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In this paper, we identify and address the problems of designing effective power management schemes in low-power MCU design.
Firstly, this paper proposes an application-based multipower domain architecture along with a variety of working modes to
effectively realize the hierarchical control of power consumption. Furthermore, devices in energy IoT (eloT) do not always work
under the main power supply. When the main power supply is unavailable, the standby power supply (usually the battery)
needs to maintain the operation and save the data. In order to ensure the complete isolation between these two power sources, it
is always necessary to insert a diode in both select-conduction paths, respectively. In this paper, we built a stable and smooth
power switching circuit into the chip, which can effectively avoid the diode voltage loss and reduce the BoM cost. In addition, in
the sleep mode, considering the relaxed output voltage range and a limited driving capability requirement, an ultra-low-power
standby power circuit is proposed, which can autonomously replace the internal LDO when in sleep, further reducing the sleep
power consumption under the main power supply. Fabricated in a standard 0.11 ym CMOS process, our comparative analysis

demonstrates substantial reduction in power consumption from 1 A to 0.1 yA.

1. Introduction

The rapid growth of the energy Internet of Things (eloT) has
driven the vigorous development of microcontrol units
(MCUs) [1-3]. In order to provide a lower cost solution,
more and more functions are integrated in MCUs: network-
ing, high-efficiency sensor interfaces, etc., which makes the
low-power design challenging. Moreover, the application
scenarios of eloT are more complex due to multiple power
domains, making low-power design a complex task.

The eloT is an intelligent system integrating distributed
and scalable renewable energy sources and Internet technol-
ogy with the existing smart grid [4-6]. By controlling the
energy flow through the information flow, an overall infor-
mation transmission and exchange platform is built. The
platform connects end users and power supply station, real-
izing information sharing and transparency and therefore
forming an energy ecosystem. The development trend of
eloT is inseparable from the MCU market. Whether it is a

small node for connection or a sensor hub for collecting
and recording data, it is mainly based on the MCU platform
(7, 8].

As the one of the key parts, power management in an
MCU for the eloT is quite challenging [9, 10]. Firstly, the
MCU for the eloT usually has multiple supply domains.
For example, apart from the normal supply source, MCUs
for smart meters also have a battery supply. Furthermore,
the real-time clock (RTC) block is required in the MCU for
energy metering. It needs to be working uninterrupted when
the meter is in storage or under the power outage. The power
dissipation becomes critical for the RTC powered by a bat-
tery. Sometimes, the MCU is even required by utility regula-
tions to have a separate RTC power domain. Due to the
multiple supply domains, the MCU for eloT should be com-
patible with a large supply voltage range of 2.2V to 5.5V.
Switching among different supply domains with high reli-
ability is also challenging for power management in the
MCU. In addition, to extend the battery life, traditional
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FIGURE 1: Power state flow chart of the low-power MCU.

techniques such as clock gating and power gating [11] can be
used to reduce the power consumption of the digital and ana-
log cores; however, the power consumption of the always-on
power management circuits, such as low-dropout regulator
(LDO), should be minimized to extend the battery life. At
the same time, they should be able to provide a large load cur-
rent up to 30 mA for the normal working mode.

State-of-the-art ultra-low-power MCUs on the market
can achieve submicrowatt power consumption in low-
power mode; however, they can only supply a single standard
3.3-V supply voltage [12], which requires additional power
switching circuit on-board, increasing the design cost for
eloT applications. As for the LDO in the MCU with large
load current as well as low quiescent current, a digitally adap-
tive LDO scheme is proposed in [13]; however, the driving
ability of 2.56 mA is not enough for MCUs in eloTs and its
650nA quiescent current also limits the further reduction
of the power consumption.

