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A Capacitorless Low—Dropout Regulator With
Enhanced Response Time
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Abstract

In this paper, an output—capacitorless, low—dropout (LDO) regulator is designed, which consumes 4.5¢A quiescent
current. Proposed LDO regulator is realized using two amplifier for good load regulation and fast response time,
which provide high gain, high bandwidth, and high slew rate. In addition, a one-shot current boosting circuit is
added for current control to charge and discharge the parasitic capacitance at the pass transistor gate. As a
result, response time is improved during load-current transition. The designed circuit is implemented through a
0.11-m CMOS process. We experimentally verify output voltage fluctuation of 260mV and recovery time of 0.8us

at maximum load current 200mA.

(@] ok
= =

2 m=EdAE 9N AHAEZ I low-dropout (LDO) #ZdelelE AASGEem, t7] Af= 450 otk Al
fFeli= LDO @l eelge AR 2x dadoldst we &8 55 wssy] fle + /e $5715 A 33l
EE 5SS A SEVG ME S5 Y B 58S THE SEVR 74 Hel vk olgk A s B
AzE o] AolEol EAdk= 2 71 ARAEA AFE wEA ST A8, dF B2E SRE F7HEA
thoolE sl Fot dF Wk Al SH A F AT A AAlE S 2= 01l-pm CMOS o2 A%
ok ) 200m o) Ha AFE FEY 5 Yo, 2 A WEL 2600V, 3 AHe 08 & S

Key words - Capacitorless LDO, DC-DC converter, fast transient response, low quiescent current, slew rate

* Dept. of Electronics and Communication Engineering, Hanyang University

% Corresponding Author

e-mail ; jroh@hanyang.ac.kr, 031-400-5168

% Acknowledgment

This research was supported by Basic Science Research Program through the National Research Foundation of Korea(NRF)
funded by the Ministry of Education, Science and Technology(NRF-2013R1A1A2011973) and supported by the Industrial
Core Technology Development Program(10049095, “Development of Fusion Power Management Platforms and
Solutions for Smart Connected Devices”) funded By the Ministry of Trade, industry & Energy

Manuscript received Oct 29, 2015; revised Dec 1, 2015 ; accepted Dec 1, 2015

This is an Open—Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by—nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in

any medium, provided the original work is properly cited.

(506)



48

. ME

N
=

R=
B orfo

j&"_llmérlrnﬂ,.lmiziﬂild'

sulEE, B PC, UAE shvleie
ﬂﬂﬂ]*ﬁwlﬁia Z7heo
Tz aTE @A
A9 FE Rl
daeolest 9
o wAw g Aol

wAZE AL, AE Aol s &
ks

&< oA A

> of\
)
_O|L

l%
do Lo
«

o o

il
2
o

ol

= s EdAH,
Hf& L2 S57], 9
A H = A
= multi-pole EA4S

7F AE AY

A1 7171
< 9 %E—?
. old, LDO &

Zk7] uﬂ—wﬂ 71 9 A E WT—%
(ESR) & A}£3}l9 non-dominant pole ¢ <
S et Fad+ ®AAES sA " [5]6]
Fig. 1 & 3 d7F<9 w®isld w&, LDO =¥
A A= SHEE&

H =
3}’@‘_

o

aF

ks
Q
~
>
=t

>,
N
-
o
R
&

fr K

457 98 LR Aotk AV, T AV

LDO =3 ¢] undershoot ¥} overshoot A %}e]t}.
A
Vou (V)
Iout (mA) Iout 3
AV,
VOL".
o—
t
AV,
F e
t &
Time (s)

Fig. 1. Load transient response of conventional LDO
Iy 1. gyt F9l 1LDO ¢ 3% S

LDO %3 #d
N = =L I
e e

2%

AT w1l
= = X

A OF AL, to

(507)

j.inst.Korean.electr.electron.eng.Vol.19,No.4,506 ~513,December 2015

ANe &9 7154]/\]E1Q 7]
Il AVy 3 AV, B
AA sljok kar

ERE FAR= Y ﬂ7]E 7] %1 oF
wekomeE £ 9 =2 SR
ZI7)o A AREE

gy o= di7l A (L) ¢ %7}% o] w5} a1
iy e 7 717 2 FiE AR 79 A A
s A= AdE 7HA 20 [7]. dEo
AMAIE Y ALE2 AE AYIE
- AZA FFe TR 7HA H 7
ol b stk [8]-[11]. WA A
3 =2 Al 7ME 5& trade-off

