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Abstract

The advance of autonomous Smart Sensor Networks and embedded
systems for the Internet of Things, powered by photovoltaic en-
ergy harvesting, is severely limited by energy efficiency, especially
in low-light environments. While Dynamic Power Management
is essential for energy conservation, conventional software-based
techniques that rely on processor-managed low-power states incur
a persistent quiescent current drain. This current becomes the dom-
inant energy sink in energy-scarce conditions, limiting autonomy.
The work of this paper addresses this limitation by introducing
a robust, hardware-orchestrated dynamic power management ar-
chitecture that improves existing configurations for battery-based
sensor nodes. The proposed architecture achieves a minimal qui-
escent drain of 452nA, by completely power-gating the microcon-
troller and all non-essential peripherals, with wake-up orchestrated
by an ultra-low-power PMIC, RTC and a novel latch circuit devel-
oped specifically for this work. Our evaluation demonstrates that
the dynamic power management architecture is significantly more
efficient than traditional software-based sleep modes.
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1 Introduction

The rapid development of Internet of Things (IoT) applications has
led to the widespread deployment of Smart Sensor Nodes (SSNs),
embedded, autonomous devices for data-driven automation at the
edge. The nodes integrate sensors for data acquisition with wire-
less communication capabilities, while recent advances have en-
abled the integration of edge AI; the execution of Al models at the
edge [2][5][6] for localized decision-making. To achieve autonomy,
these systems are often powered by energy harvesting sources such
as photovoltaic (PV) elements. In such energy-constrained settings,
particularly in indoor or variable outdoor environments, energy
budget is largely dictated by low-light performance.

Dynamic power management (DPM) [3][4][11] is a fundamen-
tal approach to maximize operational lifetime, typically involv-
ing Dynamic Voltage and Frequency Scaling (DVFS), clock gating,
establishment of Voltage-Frequency Islands with dynamically ad-
justable Voltage/Frequency knobs, as well as event-driven sleep
and low-power modes. However, these strategies share a funda-
mental limitation: they are typically software-orchestrated. The
main system microcontroller (MCU) must remain in a deep-sleep
or standby state to manage wake-up events. This active-sleep state,
while low-power, incurs a persistent quiescent current (indicatively
2.57pA for an STM32L4 MCU in stop 2 mode). In ultra-low-light
conditions where harvested power is minimal, this quiescent drain
becomes the dominant energy sink, creating an operational floor
for autonomous operation.

To improve upon this gap, we build upon and extend recent work
in battery-less systems [9][10] to propose a hardware-orchestrated
DPM architecture for battery-based sensor nodes that completely
power-gates the MCU and most peripherals during sleep cycles,
eliminating their quiescent current. This architecture is built around
the always-on power domain of a Power Management Integrated
Circuit (PMIC), powering only a low-power Real-Time clock (RTC)
and a capacitive touch sensor for periodic or on-demand state
switching. These hardware components are responsible for orches-
trating the wake-up and shutdown of the main compute domain.

Contributions. The main contributions of this work are:
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o A robust hardware-orchestrated DPM architecture for battery-
based sensor nodes that eliminates MCU and peripheral qui-
escent current by fully power-gating the compute domain,
achieving a measured sleep-state drain of 452nA.

o A new latch circuit for the capacitive sensor, forming a key
part of the DPM architecture. This circuit, which enables the
sensor to provide a persistent enable signal from a momen-
tary trigger, was designed by the authors and integrated into
the commercial Microdul MS8892 capacitive sensor.

o The design of an autonomous, energy-harvesting SSN, inte-
grating the proposed DPM architecture.

e Experimental results demonstrating cold-starting capability
and sustained, net-positive energy operation under very low
illuminance levels.

