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Abstract

Battery-free Internet of Things (IoT) systems can reduce mainte-
nance costs and environmental impact by operating directly from
harvested energy. However, replacing batteries with weak and vari-
able sources introduces a fundamental energy-management chal-
lenge: harvested power is often in the microwatt range, whereas
sensing, computation, communication, and monitoring tasks require
short bursts of higher energy. This mismatch is especially critical
for Plant Microbial Fuel Cells (PMFCs), which are sustainable bio-
electrochemical energy sources but provide low voltage, low power,
and slow recovery dynamics.

This dissertation investigates energy-harvesting circuits and stor-
age architectures for battery-free embedded systems powered by
PMFCs. First, it presents a controlled intermittent power-extraction
interface that imposes explicit extraction and recovery timing while
remaining compatible with energy-harvesting converters. Experi-
ments on real PMFCs show that some intermittent extraction peri-
ods are associated with higher harvested power: in preliminary tests,
a 10 s period reached 83 µW, 30% higher than 100 s and 63% higher
than 1000 s. In a 9-day experiment, two intermittently loaded cells
increased from 47.2 to 122.4 µW and from 19.4 to 67.6 µW, com-
pared with 32.8 to 43.0 µW for the continuously loaded reference.
Electrochemical impedance spectroscopy further shows that loading
history affects the anode and cathode responses.

Second, the dissertation presents CapDYN, an autonomous dynamic-
capacitance architecture for battery-free intermittent systems. Cap-
DYN adapts the equivalent storage capacitance during charge and
discharge, exposes intermediate energy states to the runtime, and
matches them to task requirements. The measured hardware re-
duces leftover energy from 23.67% in a fixed-capacitor baseline to
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0.16%–5.57%, while keeping the control infrastructure below 10 µW.
In the LTspice-based application-level evaluation, the energy-aware
runtime avoids failed executions, improves effective efficiency by up
to 34.10%, and advances aggregate first task completions by up to
45.00%.

Overall, this thesis shows that efficient battery-free operation
requires co-design across the source interface, storage architecture,
and runtime, increasing the fraction of scarce sustainable energy
that becomes completed embedded tasks.
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Chapter 1

Introduction

Battery-free embedded systems are a promising alternative to con-
ventional battery-powered wireless sensor nodes, especially in ap-
plications where maintenance, replacement cost, and environmen-
tal impact are critical constraints. This is particularly relevant for
precision agriculture and environmental monitoring, where sensing
nodes may need to operate for long periods in remote or infrastructure-
less locations. In these scenarios, replacing or recharging batteries is
often impractical, while deploying large numbers of battery-powered
devices introduces sustainability concerns related to material use,
chemical waste, and maintenance logistics. Energy-harvesting sys-
tems address these limitations by scavenging energy from the sur-
rounding environment and using it to execute sensing, computa-
tion, and communication tasks without relying on a primary bat-
tery [3, 4, 5].

The transition from battery-powered to battery-free operation,
however, changes the way embedded systems must be designed. A
battery-powered node is typically engineered around a relatively sta-
ble energy reservoir, and the main design objective is to minimize
average power consumption in order to maximize battery lifetime.
A battery-free node, instead, must operate with an energy source
that can be weak, variable, and strongly dependent on environmen-
tal conditions. The system stores harvested energy in a capacitor
or supercapacitor and executes tasks only when enough energy is
available. As a result, execution becomes intermittent: the node al-
ternates between charging phases, active computation, and possible
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power failures [6, 7]. In this operating regime, the relevant design
question is not only how much energy can be harvested, but also
when that energy becomes available, how efficiently it can be stored,
and how effectively it can be converted into useful task completions.

This thesis addresses a central problem in battery-free embed-
ded systems: energy harvesters often provide power that is low and
variable, whereas embedded workloads require reliable bursts of en-
ergy to complete sensing, processing, communication, or monitoring
tasks. This mismatch can be quantified by considering the time re-
quired to accumulate the energy needed by representative tasks. If
the average harvested input power is in the range of 10–100 µW,
which is representative of the PMFC power range characterized in
Chapter 3, representative task energies translate into accumulation
times ranging from seconds to hours: approximately 1–100 s for
low-energy sensing tasks, 10–1000 s for wireless transmissions, and
up to several hours for more demanding electrochemical measure-
ments such as complete Electrochemical Impedance Spectroscopy
(EIS) acquisitions.

Therefore, the main challenge is not only low average harvested
power, but temporal energy buffering. The node must accumu-
late energy during idle intervals and release it in short bursts when
sensing, communication, or impedance-measurement tasks are exe-
cuted. This requirement creates two coupled design problems along
the energy path. The first is a source-side extraction problem: the
harvesting interface must extract energy from a weak and variable
source, while possibly improving the average harvested power and
reducing its variability. The second is a storage-side delivery prob-
lem: the energy buffer must make harvested energy available at the
right time and support tasks with different energy and timing re-
quirements. This thesis addresses these two problems through com-
plementary contributions: controlled intermittent extraction from
Plant Microbial Fuel Cells (PMFCs), and autonomous dynamic ca-
pacitance for adaptive storage and delivery. Their common goal is
to increase the fraction of harvested energy that becomes completed
battery-free tasks.

