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negative gain stage with a feedback capacitor connects the
input and output of this gain stage. A capacitor is connected
between the output of the error amplifier and the output of
the low-dropout regulator, while a voltage reference con-
nects to the negative input of the error amplifier. The regula-
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LOW DROPOUT REGULATOR CAPABLE OF
ON-CHIP IMPLEMENTATION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

FIELD OF THE INVENTION

This invention relates to an internally compensated low-
dropout regulator, and in particular to such a regulator that
does not necessarily require an off-chip capacitor for
stability, to improve both load transient response and power
supply rejection ratio.

BACKGROUND OF THE INVENTION

Power management is necessary to reduce standby power
consumption of low-power portable applications such as
mobile phones and personal digital assistants (PDAs). A
low-dropout regulator (LDO) is a type of voltage regulator
that is widely utilized in power management integrated cir-
cuits. They are especially suitable for applications that
require a low-noise and precision supply voltage with mini-
mum off-chip components. With the rapid development of
system-on-chip designs, there is a growing trend towards
power-management integration. On-chip and local LDOs are
used to power up system sub-blocks individually and this
can significantly reduce cross talk, improve voltage regula-
tion and eliminate voltage spikes. However, an off-chip
capacitor, which provides LDO stability and good load tran-
sient response, cannot be eliminated in conventional LDO
designs based on pole-zero cancellation. This is the main
obstacle to the full integration of LDOs in system-on-chip
designs. Though there are some LDO designs with internal
compensation, the frequency and transient performances are
sacrificed as tradeoffs.

PRIOR ART

A conventional CMOS LDOQO, as shown in FIG. 1, com-
prises an error amplifier (EA), a voltage buffer (VB), a
power p-type MOS (Metal-Oxide-Semiconductor) transistor
operating in saturation region, a voltage reference providing
a reference voltage (Vzzz), feedback resistors R, and Ry,
an input capacitor Cp, and an output capacitor C,, This
LDO circuit can be easily integrated in many integrated-
circuit technologies but the off-chip output capacitor is nec-
essary for stable operation and dynamic performances. Fre-
quency compensation of the LDO is achieved by pole-zero
cancellation, as disclosed in G. A. Rincon-Mora and P. E.
Allen, “A Low-Voltage, Low Quiescent Current, Low Drop-
Out Regulator,” IEEE Journal of Solid-State Circuits, vol.
33, no. 1, pp.36-44, January 1998 and in G. A. Rincon-Mora
and P. E. Allen, “Optimized Frequency-Shaping Circuit
Topologies for LDO’s,” IEEE Transaction on Circuit and
Systems 11, vol. 45, no. 6, pp.703—708, June 1998. Some
advanced LDOs utilize “pole-splitting” effect, for example,
as disclosed in G. A. Rincon-Mora, “Active Multiplier in
Miller-Compensated Circuits,” IEEE Journal of Solid-State
Circuits, vol. 35, no. 1, pp.26-32, January 2000 and in U.S.
Pat. No. 6,304,131. However, the off-chip c still required,
and the loop-gain bandwidth, which determines the load
transient response and power supply rejection ratio, is not
sufficient for some high-performance circuits. In fact, the
off-chip capacitor provides high LDO performance but is a
hinder to system-on-chip design.

SUMMARY OF THE INVENTION

According to the present invention there is provided a
circuit of low-dropout regulator comprising an error
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2
amplifier, a high-gain second-stage amplifier, a power p-type
MOS transistor operating in either linear or saturation
region, a first-order high-pass feedback network, a fre-
quency compensation circuitry implementing damping-
factor-control compensation and a voltage reference.

BRIEF DESCRIPTION OF THE DRAWINGS

An embodiment of the invention will now be described by
the way of example and with reference to accompanying
drawings, in which

FIG. 1 is the block diagram illustrating a generic LDO
according to the prior art,

FIG. 2 is the block diagram illustrating the structure of a
LDO according to an embodiment of the present invention,

FIG. 3 is the schematic of the LDO according to an
embodiment of the present invention,

FIG. 4 is the Bode plot of loop gain of the LDO of FIG. 3
with an off-chip capacitor,

FIG. 5 is the Bode plot of loop gain of the LDO of FIG. 3
without an off-chip capacitor,

FIG. 6 is the measured load transient response of the LDO
of FIG. 3 with an off-chip capacitor,

FIG. 7 is the measured load transient response of the LDO
of FIG. 3 without an off-chip capacitor,