2 Related Work

Most prior work on power management optimization for energy-
harvesting autonomous SSNs focuses on aggressive duty-cycling,
where components enter idle, stop or deep sleep during periods
of inactivity. While effective, these approaches still incur signifi-
cant quiescent currents, limiting energy autonomy under low-light
conditions (i.e. [1][12]). To further reduce leakages, several designs
actively cut-off power to non-essential components during inac-
tive periods (i.e. [7][8]). However, in these approaches the MCU
typically remains powered, reducing system autonomy.

Some works fully power down the main load, including the MCU
and most non-essential peripherals, while keeping only a minimal
set of ultra-low-power components active [9][10]. These designs
achieve significant energy efficiency under ultra-low-light condi-
tions as low as 5-20 lux. However, they are typically battery-less and
rely exclusively on small capacitive storage, which severely limits
the maximum supported load and edge processing capabilities.

For example, [10] presents a Bluetooth Low Energy (BLE) node
operating down to 5 lux by duty-cycling between a 310nA Deep
Sleep state and a Normal mode either periodically using an RTC or
based on a user command via a capacitive touch sensor. Unlike our
proposed architecture though, this system lacks a dedicated PMIC
and battery. Instead, it relies solely on a 100uF capacitor charged
directly from PV, restricting its application to minimal, highly in-
termittent loads. Although a custom ASIC PMIC is included, with
a reported operating current of 30nA at room temperature, only a
single comparator of the Integrated Circuit (IC) is utilized to moni-
tor the voltage of the capacitor; the system can be powered up as
long as the supercapacitor’s voltage is at least 2.25V. The quiescent
current consumption of the system in Deep Sleep can be approxi-
mated to 140nA based on the consumption of the comparator, RTC
and touch sensor.

Similarly, [9] reports a LoORaWAN node operating down to 20
lux using a dedicated PMIC and a 10mF supercapacitor to power
a LoRa SX1276 transceiver, a BME680 sensor and a Cortex-M4
MCU, requiring 8mJ per 10-minute active cycle. The limits of the
PMIC are set in such a way that the system will start operating
as soon as the charge of the supercapacitor reaches 3V and it will
continue charging up to a maximum of 3.6V. After the 3V threshold
is reached, the supercapacitor can be discharged down to 2V. A
total load of up to 44.8mJ can be supported by this configuration.
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A larger supercapacitor can be used to support increased loads, at
the disadvantage of requiring additional time to charge it at similar
illumination levels.

Table 1: State-of-the-art comparison

Work Always-on components Always-on current
[10] MA198 (Comparator), 30nA + 45nA
RV-3028-C7, MS8892 +65nA
[9] EMS502 -
[71[8] STM32L0 14A
[1] nRF8001, MSP430F2274 2uA + 1A
BQ22
(2] QN9080, BQ22570, 27d

AEM30940, HDC2080
This PMIC based on AEM10941,
work RV-3028-C7, MS8892

310nA (datasheet)
452nA (measured)

An autonomous BLE node is presented in [7]. The node uses
the BLUENRG-2 BLE SoC as a load, together with an STM32L0-
based MCU to control the transition between harvesting and data
transmission phase. During the harvesting phase, an AM-1606C
solar cell is used to harvest ambient energy down to 200 lux to a
22F capacitor. In low-power stop mode, the MCU stays powered-
on, operating as a voltage detector to monitor the voltage across
the capacitor. As soon as the capacitor voltage reaches a limit of
3.3V, the node transitions to the data transmission phase. During
that phase, the MCU switches to run mode while the BLE IC is
utilized in advertising mode to transmit 7-byte advertising data
packets with an output power of +8dBm over three channels. The
node returns to the harvesting phase based on an interrupt from
the low-power timer of the MCU. The quiescent current of the node
during its harvesting phase is equal to the operating current of
the MCU in stop mode, reported at approximately 1uA. A system
with similar characteristics and the addition of the HTS221 IC for
moisture and temperature sensing is detailed in [8].

