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(57) Abstract: A voltage regulator circuit comprises an amplifier (10) having a first input coupled to a first reference voltage
node; apower pass element (20) having a control termina coupled to an output of the amplifier, an input coupled to apower sup-
ply input of the voltage regulator circuit, and an output coupled to an output of the voltage regulator circuit; a feedback circuit
(30, 31) having an input coupled to the output of the power pass element and an output coupled to a second input of the amplifier;
and a compensation module (60) comprising atransistor (61), wherein agate or base terminal of the transistor is coupled to a sec-
ond reference voltage node, adrain or collector terminal of the transistor is coupled to the output of the amplifier, and a source
or emitter terminal of the transistor iscoupled to the power supply input of the voltage regulator circuit. The voltage regulator cir -
cuit is capable to increase the power supply rejection ratio of low drop-out voltage regulators.
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VOLTAGE REGULATOR CIRCUIT

TECHNI CAL FI ELD

The present invention relates to voltage regulators.

BACKGROUND

Low drop-out voltage regulators (LDO are widely used in
portable electronic equipnment such as a cellular phone, digital
canmeras, and portable nedia players , etc., to provide a constant
vol tage power supply for analog and/or di gita'l circuits. The
power supply rejection ratio (PSRR) of the LDO indicating the
capability of suppressing power supply noise from its output,
is normally of inportance.

Aconventional existingLDO isshown inFig. 1. Suchacircuit
iseg. disclosed inUS 7,205, 831 B2. The existing LDO includes
an error anplifier 10, power transistor 20, feedback resistors
30 and 31, load resistors 33 and 34, |oad capacitor 40. Fig. 1
al so shows a power-supply 55 reference voltage V, ., as well
as output voltage V_ , 51. In the conventional existing LDO as
shown inFig. 1, the power supply noise is suppressed by anegative
feedback circuit conprising the error anplifier 10 and the power
transistor 20.

Fig. 2 is acircuit diagram of a small signal equivalent
of a voltage regulator <circuit of Fig.l. As shown in Fig. 2, a
t ransconduct or 21 and a resistor 36 represent the
t ransconduct ance and the drain source resistance, respectively,
of the power transistor 10 of Fig.l. The PSRR for the LDO based

on the small signal equivalent shown in Fig. 2 is given by:

v,
PSRR=-2 = Lo

~ EA ﬂ‘Rop Ger @
dd out

A, is the open loop gain of negative feedback |oop of the
LDO, V;, i s the voltage of power-supply input 50 of the LDO and

\Y, is the voltage of output 51 of the LDO

out

Fur t her nor e, A, is the differential gain of the error

1
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anplifier 10, p is a feedback factor which is the ratio of the
resistance of resistor 30 to the sumof the resistances of the
resistor 30 and 31, R, is the drain source resi stance of the
power transistor 20, and G, i s the transconduct ance of the power
transi stor 20.

There is a need for alowdrop-out voltage regulator that,
for exanple, consunmes arelatively small area, and/or can provide
an inproved PSRR without necessarily increasing its open |oop

gain.

SUMMARY OF THE INVENTION

According to one aspect of the present invention, there
i sprovided avoltage regulator circuit conprising: ananplifier
having a first input coupled to afirst reference voltage node;
a power pass element having a control termnal coupled to an
out put of the anplifier, aninput coupled to apower-supply input
of the voltage regulator circuit, and an output coupled to an
out put of the voltage regulator circuit; afeedback circuit having
an input coupled to the output of the power pass elenent and
an output coupled to a second input of the anplifier; and a
conpensation nodule conprising a transistor, wherein a gate or
base term nal of the transistor is coupled to a second reference
voltage node, a drain or collector termnal of the transistor
iscoupled tothe output of the anplifier, and a source or emtter
terminal of the transistor is coupled to the power-supply input
of the voltage regulator circuit.

The conpensati on nodul e may further conprise abal ance unit
whi ch i s coupl ed between the output of the anplifier and ground
in order to balance the quiescent operation.

The bal ance unit may conprise a first balance elenent, a
second bal ance elenment serially coupled to the first bal ance
el enent, and a current source coupl ed between the second bal ance

el enent and ground.
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A control termnal of each of the first balance elenent
and second bal ance elenent may be coupled to the power-supply

i nput of the voltage regulator circuit, an input of the first
bal ance el enent nmay be coupled to the output of the transistor,
and the output of the first balance el ement may be coupled to
an input of the second balance elenent.