The source-side investigation focuses on Plant Microbial Fuel
Cells (PMFCs) as sustainable bioelectrochemical energy sources for
low-power environmental sensing. PMFCs exploit the interaction
between plants, microorganisms, electrodes, and the surrounding
soil to generate electrical power from naturally occurring biological
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and electrochemical processes. Their appeal lies in their low ma-
terial cost, potential long-term operation, and compatibility with
agricultural environments. Unlike photovoltaic or radio-frequency
energy harvesting, PMFCs can operate without direct illumination
or external transmitters, making them particularly attractive for
soil-embedded sensing nodes and smart-agriculture deployments. At
the same time, PMFCs remain challenging power sources: their volt-
age is low, their power output is limited, their recovery dynamics
are slow, and their electrical behavior depends on biological, elec-
trochemical, and environmental conditions [8, 9].

These challenges motivate controllable extraction as a first re-
quirement for PMFC-powered systems. PMFC energy extraction is
not necessarily maximized by continuously loading the cell at a fixed
operating point. PMFCs exhibit capacitive behavior, recovery dy-
namics, and loading-history dependence: excessive or poorly timed
extraction can move the cell away from favorable operating condi-
tions, while recovery intervals can allow voltage and concentration
gradients to partially relax [10]. These dynamics also make conven-
tional Maximum Power Point Tracking (MPPT) strategies designed
for faster energy sources difficult to apply directly, suggesting that
PMFC power management should consider not only instantaneous
maximum-power operation, but also maximum-energy extraction
over repeated harvesting and recovery cycles [9]. A promising di-
rection is suggested by prior studies on intermittent loading, where
loaded phases are alternated with unloaded recovery phases. These
studies have shown that such operation can affect current genera-
tion, biofilm behavior, and mass-transport dynamics in microbial
fuel cells and electroactive biofilms [11, 12, 13, 14, 10]. In PMFC
energy harvesting, intermittent loading corresponds to alternating
energy-extraction intervals, during which the cell is connected to the
harvesting interface or load, with recovery intervals, during which it
is left unloaded. This strategy may improve average harvested power
by allowing partial recovery between extraction phases, while also
reducing continuous electrical stress on the electroactive biofilm.

However, existing approaches leave a gap between electrochemi-
cal control and deployable harvesting. Three-electrode intermittent-
polarization studies provide valuable insight into biofilm dynamics,
charge storage, and electrode conditioning, but they do not directly
implement usable energy harvesting [14, 15, 10]. Conversely, two-
electrode intermittent-harvesting approaches are closer to deploy-
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able PMFC-powered nodes, but often tie the harvesting and recov-
ery intervals to capacitor charging, cell-voltage thresholds, or source
recovery dynamics [11, 16, 17, 13, 18, 19]. As a result, the har-
vesting frequency and duty cycle are not controlled independently,
but arise from the coupled dynamics of the PMFC, storage ele-
ment, converter, and load. This makes it difficult to isolate how
the imposed intermittency parameters affect PMFC power output
and electrochemical behavior. This motivates a two-electrode har-
vesting interface that can impose intermittent extraction explicitly,
while remaining compatible with converter-based energy delivery
and with the stringent power budget required by PMFC-powered
operation.

A second requirement for PMFC-powered systems is self-contained
observability. Because PMFC behavior depends on soil, plants, hy-
dration, microbial activity, and loading history, it must be moni-
tored in situ to understand long-term operation effects. Battery-
powered monitoring infrastructure would weaken the sustainability
motivation by reintroducing maintenance requirements and environ-
mental impact. This motivates self-powered or battery-free moni-
toring nodes that can observe PMFC behavior while drawing en-
ergy from the same class of sustainable sources they are designed to
study [20].

The storage-side investigation focuses on dynamic capacitance
as a way to adapt the energy buffer to intermittent battery-free ex-
ecution. In conventional designs, the storage capacitance is fixed at
design time, usually according to the most energy-demanding oper-
ation. This creates a fundamental tradeoff: a large capacitor can
sustain longer tasks, but delays cold start and reduces responsive-
ness for shorter operations, while a small capacitor charges quickly
but may not provide enough energy for demanding tasks. As a
result, a fixed capacitor is poorly matched to heterogeneous work-
loads, where sensing, processing, communication, or electrochemical
monitoring require different energy budgets and different response
times.

Dynamic capacitance addresses this limitation by changing the
equivalent storage capacitance during operation. The storage can
start from a small effective capacitance to reach operating voltage
quickly, and then progressively increase its capacitance as more en-
ergy becomes available. During discharge, the equivalent capaci-
tance can be reduced again by reconfiguring the bank toward more
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series-oriented stages. This produces a post-switch voltage boost,
keeping the bank voltage above the load lower operating thresh-
old for a longer interval and minimizing the residual energy that
would otherwise remain unusable below the load voltage limit. In
this way, dynamic capacitance does not only improve end-to-end
efficiency; each capacitance step also represents an intermediate en-
ergy state that can be exposed to the runtime and matched to task
requirements.