To solve the above issue, the paper proposes several tech-
niques for power management in the low-power MCU for
eloT with low cost and high reliability. Firstly, the
application-based multimode switch scheme along with a
multipower domain strategy is proposed to optimize the
power consumption through a hierarchical control. In addi-
tion, we integrate the traditional power switch function into
the chip, effectively reducing the system cost and extending
the battery life. In order to further reduce the power con-
sumption in the sleep mode, we design an ultra-low-power
backup power supply circuit in lieu of the traditional LDO
in the sleep mode, reducing the power to 0.1 yA.

The paper is organized as follows. Section 2 introduces
the architecture of the power management system in the

MCU for the eloT. Section 3 describes the proposed ultra-
low-power backup LDO circuit design, followed by measure-
ment results in Section 4. Section 5 concludes the work.

2. Design of Low-Power Supply System with
High Reliability

In order to effectively simplify the peripheral circuit design
and prolong the battery life, the independent power supply
mechanism of the RTC and the corresponding main power
supply, battery power supply, RTC power supply, and other
multipower domain switching strategies and multiple low-
power operation modes are designed.

2.1. Application-Based Multimode Switching Scheme. In view
of the complexity characteristics of the of eloT applications,
five working modes are designed according to the different
applications of the MCU, namely, active, idle, sleep, deep
sleep, and RTC-only, to reduce the power consumption of
the chip. Take the energy meter as an example [14]: the active
mode is applied when the meter is running normally; the
sleep mode is used in scenarios where the meter is powered
by battery supplies during a power outage; the deep sleep
mode can further reduce power consumption of the sleep
mode shutting down more functions; and the RTC-only
mode is suitable for extremely low power running when the
meter is placed in the warehouse and not yet mounted [15].
The switching of these five working modes is shown in
Figure 1.

The idle and sleep modes are directly controlled by the
MCU core, and users only need to execute specific instruc-
tions to enter in or out of these modes. The control of the
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TaBLE 1: Power supply in different modes of the chip.
deep sleep and RTC-only modes is realized through the PPy P
power management unit (PMU). By reading the value of MODE Main power domain RTC domain
the control register written by the software, the PMU con- VDD BATVDD BATRTC
trols the hardware state machine to switch between different "5 ive v
modes. The involved operations include the power gating
. . Idle \4
and clock gating of the corresponding modules [16, 17] and sl v
the isolation of different power domains. To explain different eep
modes, we show the system functional block diagram in ~ Deep sleep v
Figure 2 with power domains. The specific working status RTC-only M

of different modes is as follows:
(1) Active

This mode is the normal working mode of the MCU. In
this mode, the chip works at the PLL clock or internal high-
frequency RC clock, the CPU core is turned on, and the func-
tional modules, interfaces, and peripherals can all be turned
on and configured through the software.

(2) Idle

In this mode, the CPU is stopped, but the high-speed
peripherals remain monitoring and can be quickly awakened
by any interruption.

(3) Sleep

In this mode, the CPU and most functional modules are
turned off. Only SRAM, PMU, GPIO, etc. are working. As
shown in Figure 2, the dark gray part is powered off. The

high-frequency clock is turned oft. The chip works using
the low-frequency clock RTCCLK.

(4) Deep sleep

In this mode, the CPU and all peripherals are powered
down, and only the interrupting IOs, RTC, PMU, and
UART32K (low-power UART module) modules are active.
As shown in Figure 2, the light gray part is also powered off.

(5) RTC-only

All main power supplies are powered down, and only the
RTC circuit powered by BATRTC maintains operation in
this mode, as shown in the blue part in Figure 2.

For energy meters, the power supplies in different modes
are also different, as shown in Table 1. In normal mode, the
chip uses the main power supply VDD. It is usually supplied
by a rectifier bridge and an LDO. In this power supply
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situation, the chip can also enter the idle mode to save energy.
When the main power is off, such as in the case of storage or
power outage, the battery will be activated as a backup power
source to maintain the basic function of the chip. The chip
then transitions into the sleep or deep sleep mode. The
RTC must be accurate under all conditions. Therefore, a spe-
cial RTC power domain is designed. It is powered by another
separate battery and kept always on. When the main power
domain is completely powered oft, the chip enters the RTC-
only mode.

