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Abstract—Advancements in Internet of Things (IoT) technolo-
gies have led to drastically increased demand for self-powered
and sustainable electronic devices. Existing solutions for self-
powered electronic devices typically use fixed-threshold under-
voltage lockout (UVLO) circuits for energy buffering and release.
The pure hardware design has some limitations. Small-scale
energy storage systems often lack sufficient capacity to support
large-scale software routines. On the other hand, large-scale
energy storage systems undergo a prolonged startup process. This
delay occurs because the energy pool of large-scale systems needs
to be filled up to the activation threshold before normal operation.
Additionally, a pure hardware-based UVLO lacks the capabilities
of energy awareness and adaptivity. This paper introduces
a hardware-software collaborative energy management (EM)
scheme and validates this EM scheme using self-powered E-ink
(SP-Eink) display. At the hardware level, an energy buffer-release
(EBR) circuit is utilized. This circuit provides two hardware-
defined on/off thresholds. At the software level, an adaptive
energy management (AEM) approach is designed. This approach
achieves two software-tunable power-good and power-warning
thresholds. The additional thresholds are created by polling
the state of charge (SoC) through analog-to-digital converter
(ADC) sampling. By leveraging the collaboration between the
engineered hardware circuit and software routines, an SP-Eink
node was developed. This node can not only achieve bidirectional
information interaction with a computer host but also support
a one-master-multiple-slaves working mode, making it widely
applicable to the application requirements of multi-node SP-Eink
display scenarios. The proposed design offers valuable design
references for low-cost, ultra-low-power battery-free devices in
ambient energy harvesting IoT systems.

Index Terms—Battery-free IoT system, energy harvesting,
adaptive energy management (AEM), self-powered E-ink.

I. INTRODUCTION

VER the past few decades, the booming Internet of
Things (IoT) has continuously promoted the in-depth
integration of the cyber and physical worlds. Driven by the
dual impetus of the global energy crisis and the “carbon
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neutrality” goal, self-powered electronic technologies have
gradually expanded into diverse application scenarios. These
technologies are characterized by a core advantage: capturing
energy from the environment to realize autonomous power
supply. Typical application scenarios of such technologies
include smart homes and industrial monitoring [1], [2]. These
self-powered systems utilize distributed ambient energy to
construct low-power IoT terminals, which enables long-term
autonomous operation [3]-[5]. However, the inherent volatility
and spatial randomness of ambient energy have long restricted
the performance stability of self-powered electronic devices.
Specifically, insufficient instantaneous energy supply tends to
trigger operational interruptions of the system, while excessive
energy may lead to problems including overload of storage
modules and dissipation of energy efficiency [6]-[8]. Such
contradictions make “energy supply-demand matching and
sustainable system operation” a core challenge in the design
of self-powered IoT devices [9]-[12]. Fig. 1 illustrates the
fundamental differences in energy management (EM) architec-
tures and voltage waveforms between traditional battery-free
energy harvesting (EH)-powered IoT devices and the proposed
scheme in this paper.

On the hardware layer, energy-sensing circuits exhibit inher-
ent limitations [13]. These limitations include fixed threshold
values, narrow hysteresis windows, insufficient energy-sensing
capabilities, high static power consumption, and inadequate
voltage resistance. These issues lead to delays in the cold start
process of devices. They also pose challenges for adapting to
dynamic variations in energy supply and demand. Although a
variety of power management integrated circuits (ICs), voltage
monitors/supervisors, and load switches have been developed,
which provide optimized technical solutions for electrical EM
[14]. However, EH-powered systems still encounter challenges
in realizing adaptive, sustainable, and stable operation. Fig.
1(a) presents the EM architecture of traditional EH-IoT de-
vices. This architecture adopts a classic combined topology of
an UVLO circuit and a voltage regulator: the UVLO circuit
performs real-time monitoring of the input voltage, and trig-
gers a power cutoff mechanism when the voltage drops below
the threshold UVLO to avoid device failure risks induced by
low voltage [15], [16]; the voltage regulator is responsible for
ripple filtering and stable power output [17], [18]. In addition,
the narrow hysteresis voltage window between the turn-on
threshold V,, and the turn-off threshold Vi & fundamentally
limits the dynamic range of energy regulation [19], [20]. To
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Fig. 1. Schematic diagrams of power supply solutions for a self-powered IoT device. (a) Hardware UVLO for EM. (b) Hardware-software collaborative EM.

meet the energy buffering requirement, a large-capacity energy
buffer capacitor is often required, which not only increases the
hardware volume and cost but also restricts the system inte-
gration [21]. Fig. 1(b) shows the innovative EM architecture
of EH-IoT proposed in this paper. Based on the traditional
architecture [22], a reconfigurable energy buffer-release (EBR)
circuit is introduced to achieve breakthrough improvements:
after the EH energy is intermittently accumulated in the stor-
age element through the interface circuit, the start-stop control
of the load is completed by monitoring the storage voltage Vst
(the load is activated when the voltage reaches V;,, and the
power supply is turned off when the voltage is lower than
Vorr). Compared with the traditional architecture, this scheme
realizes the continuous adjustability of the threshold interval
between V,, and Vg through a resistor network, completely
eliminates the narrow hysteresis window constraint of the
traditional UVLO circuit, thereby avoiding the dependence on
large-capacity energy buffer capacitors [23], and significantly
improving the flexibility of energy regulation and the energy
utilization efficiency of the system [11], [24]. By fine-tuning
the switching threshold voltage difference and selecting a
capacitor with an appropriate capacitance value, the required
energy is matched with the supplied energy to achieve a
balance between supply and demand, which is crucial for
battery-free IoT systems [25], [26].

On the software layer, EM strategies (e.g., pre-scheduled op-
erating modes, dynamic operating mode switching) generally
lack hardware adaptability and power adaptive mechanisms.

