MUKIO|E H|wSHA =Lt ek vx == MOl 0 2Lt ZOHE
[, Low side Power MOSFET 2 ZHMZ turn off 5t0] reverse current A& 211 A

oM =2 285 /A

ot

4 e

S+CH7,30,33].
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F<N

L1k
Di C

LL I.vn.ﬂ”u _ 2.Discharging

Continuous
Conduction Mode (CCM)

o

D 3 T T $
SOROVOIEQ guYrem

m—
time

<12l 3.5 CCM Mode (a) Current Flow (b) Waveform>
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7CD

(zero current
detector)

Discontinuous
Conduction Mode (DCM)

<1 2l.3.6 DCM Mode (a) Current Flow (b) Waveform>
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3.1.4Loop gain analysis

Vin
HS_DRV -1

Sawtooth I» E

T = .
= 1 - L A A —y—out
LS_DRV
i —{E>—
Il
G "R, G R; W l:i

AL
Al

<12l 3.7 Conventional Voltage-mode Feedback>

2 122 conventional feedback AI©Z A Pulse Width Modulation &
AHE2HCH33,36,38]. O|= frequency 178l &0 duty E 7+ St= A4 O|Ct

Xl

—

OH

2 Y27|&= output inductor 2t output capacitor E

Gain system 2 LC
O|RO0{Zl |IC Q¥ passive 2XE2| LC gain I AZQIst0] M=l =AHg

IC LHE O A feedback O} phase margin 2 E&df

a k!
rr
—t
<
©
®
w
<
°}
—+
Q
(@]
D
3
(@]
o
D

compensator 2| gain, J2|11 EHTHOA 22 Mt oscillator oA 22 MYS
comparator £ H|W3}0| power transistor MOSFET & & AlAFTO XJTEo=Z

target MO SFE7] 28t input 2t ramp oscillator 2| gain O] =X BtC},

39



coTt l__[—\_

Ton Duty=Ton/Tsw=Vout/Vin=TonKvcoVcrre
Tsw = Gain: SW/Vcrrl = VinKveoTon
1/(Kvco*Verr)

<1 &l.3.8 Constant-On-Time Operation>

2 282 SiY converter YA 2| constant-on-time operation &S 12

It O|Ct Duty 2 gain 2 4| 3.24 2 4| 3.25 0f 2|5t CtZdf 20| ZFo[ E Lt
8 3.9 0A= conventional voltage mode OAl AMZE|[= sawtooth oscillator 2t
comparator C{410| ring-based TZ¢l voltage controlled oscillator(VvCO) 7t

MEEOo=Z QI8}0], gain £ A 3252 NMEO0| EICt

O —

Ton  Vour
7= v = Ton X Kyco X Verre (3.24)
sw IN
Sw
G = Vo= Vin X Kyco X Ton (3.25)
CTRL
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Pt

vCO
VO vo DRIVER
Cy DRIVER
—il
C2 R2 C3 R3 -
Ry
@ - WA
Vecome
& REFERENCE
fice . W - . VIN
SYSTEM “ R-R..C, C.~C 2
\ 2°Ye'=Y 3°~3| Ton

<18.3.9 Proposed Voltage-Controlled-Oscillator Feedback>
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3.1.5Loop phase

margin analysis

EE 001 I

&}

(4]

pL,

L A
10( T
[§ | A2 E: untitled?
e e 1t 4=(rad/s): 1.1e+06 ]
Q E N 371(dB): -0.239
=0l e i
m™ ~
M ~.
-50 e 1
-100 : :
—_ 45} 77\ A2 ) untitledt 4
o X> st %=1t =(rad/s): 1.1e+06
k) i
— L - \ 914t (deg): -110 1
<_"' \ i o~
oF W
135 | \_ ~ |
-180 ‘ e
10 10° 10° 10° 10 10° 10°
ZF=10t== (rad/s)
<18 3.10 Loop Phase Margin Analysis>
Buck ZHE= O =2 Y8 TS O H2 =8 HYS=2Z ZYsts
2Z2| DC-DC HAHEO|CE Buck AHE{L| control loop & switch 2| duty cycle 2

=850 =8 HMYS o= AYES SCh Phase margin 2 2 A[2ECQ
PHd 82 LtEtWE control loop & 2|0| %L,
Phase margin 2 loop gain O] "1'Y [ HEE AMZO| 2[40| 7|& A=

o]

YL EorLt FHEOH U

=XgE 5

get

ZO0|Ct. Buck ZHEOIM A2
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small-signal BUS WS 7IF AZO| i mEW MBo| 94 HOS
Mg & et

