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A DIGITAL COMPARATOR FOR A LOW DROPOUT (LDO) REGULATOR
Field of the Invention

This invention relates to a digital comparator coupled to a pair of pull-up resistors and
a pair of pull-down resistors whereby both pairs of resistors are coupled to an output terminal
of a low dropout (LDO) regulator. In particular, the digital comparator comprises an edge
detector module, a consecutive two-edge detector module and a consecutive three-edge
detector module whereby the edge detector module is configured to receive two clock
signals as inputs and after being processed by these three modules, to pull-up or pull-down
the resistors at the output terminal of the LDO regulator based on the rising and falling edges
of the received clock signals.

Summary of the Prior Art

Low dropout (LDO) regulators are voltage regulators that may be used to make high
speed adjustments to the power supplied to a load of a circuit or system. A conventional
analogue LDO regulator comprises an amplifier that is used to drive a gate terminal of an
output transistor which is powered by an input power supply. The output transistor is then
configured to provide a regulated output voltage to a load. The regulated output voltage is
compared with a reference voltage by the amplifier and it is this negative feedback that sets
the voltage at the gate terminal so that the output voltage is regulated.

In particular, ultra-low power output-capacitorless LDO regulators are widely used in
system-on-chip (SoC) designs as SoC designs typically have power sources with energy
density limitations. As such, those skilled in the art are investigating the use of digital LDO
regulators in SoC designs as these digital LDO regulators are compatible with scalable
processes and voltage supplies. The downside is that there is an inherent trade-off between
power consumption and transient response when this approach is adopted. In order to
address this and to achieve better transient responses, hybrid controlled LDOs were
proposed by those skilled in the art.

However, in the designs proposed so far, a large coupling capacitor or internal
charge pumps are required to be used and this severely narrows the voltage supply range of
the hybrid controlled LDO. Other techniques such as multiple-clock or dynamic-clock
schemes have also been proposed, but were not successful as the designs comprise other
types of power-hungry supportive blocks that cause the overall power performance to
degrade significantly.
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Apart from this, as SoC technology progresses into subthreshold design processes,
the noise level of digital LDOs become troublesome and affect the load circuit’s operational
reliability due to the limited dynamic range of its load. To achieve low noise performance,
dynamic dead zone control and analogue type control methods such as PWM control
method and switched-capacitor resistance methods have been proposed. However, the
dynamic dead zone design involves a long settling time in its transient response and this is
mainly attributed to the dead zone tuning period. Hence, it can be said that while the noise
performance of LDOs may be improved upon, this results in a compromise on the maximum

current range of its load.

For the above reasons, those skilled in the art are constantly striving to come up with
a digital comparator that has ultra-low power consumption and fast transient response times.

Summatry of the Invention

The above and other problems are solved and an advance in the art is made by
circuits and apparatuses provided by embodiments in accordance with the invention.

A first advantage of embodiments of circuits and apparatuses in accordance with the
invention is that the digital comparator consumes ultra-low power as compared to existing
digital comparators.

A second advantage of embodiments of circuits and apparatuses in accordance with
the invention is that an LDO regulator comprising the digital comparator is able to achieve a
large load dynamic range.

A third advantage of embodiments of circuits and apparatuses in accordance with the
invention is that an LDO regulator comprising the digital comparator utilizes a small on-chip
capacitor thereby reducing the overall size of the SoC design and increases the range of the
voltage supply.

The above advantages are provided by embodiments of a system in accordance with
the invention operating in the following manner.

According to a first aspect of the invention, a digital comparator coupled to a pair of
pull-up resistors and a pair of pull-down resistors whereby both pairs of resistors are coupled
to a gate terminal of an output stage is disclosed, the digital comparator comprising: a
single-edge detector stage configured to detect a first rising edge in a received first digital
signal, and to detect a first falling edge in a received second digital signal, whereby when the
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first rising edge is detected and when the first falling edge is not simultaneously detected, a
detector node is set to a low voltage level, and when the first falling edge is detected, the
detector node is set to a high voltage level; a consecutive two-edge detector stage coupled
to the single-edge detector stage, the consecutive two-edge detector stage configured to
detect the voltage level of the detector node, a consecutive second rising edge in the
received first digital signal and a consecutive second falling edge in the received second
digital signal, whereby when the consecutive second rising edge is detected and when the
voltage level of the detector node is simultaneously detected to be at a low voltage level, the
consecutive two-edge detector stage causes one of the pair of pull-up resistors to pull up a
voltage at the gate terminal, and when the consecutive second falling edge is detected and
when the voltage level of the detector node is simultaneously detected to be at a high
voltage level, the consecutive two-edge detector stage causes one of the pair of pull-down
resistors to pull down the voltage at the gate terminal; a consecutive three-edge detector
stage coupled to the single-edge and the consecutive two-edge detector stages, the
consecutive three-edge detector stage configured to detect the voltage level of the detector
node, a consecutive third rising edge in the received first digital signal and a consecutive
third falling edge in the received second digital signal, whereby when the consecutive third
rising edge is detected and when the voltage level of the detector node is simultaneously
detected to be at a low voltage level, the consecutive three-edge detector stage causes the
other one of the pair of pull-up resistors to pull up the voltage at the gate terminal, and when
the consecutive third falling edge is detected and when the voltage level of the detector node
is simultaneously detected to be at a high voltage level, the consecutive three-edge detector
stage causes the other one of the pair of pull-down resistors to pull down the voltage at the

gate terminal.

