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(57) Abstract: A low-dropout regulator (100) comprises a first switching transistor (104), a comparator (102), and a Miller capacitor
(106). The first terminal of the first switching transistor (104) is connected to a load (108), and the second terminal of the first switching
transistor (104) is connected to a power supply voltage. The first input terminal ot the comparator (102) is connected to a reference
voltage (Vret), the second input terminal of the comparator (102) is connected to the first terminal of the first switching transistor (104),
and the output terminal of the comparator (102) is connected to the control terminal of the first switching transistor (104). The first
terminal of the Miller capacitor (106) is connected to the control terminal of the first switching transistor (104), and the second terminal
of the Miller capacitor (106) is connected to the first terminal of the first switching transistor (104) and the load (108).
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LOW-DROPOUT REGULATORS
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This  application  claims  priority to  Chinese Patent  Application
No. 201710135653 4, filed on March 8, 2017, which is incorporated herein by reference

in its entirety.

TECHNICAL FIELD

10602] The present disclosure generally relates to the field of semiconductor circuit

technology, and more particularly, to low-dropout regulators,

BACKGROUND

[6603] A low-dropout regulator (LDO) is a direct current (DC) linear voltage regulator
that can regulate the output voltage even when the supply voltage is very close to the
output voltage. As semiconductor technology advances, the designing of LDOs has
become a critical aspect of the manufacturing process of three-dimensional (3D) NAND
flash memories, in which the memory cells are stacked vertically in multiple layers to
achieve higher densities at a lower cost per bit.

[6604] Conventional analog LDOs are widely used in a variety of circuit structures. In
order to ensure the output stability of the LDOs under different load conditions, a high
quiescent power and a large decoupling capacitance are important. Existing analog LDOs
have a low bandwidth and a slow load transient response speed. On the other hand,
existing digital LDOs also have drawbacks, such as higher noise, higher switching power,
complex architecture, and complicated algorithm control.

10605] Accordingly, the disclosed low-dropout regulators are directed to solve one or

mote problems set forth above, and other problems.

BRIEF SUMMARY

[3006] In accordance with some embodiments of the present disclosure, low-dropout

regulators are provided.
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18007]

18008]

[8009]

[8010]

(6611}

In some embodiments, a low-dropout regulator has a first switching transistor, a
comparator and a Miller capacitor. The a first switching transistor has a first terminal,
a second terminal and a control terminal, and the first terminal of the first switching
transistor is connected to a load, and the second terminal of the first switching transistor 13
connected to a power supply voltage. The comparator has a first input terminal, a second
input terminal and an output terminal, and the first input terminal of the comparator is
connected to areference voltage, the second input terminal of the comparator is
connected to the first terminal of the first switching transistor, and the output terminal of
the comparator is connected to the control terminal of the first switching transistor. The
Miller capacitor has a first terminal and a second terminal, and the first terminal of the
Miller capacitor is connected to the control terminal of the first switching transistor, and
the second terminal of the Miller capacitor is connected to the first terminal of the first
switching transistor and the load.

The low-dropout regulator further can include a driving module including an input
and an output, and the input of the driving module is coupled to the output terminal of the
comparator, and the output of the driving module is coupled to the control terminal of the
tirst switching transistor.

The driving module can further include a p-channel metal-oide—semiconductor
field-effect ransistor (P-MOSFET) conpected to an n-channel metal-oxide-
semiconductor field-effect transistor (N-MOSFET). A source of the P-MOSFET is
connected to the power supply voltage, a drain of the P-MOSFET is connected to the
control terminal of the first switching transistor, and a gate of the P-MOSFET is
connected to the output terminal of the comparator. And a gate of the N-MOSFET is
connected to the output terminal of the comparator, asource of the N-MOSFET is
coupled to a ground voltage potential, and a drain of the N-MOSFET is connected to the
control terminal of the first switching transistor.

The driving module can further include a first inverter including an input terminal
and an ocutput terminal, and the input terminal of the first inverter is connected to the
output terminal of the comparator, and the output terminal of the first inverter is
connected to the control terminal of the first switching transistor.

The driving module can further include a p-channel metal-oxide—semiconductor

field-effect transistor (P-MOSFET), an n-channel metal-oxide-semiconductor field-effect
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transistor (N-MOSFET), a first current source, and a second current source. A drain of
the P-MOSFET 15 connected to the control terminal of the first switching transistor, and a
gate of the P-MOSFET is connected to the cutput terminal of the comparator. An input
terminal of the first current source 1s connected to the power supply voltage, and an
output terminal of the first current source 1s connected to the source of the P-MOSFET.
A gate of the N-MOSFET is connected to the output terminal of the comparator, a source
of the N-MOSFET is coupled to a ground voltage potential, and a drain of the N-
MOSFET is connected to the control terminal of the first switching transistor. An input
terminal of the second current source is connected to the source of the N-MOSFET, and
an output terminal of the second current source 1s coupled to a ground voltage potential.

[6GE23 The driving module can further include a first inverter including an input terminal
and an output terminal, and the input terminal of the first inverter is connected to the
output terminal of the comparator, and the output terminal of the first inverter is
connected to the gate of the P-MOSFET and the gate of the N-MOSFET.

[G013] The driving module can further include a second inverter, and an input terminal of
the second inverter is connected to the output terminal of the comparator, and an output
terminal of the second inverter is connected to the input terminal of the first inverter.

[0014] The first inverter can include an wverting buffer or an 1nverting amplifier.

[6G15] A capacitance value of the Miller capacitor can be less than a capacitance value of
an equivalent capacitance of the load, and can be greater than a capacitance value of
a parasitic capacitance at the control terminal of the first switching transistor.