=

oN r2 U

Xﬂ% 3 2 5} 7]

7 A E 7L

42

7]
= LDO &

3 2o g &y ol
7171 $13) 7] €]
A SR o AA F7HA717] 98 AF F
3|25 F7F st

I 2=
- — —

1. Al¢+d LDO 3= 74

voD

High Gain High Bandwidth and
Veer High Slew Rate
BD>VI _ﬁﬁ[m
Cp
{0 ol |
One-Shot Current Boosting| = 1!
=R,
VsS
Fig. 2. Proposed LDO circuit
a9 2. AekE LDO 3|2
Al LDO & 1d 2 ¢ a1, oo 7 3fA
Hb gle TR, Fe 053 mE 5 9 2
SR & 7= F AZ o]Fold ox F%7|
(A1, Ay) & d7F H2=" 3= (OSCB), s~ E



A Capacitorless Low-Dropout Regulator With Enhanced Response Time 49

WA =Y (Mp), W= A3 (R, R) 2= T4
= o] 9l

VDD

Fl
\/
N Ve
Va3
Mmj I:MI"‘
4
\% p—| My M |—¢V . 2.
P N1 M2 NMN3:| EMN4
% ._| M
B1 NO MNSF %MN(,
_1
VSS
Fig. 3. folded-cascode amplifier
1% 3. folded-cascode %7
VDD
A B C D —T- D C B A
Mf’ﬁljl’__'{l:JMm MPOIj%PMPI MPSIjF__‘{EJMW
Mpy II: JI Mp; vV,
Mno M M

mFII—- VP2

| o
VBI-—IE‘M‘
VSS
Fig. 4. High bandwidth and High Slew-rate
amplifier [13]

a9 4 mE £x8 22 55 2 537 [13]

MN4

T ool53 mE-fEdolde dAE BH G
=3 2o [12].

A Vout
A[out

TO,MP
1+ Loop Gain

Load Regulation = @h)

047]/\1 7’071\,[p l—“____ EHZ: E%X] 14 %E_E} X%'So]—
olth, wets R-gEFdolAS E4 sty el
Me e FX olFo] a7HY] Wi, &

o] 55 7] Y& 19 3 9 folded-cascode A

TE7I} Ay TEH71E AAse] AR Ssid &
g 22 o] A () AHSoR Qs S A
ol AojAl= ZAE S5 S, A 57
EomE $59 £& SR & /e 1% 4 9
TE718 AHE ST Ay %719 SR & o
7 2 [13]
SR. = [o,max (2)
A, Op
g A BraC
"B B+C+D
G

AZIA L = Ay TE719 HY #Foli, A, B,
C, D & EWA2E ztzte] vl golth, ¢ & ¥
E

Aol Bl A=

2 EflA 2E e 7174 714
AlEl o]t} ol¢k A o AA SR S7HA717] S
@ AF P29 A=2s 7} g AR R
Y 32 Bae H oA =

a9 2 8 ARF 2" IRE g ERA LY
of AolEe AAE, C, ¢ dAFE B 3
U =55 F° SR & aA 7 A7IA dn
AR Pod I2E 1y SR & e 2o
SRy, + oscp= C 3)

AN Tpgep = A
Afoltt. F7Hd 32= Fat dF WE Alofut

2359 t7] Ao 271 glo] SR & &4 A

=i
4
[>
o,
[
2
2
o
]
i)
20

LDO ¢ zr-##edolds FA sl flsA

Z o]ES =7 Fof shuh wEbA] =
2 ol5& Z7] Yl Ay, Ay E7)9F W EW
Azeg Aol @A 3 vor 74 A 3
g g LDO = 9%e ANANEHE A&
wfo AA )2 AL 5153}7
2o We B OB AL A =

F8 Atolo] F7b st AA Azwle] oy

o Ol
1 J
My NN



50

SH advk. 2% 5 ¢ small-signal model A&
3te] LDO 3|29 AY 34E= Fedt, SHAH =
s HE st

Yout

Vi
-8ml ! l
Roi l Cpi

Zm3

Tin Toul

|
K

|
Fig. 5. Small-signal model of the proposed LDO
a8 5 A LDO 9 small-signal =9

Ry Coi gi = Al 2E7]9 29 A8, /)4
AdAE, dgdgezola g . = JAT, 7

V. Apolel
SER P Agdgrzelt. ¢,
s=u Ao o
17 Ro,cq :ro,]llP ” (Rl +R2) ”

THE e 2,

L
fE

3

=]. =~
EIgas=s

(4)
(1+als)
1+bys+bys? +bys®)