These strategies perform scheduling independently of the
actual energy status of the hardware, which readily causes
frequent system wake-ups or operational interruptions under
energy fluctuations, leading to inadequate scenario adaptability
[27]. In addition, the cold-start voltage threshold of traditional
UVLO circuits exhibits a strong correlation with the state
of charge (SoC) of energy storage components. If the cold-
start threshold is not decoupled from the SoC indication
threshold, an additional energy accumulation phase cannot be
realized. Traditional UVLO circuits also lack the capability of
SoC feedback [28], [29]. Pure hardware-based UVLO designs
possess inherent limitations: Small-capacity energy storage
systems are unable to support the operation of large-scale
software routines, while large-capacity energy storage systems
require charging the energy pool to the activation threshold for
proper functionality, leading to long start-up delays and the
lack of energy sensing and adaptive capabilities [30]-[32].

To address the above issues, this paper proposes a hardware-
software collaborative EM scheme. The primary objective of
the proposed scheme is to enhance the collaborative perfor-
mance between hardware and software components in EM.
It also aims to ensure the stable operation of self-powered
IoT devices. At the hardware layer, the proposed scheme
employs an EBR circuit to implement two hardware-defined
on/off thresholds. Notably, it exhibits two key features: recon-
figurable voltage thresholds and enhanced voltage hysteresis.
At the software layer, this paper proposes an adaptive energy
management (AEM) method. This method sets two software-
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adjustable power-good thresholds and power-warning thresh-
olds. These additional thresholds are generated by polling the
SoC of the battery through analog-to-digital converter (ADC)
Conversion sampling, providing supplementary support for
EBR circuit. The two extra software-defined thresholds can
be dynamically adjusted according to the operating conditions
of the cyclically running programs, enabling adaptive energy
budget allocation and ensuring the stable execution of IoT
tasks with different energy consumption requirements. This
paper uses the information interaction between self-powered
E-ink (SP-Eink) and the host computer as a verification
platform to implement the proposed hardware-software col-
laborative EM scheme. The developed SP-Eink node enables
bidirectional information interaction with a computer host. It
supports the master-multiple-slave operating mode. This node
can be widely applied to meet the application requirements of
multi-node self-powered electronic ink screen displays. The
proposed design offers valuable design references for battery-
free devices in ambient energy harvesting IoT systems.

II. RELATED WORKS

This section focuses on the collaborative EM of hardware
and software to achieve the reliable startup and operation of
batteryless electronic devices. It reviews relevant research on
energy release mechanisms in the field, categorizes existing
studies into two major directions: A. Research on Energy-
Aware Circuits; B. Software-Layer EM Strategy Research.

A. Research on Energy-Aware Circuits

In a typical energy-harvesting IoT system module, the
energy management unit (EMU) serves as a core component.
However, most existing studies on EMUs fail to sufficiently
emphasize the design of the EBR circuit, which is a key part
of the overall EM scheme. Currently, EM schemes based on
hardware circuits are mainly classified into three categories.
Each type of scheme exhibits significant defects in practical
engineering applications. The specific analysis is presented as
follows:

1) UVLO-Integrated EH ICs: Some EH application-
specific ICs have a built-in UVLO function. A typical example
is the LTC3588 from Analog Devices, which is tailored for
piezoelectric EH scenarios. The UVLO hysteresis threshold
of such chips is a fixed value, with a threshold gap ranging
approximately from 1 V to 1.38 V. The available energy for
intermittent operation can only be adjusted by modifying the
capacitance of the energy buffer capacitor. The insufficient
voltage gap of the UVLO hysteresis imposes constraints on
the available energy. To satisfy the energy requirements of IoT
nodes for completing a single task, an energy buffer capacitor
with a larger capacitance must be employed.

2) Universal Voltage Supervisors: For EH scenarios, stan-
dalone UVLO chips have been specifically designed, such as
the TPS3839 and TPS3840 models manufactured by Texas
Instruments (TI). These chips are typically employed to detect
the storage voltage of EH systems and control the operation of
EH circuits [33]. A core drawback of these standalone UVLO
chips lies in their fixed threshold voltage and an extremely

narrow hysteresis window, where the window width is usually
less than 300 mV. This characteristic leads to a low level
of available operating energy for IoT nodes that rely on EH
systems. Under low-voltage conditions (e.g., supply voltages
below 1 V), the performance of these UVLO chips becomes
unstable. Specifically, the transistors inside the chip enter a
subthreshold region, which induces uncertain output signals
and unnecessary leakage currents. As a result, these standalone
UVLO chips cannot be directly applied to circuits that require
start-up from a 0 V initial voltage .

3) Dual Voltage Detectors: Essentially, these devices func-
tion as comparators integrated with an internal voltage refer-
ence. Their turn-on (V,) and turn-off (V) thresholds can be
adjusted through external resistors. Representative commercial
products include the MIC841 manufactured by Microchip and
the TPS3806 produced by Texas Instruments. The quiescent
current of these devices is relatively high, with 1.5 pA for the
MIC841 and 3 pA for the TPS3806. This level of quiescent
current fails to meet the ultra-low power consumption require-
ments of EH applications [34]. Additionally, their maximum
withstand voltages are relatively low, being 5.5 V and 7 V
respectively. This low maximum withstand voltage makes it
challenging to satisfy the high input voltage requirements (tens
to even hundreds of volts) in specific EH scenarios, such as
piezoelectric and triboelectric EH [35].

In summary, the three aforementioned hardware circuit-
based EM schemes exhibit multiple drawbacks in practical
engineering applications. To address the design challenges
and requirements of energy management [oT devices, this
paper proposes a novel EM circuit. This circuit features
four core characteristics: energy sensing capability, ultra-low
power consumption, reduced component count, and adjustable
startup/shutdown voltage thresholds. The specific design prin-
ciples, parameter selection criteria, and performance verifica-
tion methods are elaborated in detail in Section III of this

paper.

B. Software-Layer EM Strategy Research

The EM algorithm serves as a core technology for the
operation of IoT devices. It can dynamically adjust power
allocation and the working modes of components according
to the device’s energy status, task requirements, and energy
supply conditions. On the premise of ensuring the complete
implementation of system functions, this algorithm is capable
of minimizing energy consumption. Such minimization of
energy consumption enables effective extension of the device’s
battery life and significant improvement in energy utilization
efficiency. Currently, EM algorithms can be divided into the
following two major categories.