A LH5H0] phase margin & 24 %

ANAEE QSiME phase margin O] 45 Z=HLCH FOf $hCt

X Qt5t= feedback BZO|A& 70 E£9| phase margin & ZEC} Phase margin Of
HP Zom AJAHO| SOHHSHX|IH LI 2[H0| UL} phase margin & 7HA18}7|
sl Mol RZOjM EY HESRR g = ULE o7(0l= D= resistor,

capacitor 12|10 inductor 2| &k
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3.1.6Waveform of multi-phase VCO-based COT

buck converter

2 3.11 2 ripple-based buck converter 2| top simulation waveform O|LC}.
VIN 12v 7} QIZtE| BGR HYO| = =0 ZZ2| phase 2 switching O]

S&510] inductor current £ output capacitance O =& 35t0f max output current ¢!

uj

THESHALY.

8A O M= target MOl 53V

A8l 3.12 & VCO-based buck converter 2| top simulation waveform O|LCt,

Ripple-based 2F Z0| max output current 9! 4A O|ME target TRl 1.1V

mjn

THESHALCE
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Power
(VIN/'VDDI/EN)

V_BGR

Soft_start
Vref

I_load

Gate
Switching
Phase (1~4)

Buck_Vout

|_inductor

<&l 3.11 Ripple-based Buck Converter Waveform>
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Output I«

™

Inductor
Current |} .

L 70 sk i

|_Load R

st [l o

T T T
SO0

2A--

<12l 312 VCO-based Buck Converter Waveform>
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3.2 Design of transient response

inp
inn

inp
inn >_>
VCO & COT

Bias ctrl
- VinD VinD

<& 3.13. Schematic of Voltage Controlled Oscillator Current Feedback Scheme>

Buck converter 2| &= HF&O0| 1.1V 2tAN

o
s

o

CHH SEAAHAFTY|
5t pmos £ 0|8t 2D, 1 LSO differential amplifier € 0[&3}0]
master QI phase-A £ 7[|H9Z slave 9 BCD 9| cap charge 3IZZ HL{A

frequency £ on-time 2 XX}

= = 7ls=
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ao 1D
YOI

o
JOMNA
VOA

[T
f

L
'
'
a

< >
1

(s

<12l 3.14 VCO-based Inductor Current Balancing Control Waveform>
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e —
£ > B cé%
w>’<

|

]

— |
]

L 4 |

<& 3.15 VCO-based Switching Frequency Control Waveform>
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3.2.1Waveform of load transient response

a3 316, 3.17 2 ripple-based overshoot 1 undershoot response

waveform O|C}. Load step 2 A1A/50ns O, load transient £ E{ settling 77t X| 40us 7}
AR50 ECf 25mV 2| overshoot O Z-HSHRALCE BHHO| 1 316 & &2 load

step Ol A E[CH 27mV 2| overshoot O] HSIRA L, settling 7HX| 10us 7t 22 E| UL,

a8 318 2 load transient A UMIHO| step response £ =0T

_'_
-

simulation O|C}. 20A/1us 2| slew £ load current 7t S&H2 & 0], single THE2 2
S&F Al0= 60mv ZH77t0] droop O E/lSHRA LY, 4-phase 2F oscillator frequency 2t
constant on-time duty control &% A[0l= 17mV ZtE2| droop 0| Zl5H0]

transient spec.2 PHESIGILCE,
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% T 7

T OVersSTioot—————

i 25mV
Vout (5.3 V)-
5 N . | W R ]
: 3 ‘
al L 40 us g
| load A1A/50ns

Vout (5.3 V) |.

V_undershoot

|_load A1A/50ns
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Output

1170 sink sim_ssen_ Sufsdb

Load
Current

20A/1us

e (lm)

14m 1 405m 141m 1 415m 1 42m

——TT7
1435m

L.
1 43m

<&l 3.18 VCO-based overshoot response>
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3.3 Design of inductor current balancing

3.3.1Waveform of inductor current balancing

response

3.3.1.1 Ripple-based inductor current

balancing response

8l 3.19 2 ripple-based buck converter 2| top simulation waveform O|LC},

VIN 12V 7t QIZtz|1 phase A~D 7HX| switching 2 StHA target Q! 53V

mjn

r3

A

ZoY 1, 6A load current OfA inductor current balancing &%f0| HEl= A

F

rir
mjo

i
ro
Of

C

8

—_
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3.3.1.2 VCO-based inductor current balancing

response

12l 3.20 & VCO-based buck converter 2| top simulation waveform O|C}.