FIG. 8 is the measured power supply rejection ratio of the
LDO of FIG. 3 with an off-chip capacitor,

FIG. 9 is the measured power supply rejection ratio of the
LDO of FIG. 3 without an off-chip capacitor,

FIG. 10 is the measured ripple rejection of the LDO of
FIG. 3, and

FIG. 11 is a circuit diagram showing a second embodi-
ment of the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT

The present invention provides a low-dropout regulator
which is based on the concept of frequency compensation of
a three-stage amplifier with a pole-splitting effect. The
theory of existing frequency compensation topologies of
multi-stage amplifier has been disclosed in K. N. Leung and
P. K. T. Mok, “Analysis of Multi-Stage Amplifier-Frequency
Compensation,” IEEE Transactions on Circuits and Systems
1, vol. 48, no. 9, pp.1041-1056, September 2001. In fact, the
loop-gain bandwidth, which relates significantly to the
response time of LDO, is controlled by the associated fre-
quency compensation scheme.

An example of a LDO according to an embodiment of the
invention is illustrated in FIG. 2, and the structure of the
LDO can be viewed as an amplifier with three gain stages.
The first stage is an error amplifier and is used to compare
the reference voltage and the feedback scaled output voltage.
The second stage functions as a high-swing high-gain stage
in common-source configuration, and it boosts the loop gain
for high-precision regulated output voltage. The power
p-type MOS transistor can be viewed as the third stage, and
it can operate in either linear or saturation region. The low-
frequency loop gain is high since the first two stages provide
a very high signal gain. However, with regard of the LDO
stability, it is not preferable as there are three low-frequency
poles associated with the LDO. Thus, an advanced fre-
quency compensation technique is needed to make the LDO
stable.

The stability of the LDO illustrated in FIG. 2 is achieved
by using a damping-factor-control frequency compensation
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technique. The damping-factor-control means is achieved by
an extra gain stage with a feedback capacitor C,,,. This
damping-factor-control block has a transconductance g,
and is connected at the output of the first stage. An additional
compensation capacitor C,,, is connected between the out-
put of the first stage and the output of the L.DO. By using this
scheme, the poles of the LDO split. The first pole, which is a
function of gain and compensation capacitance C,,,, locates
at a very low frequency while the second and third poles
locate at high frequencies. The effect from the second and
third poles can be canceled by the left-half-plane zero cre-
ated by the output capacitor and its electrostatic series resis-
tance as well as another left-half-plane zero generated from
the feedback resistive network. The zero from the resistive
network is due to the first-order high-pass characteristic. The
implementation of this first-order high-pass resistive net-
work is done by a simple potential resistive divider with a
capacitor connecting in parallel with the upper resistor. The
stability of the LDO according to an embodiment of the
invention, as a result, can be achieved in cases both with and
without an off-chip capacitor.

The stability of the LDO according to this embodiment of
the invention may be considered for two cases: I,,,,=0 and
1o720. Define that
L. 2,15 8uzs Bup and g,,, are the transconductances of the

first gain stage, second gain stage, p-type power MOS

transistor and damping-factor-control block, respectively,
2.R,;; R,; and r,, are the output resistances of the first gain
stage, second gain stage and power p-type MOS
transistor, respectively, and
3. C, is the gate capacitance of p-type MOS transistor.

When an off-chip capacitor is connected to the output of
the LDO and 1,,,=0, the transconductance and the output
resistance of the power p-type MOS transistor is minimum
and maximum, respectively. This is the worst-case stability
of the LDO with a damping-factor-control frequency com-
pensation scheme. In this situation, the LDO has a transfer
function, which is given by

T(s) = Ze

C,C
1+ s(COUTRC 4 20T Emd ] +

2 CeCourgm } -(1
Cont 4 Emp

S
s
Cont 84 Emp Py ]
Rp2
R + Ry
1 1
ContmaEmpRotReztop " O~ Cr (Rey //Rp2)”

where T, = ( )-gml Em2&mpRot Rozrop,

P =

1 1
Z. = and zy = .
CourRe *” CrRm

With the condition g,,,=4g,,,, the complex pole has a damp-
ing factor of 1/y/2. Thus, the position of this complex pole is

given by
282 8my
b, | =4 | —22tmp
P231 =%y CoCour

The effect of p, 5 can be canceled by z, and z, Since p, 5
splits to a high frequency by the DFC compensation scheme,
z, and 7, are at high frequencies. This implies that a low
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4

electrostatic series resistance is needed. A better load tran-
sient response and power supply rejection ratio can be
obtained. Moreover, p, is designed to be larger than the
unity-gain frequency of the loop gain for a good phase mar-
gin. Due to the advanced pole-splitting effect by damping-
factor-control frequency compensation, the pole frequency
of p,; is high and a wide loop-gain bandwidth can be
achieved.