1) Pre-Scheduled Operating Mode: The core advantage
of the proposed strategy lies in its capability to dynami-
cally switch the operating mode of a device based on the
“fluctuation-stability” characteristics of monitoring parameters
(e.g., pressure and temperature) [49]. This capability enables
real-time responses to parameter anomalies, eliminates ineffec-
tive energy consumption, and adapts to the actual operational
requirements of relevant scenarios. However, this strategy
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exhibits inherent limitations, which are summarized as follows.
First, its hardware adaptability is insufficient: it fails to per-
form targeted optimization for similar core components (e.g.,
low-power sensors and converters), thereby restricting the
energy consumption control effect under low-voltage operating
conditions. Second, it lacks a power adaptive regulation mech-
anism; this mechanism is absent because the remaining energy
status of the device is not fully considered. The absence of
such a mechanism makes the system susceptible to functional
anomalies or disruptions induced by “excessive wake-ups”
when the energy supply is insufficient [50], [51].

2) Dynamically Switch Working Mode: The core advantage
of this proposed strategy lies in its ability to plan the operating
mode of the device based on predefined task cycles. This
planning approach reduces the start-stop losses induced by
the temporary switching of functional modules. Meanwhile,
it ensures that the device maintains a stable and active state
during the execution of critical tasks [51]. However, this strat-
egy exhibits a limitation of insufficient scenario adaptability.
Specifically, the fixed predefined cycles make it challenging
to cope with dynamic changes, such as sudden mutations in
environmental parameters. Additionally, this strategy lacks a
scenario-differentiated design. It fails to perform customized
optimization for different energy output conditions. As a result,
the overall energy utilization efficiency is limited in various
scenarios with unstable energy supply [52].

Table I compares the AEM strategy proposed in this pa-
per with existing EM technologies reported in the current
literature. All the aforementioned research works focus on
application fields associated with EH and EM. However, the
EM technology schemes in the existing literature exhibit
significant limitations.

a) Hardware Limitations: Pure hardware-based UVLO cir-
cuits adopt fixed threshold levels and narrow hysteresis
windows, which prohibits the configuration of adjustable
energy windows;

Software limitations: Traditional software-based EM
overrelies on predefined fixed sleep cycles and static
scheduling strategies. This overreliance results in fre-
quent cold starts, considerable unnecessary energy con-

b)

sumption, and non-negligible latency.

¢) The lack of real-time sensing of the underlying hardware
energy status leads to poor adaptability. It also causes
difficulty in meeting diverse IoT task requirements.

To address the aforementioned issues, this paper proposes
an AEM method. The AEM method acquires the SoC via
ADC sampling. Two software-adjustable power thresholds are
configured to provide supplementary support for the EBR
circuit. These thresholds can be dynamically adjusted accord-
ing to the operating state of the program. This adjustment
enables adaptive allocation of energy budgets. It ensures stable
execution of IoT tasks with different energy consumption
levels. Meanwhile, the AEM method completes feedback of
the device’s energy status and fault monitoring. The specific
design of the AEM method is detailed in Section III.

III. SYSTEM OVERVIEW

Fig. 2 shows the system architecture of the hardware-
software collaborative EM scheme designed for the light-
powered E-ink display. It consists of five key components:

a) Energy source and storage module for converting ambi-
ent light energy into electrical energy and storing this
energy in a small capacitor, as shown in Fig. 2(a).
EBR circuit, as shown in Fig. 2(b), for ensuring near-
zero leakage when shunted down and a rapid release
when sufficient energy is accumulated.

Microcontroller Unit (MCU) and ADC for executing the
IoT tasks, as shown in Fig. 2(c).

The E-ink peripheral module, as shown in Fig. 2(d), for
providing a display to the user according to the received
information from a host device.

AEM software routine, as illustrated in Fig. 2(e), for in-
program adjustment by adapting to different load energy
demands.

b)

)

d)

A. Hardware Energy Management Using EBR

Although EBR shares the same core functionality as the
conventional UVLO circuit module, critical design differences
still exist between them. Specifically, the hysteresis window
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Fig. 2. System configuration of the hardware (EBR) and software (AEM) collaborative EM.

of EBR can be adjusted through a resistor network. For
controlling the specific amount of energy released from a small
storage, the voltage hysteresis between Vq, and Vg, i.e., turn-
on and turn-off thresholds, must be more significant in the
EBR case.

1) Theoretical derivation of the EBR circuit: As shown in
Fig. 2(b), the turn-on threshold V,, can be calculated as the
value of Vi when vgs, the voltage across Rj, reaches the
threshold voltage of the MOSFET Mj. The critical value of
the current I,,, also the collector current through @1, can be
formulated as follows

Lo = [Vinpl/Rs. ey
where Vi, ,, is the threshold voltage of M. The base-emitter
voltage difference of (), is given as follows

Vbel,cr =Vr ln(In,cr/Is)~ (2)
where Vr is the thermal voltage, around 25.9 mV at room
temperature. I is the constant saturation current of Q1. It can
be extracted from the relationship between the base-emitter
voltage and the collector current in the data sheet. Given that
the collector current is approximately equal to the emitter

current for a large-gain bipolar junction transistor, the emitter
voltage

Vél,cr ~ In,chE)- (3)

When M; is off, V, = 0. The relationship between V;, and
Vb1,er can be formulated as follows

Ry + Ra || Ry
Ry || Ry

where ‘||” denotes the parallel connecting relation. Substituting
(2)-(3) into (4), the turn-on threshold is formulated as follows

RiRy+ RiRy + RoRy Ly o
Von = I, R Vrln| — |]|.
o RoR, |: crlts + Vpin ( 1. >:|

(@)

After My conducts, V, = V5. R4 is connected in parallel
with R;. Therefore, the turn-off threshold is calculated as

follows
In,cr
In’chs + VT In [ —— .
I

(6)

According to (5) and (6), Vi, is higher than Vg, given
the additional term R;Rs in the denominator in (6). One can
adjust Vi, and Vg offline by adjusting the resistance of R,
RQ, and R4.

2) Voltage response waveforms of the EBR: Fig.3 records
the voltage variation process of the EBR circuit and the subse-
quent voltage-regulation link, centrally reflecting the dynamic
logic of “energy buffering-releasing”. The key waveforms and
stages are as follows.

