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(57) ABSTRACT

A low drop out (LDO) regulator that includes a novel error
amplifier, which is arranged with a first stage that employs
both NMOS and PMOS devices that are similarly doped in
differential pairs and a second stage that operates with
NMOS and PMOS devices in a push-pull arrangement. In
addition to the error amplifier, the LDO regulator can also
include a startup circuit coupled to an enable voltage, a
reference filter circuit coupled to a reference voltage, an
output circuit, a quiescent current control circuit, and a pulse
generator circuit. Also, an internal RC network is provided
to compensate for phase shift. The integrated operation of
the components of the regulator enables stable and fast
operation of an LDO regulator with no external capacitors
connected to the input or output terminals.
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CAPACITOR FREE LOW DROP OUT erence numerals refer to like parts throughout the various
REGULATOR figures unless otherwise specified.

FIELD OF THE INVENTION

The invention is generally directed to trimming the opera-
tion of electronic components, and more particularly, a low
drop out regulator that provides superior performance with-
out an external capacitor.

Briefly, the invention is directed to a low drop out (LDO)
regulator that includes an error amplifier with a novel
architecture. This error amplifier further includes a first stage
with both NMOS and PMOS differential pairs, and a second
stage that operates in a push-pull arrangement. In addition to
the error amplifier, the LDO regulator can also include a
startup circuit coupled to an enable/input voltage, a refer-

10 ence filter circuit coupled to a reference voltage, an output
BACKGROUND OF THE INVENTION circuit, a quiescent current control circuit, and a pulse
generator circuit.

An integrated electronic circuit arranged as a regulator Also, in operation, some of the regulator’s components
often includes several electronic components that enable the ~ are disabled during low load current states, such as stand by,
regulator’s functionality. The actual operation of a particular 15 so that a relatively low quiescent current is generated/
regulator can vary based on a variety of factors, including controlled and relatively less power is consumed. Also, a
manufacturing processes, and component layout. For rela- relatively brief but high bias current is provided with a
tively high performance and stable operation, low drop out ~ Vvoltage pulse during high/low load current transitions to
(LDO) regulators often employ external capacitors at both further stabilize the operation of the regulator. Additionally,
the input and output interfaces. However, the equivalent 20 internal RC networks are arranged to provide phase com-
series resistance (ESR) and capacitance of these external pensation and eliminate a need for external capacitors con-
capacitors can adversely affect the stability of the regulator. nected to the input and output terminals. The novel regulator

However, external capacitors can constrain how a regu- can provide a relatively fast, stable, effective, and efficient
lator is used in some applications. For example, externally ~ response to varying load current states in part because the
connected capacitors can increase the surface area (space) 25 complimentary differential pairs of the error amplifier’s first
required to mount a regulator on a circuit board/PCB for an ~ Stage work in concert with the push pull effect of the second
electronic device. Also, some regulators can specify their stage for both low and high load current states.
use with a particular type of external capacitor with a FIG. 1 illustrates a block diagram of an exemplary
relatively low ESR. Although some regulators have been embodiment of LDO voltage regulator 100, which can
provided that don’t require some type of external capacitor 3 operate eﬂiment.ly ?lld effectively Wlthput external capaci-
on the input and/or output interfaces, these “capacitor free”  tors coupled to its input or output terminals. Regulator 100
regulators have had difficulty handling loads greater than includes startup circuit 102, which is coupled to an input
100 milliamps and maintaining relatively stable voltage voltage and error amplifier 106. Reference filter 104 is
regulation. coupled to a reference voltage and error amplifier 106.

35 Amplifier 106 is coupled to output circuit 110, which is
BRIEF DESCRIPTION OF THE DRAWINGS coupled to an output voltage interface. Also, as shown,
quiescent current control circuit 112 and pulse generator

For a better understanding of the present invention, ref- circutt ‘1,08 are coupled to output circuit 110. . .
erence will be made to the following detailed description, Addmonglly, although not shown, error amphﬁer 106.1s
which is to be read in association with the accompanying 40 arr.anged Wlth a first stage of PMOS and NMO,S differential
drawings, wherein: pair transistors aqd a second stage conﬁgu{ed ina pugh—pull