The autonomy of a wearable node for ECG monitoring is detailed
in [1]. As loads, the node uses the MSP430F2274 MCU for processing
and ADC, the nRF8001 BLE IC for short-range communication, and
an analog circuit for ECG measurements, including a pre-amplifier
and analog filters. For energy storage, the system uses a 240mAh li-
ion battery. During operation, the node transitions between: a sleep
phase where the load is set into low-power modes; an idle phase
where the BLE IC performs advertising; and an active phase where
the sensor performs ECG sampling. During sleep mode, nRF8001 is
put into idle phase with a reported quiescent current of 2uA while
the MCU consumes approximately 1A in low-power mode 3.

A sensor node for the monitoring of physical parameters in rein-
forced concrete is presented in [12]. The node is powered through
wireless power transfer using RF to DC rectifiers to charge a 150uF
capacitor, using two PMICs for energy distribution, BQ22570 and
AEM30940. The node transitions between a deep sleep, with an
average current of 27pA, and an advertising phase.

To summarize, existing work exhibits a fundamental trade-off
between ultra-low quiescent battery-less architectures with lim-
ited load capability, and battery-operated systems with higher
always-on consumption (Table 1). We improve the state of the



A Hardware-Based Multi-Stage Dynamic Power Management Architecture for Autonomous Low-Light Operation

art by integrating a near-zero quiescent drain (452nA) on battery-
based systems, characteristic of battery-less designs, through a new
hardware-orchestrated DPM architecture together with a novel
latch circuit for the capacitive sensor.

3 Multi-stage DPM architecture

In order to minimize energy consumption, we have developed
a multi-stage DPM architecture that utilizes different operating
modes, as depicted in Figure 1: Deep sleep; Wake up; Normal; Over-
charge and Shutdown modes. Switching between modes does not
involve the use of the MCU to minimize power consumption.

Deep sleep

§ A

Shutdown Overvoltage

A :

Second operating
stage

Normal

Figure 1: System modes

o In Deep sleep mode, the energy storage is deeply discharged
and there is no available energy to be harvested from the
energy harvester

e When a cold-start voltage of 300mV and 2uW of power be-
come available from the harvester, the PMIC enters Wake
up mode. If the voltage of the storage element is below a
threshold Vegrpy, it will first need to be charged through
the PMIC

e When the voltage of the storage element reaches Vegrpy, the
PMIC enters Normal mode; the outputs Low-Voltage Output
(LVOUT) and Always-On Output (AOOUT) are shorted to
the buck regulator output and the external DC/DC converter
can drive High-Voltage Output (HVOUT). During Normal
mode, there can be three different scenarios depending on
the voltage of the storage element:

— If the voltage reaches a higher threshold Voycp, the PMIC
enters Overcharge mode; the charging of the storage stops
and its voltage is maintained to approximately Voycy with
hysteresis, to prevent damage from overcharging

— If the storage element’s voltage ranges between Vegrpy
and Voycp, the PMIC stays in Normal mode

— If its voltage drops below Veprpy, the PMIC enters Shut-
down mode to prevent deep discharge potentially leading
to damage to the energy storage element. If sufficient en-
ergy becomes available within approximately 600ms, the
PMIC returns to Normal mode. If not, the circuit returns
to Deep sleep mode
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The Normal mode can be further divided into two operating
stages, the first operating stage and the second operating stage!.
In the first operating stage, only AOOUT is active. No other com-
ponents, including the MCU, are powered during this stage. The
system is operational and can be woken-up, while maintaining the
lowest possible power consumption.

For the system to wake up and enter the second operating stage,
the LVOUT power domain must be turned on. The PMIC provides
an enable input, 2.2_SW_EN, which controls this power domain.
The capacitive sensor and RTC can trigger the enable input of
the PMIC in order to turn on the LVOUT switched domain and
subsequently power on the system. The capacitive sensor can power
the system based on a touch interaction from the user. The RTC on
the other hand is programmed during system runtime in order to
generate periodical wake up triggers. The enable signal 2.2_SW_EN
is latched in the capacitive sensor; it means that the power domain
stays on when the enable event is revoked. This feature provides a
trigger-style enabling of the 2.2V switched domain. An optional,
third HVOUT switched domain is also provided by the PMIC, in
order to power components that require a higher voltage such as
CO, sensors. This domain is controlled via the MCU.

