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Abstract : An operational amplifier (OP2AMP) with a ground current of about 016μA is presented. Moreover ,this

amplifier reaps the benefit s of incorporating a foldback current limiting circuit ,which enables the low2dropout voltage

regulator without the need of a special current limiting subblock. Therefore ,the object of ult ra2low power is realized

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

The explosive p roliferation of battery2powered

equip ment in t he past decade has accelerated the

develop ment of low2power2consumption low2drop2
out (LDO) voltage regulators. This has intensified

t he focus of designers on optimizing t he perform2
ance of t he amplifiers[1 ] . When t he load2current is

low ,which is the normal operating mode for many

applications ,t he ground current becomes an int rin2
sic factor in determining t he lifetime of t he batter2
y[2 ,3 ] .

In t his paper ,t he amplifier incorporating fold2
back current limiter , whose ground current is only

016μA to ensure t he LDO regulator to operate at a

ground current as low as 214μA t hroughout it s

load range has a very small number of current

paths.

2 　Circuit design

2. 1 　Main structure of the LDO

A low2dropout regulator is a circuit t hat p ro2
vides a well specified and stable voltage1 The inp ut

to outp ut voltage difference of t his circuit is low.

The main st ruct ure of the LDO chip and it s typical

application circuit we designed is shown in Figs. 1

and 2 respectively. The regulator is basically com2
posed of a pMOS pass t ransistor ,an amplifier wit h

a foldback current limiter , a set of resistive feed2
back networks Rf1 and Rf2 , a load resistor RL , a

voltage reference V ref based on Brokaw cell [4 ] whose

f unction is to take a scaled2down version of t he

outp ut and t hen p rovide differential signals VR1

and VR2 to t he amplifier [ 5 ] ,t herefore t he amplifier

adjust s V OU T via t he pMOS pass t ransistor to a re2



半 　导 　体 　学 　报 第 26 卷

quired value. CL is a filtering capacitor wit h equiva2
lent series resistance RESR . The value of ESR deter2
mines t he outp ut performance during t he load t ran2

Fig. 1 　Main st ructure of LDO

Fig. 2 　Typical application circuit

sient . The smaller t he ESR value , t he better t he

perfor2mance , wit h less overshoot s and under2
shoot s during t he load t ransient . The LDO feat ures

a p2channel MOSFET pass t ransistor . This p ro2
vides advantages over similar designs using a p np

pass t ransistor - on advantage being longer bat tery

life. The p2channel MOSFET requires no base

drive ,which reduces ground current s considerably.

2. 2 　OP2AMP circuit design

The amplifier we designed incorporates a fold2
back current limiter - t his subblock is abbreviated

to amp2foldback ( Fig. 3) .

As shown in Fig. 3 ,V R1 and V R2 are t he non2
inverting and inverting inp ut s of t he amplifier re2
spectively. ERR OU T is t he outp ut of t he ampli2
fier which cont rols t he gate of pMOS pass device of

t he LDO. VDD is the power supply. OU T , which

cont rols t he gate of MN2 ,is t he outp ut pin of t he

LDO chip . CTR cont rols the gates of MN1 ,MN3 ,

and MN4 ,offering biasing voltage to the amplifier .

VR1 and VR2 are t he inp ut s of t he first stage wit h

node A as t he outp ut ,meanwhile ,node A is the in2
p ut of t he second stage wit h ERR OU T as t he

outp ut of t he second stage.

Fig. 3 　Amp2foldback subblock schematic
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　　The W / L ratio s of MP6 and MP7 are designed

equal , since t heir gate2source voltages are equal ,

t heir drain current s will be t he same. That is IMP6 =

IMP7 ,Since V DS MP9 = V GS MP9 ,MP9 will be in sat ura2
tion and is given by

IMP9 = IMN1 = IMP6 + IMP7 (1)

　　Thus , IMP6 is given by

IMP6 =
1
2

IMN1 =
1
4
μ0 Cox

W MN1

L MN1
(V CTR - V ThN ) 2

(2)

　　Equation ( 2) indicates t hat IMP6 is fixed , so

V GS2MP6 keep s constant , which gives rise to a very

nearly constant node voltage V C .

From t he above analyses , operational p rinci2
ples of the amplifier can be concluded as follows :if

t he variation of differential inp ut s VR1 , VR2 cau2
ses variation of node voltage V A t hen a slight varia2
tion of V C will lead to massive variation of

V ERR OU T ,which is t he outp ut of the amplifier .