With reference to the first aspect, when the consecutive two-edge detector stage and
the consecutive three-edge detector stage detects a high voltage level at the detector node,
the consecutive two-edge and three-edge detector stages cause the pair of pull-up resistors
to be disabled.

With reference to the first aspect, when the consecutive two-edge detector stage and
the consecutive three-edge detector stage detects a low voltage level at the detector node,
the consecutive two-edge and three-edge detector stages cause the pair of pull-down
resistors to be disabled.
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With reference to the first aspect, wherein level shifters are provided at inputs of the
single-edge detector stage, at outputs of the consecutive two-edge detector and at outputs
of the consecutive three-edge detector stage.

With reference to the first aspect, a digital low-dropout circuit having the digital
comparator according to the first aspect is disclosed, the digital low-dropout circuit
comprising: a first inverter ring oscillator that is controllable by an output voltage of the
output stage to generate the first digital signal; and a second inverter ring oscillator that is
controllable by a reference voltage to generate the second digital signal.

With reference to the first aspect, the digital low-dropout circuit comprises a Miller
capacitor that is provided between the gate terminal and an output node of the output stage.

With reference to the first aspect, the digital low-dropout circuit comprises a feed-
forward capacitor that is provided between an output node of the output stage and the input
of the second inverter ring oscillator.

With reference to the first aspect, a sub-digital comparator is provided to control a
pseudo-voltage of the digital comparator.

With reference to the first aspect, the sub-digital comparator comprises: a differential
amplifier having a first input coupled to a voltage divider and a second input coupled to a
third inverter ring oscillator that is controllable by the reference voltage.

According to a second aspect of the invention, a method of controlling a digital
comparator that is coupled to a pair of pull-up resistors and a pair of pull-down resistors
whereby both pairs of resistors are coupled to a gate terminal of an output stage is disclosed,
the method comprising the steps of: detecting, using a single-edge detector stage, a first
rising edge in a received first digital signal, and a first falling edge in a received second
digital signal, whereby when the first rising edge is detected and when the first falling edge is
not simultaneously detected, setting a detector node to a low voltage level , and when the
first falling edge is detected, setting the detector node to a high voltage level; detecting,
using a consecutive two-edge detector stage coupled to the single-edge detector stage, the
voltage level of the detector node, a consecutive second rising edge in the received first
digital signal and a consecutive second falling edge in the received second digital signal,
whereby when the consecutive second rising edge is detected and when the voltage level of
the detector node is simultaneously detected to be at a low voltage level, causing one of the
pair of pull-up resistors to pull up a voltage at the gate terminal, and when the consecutive
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second falling edge is detected and when the voltage level of the detector node is
simultaneously detected to be at a high voltage level, causing one of the pair of pull-down
resistors to pull down the voltage at the gate terminal; detecting, a consecutive three-edge
detector stage coupled to the single-edge and the consecutive two-edge detector stages, the
voltage level of the detector node, a consecutive third rising edge in the received first digital
signal and a consecutive third falling edge in the received second digital signal, whereby
when the consecutive third rising edge is detected and when the voltage level of the detector
node is simultaneously detected to be at a low voltage level, causing the other one of the
pair of pull-up resistors to pull up the voltage at the gate terminal, and when the consecutive
third falling edge is detected and when the voltage level of the detector node is
simultaneously detected to be at a high voltage level, causing the other one of the pair of
pull-down resistors to pull down the voltage at the gate terminal.

With respect to the second aspect, when the consecutive two-edge detector stage
and the consecutive three-edge detector stage detects a high voltage level at the detector

node, the method comprises the step of causing the pair of pull-up resistors to be disabled.

With respect to the second aspect, when the consecutive two-edge detector stage
and the consecutive three-edge detector stage detects a low voltage level at the detector
node, the method comprises the step of causing the pair of pull-down resistors to be
disabled.

With respect to the second aspect, level shifters are provided at inputs of the single-
edge detector stage and at outputs of the consecutive three-edge detector stage.