A key challenge in the proposed hardware DPM design is trans-
lating the momentary triggers from the RTC or capacitive sensor
into a persistent enable signal that holds the main compute domain
on. Figure 2 depicts the novel latching mechanism designed to ad-
dress this problem. This circuit, a primary contribution of this work,
is integrated with the capacitive sensor’s logic to switch between
operating stages.

Switched, MCU
power

PMIC °
\(—-Enab\e----- e 22 SW_EN- - {frmemmemenaney

DC/DC
regulator

[

Clock
source

Permaner
power

Figure 2: Switching between operating stages

The high level on signal 2.2_SW_EN is achieved by a pull-up
resistor. If 2.2_SW_EN is driven to logic low level by MS8892, its
internal pull-up resistor is disconnected to avoid the static current
flow and further reduce power consumption. The system power
state is kept in the internal latch L. The latch L will be set by a
touch event or when the RTC pulls the signal 2.2_SW_EN low, thus

Note that the system can be easily extended to include additional operating stages



ISLPED 2026, August 05-07, 2026, Chicago, USA

switching on the switched power via enable. After power-up, the
MCU is in control and can read out the wake-up source from the
MS8892. It can re-configure the parameters of the MS8892 and the
alarm settings of the RTC. The system will return to the deep sleep
mode by clearing the latch in the MS8892, which in turn disables
the switched power supply. The latch can be cleared by an MCU
command via the I?C bus or alternatively via a digital signal from
the MCU to the MS8892 via 2.2_SW_DIS. This design was developed
and validated in collaboration with the component manufacturer,
Microdul, and was adopted for their commercial MS8892 IC.

Since the interfacing components are always powered, it is crit-
ical that they consume minimal energy. For this reason, a single
oscillator is permanently running for both the capacitive sensor
and the RTC. This is made possible by an external clock input to
the capacitive sensor and using the oscillator of the RTC to trigger
the periodic capacitive touch detection.

4 Sensor node implementation

To evaluate the DPM architecture presented in section 3, a minia-
turized, autonomous SSN was designed and developed, powered
by PV energy harvesting. The system integrates an 80MHz ARM
Cortex-M4 MCU, wireless ICs and multiple sensors, powered by a
10mAh battery and a 2cm? high-efficiency PV panel. This section
provides details on the SSN implementation, as depicted in Figure 3.
A prototype of the printed system can be seen in Figure 4.

The architecture of the sensor node can be divided into four
interconnected component blocks, the edge intelligence, power
management, wireless and sensing blocks. The edge intelligence
block includes the MCU and a non-volatile FRAM for data storage.
The power management block integrates the proposed DPM archi-
tecture. It includes the PMIC, energy harvester and energy storage,
as well as two interfacing components; an RTC and a capacitive
touch sensor. The wireless block includes BLE and NFC for short-
range communication and LoRa for long-range communication.
An additional FRAM module is used for the storage of data from
the wireless ICs. Finally, the sensing block includes a CO; sensor,
accelerometer, temperature sensor, magnetometer and light sensor.

4.1 Edge intelligence block

4.1.1 MCU. For the SSN, an 100-pin MCU based on Cortex-M4
is used, stm321496vg. The MCU has a frequency of 80MHz, 1MB
Flash, 25nA quiescent current in shutdown mode and 37yA/MHz
energy consumption in run mode when a Switched Mode Power
Supply (SMPS) is used. In this work, stm321496vg is supplied by an
external SMPS, bypassing the internal regulator of the MCU.