(3316} The capacitance value of the Miller capacitor can be less than or equal to one
percent of the capacitance value of the equivalent capacitor of the load, and can be greater
than or equal to ten times of the capacitance value of the parasitic capacitance at the
control terminal of the first switching transistor.

[6017] The first switching transistor can include a p-channel metal-oxide—semiconductor
field-effect transistor (P-MOSFET).

[6G18] The Miller capacitor can have a withstand voltage of about 100mV and
a capacitance of about 400pF.

[6619] A voltage slew rate of the low-dropout regulator is determined by an output

voltage of the low-dropout regulator and an equivalent capacitance of the load.
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180201 The first terminal of the first switching transistor can be a non-dominant pole,
while the control terminal of the first switching transistor can be a dominant pole.

(06211 The input terminal of the first inverter and the cutput terminal of the first inverter
can be non-dominant poles.

06221 The input terminal of the second tnverter and the output terminal of the second
inverter can be non-dominant poles.

[6623] Anocther aspect of the present disclosure discloses another low-dropout regulator
including a first switching transistor configured to control a switching between a power
supply and a load of the low-dropout regulator in response to a control signal,
a comparator contigured to compare an output voltage of the first switching transistor and
a reference voltage, and the control signal 1s generated based on an output signal of the
comparator, and a Miller capacitor electrically connected between a control terminal and
an output terminal of the first switching transistor, and configured to stabilize an output
voltage of the low-dropout regulator to the load.

[6624] The low-dropout regulator can further include a driving module configured to
driving the output signal of the comparator to generate the control signal, to buffer the
control signal for increasing a stability of the output voltage of the low-dropout regulator
to the load.

[6625] The driving module can include a complemantary metal-oxide-semiconductor
(CMOS) mverter configured to increase noise margins of the output voltage of the low-
dropout regulator to the load.

13026] The driving module can further include one or more current sources configured
adjust a changing rate of the output voliage of the low-dropout regulator to the load, such
as a first current source configured to limit a boost speed of the output voltage of the low-
dropout regulator to the load, and/or a second cusrent source configured to limit a buck
speed of the output voltage of the low-dropout regulator to the load.

(36271 The driving module can further include one or more digital 1nverters configured to
amplify and/or to buffer the cutput signal of the comparator.

[6628] Another aspect of the present disclosure provides a system for supplying power to
word lines of a three-dimensional (3D) NAND flash memory device. The system has a
charge pump configured to elevate an initial voltage to a power supply voltage that is

higher than the nitial voltage; an oscillator configured to generate periodic clock and
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drive stage capacitors in the charge pump; and a disclosed low-dropout regulator
configured to regulate the power supply voltage for outputting a driving voltage to a word
line of the three-dimensional (3D) NAND flash memory device.

13329] Other aspects of the present disclosure can be understood by those skilled in the

art in light of the description, the claims, and the drawings of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

166307 The accompanying drawings, which are incorporated herein and torm a part of the
specification, illusirate embodiments of the present disclosure and, together with the
description, further serve to explain the principles of the present disclosure and to enable
a person skilled in the pertinent art to make and use the present disclosure.

180311 FIG. 1 illustrates a schematic circuit diagram of a low-dropout regulator in
accordance with some embodiments of the present disclosure;

[6632] 1. 2 iilustrates a schematic structural diagram of another low-dropout regulator
in accordance with some other embodiments of the present disclosure;

1363331 FIG. 3 illustrates a schematic circuit diagram of an implementation of the low-
dropout regulator shown in FIG. 2;

[6634] FIG. 4 ilustrates a schematic circuit diagram of another implementation of the
low-dropout regulator shown in FIG. 2;

EHIRRY FIG. 5 illustrates a schematic circuit diagram of another implementation of the
low-dropout regulator shown in FIG. 2;

[0036] FIG. 6 illustrates a schematic circuit diagram of another implementation of the
low-~dropout regulator shown in FIG. 2; and

(06371 FIG. 7 illustrates a schematic block diagram of an exemplary systemn for
implementing a disclosed low-dropout regulator 1n a three-dimensional NAND memory
device in accordance with some embodiments of the present disclosure.

[(0638] Embodiments of the present disclosure will be described with reference to the

accompanying drawings.
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[0039]

[6640]

10641}

[6042]

DETAILED DESCRIPTION

Although specific configurations and arrangements are discussed, it should be
understood that this is done for illustrative purposes only. A person skilled in the
pertinent art will recognize that other configurations and arrangements can be used
without departing from the spirit and scope of the present disclosure. It will be apparent
to a person skilled in the pertinent art that the present disclosure can also be employed in
a variety of other applications.

It is noted that references in the specification to “one embodiment,”
“an embodiment,” “an example embodiment,” etc., indicate that the embodiment
described may include a particular feature, structure, or characteristic, but every
emnbodiment roay not necessarily include the particular feature, structure, or characteristic.
Moreover, such phrases do not necessarily refer to the same embodiment. Further, when
a particular feature, structure or characteristic is described in connection with an
embodiment, it would be within the knowledge of one skilled in the art to effect such
feature, structure or characteristic in connection with other embodiments whether or not
explicitly described.

In general, terminology may be understood at least in part from usage in context.
For example, terms, such as “and,” “or,” or “and/or,” as used herein may include a variety
of meanings that may depend at least in part upon the context in which such terms are
used. Typically, “or” if used to mean at least one of a list, such as A, B or C, but can
include more than one or all of A, B and C. In addition, the term “one or more” as used
herein, depending at least in part upon context, may be used to describe any feature,
structure, or characteristic in a singular sense or may be used to describe combinations of
features, structures or characteristics in a plural sense. Similarly, terms, such as “a” “an,”
or “the,” again, may be understood to convey a singular usage or to convey a plural usage,
depending at least in part upon context. Inaddition, the term “based on” may be
understood as not necessarily intended to convey an exclusive set of factors and may,
instead, allow for existence of additional factors not necessarily expressly described,
again, depending at least in part on context.