V;)n = %1,cr~ (4)

RiRy + Ri Ry + RaRy
Ri1Rs + RoRy

Vot =

a) Energy Buffering Stage: The input voltage v,y of the
EBR circuit (the voltage across the storage capacitor
C;) rises gradually from the initial value. In this stage,
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the EMU circuit is not activated, the output voltage v,
remains at 0, the control system is in a power-off state,
and energy is continuously stored in Cj.

b) Energy Release Triggering: When v rises to the preset
turn-on threshold V,,, the switch M; in the EBR circuit
is turned on, v, jumps up instantaneously and synchro-
nizes with v.y. At the same time, energy is delivered to
the low-dropout regulator (LDO), and the system starts.

¢) Maintenance and Turn-off Stage: After starting, V.
decreases gradually due to energy release, and the EBR
circuit remains in the on state; when Vi drops to the
preset turn-off threshold Vg, M is turned off, v, falls
back to 0O, the system stops operating, and waits for the
next energy accumulation.

Hysteresis Formation Logic: The circuit needs to satisfy
Vst = Vo to be turned on, and Vi < Vg to be turned off,
and Vo, > Vg (in the document example, Vo, = 5.2V, Vo =
3.6 V). This voltage difference forms a hysteresis, avoiding
frequent on-off of the circuit due to slight fluctuations of vcg.

Connection with Circuit Design: The size of the hysteresis
is determined by the voltage division relationship of resistors
Ry, Ry, and Ry (derived through Formulas 5 and 6). The
adjustable hysteresis window can adapt to different capacities
of the storage capacitor C'g, ensuring that the released energy
is sufficient to complete the system startup. Together, the
two figures verify the core function of the EMU circuit:
through a mechanism of “first buffering and storing energy,
then triggering release”.

To further optimize the energy efficiency of the above en-
ergy storage-release mechanism, appropriate operating mode
selection is essential. In the research on the working mech-
anism of passive electronic devices, there are usually two
typical working modes. Mode 1 is the intermittent working
mode: after the energy storage is completed, the device starts
to operate, and the energy storage operation is carried out again
after the energy consumption is exhausted. This reciprocating

process requires repeated initialization of the system, which
not only reduces the energy utilization rate, but also puts
forward greater requirements for the capacity of the energy
buffer capacitor. Mode 2 adopts the sleep mode to deal
with the non-working state, which can effectively reduce the
energy consumption caused by repeated initialization, thereby
improving the energy utilization rate. In view of this, Mode 2
is selected in this design.

In the design process of the EMU, the setting of the
turn-on voltage V,, and turn-off voltage Vg thresholds is a
core issue. The design shall be developed based on power
consumption and capacitance capacity, with detailed derivation
and explanation presented in Section III-C.

3) Design example: We design an EM circuit targeting
Voo = 5.2 V and Vo = 3.6 V. The initial step involves
determining the transistors to be utilized. BSS84PW (Vi , =
—1.5V) and MMBT3904 (I, = 4.36 x 10~'® A) are selected
due to their cost-effectiveness. We initially set Rg to 15 M(Q,
such that I,, ., = |Vin |/ R3 approximates 100 nA. Configuring
I, or to a relatively small magnitude is conducive to achieving
a low quiescent current.

Subsequently, R5 is configured to ensure vy, iS approxi-
mately 0.6 V at the critical point. The main function of Rj is
to reduce the resistance values of R; and R,4. Substituting the
known values into (2) yields vy; — ve1 = 0.43 V. Since v
is approximately I, ., R5, we can derive Rs = 1.5 M. With
this value of Rjs, vp; is approximately 0.57 V.

The subsequent step is to set the current across Ry to be
several times larger than I, ., so that the base current of
QI does not interfere with the voltage-dividing network while
maintaining a low overall quiescent current. The current across
Rs is given by V4,1 /Rs. In this case, Ry is set to 2.4 M. After
that, R; and R4 can be derived by substituting values into (5)
and (6), and the results show R; ~ 18 M, R4 ~ 40 M.

B. Software Energy Management Using AEM

Hardware-defined thresholds exhibit an inherent limitation:
once the circuit is fabricated, their values cannot be adjusted.
For a more flexible EM to serve different software routines,
an additional software-based scheme can make such a com-
plement.

1) Core Principles and Operational Mechanisms: In this
paper, the AEM scheme deployed in the software layer
achieves the balance between energy supply and demand.
This balance is realized through a cyclic operation routine
consisting of four sequential phases: energy testing, condition
judgment, control execution, and adaptive adjustment. The
cyclic operation of AEM is illustrated in Fig. 2(e). It can
be elaborated by referring to the charging and discharging
(loading) process shown in Fig. 4.

In Fig. 4, the black segments represent the charging periods,
while the other colored segments represent the intermittent
operating periods corresponding to different types of routines,
as indicated by the legends in Fig. 4. The device begins to
charge from a state of zero voltage and zero storage. It cold-
starts for an initialization once the storage voltage attains the
hardware startup threshold V,,,. Once initialization is complete,
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Fig. 4. Charging and discharging process of a self-powered electronic device
with hardware-software collaborative management.

the device immediately enters sleep mode to conserve energy.
The maximum usable energy for this initialization task is
related to the hysteresis between V;,, and Vi, which is denoted
as AVj max in Fig. 4. After the hardware initialization, the
MCU performs a scheduled sampling of the SoC by measuring
the storage voltage using an ADC channel. An atomic IoT task
is executed only when the estimated storage voltage exceeds
the software-defined threshold Vpgood, Which indicates a power
good condition. When the estimated storage voltage is lower
than the software-defined warning threshold Vi, the device
sends out an alert packet to the host. The maximum usable
energy for the most energy-consuming IoT task is related to
the hysteresis between Vpgood and Viyam, which is denoted as
AVi1 max in Fig. 4.

During the energy feedback phase, if the slave device fails to
receive the IoT task issued by the master device or the master
device is in an offline state, it shall maintain two core states: a)
continuously initiating energy feedback communication with
the master device (this part of energy is denoted as Viemporary
in Fig. 4); b) reserving sufficient energy to complete the IoT
task execution (this part of energy is denoted as AV max in
Fig. 4). Finally, at any time the storage voltage drops below
the hardware shutdown threshold Vg, the hardware EBR cuts
off the power supply. The system halts and undergoes another
cold start. This process continues until the voltage rises back
to V.