DC(

o 7] A

Ape= Kgmp (gm3 t Im19mattor )302Ro,eq
Imsltor (Cpl + Oc) —9m e C,

N Im3 T Gm19m2llo

by =R, (011 + C() + Ry, (Cp2 + Q)

p
+ gm2R01R02 Cc + Ro,eqcout

(5)

(6)

ap

(7)

by = RolR()?(Cpl + Cc)(CpQ + C,,) — R, R, 0(2
+ Ro,cqcout S [Rol (Cpl + Cvc)
+ R2 (CYPQ + C;’) + ngRolROQ Cc]
R, . Coui X R, R, (C + C)(Cy + C,)

0,eq~out
2
- R01R02 q]

(8)

by = )

O]ILH7 9m3 > 9m1, Rol > Rr)Zv q;Q
O]J—J‘ gm2R01R02q>> (ROICYC’ ROZCLQ)’

> O(>> C})l

Roeq icom

(509)

j.inst.Korean.electr.electron.eng.Vol.19,No.4,506 ~513,December 2015

R01R02 Ccsz > ROIROQCY(:Qv g'ITLZROlR()ZQI >

[Ro.eqcout) R01(0p1+q)7 R02(0p2+q)] O]Ei
o]2 A&, poles ¥ zero & Tty o] 7t
g3l ajel T & A
1
wpl - ngRolROQCYc (10)
Im2
pr"’ CpQ (11)
1
wp3 - R{),fti)’ut (12)
Im19m2
w, = 22iIm2 (13)
i ngCc
ek w, = Hel BY O o wEoRl w,
of ea BA Ha, ofFel FAMAETE =
LDO ol== (C,, o 9@l &7 W&ol wy,
= AUEeR nFstel fAstel, 1 Gge T
A 5 ek

—_
(=3
(=]

wn
e S

'
W
3 (=1

Phase (degree) Magnitude (dB)
g

1 10

100 1k 10k

Frequency (Hz)
Fig. 6. AC Simulated result of proposed LDO
a9 6. AetdE LDO 9 AC AlEdold A3

100k

wsle] mE AC
200mA  7+A]
o] 52 106
4 55" o

3.2 74 € & gH
Aotd LDO + W7l AF7F 45uA o],

== a9 2 oF 2o dAl SR 2 4 3
g Hdv A 5 %7

A A
o=
9] 3

L

1=

rlo .

= o]



A Capacitorless Low-Dropout Regulator With Enhanced Response Time

folded-cascode =Z7]& A3, DC o5
57dB, AF+= 059uA & A3 Attt Ay &
WE £%d 2o SR & 27 98 a9 4 o
SE7E AHEEA AL, AR 22604 & ARSI
Atk AL, Ay TE7]E 19 2 9 3 EAYH HE
2 FAEY L LE-FX o]55 ZHA Hrh
VDD
—]
V Mpi3 Mpia
L,{E Moy,
L Mp»
Ioscs v,
l— m o N 4{¢ Mp
|__| Mni3 M4
M EI M
ult il One-Shot Current
VSS Boosting (OSCB )
Fig. 7. Circuit during rising load current
"7 wek ARvF S e 32 e
VDD
Vi Mpi3 I’——‘{ Mpi14
. M
Vi o « I—)
ik J||_ Mpi, losc
V2
4: My
MNI3 |__| MN]4
M1 My EI
One-Shot Current

VSS Boosting ( OSCB )
Fig. 8 Circuit during falling load current

a9 8 B AR gad e 9= B4

f = =1

q
MES 0, ¢, o ARE
=
T

F28 32 Mpy & Mppe

.

=9

Mpii % Mpi2
ek Ael 2 o) 7] sl

(510)

uj A A
ool 3%
7k 57t 3
= 7Aoo olek A Vi ==9 A
e 7HA ok mebA Mpy EW@A A&
ar, Mpr Ak AEE A Al €Tk o]
A&l My o AFe F7HeA ¥ i, o
Mniz o AR ETH My & @
o] E
c,
w2} A