As discussed in the background section, both existing analog low-dropout
regulators (LDOs) and digital LDOs have drawbacks. In accordance with various

embodiments, the present disclosure provides low-dropout regulators based on a digital-
6
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assisted analog DO approach to combine the design metrics of the traditional analog
LDO architecture and the existing digital LDO architecture. The disclosed low-dropout
regulators can achieve high bandwidth, small quiescent current, small decoupling
capacitance, low power, and acceptable noise.

[0343] Referring to FIG. 1, a schematic circuit diagram of a low-dropout regulator is
iHustrated in accordance with some embodiments of the present disclosure. As shown,
the low-dropout regulator (ED(O} 100 includes acomparator (Cemp) 102, a first
switching transistor (K1) 104, and a Miller capacitor (Cm) 106.

(00441 A first put terminal of the comparator (Comp) 102 can be connected to
a reference voltage (Vref). Insome embodiments, the value of the reference voltage
(Vref) can be determined based on the designed voltage of a load (Lead) 108 of the low-
dropout regulator (LDO) 100. For example, according to the type of the load (Load) 108
of the low-dropout regulator (LDO) 100, the value of the reference voltage (Vref) can be
either fixed or variable. That is, the reference voltage (Vrel) can be generated by a fixed
voltage source, or can be generated by a circuit that can provide an adjustable voltage
value.

[0045] A second input terminal of the comparator (Comp) 102 can be connected to a first
terminal of the first switching transistor (K1) 104, Aun output termival of the comparator
(Comp) 102 can be connected to a control terminal of the first switching transistor (K1)
104,

[6046] A first terminal of the first switching transistor (1) 104 can be connected to the
load (Lead) 108. A second terminal of the first switching transistor (K1) 104 can be
connected to a power voltage (Vee)

184473 A first terminal of the Miller capacitor {Cm) 106 can be connected to the control
terminal of the first switching transistor (K1) 104, A second terminal of the Milier
capacitor {Cm) 106 can be connected to the first terminal of the first switching transistor
(K1) 104, which 1s also connected to the load (Lead) 108 and the output voltage (Vx).

[0048] In some embodiments, the first switching transistor (K1) 104 can be a metal-
oxide—semiconductor field-effect transistor (MOSFET), such as a p-channel MOSFET as
shown in FIG. 1. The control terminal of the first switching transistor (K1) 104 can be
the gate of the MOSFET, and the first terminal and the second terminal of the first

switching transistor (K1) 104 can be the source and drain of the MOSFET respectively.
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[0049]

10650]

[6051]

[0052]

[6653]

The comparator (Comp)} 102 can be any suitable voltage comparator, such as a
tiny micropower, low voltage comparator in LTC6702, which 1s designed by Linear
Technology Corporation.  Since the bandwidth of the voltage comparator is higher than
the operating bandwidth of an ervor operational amplifier that is used in the conventional
LDO circuit, the bandwidth of the disclosed LDO is increased compared to the
conventional LDOs.

In some embodiments, the load (Lead) 108 can include one or more loads that are
any suitable types, such as a capacitor type, a current source type, a resistance type,
various combinations thereof, etc.

In an operation state of the LDO shown in FIG. 1, the comparator (Comp) 102
can compare the magnitudes of the reference voltage (Vref) and the output voltage (Vx)
that is outputting to the load (Lead) 108, When the cutput voltage (Vx) is higher than the
reference voltage (Vref), the node (Ng) located at the control terminal of the first
switching transistor (K1) 104 is at a high level, such as a logie signal “1.” As such, the
first switching transistor (K1) 104 is turned off, thus the load (Lead) 108 consumes the
power stored in the Miller capacitor (Cm) 106 to lower the output voltage (Vx}). When
the output voltage (Vx) is lower than the reference voltage (Vref), the node (Ng)isat a
low level, such as a logic signal “0.” As such, the first swiiching transistor (K1) 104 18
turned on to conduct current to the load (Lead) 108 to increase the ocutput voltage (Vx).
Therefore, the output voltage (Vx) can be stabilized at the reference voltage (Vrel).

One distinction between the conventional LDO and the disclosed high-bandwidth
LDO shown in FIG. 1 18 that circuit 100 does not require an additional circuit structure to
ensure the stability of the output. The Miller capacitor (Cm) 106 restrains the oscillation
of the output veltage (Vx) to meet the power supply requirements of various load
conditions.

Due to the Miller etfect caused by the Miller capacitor (Cm) 106, when the noise
of the output voltage (Vx) s too large, the oscillation variation is coupled to the node (Ng)
through the Miller capacitor (Cm) 106. As such, the turning-on and turning-off of the
first switching transistor (K1) 104 can be slowed down to reduce the oscillation of the
output voltage {Vx), thereby correcting the nonlinear distortion of the output voltage (Vx).
As such, the output voltage (Vx) can be stabilized within a certain range that is fit for the

load (L.oad) 108.



WO 2018/161834 PCT/CN2018/077711

18054]

[00655]

18056]

[6057]

[0058]

it should be noted that, due to the local feedback control of the comparator (Cemp)
102 and the Miller capacitor (Cmy 106 on the output voltage (Vx), a response speed of
the disclosed LDO illustrated in FIG. 1 in response to a load dump can be significantly
improved. For example, a response speed of a disclosed LDO including a Miller
capacitor can be about 1us, while a response speed of a conventional LDO can be about
Sus. That is, in response to a load dump, a response speed of the disclosed LDO is
significantly faster than a response speed of a conventional analog L.DO.