Brief Description of the Drawings

The above advantages and features in accordance with this invention are described
in the following detailed description and are shown in the following drawings:

Figure 1 illustrating a block diagram of modules contained within a digital frequency

comparator in accordance with embodiments of the invention;

Figure 2 illustrating circuit diagrams of modules contained within a digital frequency

comparator in accordance with embodiments of the invention;

Figure 3 illustrating a timing diagram of the digital frequency comparator illustrated in
Figure 2 in accordance with embodiments of the invention whereby the timing diagram
illustrates the pulling up of a pair of pull-up resistors;
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Figure 4 illustrating a timing diagram of the digital frequency comparator illustrated in
Figure 2 at step 301 of the timing diagram in Figure 3 in accordance with embodiments of

the invention;

Figure 5 illustrating a timing diagram of the digital frequency comparator illustrated in
Figure 2 at step 302 of the timing diagram in Figure 3 in accordance with embodiments of

the invention;

Figure 6 illustrating a timing diagram of the digital frequency comparator illustrated in
Figure 2 at step 302a of the timing diagram in Figure 3 in accordance with embodiments of

the invention;

Figure 7 illustrating a timing diagram of the digital frequency comparator illustrated in
Figure 2 at step 303 of the timing diagram in Figure 3 in accordance with embodiments of

the invention;

Figure 8 illustrating a timing diagram of the digital frequency comparator illustrated in
Figure 2 at step 303a of the timing diagram in Figure 3 in accordance with embodiments of
the invention;

Figure 9 illustrating a timing diagram of the digital frequency comparator illustrated in
Figure 2 at step 304 of the timing diagram in Figure 3 in accordance with embodiments of

the invention;

Figure 10 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 at step 305 of the timing diagram in Figure 3 in accordance with embodiments of

the invention;

Figure 11 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 in accordance with embodiments of the invention whereby the timing diagram

illustrates the pulling down of a pair of pull-down resistors;

Figure 12 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 at step 1101 of the timing diagram in Figure 11 in accordance with embodiments

of the invention;

Figure 13 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 at step 1102 of the timing diagram in Figure 11 in accordance with embodiments

of the invention;
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Figure 14 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 at step 1103 of the timing diagram in Figure 11 in accordance with embodiments

of the invention;

Figure 15 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 at step 1103a of the timing diagram in Figure 11 in accordance with
embodiments of the invention;

Figure 16 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 at step 1103b of the timing diagram in Figure 11 in accordance with

embodiments of the invention;

Figure 17 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 at step 1104 of the timing diagram in Figure 11 in accordance with embodiments
of the invention;

Figure 18 illustrating a timing diagram of the digital frequency comparator illustrated
in Figure 2 at step 1105 of the timing diagram in Figure 11 in accordance with embodiments
of the invention;

Figure 19 illustrating circuit diagram of an LDO regulator in accordance with
embodiments of the invention;

Figure 20 illustrating the current consumption of the digital comparator illustrated in
Figure 2 in accordance with embodiments of the invention;

Figure 21 illustrating the timing diagram of an LDO regulator in accordance with
embodiments of the invention;

Figure 22 illustrating the performance of the LDO regulator in accordance with
embodiments of the invention; and

Figures 23A, 23B and 23C illustrating the transient response of the LDO regulator in

accordance with embodiments of the invention.
Detailed Description

This invention relates to a digital comparator coupled to a pair of pull-up resistors and
a pair of pull-down resistors whereby both pairs of resistors are coupled to an output terminal
of a low dropout (LDO) regulator. In particular, the digital frequency comparator comprises
an edge detector module, a consecutive two-edge detector module and a consecutive three-
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edge detector module whereby the edge detector module is configured to receive two clock
signals as inputs. These received signals, after being processed by these three modules,
then cause the respective resistors of the LDO regulator to be pulled-up or pulled-down
based on the rising and falling edges of the received clock signals.

A block diagram of a digital comparator in accordance with embodiments of the
invention is illustrated in Figure 1. Digital comparator 100 comprises an edge detector stage
105, a consecutive two-edge detector stage 110 and a consecutive three-edge detector
stage 115. Edge detector stage 105 is configured to receive a first digital signal Fy and a
second digital signal Fp whereby in embodiments of the invention, edge detector stage 105
is further configured to detect a rising edge in the first digital signal Fy and to detect a falling
edge in the second digital signal Fo. When rising or falling edges are detected in either or
both signals, edge detector stage 105 then causes a voltage level at its output node Dy to
change accordingly.

The first and second digital signals Fu and Fp, and the output node Dy are coupled to
the input of two-edge detector stage 110 such that the two-edge detector stage 110 is
configured to cause voltage levels at its output nodes clkys and clkps to change accordingly
when another consecutive rising edge in the first digital signal Fy is detected and/or when
another consecutive falling edge in the second digital signal Fp is detected.