FIG. 1 illustrates a block diagram of components included mannet. Also, quiescent cgrrent control circuit 112 is pro-
. . s . vided for operation in relatively low load current states, e.g.,
in an integrated circuit regulator; 1 . o

T ess than approximately 0.5 milliamps. Further, pulse gen-

FIGS' 2A and 2B Sh ow a schematic diagram of one .o . 1or circuit 108 is provided for smoothing high/low load
embodlme.nt of a capacitor free IOW drop out regulat(?r ; transitions in regulator 100. In this way, regulator 100 can

FIG. 3 illustrates a graph showing the phase margin for operate in a relatively stable and efficient manner without the
one embodiment of the invention operating at an input  yge of external capacitors coupled to its input or output
voltage of 3.4 volts; and terminals.

FIG. 4 shows another graph illustrating the phase margin so  FIGS. 2A and 2B in combination illustrate a schematic
for certain embodiments of the invention operating at an diagram of an exemplary embodiment of LDO regulator 200
input voltage of 5.5 volts, in accordance with the invention.  which provides relatively high performance while operating

without external capacitors coupled to its input or output

DETAILED DESCRIPTION OF CERTAIN terminals/interfaces. As shown, regulator 200 is arranged
EMBODIMENTS 55 with several sub-circuits or components, including reference

filter, startup, error amplifier, output, quiescent current con-

In the following detailed description, reference is made to trol (for low load current states), and pulse generator (for
the accompanying drawings, in which are shown exemplary smoothing high/low load current transitions).
but non-limiting and non-exhaustive embodiments of the In regard to the startup sub-circuit, once an enable signal
invention. These embodiments are described in sufficient 60 is provided, PMOS transitor P1 starts charging up capacitor
detail to enable those having skill in the art to practice the Cs which causes the Vstart-up voltage to increase in such a
invention, and it is understood that other embodiments may way that the voltage at the Start_Up node also increases
be used, and other changes may be made, without departing somewhat gradually from approximately zero volts (ground)
from the spirit or scope of the invention. The following to the voltage provided at terminal VIN. In one embodiment,
detailed description is, therefore, not to be taken in a limiting 65 if the capacitance of capacitor Cs is approximately 5 pico-

sense, and the scope of the invention is defined only by the
appended claims. In the accompanying drawings, like ref-

farads, then the gradual increase can occur over a time
period of approximately 600 microseconds, and the like.

Microchip EX2001, p. 7
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In regard to the reference filter, resistor R_fil can be
implemented with a voltage controlled MOSFET that is
arranged for a relatively high equivalent resistance. Further-
more, in at least one embodiment NMOS transistor N1 can
be connected in parallel to enable a relatively fast and stable
turn on (start-up) based on the reference voltage Vref.

In regard to the quiescent current control sub-circuit,
PMOS transistor Pse is arranged to sense a relatively low
load current, e.g., approximately 0.5 milliamps, and the like.
Also, in a low load current state, voltage Vqc is set logically
“high”, e.g., approximately the voltage of Vdd. By sensing
this low load current state, such as a standby state, the
operation of the regulator can be arranged to generate a
relatively low quiescent current by disabling some compo-
nents, and thereby consume less power. However, in a higher
load current state, voltage Vqc is set logically “low” (zero
volts/ground) so that any components disabled for the low
load state are quickly enabled for full operation.

In regard to the pulse generator, a positive voltage pulse
is typically generated to discharge the voltage Vstart-up
through NMOS transistor N3 whenever voltage Vqc transi-
tions from a “low” state to a “high” state. For example,
voltage Vqc could be arranged to transition from a “low” to
a “high” when the load current correspondingly transitions
from approximately more than 0.5 milliamps to relatively
less than 0.5 milliamps. The positive voltage pulse provided
by the pulse generator assists in stabilizing the operation of
the error amplifier in part because it enables a relatively high
bias current for a relatively short period of time that it is
needed, i.e., during a high/low load current transition. Also,
in at least one embodiment, capacitor Cpu can be arranged
with a capacitance of approximately 2 picofarads.