Further, the voltage slew rate of the disclosed LDO can be determined by the
output voltage (Vx) and an equivalent capacitance of the load (Load) 108,

it should also be noted that, the capacitance value C_of the Miller capacitor (Cm)

106 is less than the capacitance value (, of the equivalent capacitance of the load

(Load) 108. The capacitance value C_of the Miller capacitor (Cm) 106 is larger than the
capacitance value € of the parasitic capacitance at the control terminal of the first
switching transistor (K1) 104. As such, it can be ensured that the noise of the output
voltage (¥x) is coupled to the node (Ng) as much as possible to reduce the nonlinear
distortion of the output voltage (Vx).

In some embodiments, assuming that the capacitance value C,, of the equivalent
capacitance of the load (Load) 108 and the capacitance value C, of the parasitic
capacitance at the control terminal of the first switching transistor (K1) 104 are known,
the capacitance value € of the Miller capacitor {(Cm) 106 can satisfy the following
relational expressions: 100C, <C,, and C, 210C . In such cases, approximately 90% -
100% of the oscillation of the output voltage (Vx) can be coupled to the node (Ng). The
noise of the output voltage (Vx) can be reduced by an order of magnitude, such as
reducing from an original absolute noise amplitude at about 201mV of a conventional
analog LDO to an absolute noise amplitude at about 20mV of the disclosed LDO. The
resulting waveform of the output voltage (Vx) can meet the needs of a wider range of
load conditions. Interpretation

The comparator (Comp) of the disclosed LDO compares the voltage output from
the first switch (K1) 104 to the load (Load) 108 and the reference voltage (Vref).

The comparison result 1s transmitted to the control terminal of the first switching

9
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transistor (K1) 104, such that the LDO 100 has a high bandwidth that is not limited by
any error operational amplifier.

[(3059] Further, due to the Miller effect, the Miller capacitor can reduce the output
oscillation of the first switching transistor, and reduce the output noise of the LDO, such
that the waveform of the output can meet the requirements of various load conditions.
Theretore, different from the existing analog LDO, the closed-loop of the disclosed high-
bandwidth 1.DO can be non-stable. By using the Miller capacitor, the output oscillation
of the first switching transistor can be stabilized within a certain range required by the
load without limiting the LDO's bandwidth.

[3060] Therefore, the disclosed LDO can have a stable output, a high bandwidth, a fast
load transient response speed. In addition, the disclosed LDO can consume less quiescent
current {e.g., 1A} compared to a conventional LDO (e.g, 10 pA) to achieve same design
specifications, such as power, notse, load dump, load regulation, linear regulation, etc.

(G061 ] Referring to FIG. 2, a schematic structural diagram of another low-dropout
regulator 200 is illustrated in accordance with some other embodiments of the present
disclosure. Based on the siructure of the LDC shown in FIG. 1, the disciosed L0 can
turther include a driving module 210 configured to drive the signal cutput by the
comparator (Comp) 102 and transmitting the sigoal to the control terminal of the first
switching transistor (K1) 104.

[6062] In some embodiments, the driving module 210 can enable the signal output by the
comparator {Coemp) 102 to meet the driving requirement of the first switching transistor
(K1) 104 Further, in some embodiments, the driving module 200 can also buffer the
signal transmitted to the first switching transistor (K1) 104 to improve the stability of the
output of the LDO 200. & should be noted that, the driving module 210 can include any
suitable circuit components. In the following, some exemplary implementation of the
driving module 210 are described in connection with FIGs. 3-6.

13363 Referring to FIG. 3, a schematic circuit diagram of one exemplary implementation
of the low-dropout regulator shown in FIG. 2 is illustrated. In some embodiments, the
driving module 310 can include a p-channel wetsi-oxide—semiconductor fisld-effect
transistor (P-MOSFET, PM) and an n-channel metal-oxide-semiconductor figld-effect

transistor (N-MOSFET, NM).

10
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18064]

[0065]

[0066]

[6067]

[0063]

The source of the P-MOSFET (PM) can be connected to the power supply voltage
(Vee). The drain of the P-MOSFET (PM) can be connected to the control terminal of the
tirst switching transistor (K1) 104. The gate of the P-MOSFET (PM) can be connected
to the output terminal of the comparator (Cemp) 102. The gate of the N-MOSFET (NM)
can be connected to the output terminal of the comparator (Cemp} 102, The source of
the N-MOSFET (WM) can be grounded. The drain of the N-MOSFET (WNM) can be
connected to the control end of the first switching transistor (K1) 104

In some embodiments, the first switching transistor (K1) 104 is a P-MOSFET.
The gate of the P-MOSFET can be conunected to the output terminal of the driving
module 310, The drain of the P-MOSFET can be connected to the load (Load) 108 The
source of the P-MOSFET can be connected to the power voltage (Vee). The non-
inverting input terminal of the comparator (Cemp) 102 can be connected to the reference
voltage (Vref). The inverting input terminal of the comparator (Comp) 102 can be
connected to the first terminal of the first switching transistor (K1) 104 (i.e., the drain of
the P-MOSFET).

The driving module 310 1s a complementary metal-oxide—semiconductor (CMOS)
inverter. When the output of the comparator (Cemp) 102 15 at a high level, the voltage of
the node (Ng) 1s pulled low to ground. And when the output of the corparator (Comp)
102 is at a low level, the voltage of the node (Mg} is pulled high to the power voltage
(Vee). This results in high noise margins.

Referring to FIG. 4, a schematic circuit diagram of anocther implementation of the
low-dropout regulator shown in FIG. 2 1s illostrated. In some embodiments, the driving
module 410 can further include one or more constant current sources to limit the changing
rate of the cutput voltage (Vx}.