When the load current increases (I,.,=0), g,,, also
increases and the transfer function is rewritten as

Tof1+ Zs—f)

s Cqg s
(1+—]- l4s—=— -(1+—]
P Sm28mpRe o

It is reduced to a one-zero three-poles system, and a new
pole

T(s) =

by = Sm2EmpRe
e
Cg

is created. z,can be used to cancel p, to make the system
stable. Moreover, the low-frequency loop gain decreases and
p, shifts to a higher frequency since g, 1, is inversely pro-
portional to VIyyr. Moreover, it is noted that the
electrostatic-series-resistance zero has no effect on this con-
dition since an electrostatic-series-resistance pole is created
simultaneously. The simulated Bode plot of loop gain with
an oft-chip capacitor is shown in FIG. 4.

When the LDO according to this embodiment of the
invention is used for an application without using the oft-
chip capacitor, the L.DO is also stable for finite load current
range. Under such circumstance, C,,,=0 and electrostatic
series resistance does not exist. Moreover, the second and
third poles are pushed to frequencies that are much higher
than the unity-gain frequency of loop gain due to a large g,,,,,
with transfer function given by

Tof1+ Zs—f)

Pole-zero cancellation is automatically achieved for z.and
p, and thus the theoretical phase margin is about 90°.
However, parasitic poles and zeros will degrade the phase
margin. The simulated Bode plot of loop gain with an off-
chip capacitor is shown in FIG. 5.

FIG. 3 is a detailed circuit diagram at a transistor level of
one possible realization of the LDO according to the
embodiment of the invention as shown in FIG. 2. A LDO in
accordance with this embodiment of invention has been fab-
ricated. The measured load transient responses are shown in
FIG. 6 and FIG. 7, and the power supply rejection ratios are
shown in FIG. 8 and FIG. 9. From the results, the LDO
according to this embodiment of the invention is absolutely
stable and provides fast responses. Moreover, FIG. 10 shows
the good ripple rejection of the LDO according to the
embodiment of the invention.

It should also be noted that the damping-factor-control
means could be connected not only to the output of the first
gain stage, but also to the output of the second gain stage.
FIG. 11 is a circuit diagram showing this second possibility
with the damping factor control connected to the output of
the second gain stage.

T(s) =
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At least in preferred embodiments, the present invention
solves stability problem of LDO design and makes system-
on-chip possible by providing stable operation and fast
dynamic responses either with or without an off-chip capaci-
tor. The structure and the corresponding schematic of the
LDO invention are illustrated in FIG. 2 and FIG. 3, respec-
tively. It will be seen that the generic structure of an error
amplifier with a voltage buffer is no longer used. Instead, an
error amplifier as the first-stage with a high-gain second-
stage amplifier is utilized, and this provides a high voltage
gain for a high-precision regulated output voltage.
Moreover, the power p-type MOS transistor can operate in
either triode or saturation region, and the chip area can thus
be reduced. The stability of the invention is achieved by
considering the LDO as a three-stage high-gain amplifier
with damping-factor-control frequency compensation using
a technique, for example, such as that described in U.S. Pat.
No. 6,208,206 and disclosed in K. N. Leung, P. K. T. Mok,
W. H. Ki and J. K. O. Sin, “Three-Stage Large Capacitive
Load Amplifier with Damping-Factor-Control Frequency
Compensation,” IEEE Journal of Solid-State Circuits, vol.
35, no. 2, pp.221-230, February 2000. The use of the com-
pensation scheme described in U.S. Pat. No. 6,208,206 with
the addition of a first-order high-pass feedback network
achieves the stability of LDO and fast dynamic responses.
The voltage reference may be any circuitry that can provide
a stable voltage insensitive to supply voltage and tempera-
ture. An example of such a circuit is described in U.S. Pat.
No. 6,441,680.

With this structure, the LDO is absolutely stable either
with or without the output capacitor. Moreover, the required
internal compensation capacitors are small and can be easily
integrated in any standard CMOS technology. The small
compensation capacitors speed up the transient response as
well. The wide bandwidth of the LDO provides a good
power supply rejection ratio to reject high-frequency noise
from voltage supply, and the LDO serves well as a post
regulator for switching-mode power converters. The mea-
sured load transient responses and the power supply rejec-
tion ratios show that the LDO is absolutely stable and pro-
vides fast responses. Moreover, the good ripple rejection of
the LDO shows the post-regulation ability of the LDO.