The first and second digital signals Fy and Fp, and the output node Dy are also
coupled to the input of three-edge detector stage 115 such that the three-edge detector
stage 115 is configured to cause voltage levels at its output nodes clkyz and clkpz to change
accordingly when a third consecutive rising edge in the first digital signal Fu is detected
and/or when a third consecutive falling edge in the second digital signal Fp is detected.

In accordance with embodiments of the invention, but not limited to this embodiment,
the outputs from the two-edge detector stage 110 and the three-edge detector stage 115
may then be coupled to a pair of pull-up and to a pair pull-down resistors accordingly to

control the “pull” timings of these resistors.

Figure 2 illustrates the circuit diagrams of the edge detector stage 105, the
consecutive two-edge detector stage 110 and the consecutive three-edge detector stage
115 whereby the outputs Uc, Ug, Dc and De of digital comparator 100 are provided to output
stage 250 after the output signals Uc, Ug, Dc and De have been delayed and level-shifted to
appropriate levels clkui, clkuz, clkps and clkpe to control switches 221, 222, 231 and 232
respectively. Transistors in each of these stages are coupled to either voltage supply Vsupply
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or pseudo-voltage VSSpseudo Whereby the voltage level of VSS;seuqo is understood to be lower
than the voltage level of Vg,poy Whereby in embodiments of the invention, the voltage drop
between VSS;seudo and Vsyppy is about 0.8 Volts.

When switches 221 and 222 switch on, they cause pull-up resistors Rys and Ru: to
pull the gate voltage Vgae Of power amplifier 235 up, and when switches 231 and 232 switch
on, they cause pull-down resistors Rpi and Rpz to pull the gate voltage Vgae of power
amplifier 235 down. By doing this, the digital comparator 100 is able to control the output
voltage at the LDO_out node by controlling the timings of pull-up resistors Rys and Ruz
through switches 221 and 22 and the timings of pull-down resistors Ro1 and Roz through
switches 231 and 232.

As illustrated in Figure 2, edge detector stage 105 comprises sub-circuit 205a for
receiving the first digital signal Fy and sub-circuit 205b for receiving the second digital signal
Fo.

In embodiments of the invention, sub-circuits 205a, 210a and 215a were configured
to detect rising edges in the first digital signal Fu. As such, sub-circuit 205a comprises a
plurality of logic NOT gates (or inverters) and at least two N-type Metal-Oxide-
Semiconductor (NMOS) transistors, Mnu1 and Mnuz, that are connected in series whereby a
source terminal of NMOS transistor My is connected to a supply voltage VSSgseuso, and a
drain terminal of NMOS transistor Mnu2 is connected to a detector node Dy. The logic NOT
gates are configured such that when the first digital signal Fy is provided to sub-circuit 205a,
the first digital signal is delayed and inverted by the NOT gates thereby producing delayed-
first digital signal FPy. As can be seen, sub-circuit 205a is configured such that the first
digital signal Fy is provided directly to NMOS transistor Myuy1 while the delayed-first digital
signal FPy is provided to NMOS transistor Myuo.

Consecutive two-edge detector stage 110 comprises sub-circuit 210a for receiving
the first digital signal Fuy, the delayed-first digital signal FPy and the detector node voltage Du.
In particular, as illustrated in Figure 2, sub-circuit 210a comprises at least three NMOS
transistors, Mnus, Mnus and Mnus that are connected in series whereby the output node Uc is
provided at the drain terminal of the NMOS transistor Mnus, at least two P-type Metal-Oxide-
Semiconductor (PMOS) transistors, Mpys and Meye, that are connected in series, a NMOS
transistor Myus whose gate is switched by the voltage at the detector node Dy and has as its
drain terminal output node Ug and a PMOS transistor Mpys whose gate is coupled to output
node Ug and drain is coupled to output node Uc. As can be seen, sub-circuit 210a is
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configured such that the first digital signal Fy is provided directly to NMOS transistor Mnus
and PMOS transistor Mpy1, the delayed-first digital signal FPy is provided to NMOS transistor
Mnus, and the voltage at the detector node Dy is provided to PMOS transistor Mpy> and
NMOS transistor Mnus.

As for consecutive three-edge detector stage 115, this stage comprises sub-circuit
215a for receiving first digital signal Fy, the delayed-first digital signal FPy and the voltage at
node Uc. In particular, as illustrated in Figure 2, sub-circuit 215a comprises at least two
NMOS transistors, Mnue and Mnuio that are connected in series, at least two PMOS
transistors, Mpus and Mpus, that are connected in series, NMOS transistors Myuz and Myus
whereby the drain terminal of the NMOS transistor Myur (whose gate is switched by the
voltage at output node Uc) has as its drain terminal output node Up and the drain terminal of
the NMOS transistor Mnus (whose gate is switched by the voltage at output node Up) has as
its drain terminal output node Ue. As can be seen, sub-circuit 215a is configured such that
the first digital signal Fy is provided directly to NMOS transistor Mnuio and PMOS transistor
Mepus, the delayed-first digital signal FPy is provided to NMOS transistor Mwug, and the
voltage at the output node Ug is provided to PMOS transistor Mpys and NMOS transistor
MNU?-

Hence, it can be said that when a first digital signal Fy is provided to sub-circuits
205a, 210a and 215a, the output from these sub-circuits may be obtained from output nodes
Ue and Uc.