For example, as shown in FIG. 4, the driving module 100 can include a first
current source {(Ipu) and/or a second current source (Ipd). An input terminal of the first
current source (Ipu) can be connected to the power voltage (Vee). The output terminal of
the first current source {(Ipu) can be connected to the source of the P-MOSFET (PM).
The nput terminal of the second current source (Bpd) can be connected to the source of
the N-MOSFET (NM). The output terminal of the second current source (Ipd) can be

grounded.

It
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[6669] The first current source (Ipu) can be used to limit a boost speed of the output
voltage (Vx). The second current source (Ipd) can be used to linut a buck speed of the
output voltage (Vx).

133701 Referring to FIG. 5, a schematic circuit diagram of another implementation of the
low-dropout regulator shown in FIG. 2 is iHustrated. In some embodiments, the driving
module 510 can include one or more digital inverters.

(6071} For example, as shown tn FIG. 5, the driving module 510 can include a first
digital inverter (Imvl). The input terminal of the first digital inverter (Imvi) can be
connected to the output terminal of the comparator (Cemp) 102, The output terminal of
the first digital inverter (Imvl) can be connected to the control terminal of the first
switching transistor (K1) 104.

(6672} In some embodiments, the first switching transistor (K1} 104 can be a P-MOSFET.
The gate of the P-MOSFET can be connected to the output terminal of the driving
module 100, The drain of the P-MOSFET can be connected to the load (Load) 108
The source of the P-MOSFET can be connected to the power voltage (Vee). The non-
inverting input terminal of the comparator (Cemp) 102 can be connected to the reference
voltage (Vref). The inverting input terminal of the comparator (Comp) 102 can be
connected to the first terminal of the first switching transistor (K1) 104 (ie., the drain of
the P-MOSFET).

[6673] The first digital inverter (Jnvl) can be any suitable type of inverter, such as
a current-non-compensating type inverter, an inverting buffer, an inverting amplifier, etc.
A delay time and/or an amplification factor of the first digital inverter (Jnvl) can be set
according to the actual situation.

[6674] In some embodiments, a multi-stage amplitying or buffering structure can be
applied. For example, the driving module 510 can further include a second digital
inverter {not shown in FIG. 5} The input terminal of the second digital inverter can be
connected to the output terminal of the comparator (Cemp) 102, The output terminal of
the second digital inverter can be connected to the input terminal of the first digital
inverter (avi).

[0675] Referring to FIG. 6, a schematic circuit diagram of another implementation of the
low-dropout regulator shown in FIG. 2 1s illustrated. The driving module 610 can include

a first digital 1nverter (Invl), a P-MOSFET (PM), and an N-MOSFET (NM}.
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16676} The input terminal of the first digital inverter (Imvl} can be connected to the
output terminal of the comparator (Cemp) 102, The output terminal of the first digital
inverter {Invl) can be connected to the gate of the P-MOSFET (PM). The source of the
P-MOSFET (PM) can be connected to the power voltage (Vee). The drain of the P-
MOSFET (PM) can be connected to the contro} terminal of the first swiiching transistor
(K1) 104, The gate of the N-MOSFET (NM) can be connected to the output terminal of
the first digital inverter (Imvi). The source of the N-MOSFET (NM) can be grounded.
The drain of the N-MOSFET (NM) can be connected to the control terminal of the first
switching transistor (K1) 104,

(06771 In some embodiments, the driving module 100 can further include a second digital
inverter (Inv2) The input terminal of the second digital inverter (Inv2) can be connected
to the output terminal of the comparator (Comp) 102, The output terminal of the second
digital inverter (Inv2) can be connected to the input terminal of the first digital inverter
(fmvi)

[06G78] The first digital inverter (Invl) and the second digital inverter (Imv2) can be any
suitable type of inverters, including current-non-compensating type inverters, inverting
buffers, inverting amplifiers, etc., as noted above.

(00791 In some embodiments, the first switching transistor (K1) 104 can be a P-MOSFET.
The gate of the P-MOSFET can be connected to the output terminal of the driving
module 610, The drain of the P-MOSFET can be connected to the load (Load) 108
The source of the P-MOSFET can be connected to the power voltage (Vee). The non-
inverting input terroinal of the comparator (Cemp) 102 can be connected to the reference
voltage (Vref). The inverting input terminal of the comparator (Comp) 102 can be
connected to the first terminal of the first switching transistor (K1) 104 (i.¢, the drain of
the P-MOSFET).

[G080] In some embodiments, the driving module 610 can further include a first current
source {(Ipu) and/or a second current source (Epd). The 1nput terminal of the first current
source (Ipu} can be connected to the power voltage (Vee). The output terminal of the
first current source (Ipu) can be connected to the source of the P-MOSFET (PM). The
input terminal of the second current source (Ipd} can be connected to the source of the N-

MOSFET (NM). The output terminal of the second current source (Ipd) can be grounded.
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10081} The circuit topology shown in FIG. 6, for example, is used now to explain the
working principle of the disclosed high-bandwidth LDO 1o detail. It can be assumed that
node (N1} is located at the output terminal of the comparator (Comp) 102, node (N2} is
located at the output terminal of the second digital inverter (Inv2), node (N3} is located at
the output terminal of the first digital inverter (Inv1), and node (Ng) is located at the
control terminal of the first switching transistor (K1) 104.

