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Abstract
Despite decades of research on battery-free systems, their adop-
tion in everyday electronics remains limited. Interactive Internet
of Things devices such as wearables, personal trackers, and health
monitors are increasingly widespread, yet almost all depend on
batteries that are environmentally harmful, slow to charge, and
have limited lifespans. Existing battery-free devices have seen use
only in niche applications with minimal user interaction, primarily
due to slow energy harvesting, frequent power interruptions, and
restricted sensing capabilities under tight energy constraints. To
address these limitations, we present Cheetah, a battery-free archi-
tecture that charges rapidly and reliably from ubiquitous wireless
chargers, reduces power consumption, and enhances usability. We
implement and evaluate Cheetah architecture as a smartwatch and
a wearable patch, capable of operating for a full day after only
six seconds of charging. Our results demonstrate that battery-free
design can move beyond niche deployments to become a practical
and sustainable alternative for mainstream interactive electronics.

CCS Concepts
• Computer systems organization → Embedded systems; •
Hardware → Emerging architectures; • Human-centered com-
puting → Ubiquitous and mobile computing design and evaluation
methods.
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Figure 1: Demonstration of a user charging a Cheetah-
enabled battery-free smartwatch within seconds via a smart-
phone using Qi wireless power transfer system.

1 Introduction
Battery-free systems have been extensively researched in the past
years [4], yet they have hardly been used in day-to-day activities. To
address this limited battery-free system adoption, in this work we
present a simple but impactful idea—power battery-free devices in
just a few seconds, and use them for thewhole day or longer. Further,
along with charging the device, the user automatically performs
setup, synchronize the time and extract the data. This device could
be a wearable such as a smartwatch, a health monitoring patch, or
any other similar device, and it would charge reliably and quickly
using a smartphone or any other wireless charger.

Not only does this approach reduce the number of batteries
being used, it reduces the number of devices we require to charge
for extended time. Instead of every individual having to charge
multiple devices, (for example, their smartphone, laptop, watch,
earbuds) end users would only charge a few of these larger battery-
based devices, and use them in turn to charge smaller devices which
remain battery-free.

1.1 Rapidly-charging Battery-free System
To achieve a truly ubiquitous battery-free deployment, we intro-
duce Cheetah—a battery-free system architecture that charges a
large supercapacitor rapidly with high power delivery from easily
available wireless chargers based on QiWireless Power Consortium
inductive charging (Qi) [8], as seen in Fig. 1. It communicates with a
smartphone over Near Field Communication (NFC), and introduces
dedicated enhancements that reduce system power consumption.
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Cheetah can be used to either reduce the charging times of existing
battery-systems, or increase the size of their storage capacitors to
allow for longer lifetimes. It can also be used to convert existing
battery-based devices to battery-free. Our contributions are:

(1) Design Framework for Battery-free Systems: Cheetah intro-
duces a systematic design framework that explores the design
space, trade-offs, and implementation considerations of battery-
free devices. It captures key decisions spanning energy storage,
ultra-low power communication, wake-up strategies, and user-
perceived responsiveness, providing a foundation for developers
to reason about design choices when building real-world battery-
free applications.

(2) Efficient Hardware and Software Co-Design: We present
the hardware architecture and software Application Program-
ming Interfaces (APIs) that together enable an ultra-efficient
energy harvesting and communication front-end. Through tight
hardware–software co-design, Cheetah achieves seamless en-
ergy capture, rapid charge cycles, and efficient and responsive
interaction, offering a developer-friendly interface for building
fully battery-free, smartphone-connected systems.

(3) Open Reference Platform: We extensively evaluate Chee-
tah’s several hardware and software sub-systems, and further
demonstrate its drop-in integration with consumer electronics
devices. The results show that Cheetah can operate in real-world
conditions with minimal impact on functionality or user experi-
ence. To accelerate future research and adoption, we release all
hardware and firmware as an open reference platform for the
battery-free computing community [20].

1.2 Paper Structure
The remainder of this paper is structured as follows. Section 2 moti-
vates the need for this approach and the gap that Cheetah addresses,
and Section 3 highlights the state of the art. Section 4 outlines the
system design and core principles behind Cheetah, followed by
Section 5, which details our reference implementation. Section 6
presents a comprehensive evaluation of Cheetah’s components and
demonstrates a real-world device built using this architecture. We
also examine how Cheetah can be integrated into commercial sys-
tems without compromising capability. Section 7 reflects on key
design trade-offs and limitations, and Section 8 summarises the
contributions and outlines future directions.

2 Motivation for Better Battery-free Devices
Energy harvesting systems aim to enable self-sustaining sensing
by capturing ambient energy from sources such as light, vibration,
thermal gradients, or radio frequency signals [4]. Two primary ar-
chitectural paradigms exist: (i) intermittent systems [22] and (ii)
energy-neutral systems [18]. Intermittent systems operate oppor-
tunistically, powering on when sufficient energy is available and
check-pointing state to non-volatile memory before power loss.
This architecture ensures forward progress in sensing and compu-
tation under extreme energy constraints. However, its inherently
discontinuous operation limits responsiveness and usability in user-
facing or time-sensitive applications, where latency, continuous
feedback, or human interaction are essential.

In contrast, energy-neutral systems maintain continuous opera-
tion by carefully balancing harvested and consumed energy through
adaptive duty-cycling, energy prediction, and dynamic performance
scaling. They are better suited for continuous or interactive work-
loads, such as physiological monitoring or communication tasks,
though their design complexity and dependency on predictable
harvesting conditions restrict broader applicability.

Despite notable advances, fundamental problems for both inter-
mittent and energy-neural systems, such as delivering quality of
service under stochastic energy availability remains a challenge. In
this paper, we ask the following question.

Can energy-harvesting systems move beyond niche
applications to deliver seamless, interactive perfor-

mance suitable for real-world, user-facing applications?

Answering this question demands a fundamental rethinking of
how energy is accumulated, managed, and expended, coupled with
deep system-level optimisation. First, we discuss the limitations of
existing systems.

Limitation 1—Issues with battery-powered devices: The
number of battery-powered devices used in everyday life contin-
ues to grow rapidly, as more and more devices become smart and
interconnected. Alarmingly, an estimated 78 million batteries are
discarded every day [1], and this number continues to grow. This
trend is not sustainable, as batteries are severely polluting.

First, the extraction of minerals used in battery production (such
as lithium) is a highly carbon-emitting process [24]. Furthermore,
batteries have a limited number of charge–discharge cycles, requir-
ing replacement every few years. Improper disposal further exacer-
bates the problem, as toxic elements from used batteries pollute the
soil and water. In 2024, an estimated 10 billion battery replacements
were made, with only about 5% being properly recycled [4], and
the remainder accumulating in landfills and contributing to toxic
electronic waste.

Beyond environmental concerns, the widespread use of batteries
in household devices poses serious safety risks. Button cell batteries,
in particular, have been linked to severe injuries and even fatalities
in children [2, 29]. The number of pediatric battery related incidents
has doubled over the last decade [7], underscoring the unintended
consequences of the growing reliance on battery powered devices.
These escalating challenges, spanning environmental degradation,
health hazards, and long-term sustainability have prompted a criti-
cal re-evaluation of the battery-centric trajectory of the Internet of
Things (IoT).