Sub-circuits 205b, 210b and 215b comprise of an almost similar configuration as that
of sub-circuits 205a, 210a and 215a respectively. However, as sub-circuits 205b, 210b and
215b were configured to detect a falling edge in the second digital signal Fp, the type of the
transistors used in 205b, 210b and 215b differs from that of sub-circuits 205a, 210a and
215a.

In particular, sub-circuit 205b similarly comprises a plurality of logic NOT gates (or
inverters) and at least two PMOS transistors, Merp1 and Mpo2, that are connected in series
whereby a source terminal of PMOS transistor Mep+ is connected to a supply voltage Vsuppy,
and a drain terminal of PMOS transistor Mpp2 is connected to the detector node Dy. The
logic NOT gates are configured such that when the second digital signal Fp is provided to
sub-circuit 205b, the second digital signal is delayed and inverted by the NOT gates thereby
producing delayed-second digital signal FPp. As can be seen, sub-circuit 205b is configured
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such that the second digital signal Fp is provided directly to PMOS transistor Mpps while the
delayed-second digital signal FPp is provided to PMOS transistor Mppo.

Sub-circuit 210b is then configured to receive the second digital signal Fp, the
delayed-second digital signal FPp and the detector node voltage Dy. In particular, as
illustrated in Figure 2, sub-circuit 210b comprises at least three PMOS transistors, Mpps,
Meps and Mpps that are connected in series whereby the output node Dc is provided at the
drain terminal of the PMOS transistor Mppe, at least two NMOS transistors, Mnp1 and Mnpz,
that are connected in series, a PMOS transistor Mpps whose gate is switched by the voltage
at the detector node Dy and has as its drain terminal output node Dg and a NMOS transistor
Mnps whose gate is coupled to output node Dg and drain is coupled to output node Dc. As
can be seen, sub-circuit 210b is configured such that the second digital signal Fp is provided
directly to PMOS transistor Mpps and NMOS transistor Mwp2, the delayed-second digital
signal FPp is provided to PMOS transistor Meps, and the voltage at the detector node Dy is
provided to PMOS transistor Mrps and NMOS transistor Mnps.

As for sub-circuit 215b, this circuit is configured to receive second digital signal Fp,
the delayed-second digital signal FPp and the voltage at node Dc. In particular, as illustrated
in Figure 2, sub-circuit 215b comprises at least two PMOS transistors, Mpps and Mep1o that
are connected in series, at least two NMOS transistors, Mnps and Mnps, that are connected in
series, PMOS transistors Mppz and Meps whereby the drain terminal of the PMOS transistor
Mpp7 (Whose gate is switched by the voltage at output node Dc) has as its drain terminal
output node Dp and the drain terminal of the PMOS transistor Mpps (whose gate is switched
by the voltage at output node Dp) has as its drain terminal output node De. As can be seen,
sub-circuit 215b is configured such that the second digital signal Fp is provided directly to
PMOS transistor Mppi1o and PMOS transistor Mnps, the delayed-second digital signal FPp is
provided to PMOS transistor Mpps, and the voltage at the output node D¢ is provided to
NMOS transistor Mnpos and PMOS transistor Mpoz.

Hence, it can be said that when the second digital signal Fp is provided to sub-
circuits 205b, 210b and 215b, the output from these sub-circuits may be obtained from

output nodes De and Dc.

In order to better understand the detailed workings of these sub-circuits, reference is
made to the timing diagrams illustrated in Figures 3-10. Figure 3 illustrates the timing
diagrams of sub-circuits 205a, 210a and 215a when first and second digital signals Fy and
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Fo are provided to sub-circuits 205a, 210a and 215a. In particular, this timing diagram
provides an overview of the key events/steps 301-305 that occur.

At step 301, as illustrated in Figure 4, it can be seen that due to the logic NOT gates
in sub-circuit 205a, a delay of period T» exists between the first digital signal Fy and the
inverted delayed-first digital signal FPy. Due to this delay, after a rising edge occurs for
signal Fy, the signal FPy only starts falling after the period T, has lapsed. During this period
T, as both signals Fyand FPy are “high”, this causes NMOS transistors Mnu1 and Myyz to
switch on and as the second digital signal Fp is “low”, this causes one of PMOS transistors
Mpp1 and Mpp2 to switch off. As a result, the voltage at detector node Dy is triggered to
become low, i.e. the voltage at detector node Dy is set to VSSseudo- It is useful at this stage
to recap that the voltage level of VSS;seuqo is understood to be lower than the voltage level of
Vaupply Whereby in embodiments of the invention, the voltage drop between VSSgseudo and
Vsupply is about 0.8 Volts.