The MCU supports two low-power instructions to transition
the system into reduced-power states, Wait-For-Event (WFE) and
Wait-For-Interrupt (WFI). WFE wakes-up the MCU when the event
bit in the System Control Block is set, while WFI keeps the MCU in
sleep mode until an interrupt occurs. Since the integrated sensors
generate hardware interrupts, the system firmware primarily em-
ploys WFI, allowing the MCU to enter low-power states between
processing cycles and thus minimize overall energy consumption.

The MCU supports eight low-power operating modes, provid-
ing different trade-offs between performance and energy use. [13]
presents a comparison between the modes in terms of wake-up
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source, active components and power consumption for an 1.8V
input voltage. In run mode, the designed SSN supports dynamic
voltage scaling to optimize power consumption. The CPU, Flash and
SRAM are enabled at a reduced frequency of 2MHz. In sleep and
low-power sleep modes, the CPU halts while peripherals remain
active. An interrupt or event can wake-up the CPU. In stop 2 mode,
most of the MCU Vcore domain is put into a lower leakage mode,
in order to achieve minimal power consumption while retaining
SRAM and register contents.

When executing instructions from Flash memory, wait states
may be inserted depending on the CPU clock frequency and internal
voltage range. The main regulator output voltage, Vcore, supports
two modes that affect the total number of wait states and the total
power consumption. Range 1, or high-performance range, supports
a clock frequency of up to 80MHz with a minimum Flash access
time for reading. Range 2, or low-power range, has a maximum
clock frequency of 26 MHz and a longer reading time from the Flash
memory than Range 1. The correspondence between wait states
and CPU clock frequency is presented in [13].

4.1.2  NVM. The proposed DPM architecture of this work is built
around the concept of completely switching off most system com-
ponents during inactive periods to eliminate their quiescent current
and thus conserve energy. This also includes the system’s mem-
ory ICs. For this reason non-volatile memories are used to retain
data between shut-down/power up cycles; the status of the running
application can be stored in the memory before switching off the de-
vice, and can be retrieved on subsequent power ups. For the storage
of data between power cycles of this system, the MB85RC64TAPN-
G-AMEWE1 FRAM is used. The memory performs write operations
at the same speed as read operations, supporting a high speed mode
of up to 3.4MHz. The device can be switched off between trans-
fers to conserve energy and be put into sleep mode which reduces
current consumption by stooping the internal regulator circuits.

To reduce latency, the system includes two such FRAM chips.
The first, which is dedicated to the MCU, is connected via an SPI
interface. The second that is dedicated to the BLE IC, communicates
with the BLE controller using an IC interface.

4.2 Power management block

4.2.1 PV harvester and storage. For the designed SSN, two EXL1-
1V20-SM cells were chosen; each cell has a surface of 1cm?, yielding
a total active surface of 2cm?. The cells are connected in parallel
to increase the output current of the energy harvester. For energy
storage, Powerstream GEB 201212 was used, with a 10mAh capacity
and dimensions of 2.2 X 12.5 X 12.5mm?.

4.2.2 PMIC. For the SSN, we employ a PMIC based on AEM10941,
offering a cold-start voltage of 300mV and a quiescent current of
200nA. The PMIC is used for regulating, controlling, and optimizing
the power flow from the energy harvester to the battery. It is also
used to supply the system’s components via three outputs, AOOUT,
LVOUT and HVOUT. The inputs and outputs of the PMIC can be
seen in Figure 5.

e AOOUT is set around a voltage of 2.2V It can continuously
drive a small current to supply the capacitive sensor and the
RTC even during the sleep mode of the system. The internal
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Figure 3: High-level architecture of the SSN

Figure 4: SSN prototype

power gating switch of the PMIC deactivates this output
whenever the energy storage is depleted.

e LVOUT is set around a voltage of 2.2V. It can supply the
MCU, sensors or any device able to cope with the 2.2V supply,
through a power gating switch.

e HVOUT is a 3.3V output of the external DC/DC buck con-
verter allowing to supply any components with higher volt-
age requirements.