Ripple-based 2t Z0| load step Ofl [2} inductor current balancing &%0| &E|&=

Simulation & 2QI$H Z1t, 4-phase &2 A0 29| settling time O] 10us
O|LfZ E0{2S &g 7t UARACE B load step 22 1%t voltage droop O
LS 2 M, switching frequency 7} phase A £ E{ D 7tX| 1.48MHz 7t X| S 7t5H0

load transient &0 Ht8stE 2ES EYUD, settling & O|F0|&E 1.1MHz 2
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4 Measurement result

4.1 PCB/microchip

4.1.1PCB

ozt
mlo
2
0%
rot

a3 412 NeSHE Multi-phase DC-DC Buck Converter 2| &

o
tu
o
o
°

Test Board O|C} X|Ztst |C £ COB 80| PCB Of AZ&sI¥on, @ O

d0
ot

E|=& passive APl inductor, capacitance 2|11 boot strapping =

diode & E ™SI

8 42 £ test board Of HTE IC @b Z passive 2AFQ inductor,

capacitance 12|11 diode 7t HZk|= wire & LtEFHLCEH
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4.2 Waveform

4.2.1 Multi-phase DC-DC Buck Operation

I
0

2 43 1} 18 44 = ripple-based 2t VCO-based & 2| start-up FE
load Bt8 ® turn-off 2| I+&S LIEHHCE

CtOE, ripple-based DC-DC buck converter 2| ZAL0= load on/off A|O]
output o Xt0|7} MZICt O] feedback ZZ9| ZE$H phase margin 240

Ol X|X| %2 ZHOZ HO|H, heavy load L+E &3 ™Y droop O HHA

LtEHCE.
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4.2.2 Efficiency

% 45 2 13 46 2 ripple-based buck converter 2t VCO-based buck

converter 2| efficiency O|C}. Ripple-based buck 2| target efficiency & 90% O|4H0|,
light-load & HMelsties BEES 2 £=7F UL EDL VCO-based buck 2 target
efficiency 2| 2A~4A AFO|Ofl £ 92% O|4, 4A~6A £ 88% O|&= THESHCt 242 X1

BEE 933%@6A-load 12|11 93.8%@2A-load O|LC}.
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Efficiency (%)
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Ripple-based Efficiency 93.3%
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<2 45 Ripple-based Buck Converter efficiency>

93.8% VCO-based Efficiency
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<123 4.6 VCO-based Buck Converter efficiency>
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5 Conclusion and Future Work

5.1 Conclusion

o= Ripple-based VCO-based
Input Voltage 12V 5V
Output Voltage 53V 1.1V
Target  |paak Efficiency > 90% > 85%

Specification

Output Voltage Ripple
P 9 PP +/- 40 mV +/- 27 mV
Load Transient

Output Max. / Peak Current 8A/12A 6A/10A

<H 2. Buck Converter Specification >

2 =E0Ms H22| AHLO0|AE multi-phase DC-DC buck converter &

M Qs RACE M etot converter & 7|EQ| conventional voltage mode 2t ripple-

injection mode 2} 2| voltage controlled oscillator mode & M-&3}0] |oad transient
o

response O|Al settling time & E0|=& HASIRALCE O0|F &3 memory module

S| X7t ele =FTX] load current & Mg =7t JqA = UCH

Voltage Controlled Oscillator based DC-DC buck converter + ring-

based *+ZE 7l 2EM conventional voltage mode 2t= CrEA ZHERSH FLXQf

A2 layout HE O 2L multi-phase 2} fast transient response & 7t2

P
s0
|.|-|

=2
=

MHE FHSI DR} SFRLCH EESE |oad transient EAME

ol

X2t multi-phase 7% 0|
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O{2{2 ripple-injection mode CHAIO| constant-on-time(COT)1t Z0| AHE5I0]

A SHALE

M| 9tSl= buck converter = CMOS 0.18 um 2™ A Z|A20, Active

-

area 7} 5000 ym X 5000 ym 2 HASIRYULCE SE Fht4E 1 ~ 1.5 MHz, €8 ™Y
HRl= 12v/5v 0|, &3 MUY 53V/1.1V 0|0, Z+Zh 93.3%/93.8%2° "ES

ZtZICE EESE load transient 2 ZH2b XA 27mV OS2 THESIEE MA &AL
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5.2 Future Work

2 =20 M 2tsh= Ripple-based feedback compensation scheme 2| DC-
DC buck converter 2| <0 & 7tX| 7§41 At&E Voltage Controlled Oscillator
feedback compensation scheme Of X830} HAE ZTIASHACE 2fLf, OfA
ripple-based feedback compensation scheme Off H8E|X| 23t {4 AF&ES future

work section 0f F7HH 2 FE2|SHRACt
oM Aot F=ZHHQL I Atgt2 3A FI7HX|OICE A HR= power
transistor 2| 37|06 [HE gate driver 2| #&0[Ct & HMM+= inductor current 7}