Limitation 2—Low adoption of existing battery-free de-
vices: Battery-free devices have long been positioned as a sustain-
able alternative to conventional battery-powered systems. These
devices operate by harvesting energy from ambient sources—such
as light, motion, or Radio Frequency (RF)—and storing it in capaci-
tors or supercapacitors, which replace traditional batteries as the
energy buffer. Their operation model is typically minimalist: remain
dormant for long periods and opportunistically wake to perform
brief, simple taskswhen enough energy is available or at pre-defined
intervals. Over the past two decades, research has demonstrated
the feasibility of battery-free operation across a range of platforms,
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including sensing nodes [3, 5, 15, 17, 31], smartwatches [10], gam-
ing consoles [9], and even smartphones [26]. However, despite
these technical successes, battery-free systems have failed to gain
mainstream adoption, remaining confined to specialised domains—
typically scenarios where battery replacement is impractical or
maintenance-free operation is critical [3]. This lack of broader
adoption stems from fundamental limitations: severely constrained
energy availability, which drastically limits active task execution;
high latency and unreliability from intermittent operation; and sig-
nificant development complexity, as applications must be carefully
tailored to cope with unpredictable energy budgets.

The early development of battery-operated devices such as wear-
ables and mobile phones were fundamentally shaped by aggressive
innovations in power management. Semiconductor manufactur-
ers prioritised performance-per-watt, leading to the emergence of
highly integrated, ultra-low-power System on Chips (SoCs). This,
in turn, enabled the proliferation of wearables and a surrounding
ecosystem comprising standardised battery chemistries, charging
protocols (e.g., Qi, USB-C PD), and tightly coupled energy manage-
ment stacks. In contrast, battery-free systems have not undergone a
comparable systems level transformation. Despite over a decade of
research into energy harvesting and battery-free platforms, these
systems remain largely restricted to specialized applications where
battery replacement is infeasible.

To summarize, in our view, the main barriers to the adoption of
battery-free devices are the following factors:

(1) Long charging times: Existing battery-free devices take long
to charge even when harvesting energy from externally powered
sources.

(2) Inconsistent power sources:When relying on ambient energy
sources such as sunlight, vibrations, or radio waves, charging
can be unreliable. Devices may frequently discharge, and replen-
ishing energy becomes difficult, particularly when the energy
source is unavailable.

(3) Reduced performance: Many battery-free devices must oper-
ate at lower sampling rates or have shorter operational lifetimes
due to the limited energy stored in capacitors.

(4) Difficulty recovering from power failures: These devices
often face challenges in resynchronizing with time or recovering
data after a power interruption.

Further, we believe that the main barriers to the adoption is not
solely due to hardware limitations, but to an entrenched percep-
tion that battery-free devices are inherently impractical, slow to
recharge, disruptive to use, and incapable of meeting real-time or
interactive application demands. Overcoming this perception gap
requires rethinking battery-free design around user-centric metrics,
not just energy budgets.

To this end, we propose a new direction that advances battery-
free systems toward real-world usability along three key dimen-
sions: (i) ultra-fast energy replenishment using short, high-rate
charging bursts; (ii) integration with ubiquitous infrastructure (e.g.,
consumer-grade charging points and RF interfaces); and (iii) inter-
action models with negligible friction, comparable to contactless
payment systems. By reframing energy delivery and system re-
sponsiveness around convenience and integration, not just energy

scarcity, we unlock a new design space for battery-free devices that
are practical, deployable, and ready for everyday use.

3 Related Work
Battery-free devices have been explored across a wide range of ap-
plications, particularly in remote or inaccessible deployments where
replacing batteries is impractical [4]. Research on battery-free in-
teractive devices, where users can conveniently charge, access, and
exchange data has been ongoing for over two decades. A summary
of representative systems is provided in Table 1.

In this work, we focus on data-collecting battery-free devices
designed for close-proximity use (that is, where close contact be-
tween a sensor and an interrogator such as a smartphone is re-
quired). These systems can be broadly categorized based on their
energy-harvesting method, as described below.
(1) NFC-based energy harvesting: Several systems, such as Den-

sor [13], Biopulse [23] and NFC-WISP [32], utilize NFC to both
charge and communicate with a smartphone. These sensor plat-
forms can use harvested energy to continuously monitor and
collect user data such as health parameters, and share it through
the same NFC interface. However, harvesting energy over NFC
with these devices yields long charging times ranging from thirty
seconds [13] to six minutes [23]. The power delivery of energy
harvested via NFC is approximately 15 mW [32], which is sig-
nificantly lower than the 1 W power delivery of the Qi standard
proposed in this work.

(2) Passive wearable devices powered by dedicated sources: Re-
cent work, e.g., EverRing [11], has demonstrated on-body wear-
ables that harvest RF energy transmitted from nearby devices—
in case of EverRing: a Virtual Reality (VR) headsets. These
wearables operate passively and can be easily adapted to an
actively-powered configuration using our proposed architecture,
enabling faster energy replenishment and improved responsive-
ness.

(3) Ambient energy harvesting from light or radio sources:
Other interactive systems, including the FreeBie smartwatch [10],
battery-free Gameboy [9], and Eyetracker [19], harvest energy
from ambient sources such as sunlight or radio signals. While
sustainable, these sources are often unreliable and lead to fre-
quent power interruptions, making the devices difficult to use
consistently. Our proposed architecture can complement such
systems by maintaining their original harvesting mechanisms
while enhancing reliability and providing a more seamless user
experience.

4 Cheetah System Architecture
We begin by outlining the core design principles underpinning
Cheetah, followed by a detailed description of the hardware archi-
tecture and software framework that together form the complete
Cheetah reference platform.

4.1 Cheetah Design Principles
For a new technology to be truly adopted, it must blend seamlessly
with what people already understand, trust, and use daily [30]. The
design of Cheetah adopts this principle: rather than introducing
yet-another unfamiliar system, it re-imagines a technology that
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Table 1: Related battery-free systems with a focus on energy storage and power delivery.

Study Type Energy (mJ) Charge time (s) Power (mW) Energy source

NFC-Wisp [32] Perishables monitoring 4.70 — 14.80† NFC—Smartphone
Nicotine Sensor [21] Vaping monitoring Passive device only/No storage 2.00‡ NFC—Smartphone
AlterWear [12] Wearable display Passive device only/No storage 16.20⋄ NFC—Smartphone
picoRing [25], EverRing [11] Ring Passive device only/No storage 3.50∗ Induction, Radio
Densor [13] Aligners 68.75 20 3.43 NFC—Smartphone
BioPulse [23] Chest patch 5875.00 360 16.31 NFC—Smartphone
FreeBie [10] Smartwatch 50.70 25 2.03 (Sun)light
Eye tracker [19] Smartglasses 2327.60 — 0.80★ (Sun)light
CapBand [27] Wristband 357.43 — 23.10⊕ Radio or Light
Cheetah (This work) Patch, watch 5875.00 3.8 1546.05 Qi + NFC

Color scheme: As reported : The power delivery of charging is as stated in the research article. Calculated : The power delivery is calculated based on a full charge in the specified time period.