In regard to the output stage sub-circuit, PMOS transistor
Pps is typically arranged as a pass device and implemented
with a power transistor that is connected to the output
terminal VOUT. R, and R, are arranged as feedback resis-
tors for generating output feedback voltage to one of the
inputs of the error amplifier. Also, capacitor C1 is only
connected via NMOS transistor N17 under low load current
state (less than approximately 0.5 milliamps) for generating
a dominant pole at the output terminal VOUT. Also, in at
least one embodiment, the capacitance of C,; is approxi-
mately 10 picofarads.

The error amplifier is arranged with two stages. The first
stage is configured with two types of differential MOS
transistor pairs, i.e., NMOS transistors N15 and N16 and
PMOS transistors P7 and P8, which are arranged to operate
in a complementary manner. Also, in a low load current
state, the NMOS different input pair (NMOS transistors N15
and N16) can be disabled to reduce quiescent current and
consume less power. Additionally, the error amplifier’s
second stage is arranged to provide a relatively fast push-
pull effect by the complementary operation of at least
NMOS transistor N18 and PMOS transistor P18.

The error amplifier includes at least four RC networks that
provide internal phase compensation by the arrangement of
(1) Resistor Rg with Capacitor Cg; (2) Resistor Rp with
Capacitor Cp; (3) Resistor Ren with Capacitor Cen; and (4)

55
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Resistors Rden and Rdep are configured as cascode
degeneration resistances. This cascode degeneration
arrangement enables relatively higher output resistances for
NMOS transistor N18 and PMOS transistor P18, respec-
tively. Consequently, a dominate pole is typically generated
at the output node of the second stage under a higher load
current state, e.g., greater than approximately 0.5 milliamps.
If the load current is relatively low, e.g., less than approxi-
mately 0.5 milliamps, these two degeneration resistances are
short connected by NMOS transistor N14 and PMOS tran-
sistor P17, respectively, to enable a relatively low output
resistance at the second stage’s output node.

PMOS transistors pair P9 and P5 and PMOS transistor
pair P13 and P14 are arranged to provide a relatively high,
but relatively brief, bias current during startup. The rela-
tively large bias current during startup further enables the
relatively stable operation of exemplary regulator 200.

Additionally, PMOS transistors P10 and P17 and NMOS
transistor N13 can be arranged to provide a relatively low
quiescent current in a low load current state, e.g., less than
approximately 0.5 milliamps. Under a low load current state,
PMOS transistor P6 can be effectively disabled by PMOS
transistor P10. Typically, the width/length of PMOS tran-
sistor P4 is much smaller than PMOS transistor P6, and both
of their ratios are related to that of PMOS transistor P2.

Also, in a low load current state, the NMOS different
input pair (NMOS transistors N15 and N16) can be disabled
by the operation of PMOS transistor P17 and NMOS tran-
sistor N13. Under these low load current states, PMOS
transistor P12 and NMOS transistor N18 can be arranged as
the second stage of the error amplifier. Additionally, if the
load current transitions from low to high, disabled compo-
nents are enabled and the quiescent current rises. However,
this increase in quiescent current is typically relatively
insignificant in comparison to the relatively higher load
current driving a relatively larger load.

FIG. 3 is a graph of the phase margin for at least one
embodiment (Vout=3.3V) over various loads with input
voltage VIN at 3.4 volts. Similarly, FIG. 4 is a graph of the
phase margin for certain embodiment (Vout=3.3V) over
various loads with input voltage VIN at 5.5 volts. As shown,
the phase margin is at least 60 degrees for varying loads with
different input voltages. Also, the embodiments are rela-
tively stable during load transient states, i.e., fast changes
that occur between high/low load current states. Addition-
ally, in at least some of the embodiments, the quiescent
current is approximately 60 microamps or less.

Accordingly, the above specification, examples, and data
provide a complete description of the manufacture and use
of the composition of the invention. Since many embodi-
ments of the invention can be made without departing from
the spirit and scope of the invention, the invention resides in
the claims hereinafter appended.