An example of the present invention has been described
above but it will be understood that a number of variations
may be made to the circuit design without departing from the
spirit and scope of the present invention. At least in its pre-
ferred forms the present invention provides a significant
departure from the prior art both conceptually and structur-
ally. While a particular embodiment of the present invention
has been described, it is understood that various alternatives,
modifications and substitutions can be made without depart-
ing from the concept of the present invention. Moreover, the
present invention is disclosed in CMOS implementation but
the present invention is not limited to any particular
integrated-circuit technology and also discrete-component
implementation.

The invention claimed is:

1. A low-dropout regulator comprising:

a high-gain error amplifier having a differential input

stage and a single-ended output

a high-swing high-positive-gain second stage with input

connecting to the output of the error amplifier and a
single-ended output

a p-type MOS transistor with gate terminal connecting to

the output of the second stage, source terminal connect-
ing to the supply voltage, and drain terminal to the out-
put of the low-dropout regulator
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6

a first-order high-pass feedback network connecting to the
output of the low-dropout regulator and the positive
input of the error amplifier

a damping-factor-control means comprising a negative
gain stage with a feedback capacitor connecting
between the input and output of this gain stage, wherein
the damping-factor-control means is coupled to the
error amplifier or to the second stage;

a capacitor connecting between the output of the error
amplifier and the output of the low-dropout regulator

a voltage reference connecting to the negative input of the
error amplifier.

2. A low-dropout regulator as claimed in 1 wherein said

the second stage is in common-source configuration.

3. A low-dropout regulator as claimed in 1 wherein said
the p-type MOS transistor operates in either linear or satura-
tion region.

4. A low-dropout regulator as claimed in 1 wherein said
the first-order high-pass feedback network comprises two
resistors connecting in series, one of said resistors being
connected between the output of [LDO] the low-dropout
regulator and the positive input of the error amplifier, and
the other said resistor being connected between the positive
input of the error amplifier and the ground, and wherein a
capacitor is connected between the output of [LDO] the low-
dropout regulator and the positive input of the error ampli-
fier.

5. A low-dropout regulator as claimed in 4 wherein said
the first-order high-pass feedback network creates a left-
half-plane zero and a left-half-plane pole.

6. A low-dropout regulator as claimed in 5 wherein said
the first-order high-pass feedback network provides that the
frequency of the left-half-plane zero is lower than the fre-
quency of the left-half-plane pole.

7. A low-dropout regulator as claimed in 1 wherein said
the damping-factor-control means is a gain stage with volt-
age gain larger than one.

8. A low-dropout regulator as claimed in 1 wherein said
the damping-factor-control means includes circuitry to
define the output voltage level.

9. A low-dropout regulator as claimed in 1 wherein said
the damping-factor-control means includes a high-swing
common-source output stage.

10. A low-dropout regulator as claimed in 1 wherein said
the damping-factor-control means provides a pole-splitting
effect.

11. A low-dropout regulator as claimed in 1 wherein said
the damping-factor-control means locates a pole at a low
frequency while locating the second and third poles at high
frequency.

12. A low-dropout regulator as claimed in 1 wherein said
the damping-factor-control means locates the second and
third poles at high frequency and the poles can in separate
form or complex form.

13. A low-dropout regulator as claimed in 1 wherein said
the damping-factor-control means is connected at [the] an
output of the second gain stage.

14. A low-dropout regulator as claimed in 1 wherein said
the low-dropout regulator is stabilized with an off-chip
capacitor.

15. A low-dropout regulator as claimed in 1 wherein said
the low-dropout regulator is stabilized without an oft-chip
capacitor.

16. A low-dropout regulator as claimed in 14 wherein said
the low-dropout regulator has four poles and two zeros when
the off-chip capacitor is connected at the output of the low-
dropout regulator.
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17. A low-dropout regulator as claimed in 16 wherein said
the low-dropout regulator uses the two zeros cancel the
effect of the second and third poles while keeping the fourth
pole after the unity-gain frequency of the loop gain.

18. A low-dropout regulator as claimed in 15 wherein said
low-dropout regulator has two poles and one zero when no
off-chip capacitor is connected at the output of the low-
dropout regulator.

19. A low-dropout regulator as claimed in 18 wherein said
the low-dropout regulator uses the zero to cancel the effect
of the second pole.