Existing approaches only partially address this problem. Software-
controlled capacitor banks provide flexibility and can match storage
size to task energy, but they require active control, state-of-charge
monitoring, or microcontroller intervention, which increases over-
head and couples reactivity to power consumption [21, 22]. Au-
tonomous storage approaches reduce control overhead, but typically
provide only a small number of capacitance levels or focus on collect-
ing excess energy rather than matching task-specific energy require-
ments. Federated storage architectures distribute energy across pe-
ripherals, but can fragment energy across multiple capacitors and
still require task-level management or lossy charge transfers [23, 24].

This motivates an autonomous, low-power dynamic-capacitance
architecture that combines progressive capacitance scaling with runtime-
visible energy states. This requirement is especially relevant for
PMFC-powered systems, where the available power is limited: any
overhead spent on storage management directly competes with the
energy available for sensing, monitoring, and communication. The
storage subsystem should therefore adapt its effective capacitance
with minimal control cost, maintain a usable voltage during recon-
figuration, reduce leftover energy after task execution, and expose
enough information to the runtime to enable energy-admissible ex-
ecution. In this model, tasks are released only when the current
storage state guarantees that enough energy is available for comple-
tion.

In the remainder of this thesis, the term intermittency is used
in two senses. Extraction intermittency refers to the deliberate al-
ternation between energy-extraction intervals and recovery intervals
imposed by the harvesting interface, as developed in Chapter 2 and
evaluated in Chapter 3. Load intermittency refers to the discon-
tinuous operation of the embedded node, which alternates between
charging and task-execution phases because stored energy is not al-
ways sufficient for continuous operation, as addressed in Chapters 4
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and 5.

The methodology adopted in these chapters follows the energy
path of a battery-free node, from PMFC power extraction to storage-
side task delivery. The objective is to understand how weak and
variable harvested energy can be controlled at the source, buffered
by adaptive storage, and converted into completed sensing, com-
putation, communication, or monitoring tasks. The PMFC inter-
face determines how energy enters the node, while the dynamic-
capacitance subsystem and runtime determine when that energy
becomes available for reliable task execution.

On the source side, Chapter 2 develops a two-electrode intermit-
tent harvesting interface for PMFCs. The key methodological choice
is to impose extraction and recovery intervals explicitly, instead of
allowing them to emerge from capacitor thresholds or load demand.
This makes period and duty cycle controlled circuit-level variables
while preserving compatibility with converter-based energy delivery.
The interface is characterized in terms of timing operation, voltage
and current measurement, and power consumption. In Chapter 3,
the interface is then used to compare continuous and intermittent
extraction from PMFCs, while Electrochemical Impedance Spec-
troscopy (EIS) is used as a supporting observation tool to assess
whether different loading histories produce measurable electrochem-
ical signatures.

On the storage side, Chapter 4 develops CapDYN , an autonomous
dynamic-capacitance architecture for battery-free intermittent sys-
tems. Instead of relying on a single fixed storage capacitor, CapDYN
reconfigures a capacitor bank during charge and discharge, chang-
ing the equivalent capacitance seen by the harvester and by the
load. This creates discrete storage stages that correspond to dif-
ferent usable energy levels: smaller effective capacitances improve
recharge time and reactivity for low-energy tasks, while larger effec-
tive capacitances provide the energy required by more demanding
operations. Chapter 5 first evaluates the hardware layer in terms
of capacitor-bank reconfiguration, leftover energy, conversion losses,
and infrastructural power. It then assesses the system-level impact
through an energy-aware runtime that maps profiled tasks to storage
stages and dispatches each task only when the current stage con-
tains enough energy to complete it. In this way, CapDYN is assessed
both as an autonomous storage circuit and as a hardware–software
mechanism for reducing wasted energy, avoiding failed executions,
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and making harvested energy available to applications earlier.

The technical connection between the two contributions is par-
ticularly relevant for PMFCs because their low, slowly varying, and
history-dependent power must ultimately supply embedded work-
loads with heterogeneous and bursty power and energy require-
ments. CapDYN addresses this mismatch by adapting the storage
state to task energy demand, allowing lower-energy tasks to be exe-
cuted with shorter charging delays while releasing more demanding
tasks only when sufficient energy has been accumulated. In an inte-
grated implementation, the intermittent-harvesting strategy would
determine both the average power and the temporal profile delivered
by the PMFC: higher average harvested power would shorten Cap-
DYN ’s charging times, making task-matched storage states avail-
able more frequently and thereby increasing the throughput of tasks
dispatched by CapDYN ’s runtime.

The results reported in the following chapters support this source-
to-load perspective through separate source-side and storage-side
evaluations. On the source side, reducing the intermittent period
from 20 s to 10 s coincided with average-power increases of 159% and
248% for the intermittent PMFCs, compared with 31% for the con-
tinuous reference. Relative to the continuous cell, Cell I improved
from +44% in the initial 20 s phase to +185% in the final 10 s phase,
while Cell H shifted from −41% to +57%. These gains support
controlled intermittent extraction at properly selected periods as a
promising strategy, while the simultaneous increase of the continu-
ous reference indicates that biological and environmental dynamics
remain important confounding factors. The timer-based intermit-
tent extension adds 6.8–7.9 µW with respect to the BQ25505-only
reference interface, or 6.5–6.8 µW with respect to the BQ25505-
plus-bipolar baseline; the sensing front ends add further overhead
but can be disabled outside characterization and power tracking.

