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Abgtract : An operational amplifier (OP-AMP) with a ground current of about O. & A is presented. Moreover ,this

amplifier reaps the benefits of incorporating afoldback current limiting circuit ,which enables the low-dropout voltage

regulator without the need of a special current limiting subblock. Therefore ,the object of ultrarlow power is realized

because of a great reduction in transstors and current limbs.
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1 Introduction

The explosive proliferation of battery-powered
equipment in the past decade has accelerated the
development of low-power-consumption low-drop-
out (LDO) voltage regulators. This has intensfied
the focus of dedgners on optimizing the perform-

ance of the amplifiers'™

. When the load-current is
low ,which is the normal operating mode for many
applications,the ground current becomes an intrin-
sic factor in determining the lifetime of the batter-
y[2,3] .

In this paper ,the amplifier incorporating fold-
back current limiter , whose ground current isonly
0. @ A to ensure the LDO regulator to operate at a
ground current as low as 2 4 A throughout its
load range has a very small number of current

paths.
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2 Circuit design

2.1 Main sructure of the LDO

A low-dropout regulator is a circuit that pro-
vides a well specified and stable voltage The input
to output voltage difference of this circuit is low.
The main structure of the LDO chip andits typical
application circuit we desgned is shown in Figs. 1
and 2 respectively. The regulator is basically conr
posed of a pMOS pass trand stor ,an amplifier with
afoldback current limiter ,a set of redstive feed
back networks Rf1 and Rf2,a load resstor R ,a
voltage reference V.« based on Brokaw cell'™ whose
function is to take a scaled-down version of the
output and then provide differential sgnals VR1
and VR2 to the amplifier'® therefore the amplifier
adjusts Vour via the pMOS pass transstor to a re-
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quired value. G isafiltering capacitor with equivar
lent series redstance Ress. The value of ESR deter-
mines the output performance during the load tran

sent. The smaller the ESR value,the better the
perfor-mance, with less overshoots and under-
shoots during the load transent. The LDO features
a p-channel MOSFET pass transstor. This pro-
vides advantages over smilar desgns usng a pnp

YbD “_ OouUT pass trand stor - on advantage being longer battery
Pass l life. The p-channel MOSFET requires no base
N device -]CL drive ,which reduces ground currents considerably.
FB = Amp- §Rﬂ R 2.2 OP-AMP circuit design
" rokI:ﬁ{' ) VR2 foldback ERR_OUT
/ %sz R The amplifier we desgned incorporates afold-
back current limiter - this subblock is abbreviated
= to amp-foldback (Fig. 3) .
TR Asshownin Fig.3,VR1 and VR2 are the non-
Fg.1 Main structure of LDO inverting and inverting inputs of the amplifier re-
sectively. ERR_ OUT is the output of the ampli-
VDD N ouT OUTPUT fier which controls the gate of pMOS pass device of
II the LDO. VDD is the power supply. OU T ,which
= LDO Rfl controls the gate of MN2 ,is the output pin of the
LDO chip. CTR controls the gates of MN1,MN3,
GND  FB and MN4 offering biasng voltage to the amplifier.
_I_ Rf2 VR1 and VR2 are theinputsof thefirst stage with
= node A as the output ,meanwhile ,node A isthein-
= put of the second stage with ERR _ OUT as the
Fig.2 Typica application circuit output of the second stage.
VDD ouT
1SS M];; EHNEI}QJ r||_l@4h/:[%5—l 15:11{36 —‘I%? o
HE |
VRI—KIQLP2 qLp1}- QN5 ERR_OUT
VR2 c R)
A Jofe DI [one
P e 'lr ik
1€ [ VN r MP8 F MP9
[ . R, T
N2 -
QN1 X [ l MN3| | M MNL
R, R, R% MP1
CTR

Amplifier-foldback current limit

Fig.3 Amp-foldback subblock schematic
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The W/ L ratiosof M P6 and M P7 are designed
equal , snce their gate-source voltages are equal ,
their drain currentswill be the same. That is lurs =
Imp7 ,SNCE Vosmm = Vaesmr ,M P9 will bein satura
tion and is given by

Impe = Imnt = Imps + lurr (D)

Thus, luwes is given by

Imps = _llMNl = 'lHoCox ﬂm(VCTR - VThN)2
2 4 L mn1

(2)

Equation (2) indicates that Iur is fixed, s0
Veswmrs keeps constant ,which gives rise to a very
nearly constant node voltage Vc.

From the above analyses,operational princi-
ples of the amplifier can be concluded asfollows:if
the variation of differential inputs VR1,VR2 cau-
ses variation of node voltage Va then a dight varia
tion of Vc will lead to massve variation of
Verrout ,Which is the output of the amplifier.