Notes: (values presented are best-case situation taken from the relevant article. Energy is calculated assuming a fully charged storage capacitor) † Article states 4 mA at 3.7 V. ‡ Taken from [21] Figure
4(a). ⋄ Indicates power consumption in place of power delivery. ∗ As reported in [11]. ★ Taken from [19] Figure 13(a). ⊕ Taken from [27, Section 9.4].

Figure 2: Theoretical time taken to charge the storage capac-
itors used in related work using wireless charging, assuming
ideal power transfer of 1 W to 3.3 V. For this illustration, we
use a conservative 1 W in the place of the potential 15 W of
the Qi2 standard [8] to compensate for potential inefficien-
cies.

has seen limited acceptance, resolving its key limitations through a
simple yet elegant redesign. By embedding this solution within an
already ubiquitous and socially accepted platform, Cheetah lever-
ages familiarity to overcome barriers to adoption. In the sections
that follow, we outline the design principles that enable this seam-
less integration.

4.1.1 Fast charging. Fast, reliable, and user-friendly energy re-
plenishment is fundamental to overcoming one of the greatest
limitations of battery-free devices: charging latency. Unlike electro-
chemical batteries, which inherently require prolonged charging
cycles, capacitors can absorb nearly all incoming power instan-
taneously, making rapid recharging achievable. As a result, the
effective charging time is dictated not by the storage element itself,
but by the power delivery capability of the energy source.

Because Cheetah targets close-proximity, user-interactive de-
vices, we focus on charging methods that combine high power
density with everyday accessibility. A straightforward approach is
wired charging via Universal Serial Bus (USB) Power Delivery (PD)

3.0, capable of delivering up to 100 W [28]. While this ensures ex-
tremely fast and reliable charging, it introduces practical limitations:
(i) as shown in Fig. 2, at such high input power, most capacitors
reach full charge within seconds—making user interaction, rather
than energy transfer, the dominant source of latency; and (ii) for
on-body or sealed wearables, physical connectors compromise both
aesthetics and reliability, making frequent plugging and unplugging
impractical.

A more seamless alternative is wireless charging, now ubiqui-
tous in consumer environments such as cars, furniture, and public
spaces. Importantly, modern smartphones increasingly support
reverse wireless charging, allowing them to not only charge them-
selves but also act as chargers for nearby devices. This capability
transforms the smartphone into a portable, user-friendly power
hub—a critical step toward truly interactive, battery-free operation.
Motivated by these trends, Cheetah adopts a Qi-compatible wireless
receiver, leveraging its ubiquity, safety, and effortless usability to
enable instant, connector-free charging directly from the user’s
smartphone.

4.1.2 Synchronisation and Efficient Data Retrieval. Interactivewear-
able systemsmust stay synchronisedwith absolute time and support
reliable data exchange for metrics such as step count, temperature,
or heart rate. Battery-free devices, however, experience frequent
power interruptions, requiring periodic resynchronisation and data
offload to a smartphone. Existing systems typically use NFC for
this purpose as seen in Table 1.

Interestingly, the Qi wireless charging standard, while primarily
intended for power transfer, also supports bidirectional communi-
cation between the transmitter and receiver using frequency shift
keying (FSK) and amplitude modulation (AM). Although this en-
ables custom data transfer, its use in practice is constrained by: (i)
limited smartphone support, as Android and iOS expose no devel-
oper APIs for Qi data exchange; (ii) low data rates compared to
NFC; and (iii) lack of accessible non-volatile memory in commercial
Qi front-ends. A comparison is shown in Table 2.

To harness the advantages of both, Cheetah employs a dual front-
end architecture supporting Qi for high-power charging and NFC
for synchronisation and data exchange. In use, the user rapidly
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Table 2: Comparison between Qi and NFC standard for use
with everyday battery-free devices.

Power Data rate Compatibility∗ NVM

Qi 15 W 2 kbps Low No
NFC 0.2 W 26 kbps High Yes

Color scheme: Indicates a desirable feature ; NVM: Non Volatile Memory; ∗ : ability to
support a certain standard by a typical smartphone.

charges the device via Qi, then performs data retrieval and setup
throughNFC, all using a standard smartphone. AlthoughQi delivers
up to 75 times more power, NFC provides sufficient energy to power
the system transiently. The design should allow data transfer over
NFC while being entirely powered by NFC without drawing from
the main storage capacitor.

4.1.3 Hierarchical Energy Buffering and Precision Power Manage-
ment. The most straightforward way to build a battery-free system
is to simply replace the battery with a suitably sized capacitor.
However, this naïve substitution introduces significant challenges.
The capacitor must not be charged beyond the module’s maximum
operating voltage, and any attempt to regulate its output inevitably
adds conversion losses—particularly during low-power sleep phases,
when regulator quiescent currents can dominate total consumption.
These trade-offs make it difficult to design a single, efficient power
delivery path that performs well across all operating modes.

To address this, Cheetah introduces a new power management
paradigm termed hierarchical buffering. In this architecture, mul-
tiple energy buffers operate cooperatively, each optimized for a
specific power regime. During active operation, the capacitor volt-
age is regulated to maintain the regulator’s peak efficiency region,
ensuring stable system performance. In contrast, during low-power
or sleep states, the regulator is completely bypassed, and the sys-
tem is powered by an alternate buffer that directly supplies the
essential subsystems. This strategy enables autonomous switching
between voltage domains, maintaining appropriate supply rails
while drastically reducing power losses across modes.

Complementing this architecture, Cheetah employs precision
sleep management to further extend runtime without sacrificing
functionality. During idle periods, high-consumption components
such as the Microcontroller Unit (MCU), sensors, and radios are
completely powered down, with only the power management sub-
system maintaining critical tasks like timekeeping and voltage
monitoring. Where necessary, selected peripherals—such as low-
power Inertial Measurement Units (IMUs)—can remain active in
autonomous mode, continuing background operations even while
the rest of the system is asleep. The system’s software stack dy-
namically configures and powers these peripherals, ensuring that
energy is allocated only where needed.

Together, hierarchical buffering and precision sleep management
enable Cheetah to operate efficiently across dynamic power con-
ditions, sustaining long energy-neutral operation on harvested
energy.

4.1.4 Designing for Ultra-Low-Power and Energy-Neutral Sustain-
ability. Achieving a truly battery-free system requires not only

innovative power management strategies but also meticulous com-
ponent selection to sustain reliable operation under extreme energy
constraints. Every component from the storage capacitor to the
MCU and communication interface contributes to the overall power
budget and determines the practical usability of the platform.

Energy storage selection plays a pivotal role. The capacitor must
be able to absorb harvested energy efficiently without introducing
excessive Equivalent Series Resistance (ESR). Our measurements
show that capacitors that higher ESR leads to longer charging times,
drastically degrading the responsiveness and user experience of
the device. Moreover, the trade-off between form factor and ESR
cannot be ignored: in our observation, compact capacitors often
employ dielectric materials with inherently higher ESR, thereby
constraining charging efficiency and the achievable duty cycle.