Through this hardware-software synergetic EM, the energy
matching between the ambient energy source and electronic
load demand is dynamically maintained. Such a sustainable
operation is inevitably intermittent, given the volatile nature
of an ambient energy source. Close monitoring of its SoC is
a must for all self-powered devices.

2) Design Example: For the present experiment, the AEM
software routine—schematically illustrated in Fig. 2(e)—is de-
signed for in-program adjustment. This adjustment is achieved
by adapting the routine to different load energy demands.

First, the total energy consumption of the entire communi-
cation cycle between the SP-Eink node and the host node was

measured using a current analyzer. Subsequently, the system
operation process within this cycle was decomposed in a
modular manner, where three core subtasks were identified:
initialization, SP-Eink communication and refresh display, and
warning transmission. Next, independent energy consumption
tests were conducted for each subtask during their operation,
and the selection of capacitor capacity was completed based on
the measured energy consumption data. Finally, relying on the
energy consumption test data of each subtask and the selected
capacitor parameters, exclusive startup voltage thresholds (i.e.,
Vpoood and Viam) were configured for each subtask at the
software level. The detailed design for threshold selection is
referenced in the subsequent Section III-C. This configuration
achieves precise matching between energy supply and task
requirements, thereby completing the optimized design of
voltage parameters for the AEM algorithm.

Algorithm 1: Working logic of SP-Eink nodes

1 set %ff < Vwarn < V;)n < Vi)good 5

2 when the circuit reaches the turn-on voltage V,,,;

3 initialization of MCU ;

4 initialization of 2.4g module ;

5 2.4GHz module enters low-power sleep mode ;

6 initialization of Eink module ;

7 Eink module enters low-power sleep mode ;

8 while frue do

9 ADC sampling of Ve, ;

10 if Vien > Viygooq then

11 Wake up 2.4G module;

12 2.4g module sends command A ;

13 if No IoT task received from host then

14 return to check Vien > Vpeooa condition ;
15 else

16 Enter sleep mode after successful

communication;

17 Eink refreshes the received information ;
18 Eink module enters low-power sleep mode ;
19 end

20 else if V.., < V,,.» then

21 Wake up 2.4G module;

22 2.4g module sends alarm command B ;

23 Enter sleep mode after successful

communication;

24 end

The working logic between the SP-Eink node and the
host, which is based on the AEM algorithm, is described as
follows: Algorithm 1 defines the working logic of the SP-
Eink node, and its core lies in a scheduling mechanism based
on the AEM algorithm; Algorithm 2 specifies the working
logic of the host. The design of these two algorithms enables
bidirectional information interaction between the node and the
host. This interaction covers multiple functions, including IoT
task transmission, energy status monitoring, and operational
fault detection.

The design of the two algorithms supports bidirectional
information interaction between nodes and the host. This
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Algorithm 2: Working logic of host node

1 initialization of MCU ;

2 initialization of 2.4g module ;
3 while frue do

4 Wait for interrupt trigger;

5 Get interrupt flags;

6 Read data from FIFO to RxBuf ;

7 Check the command identifier in RxBuf ;
8 if command A then

9 Send SP-Eink display information data;
10 Record command A;

11 else if command B then
12 Record the low-energy warning state of the
SP-Eink node;

13 end

interaction implements multiple functions, including IoT task
transmission, energy status monitoring, and operational fault
detection.

C. Theoretical Derivation and Analysis of Thresholds

This subsection elaborates on the theoretical derivation
and analysis of multi-level energy thresholds for battery-free
(BF) systems. It consists of four subparts: self-sustainability
and feasibility boundary, threshold window constraints and
derivation, example derivation and practical optimization, and
reference design and scalability. First, the self-sustainability
criterion and feasible threshold domain for the system’s inter-
mittent operation are clarified. Subsequently, energy windows
at all levels and their constraint conditions are defined, and
the minimum theoretical values of each threshold are derived
accordingly. On this basis, combined with practical engi-
neering operating conditions, the derivation and engineering
optimization of threshold parameters are completed for the SP-
Eink prototype. Finally, the general reference value and multi-
scenario scalability of the proposed architecture are illustrated.

1) Self-Sustainability and Feasibility Boundary: To quan-
tify the ambient energy required for continuous intermittent
operation, a complete operating cycle is defined as follows:
The energy storage capacitor charges from the hardware turn-
off threshold Vyg to Vi, and the system enters initialization.
Upon completion of initialization, task execution is triggered
when the capacitor voltage reaches the software ready thresh-
old Vjpeood- When the capacitor voltage drops to the warning
threshold, the capacitor discharges, and its voltage falls back
to Vo

The core self-sustainability criterion mandates that the total
harvested energy during the charging phase must cover the
total energy consumption of one full cycle:

Pharvest_avg . ,Il:ha.rge > Einit + Ewarn + Elask (7)

Where Biarvestave denotes the average ambient harvesting
power during the charging phase, T¢page denotes the charg-
ing duration of one operation cycle, Finit, Frask, and Fuyam
represent the energy consumption of cold-start initialization,

core task execution, and low-energy warning transmission,
respectively.

This work adopts a sleep-mode operation scheme. The full
initialization procedure is performed only at the first cold start.
Subsequent cycles remain in a low-power sleep state without
repeated initialization, involving only task execution and warn-
ing transmission. Therefore, the practical self-sustainability
condition is relaxed, and is given by

B harvest_avg ° Tcharge > Etask + Ewarn (8)

The software-ready threshold Vjeooq iS constrained by an
explicit feasible domain:

‘/p*good < V;agood < Vmax (9)

where V.4 denotes the minimum feasible threshold for
reliable task completion, which serves as the lower bound
of the feasible domain and is derived in the next subsection.
Vinax represents the maximum withstand voltage of the storage
capacitor and front-end circuitry.