What is claimed as new and desired to be protected by
Letters Patent of the United States is:

1. A regulator for regulating an output voltage, compris-
ing:

an input circuit that is arranged to receive at least an input

voltage and a reference voltage;

Resistor Rep with Capacitor Cep. Also, in at least one 60  an error amplifier that further includes:

embodiment, the capacitance of the capacitors in these RC a first stage that includes two PMOS transistors and two
networks is approximately 10 picofarads. Further, the inte- NMOS transistors that are separately arranged as
grated operation of the error amplifier’s components (sub- differential pairs, wherein the input voltage and the
circuits, stages, RC networks, and the like) enables a rela- reference voltage are comparable by at least these
tively fast transient response speed for both low and high 65 two differential pairs, and wherein the NMOS tran-

current loads without having external capacitors connected
to the regulator’s input and output terminals.

sistor differential pair is disabled if a low load current
state is sensed at an output terminal;

Microchip EX2001, p. 8
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a second stage that includes a PMOS transistor and an
NMOS transistor arranged in a push pull configura-
tion to provide the output voltage based on the
comparison of the input voltage and the reference
voltage, wherein the PMOS transistor differential
pair is arranged to provide the comparison of the
input voltage and the reference voltage to the second
stage during at least a portion of the time that the
NMOS transistor differential pair is disabled; and

6

10. The regulator of claim 1, wherein the phase compen-
sator includes a plurality of resistive-capacitive (RC) net-
works that are arranged to compensate for at least phase shift
in the error amplifier.

11. A voltage regulator for controlling an output voltage,
comprising:

an input circuit that is arranged to receive at least an input

voltage and a reference voltage, wherein the input
circuit is arranged to provide the ramping of a starting

. .. 10 voltage for initially energizing at least one component
aphase compensator that includes at least one resistive- of the voltage regulator in response to an enable signal;
capacitive (RC) network that compensates at least an error amplifier that further includes: ’
the output voltage for phase shift, wherelp each a first stage that includes two differently doped pairs of
cqmponent of the phase compensator is disposed similarly doped transistors that are arranged as
within the regulator; and 15 complementary differential pairs, wherein at least a
an output circuit that is coupled to the output terminal to portion of the input voltage and the reference voltage
provide the output voltage to a load. are comparable by at least these two differential
2. The regulator of claim 1, wherein the input circuit pairs, and wherein at least a first one of the differ-
further comprises a startup circuit that is arranged to provide ential pairs is disabled 1f.a low load current state is
the ramping of a starting voltage for initially energizing at 20 sensed at an output terminal; o
least one component of the regulator in response to an enable a second stage that includes two dissimilarly doped
signal, and wherein the starting voltage is provided by a transistors that~ are arranged in a push pull configu-
gradual charging of at least one capacitor. ration to provide tl.le output voltage based on the
. .. comparison of the input voltage and the reference
3. The regulator of claim 2, further comprising a pulse s voltage, wherein a second one of the differential
generator that is arranged to provide a voltage pulse that pairs is, arranged to provide the comparison of the
turns off the starting voltage by discharging the at least one input voltage and the reference voltage to the second
capacitor, wherein the voltage pulse further provides a stage during at least a portion of the time that the first
relatively brief and high bias current during a transition one of the differential pairs is disabled; and
between a low load current state and a high load current 5, . ’
state. a phase compensator t.hat includes at least one netwgrk
. . of at least one active component and one passive
4. The regulator of claim 3, wherein the voltage pulse component that compensates at least the output volt-
provides a relatively high bias current for a relatively short age for phase shift, wherein each component of the
period of time during at least one transition between the high phase compensator is disposed within the regulator;
load current state and the low load current state. 35

5. The regulator of claim 1, further comprising a reference
filter that includes a resistive element with a relatively high
equivalent resistance, wherein in response to the enable
signal, the resistive element provides smooth stabilization of
a reference voltage that is provided to the regulator.

6. The regulator of claim 1, wherein the output circuit
includes a power transistor that is arranged as a pass device
for the output current to the load, and wherein a capacitor is
only connected via one NMOS transistor under low load
current state for generating a dominant pole at the output
terminal.

7. The regulator of claim 1, wherein the output circuit
includes at least one component that is configured as a
cascode degeneration resistance in response to a high load
current state for having high output resistance to occur at an
output of the second stage, wherein the cascode degenera-
tion resistance is further disabled for a relatively low output
resistance to occur at an output of the second stage during
the low load current state.