Equally critical is minimising the sleep current, as the system
spends the majority of its lifetime in quiescent states. The abil-
ity to retain context, periodically wake up, and control peripheral
subsystems during these ultra-low-power intervals is essential for
autonomous operation. Hence, the selection of components such
as regulators, supervisors, and MCUs must strike a careful balance
between functionality, wake-up flexibility, and low standby con-
sumption.

Ultimately, the success of an energy-neutral platform hinges on
these microscopic design choices, where even a few nanoamperes of
leakage or a few ohms of ESR can be the determining factor between
a responsive, perpetual system and one that fails to sustain itself
on the harvested energy.

4.2 Cheetah Hardware Architecture
The hardware architecture of Cheetah is divided into three sub-
systems: (i) energy harvesting front-end and primary energy stor-
age, (ii) power regulation and secondary energy buffer, and (iii)
power management and time keeping. Furthermore, the design con-
sists of an ultra-low power processor to run the Cheetah software
stack. Fig. 3 shows the hardware architecture of Cheetah.

4.2.1 Energy Harvesting Front-end and Primary Energy Buffer. As
described in Section 4.1.1 and Section 4.1.2, Cheetah integrates a
Qi front end for rapid energy replenishment and an NFC front end
for efficient data exchange. The system’s default startup mode is
Qi charging, ensuring that even when completely energy-depleted,
it can first harvest sufficient power to boot and initialise communi-
cation. Once the Qi controller, or the measured capacitor voltage,
indicates that charging is complete, the Cheetah stack switches
to NFC mode to check for pending messages and perform data
synchronization.

During NFC communication, the energy harvested directly from
the NFC field is sufficient to power the entire logic subsystem. A
smart power-routing switch disconnects the main energy buffer
during this phase, allowing the device to operate solely from NFC
power. This enables data retrieval “for free,” preserving stored en-
ergy for sensing and computation. The software stack and smart-
phone application coordinate these transitions transparently, en-
suring smooth handover between Qi charging and NFC communi-
cation without user intervention.

Together, these mechanisms make Cheetah function as a truly
seamless, tap-and-go system—combining the instant convenience
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Figure 3: Cheetah system architecture showing the interaction between different components.

of wireless charging with the intuitive familiarity of NFC-based
interaction.

4.2.2 Optimizing for Form-Factor Constraints. For applications
with stringent space constraints, Cheetah adopts a shared-coil ar-
chitecture that allows both the Qi and NFC to operate through a
single antenna. In this design, an antenna coil of suitable induc-
tance is alternately connected to either front end via a high-power
single-pole double-throw (SPDT) switch. Individual matching net-
works are placed after the switch to ensure optimal tuning for each
interface at its respective operating frequency. The MCU dynami-
cally controls the switch, seamlessly selecting between Qi charging
and NFC communication modes. To guarantee a reliable startup,
the control line is pulled down by default, ensuring the system
always initialises in the intended mode (e.g., Qi charging) even
before firmware activation. The implementation is shown in Fig. 5.

While this approach introduces minor insertion loss and imper-
fect isolation, necessitating current limiting to protect the NFC front
end, it offers a compact solution where physical space precludes the
use of separate coils. The result is a space-efficient, dual-function
interface that preserves full system capability.

4.2.3 Power Regulation and Secondary Energy Buffer. A critical
challenge in battery-free design is deriving a stable and efficient
supply rail from a charged storage capacitor. Most prior systems
adopt one of the approaches illustrated in Fig. 4. In the simplest
configuration (Design A○), the system operates directly from the
capacitor voltage, occasionally protected by a Zener diode or low
drop-out regulator (LDO) [13]. While this approach is simple and
efficient, the capacitor can charge only up to the system’s maximum
voltage 𝑉𝑠 (typically 3.3 V) and discharge down to its minimum
operating limit 𝑉min (typically 1.8 V). Because stored energy scales
quadratically with voltage (𝐸 = 1

2𝐶𝑉
2), this narrow range severely

limits usable energy.
Design B○ addresses this by placing a buck–boost regulator be-

tween the harvester and the system, allowing the capacitor to dis-
charge over a wider voltage range. However, maintaining a reg-
ulated rail requires the regulator to remain continuously active,
consuming tens of microamperes of quiescent current and intro-
ducing constant energy loss. Design C○ improves efficiency by
activating the converter only during harvesting, but again limits
the storage voltage to the system’s operating range, reducing the
effective energy capacity.

To overcome these trade-offs, Cheetah introduces Design D○: a
hierarchical buffering architecture. A large main capacitor is charged

Table 3: Comparison of voltage regulation methods used in
various existing battery-free systems as seen in Fig. 4.

Type Studies 𝑉𝐶high 𝑉𝐶low 𝐸𝑐 𝐼𝑞

A [13, 32] 𝑉𝑠max 𝑉𝑠min 3.82 J None
B [23] 𝑉ℎmax 𝑉𝑏min 10.88 J 𝐼𝑞bb

C [9, 10] 𝑉𝑠max 𝑉𝑠min 3.82 J 𝐼
†
𝑞bb

D This work 𝑉ℎmax 𝑉𝑏min 10.88 J 𝐼𝑞bb 𝑡on + 𝐼sd 𝑡off
𝑉𝐶high ,𝑉𝐶low : high and low voltage on the capacitor, respectively; 𝐸𝑐 : usable energy

on the capacitor assuming𝐶 = 1 F given by 1
2 𝐶

(
𝑉 2
𝐶high

− 𝑉 2
𝐶low

)
; 𝐼𝑞 : quiescent cur-

rent; maximum supply voltage𝑉𝑠max = 3.3 V; minimum supply voltage𝑉𝑠min = 1.8 V;
maximum voltage from harvester𝑉ℎmax = 5.0 V; minimum input voltage for buck-boost
converter𝑉𝑏min = 1.8 V; 𝑡on , 𝑡of : time the buck-boost is on and off, respectively; 𝐼𝑞bb :
buck-boost quiescent current when on; 𝐼sd : buck-boost shut down current when off; †:
only when harvesting.

to a higher voltage to maximise stored energy, while a smaller sec-
ondary capacitor maintains the system’s regulated rail. When the
secondary capacitor voltage drops below a threshold, the Power
Management Integrated Circuit (PMIC) briefly enables the buck–boost
converter to replenish it from the main reservoir. This on-demand
regulation minimises converter idle losses while sustaining a stable,
energy-neutral supply, combining the efficiency of direct operation
with the flexibility of active regulation.

A summary of these options is given in Table 3. We observe that
the effectiveness of our solution depends on the shutdown current
of the buck-boost converter and its operational time. These results
are evaluated in Section 6.

4.2.4 Power Management and Time Keeping. For most battery-free
systems, power conservation is paramount. In Cheetah, all high-
consumption components, such as the microcontroller and display,
are fully powered down during sleep, while the design includes
a dedicated PMIC that sustains only the essential housekeeping
tasks: timekeeping, voltage supervision, and state retention.

When the system is brought close to a Qi charger, either after
the storage capacitor is fully depleted or during a regular charging
cycle, the charging field itself triggers a system wake-up. This is
implemented by OR’ing the enable line of the main system regulator
with the Qi front-end output, ensuring that the system powers up
as soon as wireless power is detected. Once active, the system
can then perform power management decisions and determine the
appropriate operational mode.
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Figure 4: Common methods to achieve regulated supply voltage seen in battery-free system architectures. The advantages and
drawbacks of each method are discussed in Section 4.2.3.