A core trade-off exists between threshold setting and sys-
tem performance. Raising Vjeo0a €xpands the voltage and
energy margin, reduces the risk of mid-task power failure,
and enhances operational robustness. However, it also prolongs
the charging duration of each cycle and increases capacitor
leakage loss. Accordingly, the threshold should be adapted to
ambient energy conditions.

2) Threshold Window Constraints and Derivation: The
quantitative design of multi-level voltage thresholds forms
the foundation for the lower bound of the feasible domain
and reliable system operation. The closed-form constraints of
multi-level energy windows and the corresponding minimum
feasible thresholds are derived in this subsection, which serve
as the design basis for adaptive energy management. These
constraints are established based on the hardware threshold
range, the capacity of the buffer capacitor, and the energy
requirement of each system workflow.

Based on the fundamental energy storage formula for ca-
pacitors,

E=Ltov? (10)
2

The total hardware energy window AV} must cover the
sum of the system initialization energy consumption and
warning energy consumption (Finit + Fwam). As the system’s
survival baseline, AV}, ensures that once activated, the system
can complete the full workflow of “cold start — energy
warning transmission” even without any tasks. This eliminates
unexpected mid-operation failures.
A‘/h = Von —

Vott Y

The software task energy window AV, must cover the sum
of task execution energy consumption and warning energy
consumption (Fy + Ewam)- As a prerequisite for task execu-
tion, it ensures that the additional energy accumulated beyond
hardware startup can complete the full workflow of ‘“core
task execution — final warning transmission”. This eliminates
power failures during task execution.
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A‘/S = %good — Vorr (12)

The warning energy window AV,, must cover the warning
energy consumption (Eya.m). As the last line of defense for
system state feedback, it ensures that when the voltage drops
to Viyam, the remaining energy is sufficient to transmit warning
signal. Subsequently, an immediate hardware shutdown is
executed.

AVw = Vwarn -

Vot (13)

Substituting the capacitor energy formula into the afore-
mentioned constraints, a 10% engineering safety margin is
introduced to ensure reliability under worst-case conditions
[53]. Taking Vo as the baseline, each threshold is derived
accordingly.

Warning threshold V,,..: The energy available in the warn-
ing window must cover the warning transmission with margin:

1
50 (V\sam - ‘/Z)fo) 2 1.1- Ewarn (14)
Rearranging yields the minimum theoretical value:
2.2 By,
Vun = \[ Vi + —5— (15)

Hardware turn-on threshold V_:: The hardware energy win-
dow must support full initialization and subsequent warning:

1
50 (‘/0?1 - ‘/()fo) > 1.1 (Einit + Ewarn) (16)
Solving for the minimum turn-on threshold:
2.2 (B + F
Vo = \/V(,fo+ ( ct*+ war) (17)

Software ready threshold Vi, .4: The software task window
must guarantee complete task execution and final feedback:

1
50 (Vogood = Voir) = 1.1+ (Brask + Euam) (18)
The corresponding minimum threshold is:
" 2.2 (BEus + Ey
eood = \/ vg+ 22 “G o) (19)

3) Example Derivation and Practical Optimization: The
above Section III-C2 define threshold window constraints and
derivation for system EM. Nevertheless, the threshold values
derived from theoretical analysis need to be comprehensively
revised in combination with actual engineering operating
conditions. Extreme working conditions, including component
parameter tolerances, dynamic task energy consumption fluc-
tuations, cold startups, and instantaneous power failures upon
task completion, should be fully considered. Finally, threshold
parameters that can be directly configured and adapted to
practical systems are outputted.

In the design of threshold parameter selection for SP-
Eink in this project, a 10% industrial standard safety margin
is adopted. Theoretical thresholds are derived based on the
defined energy window constraints. Using two parallel 1000
uF capacitors (£20% tolerance, Cy,i, = 1600 uF, low-leakage

capacitors are connected in parallel. In accordance with in-
dustry standards, when charged at the rated voltage for 1
minute, the maximum leakage current of a single capacitor is
160 pA), all calculations are conducted under the worst-case
condition. This approach ensures the reliability of the system
while strictly retaining the core design parameters.

With a fixed system shutdown threshold Vi = 3.6 V and the
measured power consumption data (Ej = 7.76 mJ, Eyg =
9.87mlJ, Eyam = 0.2ml]), the thresholds under the worst-case
condition are derived as follows:

Warning threshold: The energy constraint for the warning
window is:

1
icmin (vaam - VZ?ff) 2 1.1- Ewarn (20)
Solving for the minimum feasible value gives:
22-F
Vi =/ V& + Ciwam ~ 3.64V (21)

Hardware startup threshold: The energy constraint for the
hardware survival window is:

1
5 Cmin (Von = Vo) = 1.1+ (Binic + Buarm) - (22)
Solving for the minimum feasible value gives:
. 2.2+ (Eiit + Eyam)
Vo = \/ Vit + oo mARY (23)

Software ready threshold: The energy constraint for the task
execution window is:

1
Ecmin (Vpngod - ‘/02“) 2 1.1- (Etask + Ewarn) (24)
Solving for the minimum feasible value gives:
X 2.2 (B + Ew
beood = \/V;%f $ 224 o m) 2510 @5)

Combining the foregoing theoretical derivation and practical
engineering limitations, the experimental threshold values are
specified as Vo, = 5.2V, Vg = 3.6V, Vjygooa = 5.6V and
Viam = 3.8 V. All these practical parameters are marginally
larger than the corresponding theoretically calculated values.
Such design margins are reserved to address unexpected oper-
ational scenarios including abrupt full shading occurring right
after cold startup. These reserved margins supply redundant
buffer energy and prevent frequent early warnings as well as
repeated system initialization. In addition, Vpgeoa is increased
from its optimal theoretical value of 5.10V to 5.6 V. This
adjustment is made to support the diverse refreshing operations
of SP-Eink modules. This customized design maintains steady
system operation and alleviates performance deterioration
originating from component discrepancies and manufacturing
tolerances.
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TABLE II
POWER CONSUMPTION IN DIFFERENT PHASES

Working state Energy consumption  Duration
Initialization 7.76 ml] 385 ms
Communication & E-ink refresh 9.87 mJ 1060 ms
Warning transmission 0.2 mJ 14 ms
ADC sampling 0.9 uJ 0.1 ms
No IoT task received 3.68 mJ 80 ms

4) Reference Design and Scalability: The proposed
hardware-software collaborative EM architecture exhibits fa-
vorable scalability. It adapts to various EH modalities (photo-
voltaic, piezoelectric, thermoelectric) through front-end recti-
fier replacement. It accommodates tasks with different power
profiles by tuning the EBR circuit and software thresholds
based on measured power characteristics.