At step 302, as illustrated in Figure 5, it can be seen that due to the logic NOT gates
in sub-circuit 205b, a delay of period T+ similarly exists between the second digital signal Fp
and the inverted delayed-first digital signal FPp. Due to this delay, after a falling edge occurs
for signal Fp, the signal FPp only starts rising after the period Ty has lapsed. During this
period T+, as both signals Fp and FPp are “low”, this causes PMOS transistors Mpp1 and Mppe
to switch on and as the first digital signal Fy is “high”, this causes one of NMOS transistors
Mnus and Mnuz to switch off. As a result, the voltage at detector node Dy is triggered to
become high, i.e. the voltage at detector node Dy is set to Vguppyy-

With reference to Figure 3, it can be seen that after step 302, the second digital
signal Fp does not have another falling edge until step 305. After step 302, a first rising
edge 300a occurs at digital signal Fy causing detector node Dy to become low. This in turn
switches PMOS transistor Mpyz on.

At step 302a, as illustrated in Figure 6, when signal Fy becomes low and when signal
FPy becomes low for a period of T, this causes PMOS transistor Mpy; to switch on thereby
causing a voltage level at node Ug to become high.

Subsequently, as illustrated in Figure 7, a second rising edge 300b occurs for digital
signal Fy at step 303 whereby for a period of time T, signals Fy and FPy are both high
causing the voltage level at node Uc to become low, which in turn after being processed by
inverters and a level shifter, causes a voltage level at output node clkys to become low as

well.
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As a falling edge is not detected at the second digital signal Fp, when the signal Fy
becomes low (and signal FPy is low as well for a period of time Ty), this causes the voltage
at node Up to become high. This takes place at step 303a as illustrated in Figure 8.

Subsequently, as illustrated in Figure 9, a third rising edge 300c occurs for digital
signal Fy at step 304. This causes the voltage level at node Ue to become low as NMOS
transistors Mnus, Mnus, and Myu1o are switched on. After the voltage level at node Ue has
been processed by inverters and a level shifter, this causes a voltage level at output node

clkuz to become low as well.

At step 305, as illustrated in Figure 10, a falling edge is detected at the second digital
signal Fp (and signal FPp remains low as well for a period of time T1) and this causes the
voltage at detector node Dy to become high. As the voltage at detector node Dy becomes
high, it causes the voltage level at node Ug to become low, which in turn triggers the voltage
level at node Uc to become high. This then in turn causes the voltage level at Up to become
low and this causes the voltage level at node Ue to become high. As a result, the voltage
levels at output nodes clkys and clkyz2 both become high.

For completeness, the timing diagrams of sub-circuits 205b, 210b and 215b when
first and second digital signals Fy and Fp are provided to these sub-circuits will be discussed
in Figures 11-18. In particular, this timing diagram provides an overview of the key
events/steps 1101-1105 that occur in these sub-circuits.

At step 1101, as illustrated in Figure 12, a delay of period T; exists between the
second digital signal Fp and the inverted delayed-second digital signal FPp. Due to this delay,
after a falling edge occurs for signal Fp, the signal FPp only starts falling after the period T4
has lapsed. During this period T4, as both signals Fpand FPp are “low”, this causes PMOS
transistors Mep1 and Mep2 to switch on and as the first digital signal Fy is “high”, this causes
one of NMOS transistors Mnys and Myuz to switch off. As a result, the voltage at detector

node Dy is triggered to become high.

At step 1102, as illustrated in Figure 13, it can be seen that a delay of period Tz
similarly exists between the first digital signal Fy and the inverted delayed-second digital
signal FPy. Due to this delay, after a rising edge occurs for signal Fy, the signal FPy only
starts falling after the period T has lapsed. During this period T», as both signals Fyand FPy
are “high”, this causes NMOS transistors Mnui and Mnuz to switch on and as the second
digital signal Fp is “low”, this causes one of PMOS transistors Mpp1 and Mpp2 to switch off.
As a result, the voltage at detector node Dy is triggered to become low.
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After step 1102, at step 1103, a first falling edge occurs at digital signal Fp causing
detector node Dy to become high. This is shown in Figure 14. This triggering action in turn
switches NMOS transistor Mnp+ on.

At step 1103a, as illustrated in Figure 15, when signal Fp becomes high and when
signal FPp is high as well for a period of T4, this causes a voltage level at node Dg to

become low.