On the storage side, CapDYN validates autonomous charge/dis-
charge reconfiguration with measured control-infrastructure con-
sumption below 10 µW, and reduces leftover energy from 23.67%
of the input energy in the fixed-capacitor baseline to 0.16%–5.57%
across the measured configurations. In the LTspice-based application-
level evaluation, the energy-aware runtime exploits the intermedi-
ate energy states exposed by the hardware to avoid failed execu-
tions and make useful task completions available earlier, improving
effective efficiency by up to 34.10% and achieving aggregate first-
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completion advances of up to 45.00% with respect to the evaluated
single-capacitor baselines. The ablation benchmark further shows
that these temporal gains come from coupling the reconfigurable
bank with energy-admissible dispatch: the bank exposes interme-
diate energy states, while the runtime turns them into earlier task
releases. Together, these results show how controlled extraction
from PMFCs and adaptive storage address the same system-level
objective: increasing the fraction of scarce sustainable energy that
becomes completed battery-free tasks.

The remainder of the thesis is organized around two comple-
mentary parts of the battery-free energy path, each separated into
a design-oriented chapter and an evaluation chapter.

Chapter 2 focuses on PMFCs as sustainable harvesting sources
and on the design of a controlled intermittent power-extraction in-
terface. The chapter first introduces the operating principle of PM-
FCs and discusses their main limitations as practical power sources
for battery-free embedded systems: low voltage, low power, slow
recovery dynamics, biological variability, and limited direct observ-
ability. It then reviews related work on intermittent microbial fuel
cell operation in Sec. 2.1, distinguishing between electrochemical
studies based on three-electrode control and embedded harvesting
approaches based on capacitor or converter dynamics. This mo-
tivates the need for a two-electrode interface that can impose ex-
traction and recovery timing explicitly while remaining compatible
with energy-harvesting converters. The chapter then presents the
design and implementation of the intermittent loading platform in
Sec. 2.2. This includes the timing and input-multiplexing stage, the
voltage- and current-sensing front ends, the noise and calibration
analysis of the current-sensing chain, and the power-consumption
characterization of the complete interface.

Chapter 3 experimentally evaluates this platform using real PM-
FCs. The experimental setup and measurement protocol are de-
scribed in Sec. 3.1; the power response to intermittent harvest-
ing is analyzed in Sec. 3.2, including the preliminary timing ex-
ploration and the nine-day continuous and intermittent loading ex-
periment. Finally, Sec. 3.3 uses EIS measurements to investigate
whether different loading histories produce different anode and cath-
ode impedance responses, opening the possibility of future harvest-
ing strategies that combine power-based and electrochemical feed-
back.



9

Chapter 4 moves from source-side extraction to storage and load
delivery. It presents CapDYN , an autonomous dynamic-capacitance
architecture for battery-free intermittent systems. The chapter first
motivates the need for dynamic storage, explaining why fixed ca-
pacitors are poorly matched to heterogeneous workloads and why
existing reconfigurable or federated storage approaches still leave
an efficiency–reactivity tradeoff. The comparison with prior work
is developed in Sec. 4.1, leading to the design requirements for
autonomous dynamic capacitance: fine-grained energy states, low
leftover energy, efficient capacitance transitions, low infrastructural
consumption, and immediate reactivity to harvested-power dynam-
ics.

The hardware design of CapDYN is presented in Sec. 4.2. It
describes the progressive capacitance-scaling logic in Sec. 4.2.1, the
capacitor-bank topologies and switching strategy in Sec. 4.2.2, and
the power-supply and input/output flow management in Sec. 4.2.3.
The software layer is introduced in Sec. 4.3: Sec. 4.3.1 defines
the execution model and the energy-admissibility condition, while
Sec. 4.3.3 presents the runtime that maps profiled tasks to storage
stages and executes them only when the required energy state is
available. Implementation details are reported in Sec. 4.4, includ-
ing the hardware prototype, LTspice simulator, software implemen-
tation, and task-energy profiling.

Chapter 5 evaluates CapDYN at circuit and application level. It
first characterizes the storage hardware, measuring switching behav-
ior, efficiency, infrastructural power, and loss mechanisms, with the
main efficiency and power results reported in Sec. 5.1.4. The anal-
ysis then moves to application-level operation in Sec. 5.2, using an
LTspice digital twin, real task-energy profiles, and harvested-power
traces to quantify how energy-state-aware execution affects effective
efficiency, responsiveness, and task completion. Finally, conclusions
are presented in Chapter 6.

Overall, Chapters 2 and 3 address how energy can be extracted
from and observed in a sustainable but variable source, whereas
Chapters 4 and 5 address how that energy can be stored and con-
verted into useful task execution. Their common contribution is a
source-to-load view of battery-free design, in which harvesting, stor-
age, monitoring, and scheduling are treated as parts of the same
energy-management problem.
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Chapter 2

PMFC Harvesting:
Background and
Interface Design

Parts of this chapter are adapted from the author’s previously pub-
lished works on Plant Microbial Fuel Cells and battery-free electro-
chemical monitoring [20, 9, 25, 26].