Yoz Q180 Lx node O|A low-side NMOS & 530 GND Z HIX|=

ZFO|tt.
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5.2.1 Power Transistor

% 51 2 Power transistor & gate driver 2| 2% 2AIZ LIEIL=
Jgo|ct. 7|E=9] Ripple-based feedback compensation scheme OAl= power

transistor & gate driver 7t ¥ FZ22 F&Z SIQLCt J2{Lt O|& inductor

current 7t £7| & A0 22t7H= peak inductor current 8 THEA|IFAFT| 2|5H0]

gate driver 2 power transistor 2| &% SZ%0| TQSICL HEDH Olg{st fXx&
switching node 2t driver Zt2| coupling cap 2|1 sub plain 0] 258 =+ U&=

tEs o7l & UL

ot

VIN © 12v HQ0| HS_MOS 9| drain 22 E0{2H 4 2&E& HS_MOS 2t
HS.DRV 2 =S0EE J/HdE 5o <dAHE TdsIA2n, LS.MOS ot

LS_DRV 2874 6 &2} SLCt.
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5.2.2 Inductor Zero Current Detection

Ir

123 52 £ inductor zero current detection circuit 2 T3t & O|CEH
Comparator T Lx node 2 GND node & CIZ3I0 zZCD trigger signal
250l LSDRV ZHEHS GND 2 PHEO] 0| LS MOS £ turn-off A|Z{ECH.

L

oIX  ripple-based compensation scheme OAM2| switching frequency =

2MHz(Ts=500ns) 2! Hl|, inductor slew & 1.2A per 200ns 22 S5 =Lt O|&=
switching frequency 7t one-cycle &% 5t7] Z0f 0[0O| inductor current & 3A 2

HRE Yot =22 0|F oiZ5t7| 25tt, LS_MOS o X-&dt ALt

Vin
HSDRV -
HS_CLKI: HS_MOS
L —TPMA—D
LS DRV
LS_CLK I» ; Ls.Mos |
=
ﬂ_+—Lx

"

<&l 52 Inductor Zero Current Detection Circuit>
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L . JSSC 15 TPE 21 TPE 20 JSSC ‘15 TPE 19
Publication This Work
[2] [3] [11] [13] [34]
Process 0.18 um 65 nm 0.13 um 0.18 um 0.18 um 0.5 um
. o . . . .
Transient- . . .
Control VCO-based | T-PID PWM Pseudo- optimized Time-based | Active ripple
coT PID coT
OTC
'”p”t[\s/]“pp'y 5 18 4-19 3.3 18 12
Output 11 06~15 | 025~25 06~1.2 06~15 1.05
Supply [V]
Few [MHZ] 1.1 30~ 70 0.8 1.5 11~ 25 0.4
L [nH] 220 25 150 1000 220 2200
C [uF] 40 6.8 NF 470 4.7 4.7 88
Load Slew
Rate (AlS) 20 ; 20 1 50 28
Overshoot
(mv)/ <27 ; 28/18 20/10 65/60 30/25
Undershoot
(mV)
Max. Load
Comot [A] 10 0.8 40 1.25 06 4
Peak
Efficiency 93.8 87 92 90.2 94 95

[%6]

<# 3. Performance Comparison with other Published Work >
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ABSTRACT

Design of Multi-phase DC-DC Converter in Memory Inteface

In this thesis, design of multi-phase DC-DC buck converter in memory interface
is proposed. Recently, as the amount of data memory used through IT devices
through personal portable devices and laptops increases exponentially, cloud servers
are being expanded, and accordingly, efficient, and stable power supply to all systems
is essential. To satisfy these requirement, various types of DC-DC converters are being

researched.

The proposed multi-phase DC-DC buck converter equally divides the high current
into 4-phases to reduce the power loss that may occur due to the Ron resistor when
the power MOSFET is turned on, and each phase is synchronous through a current
balancing circuit. It is designed to work smoothly. In addition, the load transient
response of voltage droop that can occur at the output stage due to the instant drive
of the memory device can be quickly responded through the immediate current

feedback from the output stage.

The circuit proposed in this paper was designed in a CMOS 0.18 pm process, and

the active area was designed as 5000 ym X 5000 um. The operating frequency is 1 ~



1.5 MHz, the input voltage range is 12V/5V, the output voltage is 5.3V/1.1V, and the

efficiency is 93.3%/93.8%, respectively.

Keywords : Multi-phase, Buck Converter, Inductor Current

Balancing, Memory Interface

Student number; 2018-30775
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