20. A low-dropout regulator as claimed in 1 wherein said
the voltage reference is a circuit that provides a supply- and
temperature-independent voltage to define the output volt-
age of the low-dropout regulator.

21. A low-dropout regulator as claimed in 1 wherein said
the low-dropout regulator is implemented in an integrated-
circuit technology or discrete-component implementation.

22. A low-dropout regulator comprising a three-stage
amplifier formed of (a) a high-gain error amplifier, (b) a
high-swing high-positive gain second stage and (c) a p-type
MOS transistor the gate terminal of which is connected to
[the] an output of said second stage, wherein said regulator
further comprises damping-factor-control means connected
to [the] an output of the said error amplifier, wherein the
damping-factor-control means comprises a negative gain
stage.

23. A low-dropout regulator comprising a three-stage
amplifier formed of (a) a high-gain error amplifier, (b) a
high-swing high-positive gain second stage and (c) a p-type
MOS transistor the gate terminal of which is connected to
[the] an output of said second stage, wherein said regulator
further comprises damping-factor-control means connected
to the output of the said second stage, wherein the damping-
Jfactor-control means comprises a negative gain stage.

24. An integrated circuit, comprising:

an error amplifier;

a high-swing high-positive-gain stage including an input
terminal coupled to an output terminal of the error
amplifier;

a transistor including a gate terminal coupled to an out-
put terminal of the high-swing high-positive-gain
stage; and
damping-factor-control circuit including a negative
gain stage and a feedback capacitor, wherein the damp-
ing factor-circuit is coupled to the output terminal of
the high-swing high-positive gain stage or to the error
amplifier.

25. The integrated circuit of claim 24, further comprising
a voltage reference circuit coupled to a negative input termi-
nal of the error amplifier.

26. The integrated circuit of claim 24, further comprising
a capacitor disposed between the output terminal of the
error amplifier and a regulator output terminal of the inte-
grated circuit.

27. The integrated circuit of claim 24, further comprising
a first-order high-pass feedback network coupled to a regu-
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lator output terminal of the integrated circuit and a positive
input terminal of the error amplifier.

28. The integrated circuit of claim 28, wherein the first-
order high-pass feedback network comprises a first resistor
coupled between the regulator output terminal of the inte-
grated circuit and the positive input terminal of the error
amplifier and a second resistor coupled between the positive
input terminal of the error amplifier and ground, and
wherein the integrated circuit further comprises a capacitor
disposed between the regulator output terminal and the posi-
tive input terminal of the evror amplifier.

29. The integrated circuit of claim 29, wherein the first-
order high-pass feedback network is configured to create a
lefi-half-plane zero and a left-half-plane pole.

30. The integrated circuit of claim 30, wherein the first-
order high-pass feedback network is configured to provide a
frequency of the left-half-plane zero that is lower than a
frequency of the left-half-plane pole.

31. The integrated circuit of claim 24, wherein the
damping-factor-control circuit is coupled to the output ter-
minal of the error amplifier.

32. The integrated circuit of claim 24, wherein the
damping-factor-control circuit comprises a high-swing
common-source output terminal stage.

33. The integrated circuit of claim 24, wherein the
damping-factor-control circuit is configured to provide a
pole-splitting effect.

34. An integrated circuit, comprising:

an error amplifier;

a high-swing high-positive-gain stage including an input
terminal coupled to an output terminal of the error
amplifier;

a transistor including a gate terminal coupled to an out-
put terminal of the high-swing high-positive-gain
stage; and

a damping-factor-control circuit coupled to the error
amplifier or to the high-swing high-positive-gain stage,
wherein the damping-factor-control circuit is config-
ured to locate a first pole at a first frequency and to
locate a second pole and a third pole at a second fre-
quency higher than the first frequency.

35. The integrated circuit of claim 34, wherein the error
amplifier comprises a high-gain error amplifier, and wherein
the error amplifier comprises a differential-input stage and a
single-ended output terminal.

36. The integrated circuit of claim 35, whevein the transis-
tor is a p-type transistor, and wherein the p-type transistor is
coupled to a regulator output terminal of the integrated cir-
cuit.

37. The integrated circuit of claim 35, wherein the high-
swing high-positive-gain stage comprises a common-source
configuration.

38. The low-dropout regulator of claim 23, wherein the
damping-factor control means further comprises a feedback
capacitor coupled to the output of the high-swing high-
positive gain second stage.

#* #* #* #* #*
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