Figure 5: Shared antenna design for form factor-limited ap-
plications where two separate coils are not permissible.

To maintain responsiveness even in the absence of Qi power,
Cheetah integrates multiple autonomous wake-up sources which
are OR’ed to the main regulator enable, including: (i) a user button
press, (ii) a timer-driven alarm interrupt, (iii) an NFC-triggered
wake command, and (iv) a low-voltage event from the power mon-
itor. Together, these mechanisms ensure that the system remains
highly responsive and capable of initiating context-aware opera-
tions under varying energy conditions.

These mechanisms ensure that the system can transition in-
stantly from deep sleep to active mode in response to user input,
scheduled events, or energy conditions. Even in its lowest-power
state, Cheetah remains context-aware and immediately accessible,
balancing extreme energy efficiency with seamless user interaction.

4.2.5 Precision PowerManagement. Some peripherals can continue
operating autonomously without continuous supervision from the
microcontroller or other subsystems. For example, an IMU can per-
form step counting or motion detection in its own ultra-low-power
mode. To exploit this capability, Cheetah enables selective activa-
tion of autonomous peripherals, allowing specific components to
remain active even when the main system is powered down. This
fine-grained control ensures that sensors operate only when func-
tionally relevant, thereby minimising overall energy consumption.

To realise this functionality, Cheetah design uses a software-
controlled SPDT low-side switch that dynamically toggles each
sensor’s ground connection. The switch connects the sensor either
to the system’s switched ground (disabling it) or to the common
ground (keeping it active). During system shutdown, the micro-
controller programs this control line to define which peripher-
als remain powered. Through this hardware–software co-design,
Cheetah achieves precise control over peripheral activity, further
extending operational lifetime and pushing the system toward true
perpetual operation on harvested energy.

4.3 Cheetah Software Architecture
The Cheetah software architecture is designed to complement the
hardware choices in Section 4.2, with a focus on efficiently man-
aging the tight energy budget, ensuring robustness against power
failures, enhancing usability, and minimising developer effort.

4.3.1 Setup and Synchronization. Cheetah operates in a cyclic se-
quence of turn on → synchronise (if NFC detected) → sense → save
→ turn off, designed to minimise energy consumption under inter-
mittent power conditions. Since the MCU is fully powered down
between cycles, each wake-up behaves as a cold start, effectively
equivalent to a recovery from a power failure. This architecture
naturally enforces atomic operation and state consistency, as every
cycle begins from a deterministic initial state. Before power-down,
all relevant sensor data and configuration parameters are securely
stored in the non-volatile memory of the NFC tag.

Cheetah leverages the NFC interface as a unified channel for
both data exchange and system control. When host NFC presence
is detected (usually when the storage capacitor reaches full charge,
and host switches fromQi to NFC), the device automatically issues a
time-synchronisation request to the host. This can also be triggered
programmatically via:

bool triggerTimeSynchronisation(uint8_t *timeStamp)

The host responds with the current Unix timestamp, which is writ-
ten to the Cheetah’s Real-Time Clock (RTC), ensuring precise time-
keeping across operational cycles.

For temporal alignment, especially for user-visible timestamps
and data correlation, the companion smartphone app periodically
refreshes the time stored on the NFC tag. The associated smartphone
app writes the current timestamp to a designated register, sets a
synchronisation flag, and triggers an NFC interrupt to wake the
MCU. Upon wake-up, the MCU reads the updated time, programs
the RTC, and clears the flag, guaranteeing that all subsequent data
samples remain accurately timestamped until the next recharge.

The NFC front-end can also assert an interrupt line, allowing the
system to wake from deep sleep and respond to external commands
on demand, offering a low-energy yet highly responsive interaction
pathway between the device and the host.

4.3.2 Connectivity and Retrieving Data. For wearable devices such
as smartwatches and health monitors, collecting and storing data
such as heart rate and step count is essential. To make sensor
configuration easily accessible, Cheetah allows users to write their
preferred settings to the NFC tag. Upon each initialisation, the MCU
retrieves these settings and applies them to the respective sensors
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Figure 6: Software blocks of Cheetah. Notation: Sx: sensor 𝑥 (or sensor 𝑥 enable/disable flag); issue wake up: take action on the
setting in the NFC tag; sync: time synchronization flag; PF : power failure flag; ss, mm, hh, dd: time/day flags; IMU : enable/disable
IMU flag; PPG: enable/disable Photoplethysmography sensor flag.

via the Inter-Integrated Circuit (I2C) interface. This approach en-
sures that all sensors are consistently configured according to user
preferences, even after power loss.

The NFC interface provides a shared non-volatile memory space
accessible to both the smartphone (via RF interface) and the MCU
(via I2C), enabling seamless bi-directional data exchange. For high-
throughput transactions, Cheetah supports a mailbox-based com-
munication mode, invoked using the following API call:

bool transferDataMBX(uint8_t *dataStream, uint16_t
↩→ dataLength)

To retrieve the collected data, the user has two options: (i) store
it in the Non Volatile Memory (NVM) of the NFC tag, or (ii) save it
in the NVM of the MCU, or in an external NVM device integrated
into the system.

Storing data on the NFC tag offers the advantage of immediate
accessibility, as it can be directly read by a smartphone at any
time. However, the memory capacity of the NFC tag is limited, and
writing to its EEPROM is relatively slow and power-intensive. This
method is therefore best suited for small amounts of data, such as
summaries or configuration parameters.

For larger datasets, such as unprocessed sensor traces, the MCU
can transfer data directly to the smartphone using a combination
of I2C and RF communication. This process, known as the fast
mailbox mode, achieves significantly higher data rates as it draws
power from the energy harvested through the NFC interface it-
self. Together, these methods balance accessibility and efficiency
depending on the data volume.

4.3.3 Power Management and Failures. In addition, the user can
decide whether the standalone sensors remain active or inactive
in the next power cycle by setting the corresponding flag on the
NFC tag. For example, a user may choose to enable specific sensors
before an exercise session. Similarly, these decisions can also be
made autonomously by logic implemented in the MCU, based on
contextual factors such as time of day or previous activity. Once
initialisation is complete, the MCU reads and, if required, processes
the sensor data before storing or transmitting it. The application
shall set the power configuration for peripherals using the following
API call:

bool sensorLowPowerON(uint8_t sensorType, uint16_t
↩→ sensorStatus)

In addition, when the system wakes up from sleep due to a low-
voltage event in the secondary energy buffer, it transitions into
a low-power charging mode. In this state, the system monitors
the buffer voltage and allows the secondary capacitor to recharge
safely. Once the charging process is complete, the system restores
the previous configuration and returns to its ultra-low-power sleep
state, ensuring stable operation without unnecessary energy expen-
diture. Under normal conditions, the secondary capacitor charges
automatically during system operation. However, if the application
needs to manually initiate charging or enter low-power charging
mode, the following API can be used:

bool gotoChargerLowPowerMode(void);

For battery-free systems, handling power failures gracefully is
essential to ensure a reliable and seamless user experience. Un-
like battery-powered devices that maintain state across sessions,
battery-free systems frequently lose power, making it crucial to
preserve data integrity and recover predictably after each power
cycle.