Beyond battery-free application scenarios, this design also
offers certain reference value for IoT terminals equipped with
small batteries, yet it cannot be directly copied. The reusable
core ideas specifically include estimating the battery state of
charge through voltage sampling. It also involves adopting
threshold control logic to reduce the number of system cold
starts This approach thereby slows down battery degradation
and extends its service life.

IV. EXPERIMENTAL EVALUATION

The proposed hardware-software collaborative EM scheme
is embodied and facilitates the development and operation
of an SP-Eink display. The display carries out relatively
complex tasks by using the scarce energy from the indoor
light. Its operation is more sophisticated than the self-powered
Bluetooth beacon nodes realized in the early studies [54], [55].

A. Energy Consumption

Fig. 5(a) presents the experimental setup and measured
current waveform for the power consumption test of the
prototyped SP-Eink display node. The experimental platform
consists of a laptop, a host node, an SP-Eink node, two
photovoltaic (PV) panels, and a CX3322A current analyzer
manufactured by EsterTech. The host node communicates with
the computer through a serial port and transmits display data to
the SP-Eink node via a 2.4G wireless communication module.
The current analyzer is employed to measure the operating
current of the SP-Eink node during operation.

Fig. 5(b) and (c) respectively present the power consump-
tion measurement current graphs of the SP-Eink node for
initial power-on initialization, communication & E-ink refresh,
warning transmission, ADC sampling, and no host response
received. Table II lists the measured energy consumption and
duration of each core task. Although the energy required
for E-ink operation is significantly higher than that of a
single self-powered Bluetooth Low Energy (BLE) beacon
device (approximately 10 mJ versus 0.2 mJ [54]), periodic
batch communication and E-ink refresh functions have been
successfully implemented through a sophisticated hardware-
software collaborative EM scheme.
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Fig. 5. Energy consumption testing of SP-Eink node. (a) Setup. (b) Energy
consumption waveform at each process stage. (c) No IoT task received.

B. Operational Robustness

To further validate the proposed EM scheme under a volatile
light source, another experiment is carried out under a con-
tinuous change of light intensity. The setup are shown in
Fig. 6 (a). An oscilloscope (DS1104Z by Rigol Ltd.) is used
to monitor the storage voltage, which indicates the charging
and discharging (loading) procedures. Each steep falling edge
represents a discharge associated with a specific IoT task.

Fig. 6(b) illustrates that the SP-Eink node maintains ex-
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Fig. 6. System performance verification under varying illumination conditions. (a) Setup. (b) Intermittent operation voltage waveforms. (c) Task reception

effect comparison. (d) Harsh scenario robustness test.

cellent operational stability under diverse indoor illumination
conditions. Its operation is regulated by a multi-level energy
threshold control mechanism. When the voltage of the energy
buffer capacitor rises to the turn-on threshold V,, of the
EBR circuit, the system completes a single initialization and
enters a sleep energy storage state. When the voltage reaches
Vpgood» SP-Eink node executes communication and refresh
tasks. When the voltage drops to Vi.m, SP-Eink node sends
an energy warning command to the host. The system only
requires reinitialization under extreme operating conditions,
such as full occlusion of the photovoltaic panel. This design
enables remote monitoring of operating status and faults via
the energy feedback mechanism of the terminal node. It further
validates the superiority of the proposed hardware-software
collaborative EM mechanism.

Fig. 6(c) presents the energy storage voltage waveforms of
the SP-Eink node under different operating states. Specifically,
the green region corresponds to the node’s energy storage
and system initialization phase. The blue region represents the
normal host communication and screen refresh phase. To ver-
ify the energy feedback mechanism under communication and
task reception failure scenarios, an experiment was conducted
with the host in an offline condition. The waveform in the
yellow region indicates that when no task is issued by the
host, the node enters an energy temporary storage state (dark
blue region). It reserves the energy required for E-ink screen

refresh and continuously sends task request commands to the
host until the host returns online. The red region represents
the node’s energy warning phase. This design enables real-
time feedback of the node’s energy consumption status. It also
effectively avoids invalid energy consumption when no tasks
are available.

Fig. 6(d) presents the robustness test results of the SP-
Eink node under harsh energy supply conditions. The wave-
form shows that the system maintains stable operation during
multiple light intensity fluctuations and sudden increases in
illumination. When full light occlusion occurs (gray region),
no light energy is supplied at this moment, and the en-
ergy buffer capacitorr enters a full discharge state. It seam-
lessly resumes normal operation immediately after the light
source is restored, avoiding unnecessary reinitialization and
energy waste. These results verify that the proposed hardware-
software collaborative EM mechanism can effectively adapt to
unstable energy input scenarios. This significantly enhances
the practical applicability of self-powered IoT devices.

C. Multi-node SP-Eink Offline Test

To comprehensively validate the functionality and perfor-
mance of the wireless SP-Eink device, an integrated prototype
was designed, as illustrated in Fig. 7. The hardware compo-
nents of the SP-Eink node are enumerated in Fig. 7(a). These
components specifically include two PV boards, one printed
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Fig. 7. SP-Eink node prototype and field test.

circuit board (PCB) module, and one E-ink module. Fig. 7(b)
presents an integrated prototype of the SP-Eink node. Two PV
boards, which serve for energy storage and power supply, are
mounted on the top of this prototype. The shell structure of
the prototype is fabricated using polylactic acid as the raw
material, with a 3D printer employed as the manufacturing
tool. Specifically, the dimensions of the prototype shell are
determined to be 97 mm x 45 mm X 22 mm. The parameters
of the main components corresponding to each part of the
SP-Eink node are listed in Table III.