QN5 has been added to balance current . This can

be explained as follows : since V DS MP2 = V GS MP2 , MP2

will be in saturation causing V GS MP2 to be fixed , then

voltage on node B VB maintains constant . When the

LDO regulator is in normality and V OU T is large enough

to turn MN2 on , IMP2 is given by

IMP2 = IMN3 + IMN4 (3)

　　Since t he W / L ratio s of MN3 and MN4 are de2
signed equal ,bot h are one fourth of that of MN1 ,

moreover ,V GS MN1 = V GS MN3 = V GS MN4 ,t hen

IMN1 = 2 ( IMN4 + IMN3 ) (4)

　　From Eqs. (2) , (3) ,and (4) ,we get

IMP6 = IMP2 (5)

　　Since the W/ L ratio of MP6 is designed larger

than that of MP2 ,it can be deduced that V C > VB ,tran2
sistor QN5 now being turned off . For node C applying

KCL (the base current of QN5 is neglected)

IE QN4 = IC QN4 = IQN5 + IMP3 + IR5 (6)

　　An increase in the voltage of non2inverting

terminal V R1 will increase IE QN4 owing to higher

base2emit ter voltage of QN4. From above analyses ,

IQN5 = 0 ,MP2 and MP3 are connected as a current

mirror ,t hus IMP3 is fixed. For Eq. (6) ,an increase

of IR5 is a must . Then V ERR OU T and V D will increase

(Since V ERR OU T + V BE QN7 = V D + V BE QN6 , it can be

deduced t hat V D≈V ERR OU T ) t urning off QN6 ,QN7

at some point , IMP6 will be twice and V C will de2
crease instantaneously ,and this drop in V C contin2
ues as long as IE2QN4 > IMP3 + IR5 . As a result ,QN5

will be t urned on , thus Equation (6) is satisfied ,

which is to say ,the current equilibrium point is es2
tablished.

MN2 and R5 are t he kernels of t he foldback

current limiter . The maximum value of t he outp ut

current is limited by R5 , and MN2 rest rict s t he

short2circuit current to a range t hat is ≤50mA

when the OU T terminal of t he LDO chip is con2
nected to ground.

When t he outp ut current is large enough and

result s in V ERR OU T < V C ,t hen

IR5 = IMP3 - IQN4 ≤ IMP3 - IQN4 min (7)

IR5 max = IMP3 - IQN4 min (8)

V ERR OU T = V C - IR5 R5 ≥V C - ( IMP3 - IQN4 min ) R5

(9)

V ERR OU T min = V C - ( IMP3 - IQN4 min ) R5 (10)

　　When the LDO is under normal operating condi2
tions ,V OU T is large enough to turn MN2 on ,MP2 and

MP3 are connected as a current mirror and the width2
to2length ratios of them are designed 1 ∶2 ,thus IMP3 =

2 IMP2 = 2 ( IMN3 + IMN4 ) . When Equation (10) is satis2
fied ,gate voltage of pMOS pass element of the LDO

(V ERR OUT) reaches its minimum value , leading to the

maximum output current . At this time ,if RLOAD further

continues to decrease ,V OU T will continually drop ,turn2
ing MN2 off at some point , thus IMP3 is reduced by

half , which is to say , IMP3 = 2 IMN4 . From Eq. (10) ,

V ERR OU T min increases ,leading to a decrease in maximum

output current. Finally ,the maximum value of the out2
put current is limited to a range that is ≤50mA when

the OU T terminal of the LDO chip is connected to

ground.

3 　Simulated results

Figure 4 (a) is t he layout of t he LDO including

proposed operational amplifier . The AMP2Foldback

circuit in Fig. 3 is simulated at V DD = V OU T + 1.
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Meanwhile t he LDO regulator wit h this kind of

amplifier is tested. The gain result is shown in

Fig14 (b) ,which is only 60dB but already meet s the

required t ransient response ,stability ,and load reg2
ulation characteristics of t he LDO wholechip . The

p hase margin of the amplifier is about 45. Figure 4

(c) shows t he simulation result of t he foldback

current limiter . The steady outp ut of t he LDO un2
der normal operating conditions is 118V ,when the

load current decreases to t he point where MN2 will

be turned off , rest ricting the short2circuit current

to 43mA. When OU T is shorted to ground , t he

short2circuit current is 42181mA ( Fig. 4 ( d) ) . As

shown in Figs. 4 (e) and (f ) ,at a 20mA load cur2
rent ,t he ground current s consumed by t he ampli2
fier and by t he LDO regulator are 0157 and 2121μA

respectively. Obviously , high current efficiency is

achieved especially at a low outp ut current .

Fig. 4 　(a) Layout of the LDO including proposed operational amplifier ; (b) Gain and phase of the amplifier ; (c)

Simulation result of the foldback current limit ; (d) Simulation result of the short2circuit current ; (e) Ground cur2
rent of the amplifier subblock versus load current ; (f) Ground current of the LDO wholechip versus load current

4 　Conclusion

In t his paper , we combine an amplifier and a

foldback current limiter into a single circuit wit h a

minimum number of current limbs making it a can2
didate for an ult ra2low power LDO.
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一种基于 LDO 线性稳压器的放大器设计 3

樊 　华 　冯全源

(西南交通大学微电子研究所 , 成都　610031)

摘要 : 设计了一种地电流约为 016μA 的基于低压差线形稳压器的放大器电路. 此放大器的突出优点是与 foldback

限流保护电路融合在一起 ,使得芯片不需要专门的限流模块 ,大大减少了电流支路 ,实现超低功耗.

关键词 : 运算放大器 ; 地电流 ; LDO ; foldback 过流保护
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