2.2. Built-In Power Switching with High Reliability. As shown
in Figure 3, the power architecture of the chip is divided into
two parts. One is the main power domain, under which most
functional modules such as the CPU, memory, and periph-
erals are placed. The other is the RTC power domain. This
domain has the always-on circuits such as the crystal oscilla-
tor clock and RTC module. Except for in the RTC-only
mode, the main power domain is always on. When the utility
power is present, it is powered by the utility power, and dur-
ing a power outage, it switches to the battery power. Usually,
this switching is done off-chip. As shown in Figure 4(a), in
order to prevent the reverse current, the regulated main
power and the battery are, respectively, connected in series
with a diode and then supplied to the chip’s supply input
VDD. Generally, the voltage of the regulated utility power
is higher than that of the battery, so the chip is powered by
the utility power. In addition to the BOM cost of the diode,
this scheme also has a disadvantage of the diode voltage drop.
The diode voltage drop can reduce the battery usage range.
To solve this issue, this work proposed a built-in power
switching with high reliability. In this design, the main power

domain is changed from the traditional single-power input
(VDD in Figure 4(a)) structure to a three-power structure,
including the main power input VDD, battery input
BATVDD, and IO power (the main power supply of the chip
generated after the power selection). When implemented, as
shown in Figure 4(b), VDD and BATVDD are connected to
VDDIO through a MOSFET switch, respectively, and the
control logic ensures that only one switch is turned on at a
given time. VDDIO is connected to VDD by default. VDD
is divided by a series of resistors and then connected to the
hysteresis comparator for the voltage detection. When
VDD is lower than the switch threshold, VDDIO is switched
to the battery. To address potential reliability issues during
usage, the switching circuit is designed carefully as follows.

In most cases, the VDDIO voltage is close to the higher of
these two inputs. Considering that the voltage of VDD may
be 3.3V or 5.0V, while that of BATVDD is usually 3.6V
(at full capacity), the bulk of the two switch MOSFET' is con-
nected to VDDIO to ensure that the source and drain of the
MOSEFETs are reverse biased to the bulk parasitic diode.
BATVDD, as a backup power supply, does not provide cur-
rent to circuit to prolong the life of the battery unless the
main power is off. Therefore, the power supply switching is
only controlled by detecting VDD. Generally, the switching
threshold for 5V (main supply voltage) applications is
3.6V, and for 3.3V application is 3.0 V.

As shown in Figure 5, the output of the detection circuit
is connected to the power switch circuit to generate two-
phase nonoverlapping clocks [18, 19]. One of the clock sig-
nals passes through a buffer and is used to control the switch
of VDD. Because PMO is usually kept on during the normal
application, the driving capacity of PMO should be large
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FIGURE 4: (a) Traditional external switching scheme; (b) proposed internal switching scheme.

enough. In order to reduce the area, a low-voltage PMOS
with a larger current density per unit area is used. But mean-
while, it is necessary to control the gate-source voltage V ;¢ of
PMO to avoid breakdown. In this design, a voltage drop close
to 1.5V is generated through two diode-connected MOS
transistors through a fixed bias current. When PMO is turned
on, PM7 and PMS8 produce a voltage drop. When PMO needs
to be turned off, PM9 connects the gate of PMO directly to the
source. The other clock signal is used to generate the switch
control signal of PM1. In order to ensure that PM1 can be
completely shut down, it is necessary to ensure that the gate

voltage of PM1 follows the source voltage (the source is of a
higher voltage than the drain). Therefore, the gate voltage
of PM1 needs to be at the higher voltage of VDDIO and
BATVDD to prevent the reverse current to the battery when
VDDIO =VDD =5V. The detailed circuit is shown in
Figure 5. When PMO is turned on, S2 is low. PM3 and PM4
are on, and NMO and NM1 are oft. PM5 and PM6 are gate-
source connected transistors that act like parasitic diodes.
Since there is no conduction current, the voltage drop is
much smaller than a threshold voltage V14, so that the volt-
age of the gate of PM1 is almost equal to the higher voltage of
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VDDIO and BATVDD. With PM5 and PM6, the two power
supplies can also be isolated from each other to prevent the
inverse current.