Precision farming increasingly relies on wireless sensor networks
(WSNs) for continuous environmental monitoring, enabling data-
driven control of crops, soil conditions, and key resources such as wa-
ter and pesticides. In this context, battery-free sensing nodes are at-
tractive because they can reduce maintenance requirements and en-
vironmental impact by operating from harvested energy rather than
from replaceable batteries [3, 27, 28]. Thanks to advances in ultra-
low-power hardware and intermittent-computing paradigms [29, 30,
31, 7], these systems can scavenge energy from the environment,
store it in a capacitor or supercapacitor, and execute sensing or
communication tasks when sufficient energy is available.

Within this design space, Plant Microbial Fuel Cells (PMFCs)
offer a particularly attractive path toward sustainable agricultural
sensing. Unlike photovoltaic, wind, or thermoelectric harvesters [32,
33, 34], PMFCs exploit the plant–soil–microorganism system itself
as an energy source, making them well matched to soil-embedded
and long-term monitoring applications. However, their output power
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Figure 2.1: Operating principle of a PMFC, showing plant-assisted
substrate supply, microbial oxidation at the anode, oxygen reduction
at the cathode, ion transport through the soil, and electron flow
through the external circuit.

is lower and more variable than that of established ambient har-
vesters [35]. Their voltage is typically sub-volt, their recovery dy-
namics are slow, and their behavior depends on biological, electro-
chemical, and environmental conditions. For this reason, the main
question addressed in this chapter is how PMFC energy can be ex-
tracted and observed in a controlled way while remaining compatible
with deployable battery-free electronics.

In its simplest form, shown in Fig. 2.1, a PMFC consists of an an-
ode and a cathode embedded in soil at different depths, with a suit-
able plant growing above them. The anode is typically placed in the
anaerobic region close to the rhizosphere, whereas the cathode is lo-
cated in a more oxygenated region, usually closer to the soil surface.
PMFC operation relies on the metabolic activity of naturally oc-
curring exoelectrogenic bacteria and on their symbiotic interaction
with the plant, which continuously supplies organic compounds to
the rhizosphere through photosynthesis-derived root exudates [36].
As microorganisms oxidize the organic matter available near the
anode, they release electrons and ionic species, including protons.
The electrons are collected by the anode and flow through the ex-



13

ternal circuit toward the cathode, where they can be used by the
load or harvested by the power-management interface. In parallel,
ionic species migrate through the soil, closing the internal electro-
chemical path. At the cathode, the reduction reaction completes the
process. This reaction is typically oxygen reduction, although it can
also be catalyzed by a biocathode [37], where aerobic electrotrophic
microorganisms form a catalytic biofilm on the electrode surface, or
involve alternative electron acceptors such as ferricyanide, nitrate,
sulfate, or metal species [38]. Accordingly, the electrode materi-
als are chosen to favor the development of electroactive microbial
biofilms, which retain the active microorganisms and act as biocat-
alysts for the redox reactions occurring at both electrodes [39]. As
illustrated in Fig. 2.1, the overall PMFC output results from the
coupled action of plant physiology, microbial metabolism, electrode
reactions, soil transport phenomena, charge transport through the
soil, and the external electrical load.

PMFCs enable continuous low-power generation for as long as
the plant remains alive [26]. Thanks to their simple architecture,
PMFCs can be realized at very low cost using basic materials such
as carbon-based electrodes, conductive wires, soil, and a plant, while
still delivering power in the mW range [40], sufficient to supply suit-
ably designed electronic loads employing aggressive power-management
techniques [41]. Moreover, PMFCs have been reported to achieve
power densities up to 18 times higher than conventional MFCs [42],
mainly because the plant continuously enriches the soil with or-
ganic substrates, enabling long-term operation with minimal main-
tenance. Accordingly, PMFC performance is strongly influenced
by plant physiological conditions, especially photosynthetic activ-
ity and rhizodeposition, which regulate substrate availability for
electroactive microorganisms and ultimately affect the generated
power [8].

Problem statement: unfortunately, despite their strong sustain-
ability appeal, PMFCs still face several dependability issues that
limit their widespread adoption as practical energy sources. Unlike
conventional harvesters, PMFCs are living energy sources whose
electrical behavior evolves together with the biological and electro-
chemical state of the system. Their performance results from the
coupled action of plant physiology, microbial activity, electrode pro-
cesses, and soil transport phenomena, whose interaction is still only
partially understood. We group these challenges into three main
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points.