TABLE III
MAIN COMPONENTS AND PARAMETERS OF SP-EINK NODES

Component Value / Type

37 x 21 x 1.1 mm x 2
18, 2.4, 15, 40, 1.5 MQ

Photovoltaic panel
RI1, R2, R3, R4, RS

Energy buffer capacitor 1000uF x 2
LDO TPS70933DBVR
NPN MMBT3904
PMOS BSS84PWH6327
Diode IN4148WS
MCU CW32L031
2.4G module PAN2110
E-ink 2.9 inches

R6, R7, R8 5 M2,10 MQ,10 KQ2
LED NCDO0603R1

Cl, C2,C3 4.7uF, 100nF, 100nF
Keyl, Key2 TS-1101-C-W, TS-1101-C-W

Fig. 7(c) presents the field test of the SP-Eink node. For
the experimental tests, a conference room with dimensions of
5 m x 5 m was selected as the test scenario. Both the master
node and slave nodes employed 2.4 GHz communication. The
master node was deployed at the center of the communication
area, with responsibilities including monitoring the entire
network and interacting with the computer through the serial

#2 SP-Eink node

e

g #1 SP-Eink node "

| #4 SP-Eink node
| ==

Light intensity
measurement

©

TABLE IV
SP-EINK NODES EXPERIMENTAL TEST RESULTS

No. light intensity = Refresh time Energy feedback

1 150 LUX 22.6 min 100%
2 250 LUX 12.5 min 100%
3 350 LUX 7.8 min 100%
4 450 LUX 4.5 min 100%
5 550 LUX 3.1 min 100%
6 650 LUX 2.5 min 100%
7 750 LUX 2.1 min 100%
8 850 LUX 1.6 min 100%

port. Detailed test results are presented in Table I'V.

Experimental results demonstrate that the master node and
all slave SP-Eink nodes can maintain reliable communication
even under a low-light environment of 150 lux. This work
verifies the stability of the communication link for battery-free
slave nodes to transmit energy status and operating parameters
back to the master node in a multi-node networking scenario.
Meanwhile, the energy status feedback function of each SP-
Eink node is also validated.

D. Comparative Analysis of Performance and Cost Benefits

The quantitative trade-off between performance gain and
implementation cost serves as the core evaluation metric
for EM schemes. The comparison is performed from two
dimensions: performance and cost. From both performance
and cost perspectives, the hardware-software co-design EM
scheme proposed in this paper is quantitatively compared with
the pure hardware UVLO chip BQ25570. This chip is widely
adopted in the energy harvesting field. The comparative results
are presented in Table V.
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TABLE V
PERFORMANCE COMPARISON AND COST-BENEFIT ANALYSIS

Category Indicator Pure hardware (BQ25570) Proposed Relative change
Refresh interval @ 350 lux 13.2 min 7.8 min -40.9%
Energy feedback None Available New

Performance  Threshold adjustability Partially programmable Adjustable New
Leakage current( BQ25570 vs EBR) 0.48 pA 0.14 pA -71.3%
Initializations per cycle Every power-up Once at cold start Reduced
Hardware BOM cost $14.2 $6.95 -51.1%
Storage capacitance 4700 pF 2000 pF -57.4%

Cost Core device volume Larger Smaller Reduced
Implementation complexity Medium Medium Comparable

1) Performance Analysis: The proposed scheme delivers
remarkable improvements in operational efficiency, function-
ality, and reliability. At 350 lux, it reduces the average
refresh interval by 40.9% (nearly doubling the update fre-
quency).Hardware leakage current is reduced by 71.3%. More-
over, the scheme integrates real-time energy feedback and
adjustable thresholds to improve monitoring performance and
system adaptability. Additionally, it limits the number of
initializations per cycle to a single cold start. This design
eliminates energy waste and reliability risks caused by frequent
cold starts.

2) Cost Analysis: It reduces the hardware BOM cost by
51.1% via a discrete-component design. The required storage
capacitance is decreased by 57.4%. Meanwhile, its imple-
mentation complexity is comparable to that of commercial
pure hardware solutions. This feature guarantees satisfactory
engineering practicability.

3) Comprehensive Analysis: Experimental comparison re-
sults show that the proposed scheme achieves better per-
formance and higher cost-effectiveness than traditional pure
hardware UVLO schemes. This validates the advantages of
the hardware-software collaborative design.

Furthermore, conventional dynamic switching energy man-
agement strategies based on preset task cycles are constrained
by fixed cycle configurations. They struggle to adapt to abrupt
fluctuations in environmental energy and lack differentiated
optimization for various scenarios. As a result, the overall task
efficiency is generally limited under conditions of unstable
energy supply. In contrast, the AEM scheme can sense the
energy storage status in real time and execute corresponding
tasks. Thus, it exhibits more prominent advantages in scenario
adaptability and energy utilization efficiency. In general, the
proposed scheme complies with the battery-free IoT principle
of “maximizing benefits with minimal overhead” and pos-
sesses good practical engineering value.

V. CONCLUSION

This paper introduced a hardware-software collaborative
energy management (EM) scheme for reliable startup and
operation of battery-free electronic devices. At the hardware
level, an energy buffer-release (EBR) circuit is employed. This
circuit provides hardware-defined voltage thresholds. These
thresholds ensure the minimum required operation of the
system. The operation covers the range from passive cold

start to system shutdown. At the software level, an adaptive
energy management (AEM) scheme is developed. It makes a
complement to the EBR by bringing in flexibility to the thresh-
old adjustment. Two additional software-defined thresholds
are adjustable according to the working condition in cyclic
operation routines. It realized an adaptive energy budget for
ensuring the successful run of Internet of Things (IoT) tasks
with different energy demands. Furthermore, when no task
is received from the host, each self-powered E-ink (SP-Eink)
node establishes cyclic communication with the host, which
not only preserves the energy required for node display refresh
but also feeds back its own energy status, providing reliable
data support for the system’s energy storage, monitoring, and
fault diagnosis. Currently, this collaborative EM scheme has
been specifically embodied and implemented in a prototyped
SP-Eink node. Its stability in the operation of the SP-Eink
device has been verified under varying light source conditions,
providing a potentially valuable technical solution for the
development and promotion of sustainable wireless SP-Eink
and ubiquitous self-powered electronic devices.
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