An additional transistor PM2 is connected on the bulk of
PM1 to avoid drawing current from the battery. For 3.3V
applications, the threshold of the power switch is set at 3.0
V + 10%. It may happen that PM1 remains off, but the para-
sitic diode of its drain and bulk is forward biased and starts to
draw current from BATVDD without PM2 [20]. The effect is
similar to doubling the threshold voltage from BATVDD to
VDDIO, as shown in Figure 4(b), which improves the reli-
ability of the power supply switching circuit. The comparison
is shown in Figure 6. When VDDIO is lower than 3.0V,
BATVDD starts to leak current to VDDIO, and the modified

circuit has significantly smaller leakage than the original
circuit.

The transistor PM10 is also connected in series at the
drain and gate of PMO to solve the breakdown problem that
may be caused by the rapid rise of VDD with the cold start.
Through the MOS CAP formed by PM10, the instantaneous
voltage difference between the drain and the gate of PMO is
limited. It also improves the reliability of the circuit [21].

To ensure that bulk parasitic diodes of these two power
switches PMO and PM1 are always reverse biased, the con-
duction voltage drop of both should be small enough. Under
the condition that the maximum load current is 30 mA, the
selected conduction impedance is less than 8 € over process
corners.
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F1Gure 8: Ultra-low-power backup power supply (ULP_BPS).

As for the power switch in the RTC power domain
(power switch I in Figure 3), because the RTC power domain
continues to work at low power consumption (such as 1 yA),
the design of the switch is similar, but it will be much simpler.

3. Ultra-Low-Power Backup Power
Supply Design

MCUs usually have multiple power supplies from different
sources, such as from an off-chip LDO output, by an ultraca-
pacitor, or from a battery, depending on the applications. To
ensure that the key modules have a stable power supply volt-
age, as shown in Figure 7, MCUs with a 5 V main supply volt-

age usually regulate the supply voltage to 3.3V through an
internal LDO (referred to as LDO33 below) to supply analog
modules such as the bandgap, the temperature sensor, and
ADC. It is also used to supply current for low-power-
consuming blocks such as the LDO15 and comparators. In
the sleep mode with the main power on, the LDO33 is still
active because some of the analog blocks are still working.
To achieve lower power consumption in the sleep mode,
the quiescent current of the LDO33 needs to be minimized.

The traditional LDO33 is shown in Figure 8. The output
voltage is divided by the sampling resistor and fed back to the
error amplifier (EA) to generate a stable voltage LDO33_
OUT. To design a low-power LDO, in addition to reducing
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the power consumption of the EA block, it is also necessary
to minimize the current on the sampling resistors. Because
the voltage drop of the resistor is fixed, the current can only
be reduced by increasing the resistance. A larger resistance
leads to a larger area. Suppose we want to reduce the power
consumption of the LDO33 to 0.1 A, using the traditional
scheme, the resistance needs to be increased to 33 M ohms
even without considering the power consumption of the
EA. A 33 M ohm resistance in a CMOS process is usually area
consuming. As for the digital LDO, it can work at a very low
supply voltage, but it usually has the problem of large output
ripple and it is still challenging to achieve absolute low power
consumption [22], which is not suitable for the target
applications.

In the sleep mode, the most functional modules are
turned off; the load of LDO33 usually does not exceed
100 uA. The accuracy of the output voltage is also greatly
relaxed. The paper proposes to add an ultra-low-power
backup power supply (ULP_BPS) to the traditional LDO33.
In the sleep mode, the main LDO is shut down and the
ULP_BPS kicks in to reduce the power consumption.