1 Low voltage, low power, low energy : a PMFC cell typically out-
puts sub-volt voltages, which are insufficient to directly supply most
low-power electronics. Boosting circuits are therefore required to
reach operative voltage levels, typically in the range from 1.8 V
to 3.6 V, while power scale-up strategies still require further inves-
tigation. In practice, increasing PMFC output is not straightfor-
ward: size scale-up exhibits an optimum reactor size in terms of
power density [43], whereas multi-cell coupling in series or parallel
remains challenging because differences in output voltage, recovery
dynamics, and internal impedance can create imbalances that hin-
der effective aggregation [44]. In addition, the highly capacitive and
slow-varying nature of PMFCs makes maximum-power-point oper-
ation more difficult than in faster energy sources, calling for ad-hoc
harvesting strategies [9]. In this context, intermittent operation has
emerged as a promising direction, since periodically alternating har-
vesting and recovery phases may improve both the average harvested
energy and long-term biofilm conditioning [11, 18, 19, 12, 17]. How-
ever, the implementation of intermittent power extraction in practi-
cal two-electrode energy-harvesting systems is still not fully under-
stood, especially in relation to the more established three-electrode
electrochemical control literature [14, 15, 10]. Indeed, most cur-
rent insights on intermittency derive from three-electrode electro-
chemical control, whereas deployable PMFC harvesters operate as
two-electrode systems, making the transfer of such knowledge non-
trivial. Finally, the total energy budget extractable over the PMFC
lifetime is constrained by aging phenomena such as biofouling and
electrode inactivation.

2 Low stability : once a PMFC is built, a highly variable start-up
period, ranging from days to months, may elapse before apprecia-
ble power production begins (Fig. 2.2). Even after start-up, the
PMFC output remains strongly dependent on plant physiological
state, microbial activity, substrate availability, and electrode con-
dition. Consequently, power production may fluctuate over time
or progressively degrade because of aging phenomena such as bio-
fouling, salt deposition, cathode alkalinization, anode acidification,
and dead-layer formation on the electrodes. More generally, unpre-
dictable behavior arises, including sudden biofilm detachment and
even voltage reversal (VR), that is, the inversion of cell polarity [45].
At the same time, recent studies on intermittent loading suggest that
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the temporal profile of the electrical load can itself influence biofilm
activity, mass transport, charge storage, and long-term power gen-
eration [14, 15, 46, 10]. PMFC instability is thus a manifestation
of the evolving biological and electrochemical state of the system,
which is also shaped by the adopted harvesting strategy.

3 Destructive direct state observation: the health of the bacte-
ria, and the state of the electrodes and their surrounding substrate
cannot be assessed directly without destructive sampling that sig-
nificantly alters the PMFC state. Yet, these parameters critically
determine future power output and long-term reliability. Indirect
observation through electrochemical measurements is possible, for
the sake of both biosensing and Maximum Power Point Tracking
(MPPT), but it is in itself challenging. On the one hand, the energy
source exhibits long transients, capacitive behavior, and loading-
history dependence, which make the continuously evolving Maxi-
mum Power Point (MPP) difficult to reliably track. Conventional
MPPT strategies, such as the FOCV methods commonly integrated
in converters for faster sources, are thus poorly suited to PMFCs [9].
At the same time, electrochemical characterization must be com-
patible with the self-powered, battery-free constraints of the PMFC
node. This is non-trivial because electrochemical characterization
techniques require controlled excitation, signal acquisition, and pro-
cessing, all of which introduce an energy overhead that is difficult to
sustain in ultra-low-power systems. The challenge is even more pro-
nounced in PMFC-powered nodes, where the energy source is weak,
variable, and directly coupled to the electrochemical processes under
observation. A practical diagnostic approach must therefore provide
useful information about the PMFC state while keeping the mea-
surement energy and hardware overhead low enough for battery-free
operation.

Taken together, these three aspects point to two complementary
needs: a harvesting strategy capable of improving PMFC power de-
livery while remaining compatible with battery-free energy extrac-
tion, and an indirect, non-destructive observation method capable
of tracking the PMFC state within the same resource-constrained
setting.

Chapter contributions: This chapter addresses these needs by
considering two complementary capabilities for battery-free PMFC
nodes: intermittent two-electrode operation and Electrochemical
Impedance Spectroscopy (EIS)-based state observation. EIS is a
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non-destructive electrochemical technique that applies a small si-
nusoidal perturbation over a range of frequencies to estimate the
impedance of the cell. The resulting spectrum provides diagnostic
information about charge transfer, mass transport, microbial ac-
tivity, and reactor conditions [47, 48]. In previous work [20], we
demonstrated that this measurement principle can be embedded
into a PMFC-powered battery-free node, using the same electrodes
for energy extraction and impedance sensing. That implementa-
tion validated an ultra-low-power EIS front end against a reference
potentiostat and showed that a 19-point sweep from 21.3 mHz to
21.8 kHz requires 3.64 J, making impedance-based state observation
compatible with PMFC-level energy production.

Within this framework, battery-free EIS provides the state-observation
capability, while the complementary power-extraction capability de-
veloped in this chapter is a controlled two-electrode intermittent-
harvesting interface. This interface is experimentally evaluated in
Chapter 3, where impedance measurements are used to assess whether
different loading profiles leave measurable electrochemical signa-
tures in the PMFC response and whether such signatures could sup-
port future PMFC-specific energy-management strategies, including
adaptive intermittent harvesting.

The main design contribution of this chapter is a two-electrode
intermittent-harvesting interface that connects PMFCs to an energy-
harvesting DC–DC converter while explicitly controlling the har-
vesting frequency and duty cycle. In contrast to capacitor-based
or hysteretic approaches, where the intermittent timing is tied to
the instantaneous recovery dynamics of the cell, the proposed in-
terface imposes the timing externally. This enables intermittent
harvesting to be studied as a controlled electrical treatment while
preserving compatibility with embedded power delivery. In the im-
plemented prototype, the timing and monitoring functions are re-
alized with ultra-low-power components, allowing the interface to
target battery-free operation.