4
ol
P
Ju
N
=
of\
N
=
ol
o

=
OO ok

IO 227

L

o

R
u
rr

2
©
o
o
x 0

N
o
X

offl
LS
o

2
o

T

o

(RO
o|\ Sulpv}

RURNYI Y
Mooy g B
<

Y

[m 2 ol e X

2o 2 Jo Z
>

SHA
HEE-5lo] ) Mpy o EAME AF7}
FaotAl Ho, WA EWHX A

37
[}

KeX
=

&
=

X, NGQ
2
i o

°
o
oo

E

w2 2277 B

Proposed LDO with OSCB
0.78 psec

j—— )i AV=147 mV
—

0.81 psec

=t

AV=222 mV

Vout
oo ==
Qoo

Proposed LDO
2.1 psec

AV=1242 mV_]_

/UAV:lslmv

1.3 psec

\' Ty =500 nsec

2 4 6 8 10 12
Time (us)

S ==
oo —~iv

0.
0.7

250
200
150

Tioad = 200 MA
100

Tp0aa= 0.1 mA Tk =500 nsec
0

TLoad

50

Fig. 9. Simulated load transient response

a9 9. = SR AlEYelA

e

23 AF7F 0.0mA oA 200mA =
S AlEdolAo|th WA, HF
3]

1

otel s|Znk Al EY oA
Z7F & w9 undershoot
b E717HA Aes A2 2.1
A7 A4 & w9
151mV, A7+ 1.3us 3%
Awst A} o] 7] &

tF kel A



52 j.inst.Korean.electr.electron.eng.Vol.19,No.4,506 ~513,December 2015

T5 =9 Aol AR HH7tA mdstr] flg
AlZEE STt Al "k meba e O] i
e &Y Hx& vt da dF 29 I
25 F7F 393, Y A AlEHA
Z2y= B 0.78us ¢ 0.8lps = A3 Zoje
e AT F AT oo} FA wmo]=e} F
< A2 W] og dAF 72" 3R oF
Zs WAty Qe 32 Fzbe] FEI mAs
3tk

Aoty LDO & 0.11-mm CMOS &A@ o= A%
Aok AA e A7]E 0.09m ola, WA E
ﬂle*Esﬂ A71% (6021m/0.13gm) ©]t}. F-3}
S Hd 200mA ¥ dhE Tt =9 A
150mV ojth, 29 10 & HAE RE ARzlo|th

2

Fig. 10. Test board photograph
a9 10, HHAE HE AR

2 us

0.8 s 200 mV

AV:=190 mV

Vou (V)

AV =260 mV I - =
0.85 us

Tioad =200 mA

Tr=500 ns " \  Tr=500ns

Tiows = 0.1 mA ' 2 s
200 mA

e e | oo
Fig. 11. Measured load transient response
a9 11 d= ¢ &4 Ay

ILoaa (mA)

B 200mA

(511)

Aetd LDO ¢ Ades HAFa7] S8 H=E
21 AEHoAR FYsta, LDO =4 A
g flol 4 vk a9 11 ¢ A Axn
s sk, Fot dAFUE S #Hd
undershoot & 260mV ©]iL, LDO =¥ #H<to] A
A el EEa A e AT 08us oItk W
Eﬂi o A7 AAad we] Ho| overshoot
= 190mvV, 38 A7k 0.85us ot} 1Elal &)
A7 Wste] g 2e-dEdeld W 27=
13mV et} AAE L -4 7] A 450 =
2b7] wEel] A5 E% 99.99% o]t}
At LDO ¢ 549 da= o5 AWAH7L
S e w=E wameiel 1 o] Aeshack
e =59 figure-of-merits (FOM) ¥} H] 8}
A, w9 et A3dE gl ¢ Aok ARE
¥ FOM & 2 14 o]t} [6].
Fon= Lot XMoo (14)
]max
Tablel. Performance comparison with LDOs
% 1. 1LDO ¢ 4% vl
na | ons | el | S
work
Year 2010 2013 2013 | 2015
Technology (um)| 0.35 0.35 0.11 0.11
VDD (V) 095-14 1.2 2.2 1.2
Vour (V) 0.7-1.2 1 2 1
Dropout
Voltage (1) 200 200 200 150
Io (pA) 43 1.2-14 41.5 4.5
ILoad(max) (mA) 100 100 200 200
?;Clzv(ez) 3 27 | 065 | 08
AVou (V) 70 270 385 260
Current
Efficency(%) 99.95 99.98 99.97 | 99.99
Line NA | NA | 89 | 105
regulation(mvV/V)
Load
regulation 0.404 N/A 0.108 | 0.065
(mV/mA)
FOM (ns) 1.29 0.032 0.135 | 0.018
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