Each of the power pass elenent and the transistor nmay be
either a P-type MOS transistor or a P-type bipolar transistor.
Each of the first bal ance el enent and the second bal ance el enent
may be either a P-type MOS transistor or a P-type bipolar
transi stor

The anplifier may be an error anplifier. The conbination
of the anplifier and the conpensation nodule nmay be configured
such that the power gain of said conbination is kept in the range

0.9

f~<
of "I+ol"™ to "Il +02", where the value of ol my be Rop = and the
1.1

value of o2 may be R"D'G'"P, in which the R,, represents the
drain-source resistance of the power pass elenent and the G
represents the transconductance of the power pass elenent.
The PSRR of LDO woul d be i nproved wi thout having to change
t he open-loop gain of the LDO by utilizing the voltage regul ator

circuit of the present invention.

BRI EF DESCRI PTI ON OF THE DRAW NGS

The invention wll be better understood with the aid of
the description of an enbodinment given by way of exanple and

illustrated by the figures, in which:

FIG lisacircuit diagram of an existing voltage regul ator
circuit ;

FIG 2 is a small- signal equivalent <circuit diagram of a

voltage regulator circuit;

FIG 3is aanother small signal equivalent circuit diagram
of the voltage regulator circuit; and

3
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FIG 4 is a block diagram of a voltage regulator circuit

accordi ng to an enbodi nment of the present i nvention.

DETAI LED DESCRI PTI ON

Before the present i nvention i s described, it is to be
under st ood that this invention isnot limted to any particular
enbodi ment s descri bed, as such may, of course, vary. It i s also

t o be understood that the ternms used herein are for the purpose
of descri bing particul ar enbodi nent s only, and are not intended
tobelimting. The scope of the present invention isonly limted
by the appended cl ai ns.

Unl ess defi ned ot herwi se, all technical and scientific
terms used herein have the same nmeaning as comonly understood

by one of ordinary skill inthe art towhich this invention belongs

It must be noted that as used herein and in the appended

cl ai ns, t he singul ar forme "a", an", and "the" include plural

referents unl ess the context clearly dictates ot herw se.

Mor eover, it should be noted that the term "power pass elenent"
may also be known as "power transistor" or "pass elenent".
The present invention provides avoltage regulator circuit

to obtain a relatively hi gh power supply rejection ratio (PSRR)

by nmeans of control of the power gain of the error anplifier

without increasing the open-loop gain of the LDO In the detailed

description that foll ows, li ke elenment nuneral s are used to

descri be like elenents illustrated in one or nore figures.
Fig. 3 is a circuit diagram of another smal | si gnal

equi val ent of the LDO in Fig. 1. In conparison with the small

signal equival ent shown inFig. 2, the input 500f the power- supply

Vi, of the LDO in Fig. 3 is coupled also to the error anplifier

10. Ther eby, a nore accurate nodel i s obtained, t aki ng into
account variations inthe supply voltage of the voltage regulator.
Accordi ngly, the transfer function of the PSRR for the LDO in
Fig. 3is given by equation (2 below It should be noted that the
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terms "input 50 of the power-supply of the voltage regulator
circuit"” can be exchanged with the terns "the power-supply input
50tothe voltage regulator circuit ", which nmeans that the input
50 i s an i nput node through which the power-supply is connected
to the voltagé regul at or.

4 7 A, PR,,G,, +1

PSRR=— =" »_Tp @
A V. V+G,(\- Aye)R,

ul

A, i s the open-loop gain of negative feedback |oop of the
LDO shown in Fig. 3, Ay is the gain fromthe power-supply input

tothe output of theLDO, V,,represents the voltage of power- supply
input, and V,, is the voltage of output 51 of the LDO

Az, represents thedifferential gain of theerror anplifier
10, Bisthe feedback factor, which isthe ratio of the resistance
of resistor 30 to the sum of the resistances of the resistor

30 and 31, R,, i s the drain source resistance of the power pass

P
element 20, and G, is the transconductance of the power pass
el ement 20.

G, represents the transconductance of the pass el enent
20, A,,..a represents the power gain V4jV, , in which Vyis the
vol tage of output node 52 of the anplifier 10 and V,, i s voltage
of the input 50 of the power-supply of the LDO

In the LDO shown in Fig. 3, without any conpensation, Ayy_ga
is generally close to 1 but less than 1, which nakes the val ue
of G,(1- Ay_e)R, Close or equal to zero and thereby makes the val ue
of "1+G,,(\- Ay )R, " Of equation (2 approximately equal to 1. In
this case, the PSRR is mainly determned by the nunerator of
t he equation (2, which i sthe open-loop gain of the LDO. Therefore,
to increase the PSRR of the LDO, it is needed to increase the
differential gain Ag of the error anplifier or increase the size
of the power transistor in accordance wth the conventional
approach . It isdifficult tokeepthe stability when t he open-| oop
gain is increased.