QNS5 has been added to balance current. This can
be explained as follows: snce Vosur = Veur ,MP2
will be in saturation causng Veswmr to be fixed,then
voltage on node B Vs mantans congant. When the
LDO regulator isin normality and Vour islarge enough
to turn MN2 on, Iurz is given by

Impz = Imnz + Imna (3

Sncethe W/ L ratiosof MN3 and MN4 are de-
signed equal ,both are one fourth of that of MN1,
moreover ,Vesmnt =Vesmnz =V esmns ,then

Ivn: = 2(Iwng + Twns) (4
From Egs. (2) ,(3) ,and (4) ,we get
Imps = Imr2 (5

Snce the W/ L ratio of MP6 is desgned larger
than that of MP2 ,it can be deduced that Vc > Vs tran
sstor QN5 now beng turned off. For node C applying
KCL (the base current of QN5 is neglected)

leons = lcone = lons + Ivms + Irs (6)

An increase in the voltage of norrinverting
terminal VR1 will increase leona Owing to higher
base-emitter voltage of QN4. From above analyses,
lons =0,M P2 and M P3 are connected as a current
mirror ,thus Iwes isfixed. For Eg. (6) ,an increase
of Irs isa must. Then Verrout and Vo will increase

(Snce Verrout + Veeaon? = Vb + Veeons ,it can be
deduced that Vo= Verrout) turning off QN6 ,QN7
at some point , Imrs Will be twice and Vc will de
crease instantaneoudy ,and this drop in Vc contin-
uesaslong as legns > lum + Irs. As a result ,QN5
will be turned on,thus Equation (6) is satiffied,
which is to say ,the current equilibrium point is es
tabli shed.

MN2 and R5 are the kernels of the foldback
current limiter. The maximum value of the output
current is limited by R5,and MN2 restricts the
short-circuit current to a range that is < 50mA
when the OUT termina of the LDO chip is con-
nected to ground.

When the output current is large enough and
resultsin Verrout <Vc ,then

Irs = Ivm - lona < Imms - loNamin (7)

lrs.max = Imp3 - loQNa_min (8)

Verrout = Ve - Irg Rs 2 Ve - (Imps - lonamin) Rs
(9)

VerrouT.min = Vc - (Ivm - lonamin) Rs (10)
When the LDO is under norma operating condi-
tions,Vour is large enough to turn MN2 on,MP2 and
MP3 are connected as a current mirror and the width
to-length ratiosof them are desgned 1 2 ,thus v =
2Imrz =2 (luns + Imna) . When Equation (10) is satis
fied ,gate voltage of pMOS pass eement of the LDO
(Verrout) reaches its minimum value,leading to the
maximum output current. At this time ,if Roao further
continues to decrease ,\Vout Will continually drop ,turn-
ing MN2 off at some point ,thus Iwes is reduced by
half ,which is to say, Ius = 2luna. From Eg. (10) ,
VerrouT.min iNCreases leading to a decrease in maximum
output current. Hnally ,the maximum val ue of the out-
put current islimited to a range that is <50mA when
the OUT terminad of the LDO chip is connected to
ground.

3 Smulated results

Figure 4(a) isthe layout of the LDO including
proposed operational amplifier. The AM P- Fol dback
circuit in Fig. 3 is smulated at Voo = Vour + 1.
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Meanwhile the LDO regulator with this kind of
amplifier is tested. The gain result is shown in
Fig 4(b) ,whichisonly 60dB but already meetsthe
required transent response,stability ,and load reg-
ulation characteristics of the LDO wholechip. The
phase margin of the amplifier is about 45. Figure 4
(c) shows the smulation result of the foldback
current limiter. The steady output of the LDO un-
der normal operating conditionsis 1 8V ,when the

Phase

Fg.4

load current decreases to the point where MN2 will
be turned off ,restricting the short-circuit current
to 43mA. When OUT is shorted to ground,the
short-circuit current is 42 81mA (Fig. 4(d)). As
shownin Figs.4(e) and (f) ,at a 20mA load cur-
rent ,the ground currents consumed by the ampli-
fier and by the LDO regulator are 0. 57 and 2 24 A
resgpectively. Obvioudy, high current efficiency is
achieved especially at a low output current.

(a) Layout of the LDO including proposed operational amplifier; (b) Gain and phase of the amplifier ; (c)

Smulation result of the foldback current limit; (d) Smulation result of the short-circuit current; (e) Ground cur-

rent of the amplifier subblock versus load current ; (f) Ground current of the LDO wholechip versus load current

4 Conclusion

In this paper ,we combine an amplifier and a
foldback current limiter into a single circuit with a
mi nimum number of current limbs making it a can-
didate for an ultrarlow power LDO.
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