As shown in Figure 8, LDO33_OUTPUT (the output
voltage) is generated by passing a fixed voltage through a
source follower. The required voltage is generated by adding
a bias current to the diode string. The bias current can be lim-
ited to 10nA and provided by anther low-power reference
and bias generation circuit, which consumes about 300 nA
and can also provide the reference voltage VREF for
LDO33 in the normal working mode. It is powered by the
main supply voltage VDD to avoid start-up problems. Due
to the use of the source follower structure, there is no need
for a resistor string to form a feedback loop and no need to
worry about the stability.

In this implementation, the P-type bias current flows
thru a diode-connected transistor NMO and a diode string
I3 to the ground. If the gate-source voltage Vg of NMO is
close to that of the driver transistor NMI1, the output
LDO33_OUT (the source of NM1) is almost equal to the

voltage across I3. Therefore, the output voltage can be
adjusted by adjusting the number of diodes in I3. When
VDD is small (less than Vi3 + Vg \vo)s the transistor NM4
enters the linear region, and the output voltage is about
Voo = Vs

Since the battery voltage changes in its lifetime, the MCU
is usually required to have a wide operating voltage range,
such as 22V~55V. But the analog blocks supplied by
LDO33 have a minimum voltage requirement, say 2.2'V.
When the voltage is lower than this, the analog blocks will
work abnormally, and the chip will also trigger power on
reset (POR) and exit the sleep mode. In this case, LDO33 will
follow VDD directly, regardless of the level of VREF. VREF is
calibrated to guarantee the accuracy of the supply detection
result. In summary, ULP_BPS block needs to meet the
requirements of 2.2 V~3.8 V output under 2.2 V~5.5V input.
The 3.8V output is due to the requirement of the device
breakdown voltage.

When the input is low, say below 3.0V, the output Vp
— Visnan will be difficult to maintain above 2.2 V. We add
a power detection mechanism to address this. When a low-
power supply voltage is detected, the driver transistor PM0
is turned on such that the output of LDO33_OUT follows
VDD to maximize power utilization. The driver transistor
of the main LDO can be reused to ensure a low voltage drop
while avoiding additional area cost. In the implementation, a
fixed bias current flows through the diode string 14 connected
to VDD to generate a voltage drop Vp — Vy, that is com-
pared with the low-power reference voltage VREF through
a comparator. For example, if the voltage drop across 14 is
designed to be 2.3V, the output will follow VDD when
VDD is lower than 3.5V (VREF is about 1.2 V).

In CMOS processes, diodes are generally realized by
diode-connected MOS transistors. In order to ensure that
the output is controlled within the demand range for differ-
ent loads, power supply sources, temperatures, and process
deviations, it is necessary to minimize the variation of the
device to achieve bias in the design with respect to the above
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variables [23]. Figure 9 shows the simulated output voltage
vs. the VDD. Detailed design considerations for high reliabil-
ity are list below.

The typical voltage drop at 14 is Vpp — Vggr=2.3V,
lower than the breakdown voltage of the low-voltage transis-
tor. It is realized by using three low-voltage (LV) PMOS in
series. For the diode string I3, a high-voltage (HV) 10 PMOS
is used to avoid breakdown of LV devices. However, the
threshold voltage of HV PMOS is relatively high, and it can-
not match 3.3 V well if two or three are connected in series, so
a small LV core NMOS is used at the end of series closest to
GND. A MOS transistor of the same type as NM1 is used to
implement NMO so that the gate-source voltage VGS is as
close as possible. However, due to the difference in current
flow, variations will still be introduced. The body of the HV
PMOS is connected to VDD. When the input is over 3.6V,
the actual output is a curve that increases with VDD but
the slope gradually decreases as shown in Figure 9. The out-
put is shown in the red curve in Figure 9. The turning point
and the output at high VDD have a certain offset range, but
it does not exceed the target window of 2.2V-3.5V.