Subsequently, at a second falling edge 1501 of digital signal Fp, the voltage level at
node D¢ becomes high, which in turn after being processed by inverters and a level shifter,
causes a voltage level at output node clkp1 to become high as well.

As a rising edge is not detected at the first digital signal Fu, when the signal Fp
becomes high, this causes the voltage at node Dp to become low. This takes place at step
1108b as illustrated in Figure 16.

Subsequently, as illustrated in Figure 17, a third falling edge 1701 occurs for digital
signal Fp at step 1104. This causes the voltage level at node Dt to become high as PMOS
transistors Mpps, Mppg, and Mpp1o are switched on. After the voltage level at node De has
been processed by inverters and a level shifter, this causes a voltage level at output node
clkp2 to become high as well.

At step 1105, as illustrated in Figure 18, a rising edge is detected at the first digital
signal Fy and this causes the voltage at detector node Dy to become low. As the voltage at
detector node Dy becomes low, it causes the voltage level at node Dg to become high, which
in turn triggers the voltage level at node D¢ to become low. This then in turn causes the
voltage level at Dp to become high and this causes the voltage level at node De to become
low. As a result, the voltage levels at output nodes clkps and clkpz both become low.

Hence, as illustrated in the timing diagrams in Figures 3-18, sub-circuits 205a/b,
210a/b, and 215a/b may be used to pull up the pair of pull-up resistors Rys and Ruyz and to
pull down the pair of pull-down resistors Ro1 and Rpz2 when certain signals are received by

these sub-circuits.

Figure 19 illustrates a circuit diagram of hybrid LDO regulator 1900 that includes
digital comparator 200, 3-stage inverter ring oscillators (VCOs) VCOp and VCOy, a push-pull
resistor array 1905, amplifier 220 and VSSgseudo bias cOMparator circuit 1915.
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In embodiments of the invention, the VCOs VCOp and VCOy are configured to
generate clocks with frequencies that are proportional to the differential voltage inputs. As
illustrated in Figure 19, a pair of common source NMOS transistors, NMy and NM: are
utilized to set the tail currents of two subthreshold inverter ring oscillators, VCOp and VCOy.
In embodiments of the invention, through simulation, it was found that these VCOs were able
to generate 15 MHz oscillating clock signals with oscillating amplitudes between 0.55 V and
0.35 V while drawing only 20 nA of current when a 0.55 V voltage supply was used.

Two digital clock signals, Fy and Fp, are provided to comparator 200 by VCOs VCOp
and VCOy, whereby rising/falling edge sequence information of the digital clock signals, Fu
and Fp are extracted by comparator 200 and used to control a push-pull resistor array to
control the gate voltage of amplifier 220.

In order to reduce the amount of power consumed by the hybrid-LDO, digital
comparator 200’s supply voltage VSSgseudo is controlled by VSSgseudo bias COMparator circuit
1915 to ensure that sure that digital comparator 200’s voltage drop is no more than 3-times
(8X) of the mentioned oscillating amplitude, and does not constitute the whole supply.
Another ring oscillator, VCOFr, which is identical to VCOs VCOy and VCOp, is added to circuit
1915 to provide a reference voltage to differential amplifier AMP+. Differential amplifier AMP
is configured to control NMOS switch NMyss such that the current drawn by comparator 200
may be adjusted to ensure that a specific voltage drop exists in comparator 200 between its
supply voltage and pseudo supply voltage. When LDO 1900 is in a stable state, digital clock
signals Fy and Fp would be almost the same and as a result, LDO 1900 would consume
ultra-low power. This means that when LDO 1900 is in a stable state, the push-pull resistor
array would be totally OFF and only the differential VCOs and comparator 200 would be

active.

In order to ensure that hybrid-LDO 1900 has a stable transient response or a stable
output voltage, the dominant pole at its output is maintained at the gate node of amplifier
220 by a Miller capacitor Cwiter, 1910 (which is connected between the gate node and the
output node of amplifier 220). The use of capacitor 1910 also improves the LDO’s transient
response as changes to its output voltage would be coupled to amplifier 220’s gate. For
example, when the output voltage of amplifier 220 increases, Cwmiler 1910 pulls up the voltage
at the Vgae Node simultaneously, which in turn reduces the current flowing through amplifier
220. This feedback loop compensates for voltage changes at the output of amplifier 220 and
this helps to stabilize the output voltage. To further enhance the transient response of the
hybrid-LDO, a feedforward capacitor Crp 1950 is added to speed up the VCO’s frequency
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response time. When the output voltage of amplifier 220 changes, Crp 1950 feed forwards
the voltage change to VCOp and causes signal Fp to change accordingly. Without Crp 1950,
the output voltage of amplifier 220 will affect the voltage of Vs which in turn controls the
voltage at VCOy. When this happens, signal Fu changes accordingly and in general, this

takes a much longer time.