8. The regulator of claim 1, further comprising a quiescent
current circuit that includes a component for sensing the low
load current state and a high load current state, wherein the
quiescent current circuit provides a signal for the low load
state that disables at least a portion of other components in
the regulator, and wherein a quiescent current generated by
the regulator during the low load current state is subse-
quently reduced.

9. The regulator of claim 8, wherein the quiescent current
circuit provides another signal during the sensing of the high
load current state that enables the operation of at least a
portion of the disabled other components in the regulator.

55

and

an output circuit that is coupled to the output terminal to

provide the output current to a load.

12. The voltage regulator of claim 11, wherein the net-
work further comprises at least one of a capacitive compo-
nent or an inductive component.

13. The voltage regulator of claim 12, further comprising
a pulse generator that is arranged to provide a voltage pulse
that turns off the starting voltage by discharging the at least
one capacitor, and wherein the voltage pulse further pro-
vides a relatively brief and high bias current during a
transition between a high load current state and a low load
current state.

14. The voltage regulator of claim 13, wherein the voltage
pulse provides a relatively high bias current for a relatively
short period of time during at least one transition between
the high load current state and the low load current state.

15. The voltage regulator of claim 11, further comprising
a resistive element with a relatively high equivalent resis-
tance, wherein in response to the enable signal, the resistive
element filters glitches from the reference voltage.

16. The voltage regulator of claim 11, wherein the output
circuit includes a power transistor that is arranged to provide
a capacitance for a dominant pole generated at the error
amplifier’s output terminal under high load current state, and
wherein the power transistor is arranged as a pass device for
the output current/voltage to the load.

17. The voltage regulator of claim 11, wherein the output
circuit includes a cascode degeneration resistance that oper-
ates in response to a high load current state for generating a
relatively high output resistance at an output of the second
stage, wherein the cascode degeneration resistance is further

Microchip EX2001, p. 9
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disabled for a relatively low output resistance to occur at an
output of the second stage during the low load current state.

18. The voltage regulator of claim 11, further comprising
a control circuit that includes a component for sensing the
low load current state and a high load current state, wherein
the circuit provides a signal for the low load state that
disables at least a portion of other components in the voltage
regulator, and wherein a quiescent current generated by the
regulator during the low load state is subsequently reduced.

8

a means for a push pull configuration that provides a
representation of the output voltage based on the
comparison of the input voltage and the reference
voltage, wherein a second one of the differential
pairs is arranged to provide the comparison of the
input voltage and the reference voltage to the means
for the push pull configuration at least a portion of
the time that the first one of the differential pairs is
disabled; and

19. The voltage regulator of claim 18, wherein the control 10 a means for compensating for phase shift with at least
circuit provides another signal during the sensing of the high one resistive-capacitive (RC) network, wherein each
load current state that enables the operation of at least a component of the network is disposed within the
portion of the disabled other components in the voltage voltage regulator; and
regulator. a means for providing the output current/voltage to a load

20. A voltage regulator for controlling an output voltage, 15 at the output terminal.
comprising: 21. The regulator of claim 1, wherein the at least one RC

a means for receiving at least an input voltage and a networks includes a first RC network and a second RC

reference voltage, wherein the input circuit is arranged network, and wherein the first RC network includes a first
to provide the ramping of a starting voltage for initially resistor that is coupled in series to a first capacitor, the first
energizing at least one component of the voltage regu- 20 capacitor is further coupled to the output of the second stage,
lator in response to an enable signal; and the first resistor is further coupled to the gate of the
an error amplifier that further includes: PMOS transistor of the second stage, and wherein the
a means for separately arranging two complementary second RC network includes a second resistor that is
differential pairs, wherein at least a portion of the coupled in series to a second capacitor, the second capacitor
input voltage and the reference voltage are compa- 25 is further coupled to the output of the second stage, and the

rable by at least these two differential pairs, and
wherein at least a first one of the differential pairs is
disabled if a low load current state is sensed at an
output terminal;

second resistor is further coupled to the gate of the NMOS
transistor of the second stage.

% ok ok ok ok
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It is certified that error appears in the above-identified patent and that said Letters Patent is
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In column 3, line 38, delete “C1” and insert -- C;; --, therefor.
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Twenty-ninth Day of April, 2008
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