4.2.3 RTC and capacitive touch. To minimize standby power, our
proposed architecture utilizes an external RV-3028-C7 RTC rather
than the MCU-integrated timer. As already discussed, this decou-
pling allows the MCU and power-demanding peripherals to be
switched off during Deep Sleep, while keeping time in the RTC.
The RV-3028-C7 RTC from Micro Crystal is used as part of the
power management block and together with the MS8892 capacitive
touch sensor are used to wake up the system from the first operating
stage. The RTC has a wide operating voltage range of 1.1V to 5.5V
and a low current consumption of typically 45nA at 3V. MS8892

has an energy consumption of 65nA when an external clock source
is provided.

4.3 Power domains and interfaces

The SSN includes the following domains for the integrated com-
ponents, corresponding to the outputs of the PMIC. The AOOUT
low-leakage 2.2V power domain which is always turned on and is
used for the proposed power-management architecture, the LVOUT
switched 2.2V domain and the optional HVOUT 3.3V switched
power domain that can be used for components that require higher
operating voltage, such as CO, sensors. For interfacing, I>C, SPI
and I°S are used. In the I2C bus, the MCU operates as the master
while the RTC, sensors and the NFC operate as slaves. I?C is also
used for the communication between the MCU and BLE with the
respective FRAM ICs. The SPI bus is used for the communication
between the LoRa module and the BLE controller. Finally, I%S is
used as an interface between the MCU and the microphone.

5 Performance evaluation

This section presents a performance evaluation of the proposed
hardware-based multi-stage DPM architecture (section 3), as inte-
grated into the SSN (section 4). We compare the system’s perfor-
mance against a conventional software-based baseline to quantify
the energy gains enabled by full hardware power-gating.

To assess the effectiveness of the proposed DPM, the system’s qui-
escent current was experimentally measured in Deep Sleep mode,
where only the PMIC’s always-on domain, the RTC and the capac-
itive touch sensor remain active. Measurements were performed
using the Nordic Semiconductor Power Profiler Kit II (PPK2), sup-
plying the system at 2.2V. PPK2 is a standalone unit supporting
measurements from 200nA up to 1A, with a resolution between
100nA to 1mA depending on the range, for a supply voltage of 0.8V
- 5V VCC. The quiescent current of the complete system, including
the PMIC’s own quiescent current, was measured as 452nA at 2.2V,
corresponding to the total energy drain of the system while idle. For
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Figure 5: Inputs and outputs of the PMIC

comparison, the theoretical minimum current, estimated from the
device datasheets as the sum of the RTC (45nA), touch sensor (65nA)
and PMIC (200nA), is approximately 310nA. The difference between
theoretical and experimental values can be attributed mainly to
leakage currents in passive components and PCB traces as well as
to measurement overhead from the PPK2.

To establish a quantitative baseline, we configured the STM32L4
in Stop 2 mode, representing a state-of-the-art software-based DPM.
The measured current consumption for this configuration was ap-
proximately 3pA at 2.2V. The comparison highlights the significant
reduction in idle current achieved through the proposed power
gating approach. Specifically, the hardware-based DPM achieves
a 6.6x reduction in idle current, effectively eliminating the MCU’s
quiescent contribution through full domain power-gating.

5.1 Case study: thermal comfort monitoring

To validate practical viability, we deployed the proposed architec-
ture in a wearable thermal comfort monitoring node for indoor
environments. The system periodically measures environmental
temperature and humidity via BME680, computes thermal com-
fort metrics on the MCU and informs a room HVAC via BLE ADV
frames using OnSemi RSL10. For this case study, the edge intelli-
gence and power management blocks were utilized, as discussed in
section 4. The firmware was developed on top of ST’s Hardware
Abstraction Layer (HAL), as generated by STM32CubeMX.