In the design, the bulks of all PMOS transistors are not
connected to the source to eliminate the body effect. The
main consideration is that the branch bias current is very
small so the impedance is high. During reliability tests such
as latch-up, if there is substrate leakage, it may cause abnor-
mal bias, so the bodies of transistors are connected to a low-
resistance power supply or ground.
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TaBLE 2: Comparison of results between traditional LDOs and the improved structure.
Module Technology Input voltage Output voltage Max output current Quiescent current  Size Stability
(um) (V) (V) (mA) (uA) (mm?) consideration
LDO33 (this 0.11 2255 2236 30 1 0.026 Yes
work)
ULP_BPS (this 0.11 2255 22-38 0.1 0.1 0.003 No
work)
ﬁi‘i‘ptwe LDO 0.13 1.9-3.6 1.52 2.56 0.65-17.7 0.016 Yes
DLDO [22] 0.65 0.5 0.45 0.2 2.7 0.042 Yes
3.700 | -
3.500 | -
3.300 | -
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FIGURE 12: (a) Simulation result vs. test result; (b) impact of PVT on turning point.
4. Simulation and Test Results 0.0072 mm? and 0.003 mm>, respectively, accounting for less
than 1% of the whole chip area.
The design is implemented in a standard 0.11 um CMOS To test the power switching circuit for an actual energy

process. As shown in Figure 10, the area of the power supply ~ application, we connect BATVDD to 3.6V and VDD to
switching circuit and the low-power backup power supplyis ~ 5.0VDC sources, respectively. Enable the automatic
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switching mode, and set the switching voltage to 3.6V
through software configuration, then disconnect VDD from
the DC source at T, and observe the entire switching process
through an oscilloscope. In Figure 11, the yellow line and the
blue line are the two input power supplies, VDD and
BATVDD, respectively, and the purple line is the output
VDDIO. It can be seen that after disconnecting from the
DC source, VDD drops slowly, and VDDIO still follows
VDD at the beginning. But when it drops to about 3.6V,
VDD continues to drop, and VDDIO remains near the bat-
tery voltage. The realization of the entire power switch is sta-
ble and reliable.

Test results show that the power consumption of the pro-
posed ULP_BPS module is about 0.1 A, which is an order of
magnitude lower than the power consumption of the tradi-
tional low-power LDO33. Due to the open loop structure, it
does not have stability problem. Compared to single adaptive
LDO design in [13], this work can achieve lower quiescent
current and support larger load current (30 mA) by combin-
ing the traditional LDO33 and the proposed ULP_BPS.
Comparison of results is shown in Table 2.

Set the output current of LDO33_OUT to 5 uA, and per-
form a DC swept on VDD from 5V to 2.2 V. Both the simu-
lation and test results are shown in Figure 12(a), meeting the
design spec. Figure 12(b) shows the influence of Process-
Voltage-Temperature (PVT) on the output. It can be seen
that the output is 2.2 V~3.75V under the full input range of
2.2V~5.5V meeting the design spec.

In practical applications, when the energy meter enters
the sleep mode from the normal operating mode, the output
of LDO33_OUT is observed through the oscilloscope, as
shown in Figure 13. Because LDO33 has a large decoupling
capacitor off-chip, e.g., 10uF, LDO33_OUT will slowly
switch to the output of ULP_BPS.

5. Conclusions

To address the low-power design issue for MCU, we pro-
posed several power management techniques. Firstly, the
application-based multimode switch scheme along with a

multipower domain strategy is proposed to optimize power
consumption through hierarchical control. In addition, we
integrated the traditional power switching function into the
chip and designed a safe and reliable power switch circuit,
which can effectively reduce system costs and extend battery
life. To further reduce the power consumption in the sleep
mode, we also designed an ultra-low-power backup power
supply circuit to replace the low-power LDO reducing the
power to 0.1 A, an order of magnitude lower than the orig-
inal circuit. The techniques have been used in energy meter-
ing chips that have been sold in millions.

Data Availability

The data used to support the findings of this study are
included within the article.
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