Figure 20 illustrates a simulated plot of voltage VSSpseudo and the current consumed
by comparator 200 vs. supply voltage Vsupy When comparator 200 is used in LDO 1900. It
can be seen that the voltage drop between VSS;seudo and Vgupoly is about 0.8 V when the
supply voltage is more than 0.7 V.

Figure 21 shows the simulated waveforms of LDO 1900 from its start up when it's
output deviates from a target voltage and the stable mode when the LDO has stabilized and
its output is regulated. When Vrs > Vi, the frequency of signal Fy is higher than the

frequency of signal Fo.

When two consecutive rising edges are detected at signal Fy and when these two
rising edges are located in between two Fp falling edges, a pull-up resistor Ry that is

connected to the gate of the PMOS gate will charge gate’s voltage accordingly.

Further, if three consecutive rising edges are detected at signal Fu, a pull-up resistor
Ru: that is connected to the gate of the PMOS transistor’s gate will charge the gate’s voltage
as well. Hence, when the voltage error at the LDO’s output is small, only pull-up resistor Ry
is required to discretely charge the gate voltage of the PMOS transistor, and the equivalent
pole at the PMOS transistor’s gate is suppressed at a low frequency. However, if the LDO is
in transient response function mode, resistor Ruz will also be connected to the gate of the
PMOS transistor to charge its gate faster in order to reduce the LDO’s settling time. In this
way, the settling time is shortened and the LDO’s stability is maintained.

When Ve < Vier, the frequency of signal Fy is lower than the frequency of signal Fp
as such, resistors Rps and Ro2 may then be used to pull down the voltage at the PMOS
transistor’s gate.

After a certain period of time has lapsed, the LDO’s output voltage would have been
regulated to the required value, as such, the frequencies of signals Fy and Fp would be
almost the same, and output nodes clkui2 and clkpiz would be in their disabled states.
Hence, only the VCOs and the digital comparator would be active, and as a result, the LDO

consumes very low power.
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Experimental Results

In this experiment, LDO 1900 was fabricated using a 65nm CMOS process, with
400nA quiescent current and a 20pF capacitor. Figure 22 illustrates the performance of the
simulated LDO whereby plot 2205 shows that the output of the LDO remains stable even
though the input of the LDO gradually increases and plot 2210 shows that the output of the
LDO remains stable even though the input of the LDO gradually decreased.

Figure 23 illustrates the measured performance of the LDO’s transient response
when the current of the LDO lioaq is stepped from 0.5mA to 10.5/20.5/30.5mA, respectively
and back to 0.5 mA with an edging time of 10ns. As only a 10pF load capacitor was used,
180/220/250mV undershoot and 180/270/300mV overshoot were achieved, respectively.
The undershoot and the overshoot settling time was measured to be 0.5us and 6us,
respectively. In particular, Figure 23A illustrates the transient response of the LDO when
the load current shifts between 0.5mA and 10.5mA; Figure 23B illustrates the transient
response of the LDO when the load current shifts between 0.5mA and 20.5mA; and Figure
23C illustrates the transient response of the LDO when the load current shifts between
0.5mA and 30.5mA.

The DC characteristics of the LDO are summarized in Table 1 below whereby the
line regulation and load regulation were measured to be 2.5mV/V and 0.5mV/mA,
respectively. When the load current was at 630nA, a larger than 99.9% current efficiency
was achieved in 10mA load regulation current.

450mV output | Quiescent current | Load regulation Line regulation
(0~10mA) (0.6V ~ 1.2V, 10mA load)
TYP, 25 degree 633 nA 500uV/mA 2.5mV/V
SS, 0 degree 660 nA 470uV/mA 4.2mVv/V
FF, 50 degree 608 nA 1.3mV/mA 10mV/V
TABLE 1

The performance of an LDO designed in accordance with embodiments of the
invention is compared against other designs known in the art in Table 2 below. Table 2
shows that with 400nA quiescent current and a 0.5V supply, a 1,000,000X load dynamic
range and a 0.004 ps Figure of Merit (FOM) was achievable with the lowest quiescent
current, largest load dynamic range and smallest on-chip capacitor compared to other state-



WO 2020/204820 18 PCT/SG2020/050174

of-art digital/hybrid control LDOs. For FOM comparisons, the proposed LDO in 65nm
technology achieved 2 orders of better performance than the LDOs designed using the
40nm and 65nm processes and even has a better value than the one designed using the
28nm process (which is a more matured process and should have power and speed
advantages when FOM calculation is performed).
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TABLE 2

The above is a description of embodiments of a system and method in accordance
with the present invention as set forth in the following claims. It is envisioned that others
may and will design alternatives that fall within the scope of the following claims.