The remainder of the chapter is organized as follows. Sec. 2.1 re-
views the literature on intermittent MFC and PMFC operation, dis-
tinguishing three-electrode intermittent polarization from deploy-
able two-electrode intermittent harvesting, and discusses existing
approaches for scalable and observable PMFC energy management.
Sec. 2.1.4 summarizes the previously demonstrated battery-free EIS
capability that provides the system-level basis for embedded PMFC
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state observation. Sec. 2.2 presents the proposed intermittent-harvesting
interface, including the timing circuit, input-multiplexing strategy,
and voltage/current monitoring front end. The experimental evalu-
ation of the developed interface and of the resulting PMFC response
is presented in Chapter 3.

2.1 Related works

Intermittent operation has emerged as a promising strategy to im-
prove the power output of both MFCs and PMFCs, a particularly
meaningful objective in the context of this thesis, where these sys-
tems are studied for the powering of embedded electronics. Unlike
conventional energy harvesters, PMFCs are living electrochemical
systems, and their output is not only determined by the instan-
taneous electrical load, but also by the state of the electroactive
biofilm, the availability of substrate, the plant physiological condi-
tions, and the transport phenomena taking place in the surround-
ing medium [8]. As a consequence, continuously loading the cell
at a fixed operating point does not necessarily maximize either the
instantaneous extracted power or the total energy recovered over
time [49, 50, 12]. This has motivated a growing body of literature
on intermittent operation, where harvesting phases are alternated
with open-circuit phases.

A first important distinction must be drawn between intermit-
tent polarization and intermittent harvesting. Intermittent polar-
ization is typically implemented in a three-electrode configuration,
in which the potential of a selected electrode is controlled with re-
spect to a reference electrode (e.g., Ag/AgCl or Saturated Calomel
Electrode) using a potentiostat/galvanostat. This configuration al-
lows the electrochemical conditions experienced by the electrode and
its electroactive biofilm to be prescribed directly, and is therefore
particularly suitable for investigating the effects of electrode poten-
tial, polarization time, and recovery time on microbial metabolism,
charge storage, and biofilm development. However, such potentio-
static control is primarily an electrochemical characterization and
conditioning method and does not directly address the delivery of
harvested energy to an embedded load [51].

Intermittent harvesting, instead, operates the MFC or PMFC
as a two-electrode energy source and alternates energy-extraction
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phases with recovery phases, for example by switching an external
load [12], charging and discharging a storage capacitor within pre-
scribed voltage windows [17, 11, 18], or modulating the input of a
DC–DC converter [50]. In this configuration, the controlled electri-
cal quantity is the terminal cell voltage rather than the potential of
an individual electrode with respect to a reference. Consequently,
the anode and cathode potentials are not independently imposed,
but emerge from the full-cell operating condition and the combined
electrode losses. The evolution of the electrode potentials is affected
by electrode kinetics [52], substrate availability and mass transport
[53], and local pH [54], among other factors.

This distinction is important when transferring results from the
established three-electrode literature to practical intermittent har-
vesting. Even when the same nominal polarization/recovery times
or duty cycle are applied, a two-electrode harvester does not nec-
essarily reproduce the electrode-potential trajectories experienced
under three-electrode control. Therefore, results obtained from in-
termittent polarization studies should be interpreted as providing
mechanistic hypotheses and design guidance, rather than directly
transferable optimal harvesting parameters. Three-electrode inter-
mittent polarization studies have shown that the imposed polariza-
tion pattern can affect transient charge release, charge-storage be-
haviour, electroactivity, and longer-term biofilm structure and ad-
hesion [14, 55, 10]. A two-electrode harvesting system must then
determine whether these effects remain beneficial when the MFC is
operated as an actual energy source.

This creates a central conceptual and technological gap. Most
mechanistic understanding of intermittent operation originates from
controlled three-electrode electrochemical studies, whereas deploy-
able battery-free PMFC systems necessarily operate through two-
electrode energy extraction. Bridging these domains therefore re-
quires a harvesting architecture that retains explicit control over the
temporal loading pattern while allowing the resulting electrode-level
electrochemical response to be observed.

2.1.1 From intermittent polarization to intermit-
tent harvesting

The main reason why intermittent operation may outperform con-
tinuous harvesting lies in the non-trivial dynamic response of the