Referring to the equation (2, it can be appreciated that
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if the value of "1+G,(1- A, )R, " Can be kept in the range from
-0.1 to 0.1, i.e., the value of “1+G (1- Ay_u)R," neets the

requi rement shown by equation (@ as below, then the PSRR can be
increased at |east 20dB.

- O'l<| + Gmp(I -Add—EA)Rop <O-l @

Further, inorder toneet the requirenent shown in equation
® , the power gain A,, .o of the error anplifier should be in the
range given by © .

0.9 1.1
R C <Add_EA<1+

op ™~ mp op = mp

@

1+

As an exanpl e enbodi ment, such LDO can be realized by the
circuit showmn in Fig. 4. The voltage regulator circuit shown in

Fig. 4includes anerror anplifier 10, apass element 20, feedback
circuit conprising resistors 30 and 31, load resistors 33 and
34, a |load capacitor 40, a power-supply 55 a first reference
vol tage V..ri, a conpensation nodule 60, and output voltage Vg, .
According tothis enbodinent, the error anplifier 10 may include
differential input stage and gain stage, as well as optionally
i nclude buffer stage. The pass elenment 20 is coupled tothe input
of the power-supply 55 of the voltage regulator circuit through
its input termnal, coupled to the output of the error anplifier
10 through its control termnal, and coupled to the feedback
circuit through its output termnal. The input term nal of the
pass elenment 20 is coupled to the output of the error anplifier
10. The pass elenent may e.g. either be a P-type MOS transistor
or a P-type bipolar transistor. Wth the pass elenent 20 being
a P-type MOS transistor, its source terninal, gate terninal,
and drain termnal are coupled to the power-supply 55 input to
the voltage regulator circuit , the output of the error anplifier
10, and the feedback circuit, respectively. Also, if the pass
elenent is a P-type bipolar transistor, the emtter termnal,
base termnal, and collector termnal are coupled to the

power - supply 55, the output of the error anplifier 10, and the
6
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feedback circuit , respectively. The feedback circuit , which has
an input coupled to the output of the pass element 20 and an
output coupled to asecond input of the error anplifier, includes
feedback resistors 30 and 31, in which the feedback resistor
30 is coupled to the output terninal of the pass elenment 20.
The conpensation nodule 60 includes a transistor 61 which works
inits saturation region, and a balance wunit conprising a first
bal ance elenment 62, a second balance elenment 63 as well as a
current source 64. The transistor 61 delivers the current from
the power-supply 55 to the output of the error anplifier, and
is used to control the power gain of the error anplifier 10.
The balance wunit is used to balance the quiescent current
generated by the transistor 61, such as to counteract any adverse
influence on the operation of the error anplifier 10 due to said
gui escent current generated by the transistor 61. It should be
noted that the balance wunit can be omit&ed in the event that
the current generated by the transistor 61 has no or a little
effect on the operation of the error anmplifier 10. As an exanpl e,
the transi st or 61 can be, but is not limted to, a P-type MOXS
transi st or or P-type bipolar transistor. The source termnal,
drain termnal, and gate terminal of the transistor 61are coupled
to the power-supply 55 input to the voltage regulator circuit,
the output of the error anmplifier 10, the second reference voltage
node 61, respectively, when the transistor is a P-type MXS
transi stor. The enitter termnal, collector termnal, and the
base terminal of the transistor 61 are coupled tothe power-supply
55 input to the voltage regulator circuit, the output of the
error anplifier 10, the second reference voltage node 61,
respectively, when the transistor isaP-type bipolar transistor.
The bal ance unit is coupled between the output of the error
anplifier 10 and ground. The control term nal, i nput termnal,
and output termnal of the first balance elenent 62 are coupled
to the input power-supply 55 input to the voltage regulator

circuit, the output termnal of the transistor 61, and the input
7
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term nal of the second balance elenent 63, respectively. The
cont rol t erm nal of the second balance elenent is coupled to
the power-supply 55 of the voltage regulator circuit, and the

output terninal of the second balance el enent 63 i s connected
to ground via the current source 64. It should be understood
that each of the first balance elenent 62 and the second el enent

63 may e.g. be a P-type MOS transistor or a P-type bipolar

-~

transi stor. I f any of the first balance elenent 62 and the second
el enent 63 is P-type M transistor, then the control term nal

is knowmn as the gate termnal, the input term nal i's known as
the source termnal, and the output termnal is known as the
drain termnal. I f any of the first balance el enent 62 and the
second element 63 is P-type bipolar transistor, then the control

term nal is known as the base termnal, the input termnal is
known as the emtter termnal, and the output termnal i s known

as the collector term nal .