[6682] The comparator {Comp) 102 can compare the reference voliage (Vref) with the
output voltage (Vx). When the output voltage (Vx) is higher than the reference voltage
(Vrel), the comparator (Comp) 102 can output a low level signal. As such, the node (N1)
is at a low level, the node (N2) is at a high level, the node (N3) 1s at a low level. Thus,
the P-MOSFET (PM) is turoed on, and the N-MOSFET (MM) is turmed oft. The node
(Mgy 1s at ahigh level, so that the first switching transistor (K1) 104 is turned off.
Therefore, the load (Lead) 108 consumes the power stored in the Miller capacitor {Cm),
and the output voltage (Vx) is pulled low,

[6083] When the output voltage (Vx) drops below the reference voltage (Vref), the
comparator (Cemp)} 102 can output a high level signal. As such, the node (Ni)isat a
high level, the node (N2} is at a low level, the node (N3) is at a high level. Thus, the P-
MOSFET (PM) 15 turned off, and the N-MOSFET (MWM) is turned on. The node (Ng) 13
at a low level, so that the first switching transistor (K1) 104 is turned on to conduct
current to the output voltage (Vx). Therefore, the output voltage (Vx) 1s pulled up.

(6684} Due to the dynamic change of the circuit, the situation that the cutput voltage (V)
s equal to the reference voltage (Vrel) can be neglected. By repeating the above
processes, the output voltage (Vx) can be dynamically stabilized at the reference voltage
(Vrefy, 1t is noted that, in the circuit topology shown in FIG. 6, the node (Ng) is a
dominant pole which dominates the transient response of the closed control loop of the
LD 600, wiule the node (W1}, the node (N2), and the node (IN3) are non-dominant poles.

{33851 Accordingly, low-dropout regulators are described.  In some embodiments,
a disclosed low-dropout regulator can comprise a first switching transistor configured to
control a switching between a power supply and a load of the low-dropout regulator in
response to a control signal, a comparator configured to compare an output voltage of the
tirst switching transistor and a reference voltage, and the control signal is generated based

on an output signal of the comparator, and a Miller capacitor electrically connected
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between a control terminal and an output terminal of the first switching transistor, and
configured to stabilize an output voltage of the low-dropout regulator to the load.

[0086] The fow-dropout regulator can further comprise a driving module configured to
driving the output signal of the comparator to generate the control signal, to buffer the
controd signal for increasing a stability of the output voltage of the low-dropout regulator
to the load. In some embodiments, the driving module can comprise a complementary
metal-oxide-semiconductor (CMORS) inverter configured to increase notse margins of the
output voltage of the low-dropout regulator to the load, and/or one or more digital
inverters configured to amplify and/or to buffer the output signal of the comparator.

166871 Further, the driving module can comprise one or more current sources configured
to adjust a changing rate of the output voltage of the low-dropout regulator to the load,
such as a first current source configured to limit a boost speed of the cutput voltage of the
low-dropout regulator to the load, and/or a second current source configured to limit
a buck speed of the ocutput voltage of the low-dropout regulator to the load.

[0088] It is noted that, a capacitance value of the Miller capacitor is less than
a capacitance value of an equivalent capacitance of the load, and is greater than a
capacitance value of a parasitic capacitance at the control terminal of the first switching
transistor. For example, the capacitance value of the Miller capacitor is less than or equal
to one percent of the capacitance value of the equivalent capacitor of the load, and is
greater than or equal to ten times of the capacitance value of the parasitic capacitance at
the control terminal of the first switching transistor.

{33891 In some embodiments, the low-dropout regulator further has a dominant pole at
the control terminal of the first switching transistor configured to dominate 3 transient
response of the low-dropout regulator.

(G910 In some embodiments, the disclosed high-bandwidth LDO can ensure an output
load up to SOmA by using a Miller capacitor with a withstand voltage of about 100mV
and a capacitance of about 400pF, when the power voltage (Vee) 1s about 1.2V and the
reference voltage (Vref) is about 0.1V, It is noted that, each of the embodiments of the
disclosed high-bandwidth LDO described above in connection with FIGs. 1-6 can either
be used separately as a single circuit, or can be used as a portion of circuit that is

integrated to another circuit.
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[6091] Referring to FIG. 7, a schematic block diagram of an exemplary system for
implementing a disclosed low-dropout regulator in a three-dimensional (3D) NAND
memory device is shown in accordance with some embodiments of the present disclosure.

[8092] 3D NAND flash memory devices are widely adopted in mobile applications such
as a smartphone, tablet PC, MP3 player, digital camera, notebook and so on. Since the
hattery lifetime 1s one of the important factors in mobile devices, low-power design must
be considered. Normally, 3D NAND flash memories recetve a single supply voltage such
as 33V or 1.8V, and wide range high output voltage which are required for staircase
linear program operations such as read, program and erase operations. Typical NAND
flash memory consumes large current during program operations due to the simultanecus
operation of several high-voltage generators.

(6693} An exemplary system 700 for supplying power to a word line of 2 3D NAND
tlash memory device 1s shown in Fig 7. Asillustrated, the system 700 can include
an oscillator 710, a charge pump 720, a low-dropout regulator 730, a word line (WL)
switch 740, and a word line in a 3D NAND memory circuit.

[6094] The system 700 provides the 3D NAND flash memory device with wide range
output voltage to support staircase linear program operations. Since the system 700 has
high output regulated voltage such as 25V and a fast rising time for an arbitrary load
capacitance, the charge pump 720 can be used to elevate a supplied voltage to a higher
voltage. The oscillator 710 can be used to generate peniodic clock signals and provide
driving signals to the charge pump 720

(303951 The low-dropout regulator 730 can be any one of the disclosed LDOs described
above in connection with FiGs. 1-6. The low-dropout regulator 730 can be used to draw
large current and low output regulated voltage for a staircase program pulse. The output
of the low-dropout regulator 730 can be used to drive a selected word line 750 through a
word line switch 740 during a program operation in the 3D NAND flash memory device.