Assuming a fully charged energy storage, the system starts from
the first operating stage. Based on periodic, 10-minute RTC triggers
on 2.2_SW_EN, the system proceeds to the second operating stage
and the MCU, sensor and BLE ICs are powered. The sensor measures
temperature, humidity and atmospheric pressure while the MCU
reads previous values from the FRAM. Updated thermal comfort
levels are then calculated. The results are transmitted to the HVAC
after each measurement in a train of 20 BLE ADV events. In each
event, data is advertised in the 3 ADV channels.

Table 2 presents the duration of each operating stage and event,
the respective energy requirements in J as well as the energy har-
vested by the energy harvester cells under 200, 300 and 500 lux.
As can be seen, the system spends approximately 10 minutes in
the first operating stage, where only the components of the power
management block are powered via the 2.2_LOW_LEAK rail.

On an RTC trigger via 2.2_SW, the system transitions to the
second operating stage. There, BME680 acquires temperature, hu-
midity and pressure measurements in approximately 1.5 seconds
and sends them to the MCU via I12C0. The MCU requires approxi-
mately 35 ms to calculate thermal comfort levels. The results are
stored in FRAM. Finally, the results are advertised via BLE to the
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Table 2: Measured energy requirements per event

Event duration Energy
required
Data acquisition 1500ms 1.1m]J
MCU 35ms 46.2u]
. 10 mins D Sl
Always-on domain [ns DEEp SIEEP T 6m J

3535ms (run mode)
System advertising  2000ms 0.4mJ
Total per cycle 3535ms + 10min 2.14m]

HVAC controller for 2 seconds. The MCU then transitions the sys-
tem back to the first operating stage. The energy consumption of
BMEG680 for a single measurement of temperature and humidity
was measured at 1.1mJ. The MCU uses an estimated 46.2y] for
the data processing. The total energy consumption of the power
management block for the first and second operating stages was
measured at 0.6m]. The energy consumption for the ADV events
is approximately 0.4m]. The total energy cost of the system for a
cycle of first and second operating stages is approximately 2.14m].

The energy harvested by the EXL1-1V20 cells under 200, 300 and
500 lux for a complete cycle of operation is measured to 26.04m],
38.2mJ and 72.42m] respectively resulting in a net energy gain of
23.9m], 36.06mJ and 70.28m].

6 Conclusions

This paper addressed the fundamental limitation of quiescent cur-
rent drain, which renders traditional software-based DPM unfeasi-
ble for autonomous systems in energy-scarce, low-light environ-
ments. We proposed and implemented a robust, hardware-orchestrated
DPM architecture for battery-based sensor nodes, based on [10],
that fully power-gates the MCU and all non-essential peripherals,
entirely eliminating their quiescent current. A central component
of the proposed architecture is the novel hardware latch circuit that
enables DPM state transitions, acting as a hardware orchestrator,
interfacing with the ultra-low-power RTC and capacitive sensor.
This circuit, designed by the authors to provide a persistent enable
signal from momentary events for the PMIC , which in turn powers
the main compute domain. The novel latch circuit has been already
included to the commercial MS8892 IC. Our evaluation demon-
strated this architecture achieves a measured sleep-state drain of
452nA, proving significantly more energy-efficient than traditional
software-based sleep modes for battery-based systems.

To validate this architecture, we designed and developed a minia-
turized, autonomous SSN integrating the proposed DPM. This sys-
tem, was validated in a real-world case study at various illuminance
levels. It successfully demonstrated that under 200, 300 and 500 lux
for a complete cycle of operation, the system had a net energy gain.

Future work will investigate a more granular, multi-stage power-
gating approach. While this work gates the entire compute domain,
a hybrid model could keep the MCU’s SRAM powered in reten-
tion mode while gating the core and peripherals. Finally, we will
apply this architecture to higher-performance MCUs, such as the
STM32U5 and FRDM-MCXN947, both based on the Cortex-M33
core, to quantify the scaling of energy savings as the quiescent
current of high-performance cores continues to rise.
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