To ensure reliable operation, Cheetah always transfers config-
uration settings from non-volatile memory to the sensors at the
start of each power cycle and saves all collected data before power-
ing down. This atomic execution model guarantees that, although
unexpected power losses may result in missing data, any stored
data remains complete and accurately timestamped. Because the
software architecture follows a sleep–wake cycle, it is inherently
difficult to detect whether a power failure occurred between two
cycles.

To address this challenge, Cheetah leverages the fact that the
system time is synchronised each time it is recharged via the smart-
phone. Since a power failure results in the loss of time data, the
system checks for a valid timestamp (for example, verifying that
the recorded year is later than 2024). If a valid time is not found,
the system assumes that charging and synchronisation are still in
progress. As the charging process typically completes within a few
seconds, the system uses the first valid timestamp as an indicator
of a full charge and adjusts its energy budgeting accordingly.
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Figure 7: Left two images: Cheetah hardware after assembly (Front) A - ST25DV NFC Tag, B - BQ51013C Qi power receiver, C -
MAX40200 ideal diode, D - SIP32432DR3 power switch, E - AM1805 RTC, F - ISL9122A buck-boost converter, G - STM32U031
MCU, H - debug port, I - MAXM86161 Photoplethysmography (PPG) sensor, J - LSM6DSOX IMU, (Back) K - pushbutton, L -
primary capacitor connector, M - secondary capacitor connector, N - display connector, O - Qi antenna connector, P - NFC
antenna connector. Right image: example assembled system.

5 Cheetah Architecture Implementation
5.1 Hardware Architecture Implementation
The hardware implementation adheres to the design principles
outlined in Section 4.2, with a focus on achieving a compact form
factor suitable for a smartwatch or a wearable patch.

5.1.1 Qi Charging. We employ the Texas Instruments BQ51013C
to implement the Qi wireless power receiver front end, chosen for
its compact package size and its ability to regulate output current.
During capacitor charging, large inrush currents can occur, which
may activate short-circuit protection mechanisms in other receiver
designs. This issue is mitigated by configuring the charging current
limit through an external resistor, as supported by the BQ51013C.

The antenna coil is tuned to resonate at 100 kHz. The series and
parallel capacitances are selected according to the resonance con-
dition 𝑓 = 1/(2𝜋

√
𝐿𝐶), where 𝐿 is the coil inductance and 𝐶 is the

equivalent capacitance. To comply with the Qi standard, we ensure
a quality factor 𝑄 = (2𝜋 𝑓 𝐿𝑠 )/𝑅 > 77, where 𝐿𝑠 is the free space
inductance and 𝑅 is the Direct Current (DC) series resistance of the
coil [16, Section 9.2.1.2.2]. The circuit is tuned for a coil inductance
of 24 µH, and we evaluate multiple coil geometries with identical
inductance but differing form factors and shielding configurations.
For the optimized form factor for space constrained applications,
we use the Analog Devices HMC784AMS8GE high power RF switch
for its power capabilities and low insertion loss. We limit the cur-
rent on the Qi wireless receiver when using this switch to prevent
damage to the NFC tag from energy through imperfect isolation
between channels.

5.1.2 NFC Communication. For the NFC communication interface,
we use the STMicroelectronics ST25DV64K, selected for its compact
package, energy-harvesting capability, and integrated NVM that
can be accessed by both the smartphone and the MCU. The imple-
mentation of the NFC interface as a passive tag follows approaches
similar to those described in prior works listed in Table 1. Addi-
tionally, we implement the fast mailbox mode to enable high-speed
data transfer directly between the MCU and the smartphone.

To enable switching between the Qi and NFC paths, we em-
ploy the Vishay SIP32432DR3 power switch. A Nexperia 1PS76SB40
Schottky diode is used to prevent the input capacitor of the buck–boost

converter from unintentionally keeping the power switch enabled;
this ensures that the switch is activated only when energy is actively
harvested from the NFC field.

The NFC tag serves dual roles: (i) it can act as a power source
when the smartphone is present, and (ii) it can also require power
during normal operation when data must be written to memory. To
manage this bidirectional power relationship, we use a four-channel
Texas Instruments TS3A44159 SPDT switch. Its low quiescent cur-
rent and precise control allow the system to selectively disconnect
the NFC tag’s power and I2C lines, preventing leakage currents and
ensuring efficient operation during sensing cycles.

5.1.3 Power Management. For voltage regulation, we use the Rene-
sas ISL9122AIRNZ buck-boost converter, chosen for its extremely
low shutdown current of 8 nA. The converter’s enable line is man-
aged by the Abracon AB1805 RTC and power PMIC. This RTC is
commonly employed in related works due to its ultra-low sleep
current and ability to control power to external components. The
ground connection of the standalone sensor is switched using a
Texas Instruments TS3A44159 SPDT switch, also controlled by the
AB1805.

To ensure that the buck-boost converter is enabled both dur-
ing startup (when the backup capacitor has not yet charged) and
when the backup capacitor voltage drops below its threshold, we
employ two Analog Devices MAX40200 ideal diodes in an ORing
configuration. One input of this OR connection is driven by the Qi
power output, while the other is controlled by the AB1805 reset
line, ensuring continuous and reliable system operation under all
conditions.

5.1.4 Sensing System. Although the Cheetah architecture can be
integrated with any system capable of communication over I2C, in
this work we implement a minimal sensing and display platform
designed to function as a smartwatch or wearable patch. We employ
the STMicroelectronics STM32U031F8 as the MCU due to its bal-
ance between low power consumption and sufficient performance,
offering 64 kB of flash memory and 12 kB of RAM—adequate for a
compact smart device. The STMicroelectronics LSM6DSOX IMU
is used for its low-power operation and its ability to function as a
standalone step-counting sensor.
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Table 4: Cost breakdown of Cheetah hardware implementa-
tion with main components, excluding sensors and display.

Part number Cost (Euro)

NFC Tag ST25DV04K-IER6T3 0.47
Qi Receiver BQ51013CRHLR 1.52
Ideal diode MAX40200AUK 0.88
PMIC/RTC AM1805AQ 0.70

Buck-boost converter ISL9122AIRNZ 1.14
MCU STM32U031F8P6 0.90

Antenna 760308101312 6.60
PCB Rigid FR4, 2–layer 2.26

Total 14.47
Note: Prices are per piece when buying a quantity of 1000.

We integrate the Analog Devices MAXM86161 PPG sensor to
measure heart rate, as an example of physiological sensing sys-
tem. An optional Sharp Microelectronics LS013B7DH03 memory
Liquid Crystal Display (LCD) is included as a low-power display,
connected via an flexible printed circuit connector (FPC) that allows
easy removal when the display is not required. The MCU communi-
cates with the NFC tag, RTC, buck–boost converter, IMU, and PPG
sensor over I2C, while the display is connected via Serial Peripheral
Interface (SPI).