[30396] The provision of the examples described herein (as well as clauses phrased as

o 1]

"such as," "e.g," "including," and the like) should not be interpreted as limiting

the claimed subject matter to the specific examples; rather, the examples are intended to
iHustrate only some of many possible aspects.
[6097] Further, the words "first", "second" and the like used in this disclosure do not

denote any order, quantity or importance, but are merely intended to distinguish between
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different constituents. The words "comprise” or "include" and the like mean that the
elements or objects preceding the word can cover the elements or objects listed afier the
word and their equivalents, without excluding other elements or objects. The words
"connect” or "link” and the like are not limited to physical or mechanical connections, but
may include electrical connections, either directly or indirectly,

[0098] Although the present disclosure has been described and illustrated in the foregoing
iHustrative embodiments, it 1s understood that the present disclosure has been made only
by way of example, and that numerous changes in the details of embodiment of the
present disclosure can be made without departing from the spirit and scope of the present
disclosure, which is only limited by the claims which follow. Features of the disclosed
embodiments can be combined and rearranged in various ways. Without departing from
the spirit and scope of the present disclosure, modifications, equivalents, or improvements
to the present disclosure are understandable to those skilled in the art and are intended to

be encompassed within the scope of the present disclosure.
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WHAT IS CLAIMED IS:

A low-dropout regulator, comprising:

a first switching transistor comprising a first terminal, a second terminal and a
control terminal, wherein the first terminal of the first switching transistor is connected to
a load, and the second terminal of the first switching transistor is connected to a power
supply voltage;

a comparator comprising a first input terminal, a second input terminal and an
output terminal, wherein the first input terminal of the comparator is connected to
a reference voltage, the second input terminal of the comparator ts connected to the first
terminal of the first switching transistor, and the output terminal of the comparator is
connected to the control terminal of the first switching transistor; and

a Miller capacitor comprising a first terminal and a second terminal, wherein the
tirst terminal of the Miller capacitor is connected to the control terminal of the first
switching transistor, and the second terminal of the Miller capacitor is connected to the

first terminal of the first switching transistor and the load.

The low-dropout regulator of claim 1, further comprising:
a driving module comprising an input and an output, wherein the input of the
driving module is coupled to the output terminal of the comparator, and the output of the

driving module is coupled to the control terminal of the first switching transistor.

The low-dropout regulator of claim 2, wherein the driving module further comprises:

a p-channel migtal-oxide—semiconductor field-effect transistor (P-MOSFET),
wherein a source of the P-MOSFET is connected to the power supply voltage, a drain of
the P-MOSFET is connected to the control terminal of the first switching transistor, and a
gate of the P-MOSFET is connected to the output termival of the comparator; and

a n-channel metal-oxide-semiconductor field-effect transistor (N-MOSFET),
wherein a gate of the N-MOSFET is connected to the output terminal of the comparator,
a source of the N-MOSFET is coupled to a ground voltage potential, and a drain of the N-

MOSFET 1s connected to the control terminal of the first switching transistor.
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The low-dropout regulator of claim 2, wherein the driving module further comprises:

a first inverter comprising an input terminal and an output terminal, wherein the
input terminal of the first inverter is connected to the output terminal of the comparator,
and the output terminal of the first inverter is connected to the control terminal of the first

switching transistor.

The low-dropout regulator of claim 2, wherein the driving module further comprises:

a p-channel metal-oxide—semiconductor field-effect transistor (P-MOSFET),
wherein a drain of the P-MOSFET is connected to the control terminal of the first
switching transistor, and a gate of the P-MOSFET 1s connected to the output terminal of
the comparator;

a first current source, wherein an input terminal of the first current source is
connected to the power supply voltage, and an output terminal of the first current source
is connected to the source of the P-MOSFET;

a un-chanpel metal-onide-semiconductor field-effect transistor (N-MOSFET),
wherein a gate of the N-MOSFET is connected to the output terminal of the comparator,
a source of the N-MOSFET is coupled to a ground voltage potential, and a drain of the N-
MOSFET is connected to the control terminal of the first switching transistor; and

a second current source, wherein an input terminal of the second current source is
connected to the source of the N-MOSFET, and an output terminal of the second current

source is coupled to a ground voltage potential.

The low-dropout regulator of claim 5, wherein the driving module further comprises:

a first inverter comprising an input terminal and an output terminal, wherein the
input terminal of the first inverter is connected to the output terminal of the comparator,
and the output terminal of the first inverter is connected to the gate of the P-MOSFET and
the gate of the N-MOSFET.

The low-dropout regulator of claim 4 or claim 6, wherein the driving module further

comprises:
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a second inverter, wherein an input terminal of the second inverter is connected to
the output terminal of the comparator, and an output terminal of the second inverter is

connected to the input terminal of the first inverter.

8. The low-dropout regulator of claim 4 or claim 6, wherein:

the first inverter comprises an inverting buffer or an inverting amplifier.

9. The low-dropout regulator of any one of claims 1-8, wherein:
a capacitance value of the Miller capacitor is less than a capacitance value of an
equivalent capacitance of the load, and is greater than a capacitance of a parasitic

capacttance at the control ternunal of the first switching transistor.

10.  The low-dropout regulator of claim 9, wherein:
the capacitance value of the Miller capacitor is less than or equal to one percent of
the capacitance value of the equivalent capacitor of the load, and is greater than or equal
to ten times of the capacitance value of the parasitic capacitance at the control terminal of

the first switching transistor.

[ The low-dropout regulator of any one of claims 1-10, wherein:
the first switching transistor comprises a p-channel wetal-oxide-semiconductor

tield-effect transistor (P-MOSFET).