In the existing conventional approach as described above,
the output stage of the error anplifier is buffer stage so as
to drive the power pass elenent. Thus the output stage of the
error anmplifier has a relatively | ow inpendence. Accordi ngly,
the Ayyea is approxinmately equal to but less than 1. In order

to make the Ayy ea satisfy the requirenent shown in equation O© ,
conpensati on el enent s are needed to increase Agd Ea.

Still referring to Fig. 4, it can be appreciated that with
its control termnal being coupled tothe second voltage reference
V.,, which is an independent bias reference voltage so as not
to be affected by the power-supply 55, the transistor 61 has
the effect to increase the power gain of the conbination of the
error anplifier 10 and the conpensation nmodule 60, in which said
power gain of the combination refers to the gain from the input
of the power-supply 55 to the output of the error anplifier.
Ther ef or e, the transistor 61 contributes to increase the power
gain of the combination of the error anplifier 10 and the

conpensati on module 60 to the range shown in the equation ®,
8
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09 <A'dd_,‘,A<1+——l'1 ®
R, G R,G,, .

op ™~ mp

1+

D' qd_Ea represents the power gain of the conbination of the
error anplifier 10 and the conpensation nodule 60, which
corresponds to the Ay, za Oof equation © .

Accordi ngly, the PSRR can be inproved by nmeans of adding
the conpensation nodule and thereby increasing the power gain

of vg/Vi, Wthout changing the open-loop gain of the voltage
regulator circuit.

It should be understood that in the enbodinent above
described, the transistor 61 serves as the elenment which helps
to inmproving the power gain of the conbination of the error
anplifier and the conpensation nodule, but it is used only for
an exanple, not for limting. The transistor 61 can be replaced
by other element, which is able to adjust the power gain of the'
error anmplifier, wi thout departing from the scope of the

i nventi on
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What is clained is:

1. A voltage regulator circuit, conprising:

an anplifier having a first input coupled to a first reference

vol t age node;

a power pass element having a control terminal coupled to an
out put of the anplifier, aninput coupledtoapower-supply input
of the voltage regulator circuit, and an output coupled to an

out put of the voltage regulator circuit;

a feedback circuit having an input coupled to the output of the
power pass elenent and an output coupled to a second input of

the anplifier; and

a conmpensation nodule conprising a transistor, wherein a gate
or base term nal of thetransistor i scoupledtoasecondreference
vol tage node, a drain or collector termnal of the transistor
i s coupled tothe output of the anplifier, and asource or emtter
term nal of the transistor is coupled to the power-supply input

of the voltage regulator circuit.

2. The voltage regulator circuit of claim 1, wherein the
conmpensation nodule further conprises a balance unit coupled
bet ween t he out put of the anplifier and ground in order tobal ance

the qui escent operation.

3. The voltage regulator circuit of claim2, wherein the bal ance
unit conprises afirst balance el enent, a second bal ance el enent
serially coupled to the first balance elenent, and a current
source coupl ed between the second bal ance el ement and ground.

4. The voltage regulator circuit of claim 3, wherein a control
term nal of each of the first bal ance el ement and second bal ance
elenent is coupled to the power-supply input of the voltage
regulator circuit, an input of the first balance elenent is

coupled to the output of the transistor, and the output of the
10
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first bal ance el enent i s coupled toaninput of the second bal ance

el enent .

5. The voltage regul ator circuit of any preceding claim wherein
each of the power pass elenment and the transistor is either a

P-type MOS transistor or a P-type bipolar transistor.

6. The voltage regulator circuit of claim s, wherein each of
the first bal ance el enent and t he second bal ance el enment i s either

a P-type MOS transistor or a P-type bipolar transistor.

7. The vol tage regul ator circuit of any proceeding claim wherein

the amplifier is error amplifier.

8. The vol tage regul ator circuit of any proceedi ng claim wherein
a conbi nation of the anplifier and the conpensation nodule is
configured such that the power gain of said conbination is kept

inthe range of "l +oi" to "1+02", where the value of ol is .

R op-©¢ mp

and the value of o2 is —L'l—, in which the R,, represents the

R op-© mp

drai n-source resistance of the power pass elenment and the G
represents the transconductance of the power pass elenent.

9. Anelectric apparatus conprising thecircuit of any proceedi ng

cl ai m.

11
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