5.1.5 Fabrication. The circuit was fabricated on a rigid Printed
Circuit Board (PCB) measuring 42 mm × 30 mm . Wire-to-board
connectors were used to attach external antennas for both Qi and
NFC, enabling evaluation of multiple antenna designs and config-
urations. The assembled hardware was enclosed in a 3D-printed
case with a wrist strap (see again Fig. 1), forming a wearable smart-
watch prototype. The cost of manufacturing Cheetah, excluding
the sensors and display, is summarized in Table 4.

5.2 Software Architecture Implementation
The software implementation of Cheetah comprises two main com-
ponents: (i) the development of the smartphone application, and
(ii) the implementation of the MCU firmware. These two parts are
designed to work in tandem—writing to the NFC memory via the
smartphone directly triggers specific actions on the MCU, which ex-
ecutes the corresponding functions. This tight integration simplifies
development and enhances usability.

The smartphone application was developed in Kotlin using An-
droid Studio. It uses the NfcV class from the Android API to detect
devices, and to send and receive custom commands and data over
NFC. The application implements RF commands according to the
STMicroelectronics ST25DV64KC specifications, enabling energy
harvesting, interrupt generation to wake the system, and high-
speed data retrieval via the fast mailbox mode. Although many
recent smartphones support reverse Qi charging—marketed as Bat-
tery Share on the Google Pixel 9 and Wireless PowerShare on the
Samsung S24—this functionality is not yet accessible through pub-
lic software interfaces. As a result, users are required to manually
enable and disable reverse charging. We anticipate that future soft-
ware updates will provide programmatic control over this feature.

Table 5: Specification of supercapacitors used in the evalua-
tion of fast charging.

Part number Size∗ ESR (Ω)

C1 CE5R5105CF-ZJ 21.0 × 7.5 30.00
C2 CSP-6R0L105R-TW 16.0 × 8 × 19.5 0.24
C3 FG0H105ZF 16.5 × 19 65.00
C4 FS0H105ZF 28.5 × 14 7.00
C5 KR5R5H104R 11.5 × 5 75.00
C6 KVR5R0V105R 19.1 × 20.1 30.00
∗ : size denoted as diameter × height, or length × breadth × height, all in mm.

The MCU firmware was written in C using STM32CubeIDE,
using 1.76 kB of Random Access Memory (RAM) and 15.86 kB of
flash memory. The firmware provides a clear and modular API,
allowing developers to extend or adapt Cheetah for a wide range
of applications with minimal effort.

6 Cheetah Evaluation
6.1 Effect of ESR on Fast Charging
To assess the charging behavior of different supercapacitors using
Qi wireless power transfer, we evaluated several 1 F capacitors
listed in Table 5. These capacitors were empirically chosen with a
reasonable form factor for a watch or patch, and with varying cost
and ESR, in order to evaluate the effect of these parameters on the
charging performance.

Measuring the charging process directly by monitoring the ca-
pacitor voltage during Qi charging can be misleading—especially
for capacitors with high ESR. In such cases, the observed voltage re-
flects the open-circuit potential applied by the charger rather than
the actual voltage across the capacitor. This can falsely suggest
rapid charging, whereas the voltage in fact collapses immediately
once the Qi power source is disconnected.

To address this issue, we instead characterized each capacitor
by measuring the current drawn under a constant DC voltage. For
this experiment, we used a Keithley 2450 SourceMeter, sourcing
5 V and recording the corresponding current. The resulting charge
profiles for the different capacitors are presented in Fig. 8.

As shown in Fig. 8, the charging currents of the capacitors are
initially high and gradually decrease as the capacitor charges. Ca-
pacitors with the lowest ESR charge the fastest, drawing a high
initial current and reaching the end of the charging period more
quickly. In contrast, capacitors with higher ESR are limited in the
current they can draw initially, and continue to draw moderate
current over an extended period. Therefore, for Qi charging, any
supercapacitor can be used as long as its ESR does not become the
limiting factor in the charging process.

6.2 Qi Charging Capacitors with Various Energy
Sources

Next, we evaluate the time required to charge a supercapacitor using
Cheetah. For this experiment, we use the implemented Cheetah
hardware with the Wurth 760308101312 coil as the antenna. The
supercapacitor selected is an Eaton PM-5R0V474-R with an ESR
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Figure 8: The charging current of various 1 F supercapacitors
against time, with source voltage of 5 V and current limit of
1 A. Capacitors with lower ESR charge faster. In this graph,
capacitor C2 charges the fastest.

Figure 9: The time taken to charge a 0.47 F supercapacitorwith
energy harvested from Qi wireless charging. The vertical
line, corresponding color-wise to each charging platform,
indicates the time taken for the capacitor to reach 95 % of full
charge.

of 0.42 Ω. This capacitor has a compact form factor suitable for a
smartwatch or wearable patch, and its capacity matches that used
in Biopulse [23], where it was charged via NFC in approximately
6 min. The voltage across the capacitor was measured using the
Saleae Logic Pro 8 logic analyzer, and the traces are synchronized
by starting when the voltage curve first crosses 0.2 V.

For the Qi wireless power source, we evaluate three devices:
(i) an Anker Zolo wireless charger connected to a wall outlet, (ii)
the Google Pixel 8 smartphone using Battery Share, and (iii) the
Samsung Galaxy S24 with Wireless PowerShare. Using Cheetah, the
capacitor is fully charged in under 6 s, as shown in Fig. 9, repre-
senting an approximately 60-fold improvement over NFC-based
charging reported in related work.

6.3 Hierarchical Charging
To evaluate the operation of the hierarchical charging architec-
ture, we charge Cheetah using Qi power and measure the voltages
across both the primary and secondary capacitors using a Saleae
Logic Pro 8 logic analyzer. The Eaton PM-5R0V474-R is used as
the primary energy storage capacitor, while the Seiko CPH3225A
serves as the secondary capacitor. The RTC is configured to raise an

Figure 10: Charging of the secondary from the primary ca-
pacitor. Each time the voltage on the secondary capacitor
falls below 2.5 V an interrupt is raised and the buck-boost is
enabled to recharge it.

Table 6: Current consumption of the ISL9122A buck-boost
used in hierarchical charging.

Mode Specification (nA) Measured (nA) Time (ms)

Disabled 8 430 4475
Enabled 1300 1600 656

(1) Specification: typical values for current consumption as specified in the datasheet; Mea-
sured: actual current consumption measured by Keithley 2450 Source meter at no load
condition.

interrupt when the voltage of the secondary capacitor drops below
2.5 V. As shown in Fig. 10, the secondary capacitor is periodically
recharged from the primary capacitor in distinct cycles. When the
system is powered down, the buck–boost converter is disabled to
minimize power consumption. Once the system supply rail, main-
tained by the secondary capacitor, falls below the threshold voltage,
the buck–boost converter is re-enabled and the cycle resumes. Each
interrupt event triggers a system wake-up, during which an inrush
current is drawn, causing a transient drop in the supply voltage
rail. It should be noted that the measurement probes of the logic
analyzer themselves draw approximately 0.5 µA, which slightly
influences the observed results.