12, The low-dropout regulator of any one of claims 1-11, wherein:
the Miller capacttor has a withstand voltage of about 100mV and a capacitance of

about 400pF.

13, The low-dropout regulator of any one claims 1-12, wherein:
a voltage slew rate of the low-dropout regulator is determined by an output

voltage of the low-dropout regulator and an equivalent capacitance of the load.

14.  The low-dropout regulator of any one of claims 1-13, wherein:
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the first terminal of the first switching transistor is a non-dominant pole; and

the control terminal of the first switching transistor is a dominaunt pole,

15.  The low-dropout regulator of claim 4 or claim 6, wherein:

the mnput terminal of the first inverter and the output terminal of the first inverter

are non-dominant poles.

16.  The low-dropout regulator of claim 7, wherein:

the 1nput terminal of the second inverter and the output terminal of the second

inverter are non~-dominant poles.

~3

A low-dropout regulator, comprising:

a first switching transistor configured to control a switching between a power

supply and a load of the low-dropout regulator in response to a control signal;

a comparator configured to compare an output voltage of the first switching

transistor and a reference voltage, wherein the control signal is generated based on an

output signal of the comparator; and

a Miller capacitor comprising a first terminal and a second terminal, wherein the

first terminal of the Miller capacitor is connected to a control terminal of the first

switching transistor, and the second terminal of the Miller capacitor is connected to an

output terminal of the first switching transistor, and the Miller capacitor is configured to

stabilize an cutput voltage of the low-dropout regulator to the load.

18.  The low-dropout regulator of claim 17, further comprising

a driving module configured to drive the output signal of the comparator to

generate the control signal.

19. The low-dropout regulator of claim 18, wherein:

the driving module 1s further configured to buffer the control signal for increasing

stability of the output voltage of the low-dropout regulator to the load.
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The low-dropout regulator of claim 17 or claim 18, wherein the driving module further
comprises:
a complementary metal-oxide-semiconductor (CMOS) inverter configured to

increase notse margins of the output voltage of the low-dropout regulator to the load.

The low-dropout regulator of claim 20, wherein the driving module further comprises:
one or more current sources configured to adjust a changing rate of the output

voltage of the low-dropout regulator to the load.

The low-dropout regulator of claim 21, wherein the one or more current sources comprise:
a first current source configured to hmit a boost speed of the output voltage of the

low-dropout regulator to the load.

The low-dropout regulator of claim 22, wherein the one or more current sources comprise:
a second current source configured to limit a buck speed of the output voltage of

the low-dropout regulator to the load.

The low-dropout regulator of any one of claims 17-23, wherein the driving module
further comprises:
one or more digital inverters configured to amplify or buffer the cutput signal of

the comparator.

The low-dropout regulator of any one of claims 17-24, wherein:
a capacitance value of the Miller capacitor is less than a capacitance value of an
equivalent capacitance of the load, and is greater than a capacitance value of a parasitic

capacitance at the control terminal of the first switching transistor.
The low-dropout regulator of claim 25, wherein:

the capacitance of the Miller capacitor is less than or equal to one percent of the

capacitance value of the equivalent capacitor of the load, and 1s greater than or equal to
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ten times of the capacitance value of the parasitic capacitance at the control terminal of

the first switching transistor.

The low-dropout regulator of any one of claims 17-26, further comprising:
a dominant pole at the control terminal of the first switching transistor configured

to dominate g transient response of the low-dropout regulator.

A system for supplying power to word lines of a three-dimensional (3D) NAND flash
memory device, comprising:

a charge pump configured to elevate an initial voltage to a power supply voltage
that is higher than the inutial voltage;

an oscillator configured to generate periodic clock and drive the charge pump; and

a low-dropout regulator configured to regulate the power supply voltage for
outputting a driving voltage to a word line of the three-dimensional (3D} NAND flash
memory device, wherein the low-dropout regulator comprises:

a first swiiching transistor comprising a first terminal, a second terminal
and acontrol terminal, wherein the first terminal of the first switching transistor is
connected to the word line, and the second terminal of the first switching transistor is
connected to the power supply voltage of the charge pump,

a comparator comprising a first input terminal, a second input terminal and
an output terminal, wherein the first input terminal of the comparator is connected to
a reference voltage, the second input terminal of the comparator is conunected to the first
terminal of the first switching transistor, and the output terminal of the comparator is
connected to the control terminal of the first switching transistor, and

a Miller capacitor comprising a first terminal and a second terminal,
wherein the first terminal of the Miller capacitor 1s connected to the control terminal of
the first switching transistor, and the second terminal of the Miller capacitor is connected

to the first terminal of the first switching transistor and the word line.

A system for supplying power to word lines of a three-dimensional (3D) NAND flash

memory device, comprising:

A\
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a charge pump configured to elevate an initial voltage to a power supply voltage
that 1s higher than the initial voltage;

an oscillator configured to generate periodic clock and drive the charge pump; and

a low-dropout regulator configured to regulate the power supply voltage for
outputting a driving voltage to a word line of the three-dimensional (3D} NAND flash
memory device, wherein the low-dropout regulator comprises:

a first switching transistor configured to control a switching between the
charge pump and the word line in response to a control signal,

a comparator configured to compare an output voltage of the first
switching transistor and a reference voltage, wherein the control signal is generated based
on an output signal of the comparator, and

a Miller capacitor comprising a first terminal and a second terminal,
wherein the first terminal of the Miller capacitor 1s connected to a control terminal of the
first switching transistor, and the second terminal of the Miller capacitor is connected to
an output terminal of the first switching transistor, and the Miller capacitor is configured

to stabilize the driving voltage to the word line.
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