To quantify the power savings achieved by the proposed method,
we compare it against a configuration in which the buck–boost
converter remains continuously enabled. We measure both the qui-
escent and shutdown currents of the converter, as well as the dura-
tion spent in each mode during operation. The results, summarized
in Table 6, indicate that for the selected capacitor configuration,
our approach achieves a power reduction of 63.7%.

6.4 Capacitor to Capacitor charging efficiency
We also evaluate the efficiency of the capacitor-to-capacitor energy
transfer using the buck-boost converter. The energy transfer effi-
ciency 𝜂, i.e. the ratio of the total energy delivered to the secondary
capacitor to the energy lost from the primary capacitor, is given as

𝜂 =

𝑁cycles𝐶secondary
(
𝑉 2

high −𝑉 2
low

)
𝐶primary

(
𝑉 2

start −𝑉 2
end

) . (1)
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Table 7: Power consumption of Cheetah in various operation
states.

State Measured current Power

Shutdown (sd), power off 28 nA 92.4 nW
Standalone (sa), only IMU on 8 µA 26.4 µW

Power on (on), awake 1.7 mA 5.61 mW

We observe the voltage across both the primary and secondary
capacitors over 𝑁cycles = 3 charge-discharge cycles, where the
secondary capacitor is charged from 𝑉low = 2.5 V to 𝑉high = 3.3 V.
During this period, the voltage on the primary capacitor decreases
from 𝑉start = 4.61 V to 𝑉end = 4.556 V. We used 𝐶primary = 0.47 F
and 𝐶secondary = 0.011 F. The energy efficiency is 65.82%. Thus,
although the available energy is reduced, the power consumption
decreases even more to 36.3%. Consequently, the overall efficiency
of this approach represents a 1.81-fold improvement compared to
system with the buck–boost converter continuously on.

6.5 Power Consumption
To evaluate the power consumption we measure the current con-
sumed using the Keithley 2450 source-meter when sourcing 3.3 V.
The results are given in Table 7. The power off current is determined
mainly by the RTC, the supply current of the switches to prevent
leakage current, and pull-up resistors. When the IMU is kept on as
a standalone sensor, the power consumption increases to enable
continuous sensing. The power on current consists of the MCU
running at 16 MHz, and all sensors on. Cheetah lifetime depends
on the primary and secondary capacitors, and the usage profile.

To estimate 𝐿, the expected operational system lifetime, we
model 𝐿 as the ratio of the available stored energy to the aver-
age power consumption as

𝐿 = 𝜂

1
2𝐶primary

(
𝑉 2

high −𝑉 2
low

)
𝑉system

(
𝐼sd𝑇sd + 𝐼sa𝑇sa + 𝐼on𝑇on

𝑇total

) , (2)

where 𝐶primary is the primary storage capacitance, 𝑉high and 𝑉low
are the upper and lower operating voltages of the capacitor, respec-
tively, 𝑉system is the system supply voltage, 𝐼sd, 𝐼sa, and 𝐼on are the
shutdown, stand-alone sensor operation, and system on currents,
respectively,𝑇sd,𝑇sa, and𝑇on are the durations for which the system
remains in each state as listed in Table 7, 𝑇total is the total duration
of the operational cycle, and 𝜂 is given in Eq. (1).

Using Eq. (2), we calculate the lifetime an example user profile.
For instance, with 0.47 F capacitor, if the system was running with
the IMU always on to perform step counting, and fully powered on
for 10 s of each hour—the device stays powered for 22 h.

6.6 Form Factor
As the physical bulk of capacitors can also limit the adoption of
battery-free systems, we examine the relationship between capaci-
tor volume and performance. Having established that the charging
time is proportional to the ESR in Section 6.1, we now analyze how
ESR varies with the physical volume of the capacitor, as shown

Figure 11: Relation between the ESR and physical volume of
various 1 F supercapacitors listed in Table 5.

in Fig. 11. We observe a general inverse relationship—capacitors
with larger volumes tend to exhibit lower ESR values and therefore
charge more rapidly. However, several outliers exist that achieve
relatively low ESR despite smaller form factors, making them par-
ticularly attractive for compact, battery-free designs.

6.7 Application Examples
Beyond user-worn devices, Cheetah can also be applied to convert
existing battery-powered systems into battery-free alternatives. By
replacing conventional batteries with capacitors, these devices not
only become more sustainable by reducing battery waste, but also
benefit from the ability to recharge within seconds when they are
needed. This approach is particularly well-suited for intermittently
used devices such as weighing scales, remote controls, electronic
toys, and other small household appliances.

As an example, we examine the feasibility of adapting commer-
cial smart trackers, such as the Apple AirTag, into battery-free
devices. To date, over 55 million AirTags have been sold [14], each
powered by a coin cell battery that typically requires annual re-
placement. In its current design, the AirTag exhibits a sleep current
of approximately 2.3 µA [6]. By leveraging the ultra-low power
characteristics of Cheetah, the standby current during power-off
can be reduced to the nanoampere range, extending the device’s
operational lifetime. Based on our calculations derived from the
measured power consumption, as reported in [6], if the AirTag
were redesigned to be battery-free using a 1 F capacitor with no
other optimizations, it would achieve an operational duration of
approximately 42 h on a single charge. The lifetime can be further
increased by modifying the behavior of the smart tracker, such as
when and how often it advertises over Bluetooth Low Energy (BLE).
For example, if the BLE advertisements were once every 5 s, in the
place of the presently used 2 s it would increase the lifetime to 4.4
days on a single charge. If such devices could be recharged wire-
lessly in the background,they could operate entirely battery-free,
thereby eliminating the need for millions of batteries.

7 Discussion and Future Work
Power Limit. While the Qi standard supports power transfer

levels of up to 15 W, in this work we limit the received power to
1.5 W. This choice reflects our observation that charging time is no
longer the primary bottleneck at this scale. Increasing the storage
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capacity by employing larger supercapacitors could further extend
operational energy reserves, provided that the form factor permits.

Communication over Qi. In this work, we introduce a dual
front-end architecture to ensure compatibility between power trans-
fer and communication interfaces. However, in principle, data com-
munication could be directly modulated onto the Qi charging wave-
form itself. Future devices may provide access to the Qi communica-
tion channel or dynamically reconfigure the antenna to operate at
a different bandwidth after charging, thereby enabling higher data
rates. Alternatively, synchronization could also be achieved over
longer-range wireless links such as Bluetooth or cellular networks,
if the system already includes such connectivity.

Comparison with Battery Powered Devices. While Cheetah
offers better battery-free device operation, its performance still
lags behind similar-sized battery powered devices. Unlike battery
based systems that stay powered continuously, Cheetah requires
duty-cycling to achieve similar lifetimes. Algorithms to control the
duty-cycling to achieve battery-like performance are needed.

8 Conclusion
We propose Cheetah: a new architecture for battery-free devices
equipped with an existing NFC interface. In this design, an addi-
tional wireless charging front end based on the Qi Wireless Power
Consortium inductive charging (Qi) interface is integrated, enabling
rapid recharging of a capacitor. This essentially simple system ar-
chitecture offers a low-hanging fruit solution to a major challenge
faced by battery-free devices: namely, the short operational time
of (super-)capacitors, prolonged charging durations via the NFC
interface, and the intermittent availability of harvested energy.
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