20 CHAPTER 2. INTERMITTENT HARVESTING DESIGN

electroactive biofilm, which has been investigated primarily through
intermittent polarization studies. Although these experiments do
not reproduce the coupled electrode conditions of a two-electrode
harvester, they provide insight into the electrochemical and biologi-
cal processes that may be exploited by alternating energy-extraction
and recovery phases. During open-circuit, microbial metabolism
can continue even though electrons are no longer drained through
the external circuit: Ter Heijne et al. [15] examined the storage
mechanisms of electrons during open-circuit conditions, showing
that microorganisms can continue metabolizing even when elec-
trons cannot be transferred to the external circuit. During open
circuit, microbes can store electrons either in intermediate reduced
cell components for short-term storage, such as cytochromes and
flavins, or in polymeric substances for long-term storage. When the
electrical circuit is closed again, the release of this stored charge
gives rise to a transient current or power peak superimposed on the
steady-state current associated with ongoing microbial metabolism
[56]. This transient contribution is one of the main mechanisms
behind the higher average harvested energy observed under inter-
mittent loading [14, 10]. From this perspective, the PMFC behaves
as a living electrochemical system with memory, whose response
also depends on previous loading conditions and on the timescale of
the imposed electrical perturbation. Guo et al. [14] discussed the
tradeoff between allowing enough open-circuit time to accumulate
stored charge and avoiding excessive reduction in microbial activity:
in fact, intermittent polarization of G. sulfurreducens biofilms im-
proves current output only within a limited timing window. Pulse
widths shorter than 5 min increased current with respect to the
18-day baseline, with a maximum response of 1.9 mA at 0.5 min,
whereas longer pulse widths reduced the benefit granted by intermit-
tent operation. Guo’s results therefore indicate that intermittent op-
eration is strongly timing-dependent and involves a tradeoff between
enhanced electron-transfer rate and reduced coulombic efficiency.
Similarly, Zhang et al. [10] show that duty cycle directly tunes
long-term EAB performance. Literature had often suggested opti-
mal duty cycles around 75–95% [13], but this long-term experiment
found that 50% duty cycle with 10 s polarization / 10 s open circuit
produced the highest cumulative charge and best long-term EAB
performance, at the cost of a slower initial biofilm growth. Taken
together, these studies show that the temporal polarization pattern
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is itself an electrochemical control variable: polarization time and
recovery time (thus, duty cycle and frequency) can modify both the
immediate electrode response and the longer-term behaviour of the
electroactive biofilm. This provides a key motivation for controlled
intermittent harvesting, in which these temporal variables should
be explicitly imposed rather than allowed to emerge indirectly from
capacitor charging or source-recovery dynamics. At the same time,
the optimal timing values identified under three-electrode control
cannot be transferred directly to a two-electrode harvester, because
the individual electrode potentials are not independently imposed
and the optimization objective may differ. The relevant question for
harvesting is therefore whether comparable timing-dependent ben-
efits persist when intermittency is applied while extracting usable
energy from the complete PMFC.

Caizán-Juanarena et al. [57] complement the bioelectrochemical
interpretation of intermittent power enhancement by drawing an
analogy between MFC transient behavior and electrochemical ca-
pacitors. From this viewpoint, the biofilm-electrode interface acts
as an internal charge-storage element: during open-circuit phases it
can partially self-recharge, whereas upon reconnection it releases the
accumulated charge as a transient power contribution. This inter-
pretation is particularly relevant for PMFCs, whose electrodes and
biofilms often exhibit strong capacitive behavior and long transient
times. As a result, PMFCs should not be treated as fast sources
suited to conventional maximum-power-point tracking alone [58];
rather, their optimization can be framed as either a maximum-
power-point-tracking or a maximum-energy-extraction problem [9],
where duty cycle, recovery time, and operative voltage become cen-
tral design variables.

Another reason why intermittency is of great interest is that
its effect may extend beyond short-term charge release and directly
influence the long-term state of the biofilm itself. Several studies
suggest that the temporal profile of the applied load can modify
biofilm activity, spatial structure, mass transport, and even com-
munity composition [59, 46, 10]. For instance, intermittent oper-
ation has been associated with enhanced mass transport near the
electrode, increased utilization of deeper biofilm layers, and changes
in the preferred charge-storage pathways of electroactive microor-
ganisms [46, 10]. Zhang et al. [10] further showed that periodic
polarization affects not only short-term energy extraction, but also
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anodic biofilm thickness, detachment behavior, and the properties
of the electroactive bacterial community.

These observations introduce an important conceptual shift: in-
termittent operation should not be regarded merely as a circuit-level
strategy for extracting more energy from an otherwise unchanged
source. Rather, the imposed temporal loading profile can act as
an electrochemical perturbation capable of influencing the biologi-
cal and electrochemical state of an electroactive biofilm over time.
For practical PMFC harvesting, this raises the possibility that the
harvesting strategy may affect not only short-term power extraction
but also longer-term source behaviour, potentially improving biofilm
stability over time. Establishing whether the effects reported under
controlled electrochemical conditions also occur under two-electrode
PMFC harvesting therefore requires electrode-level observation dur-
ing or following prolonged harvesting experiments.

Lastly, intermittent operation can also be leveraged for simul-
taneous biosensing. Fernandez-Gatell et al. [60] showed that the
reconnection peak can last from the order of minutes up to tens of
minutes and can be correlated with biomass and organic-matter con-
tent, COD concentration, and microbial activity, assessed through
ATP content and enzymatic activity, within an MFC. Importantly,
they highlighted that an open-circuit period of at least 5 min is
required for the biosensing effect to become observable. Chung et
al. [61] also correlated the reconnection current peak with the con-
centration of naphthenic acids in aqueous solutions. Intermittency
can therefore be leveraged not only for energy extraction, but also as
a repeated perturbation-response mechanism for sensing, since each
harvesting cycle generates a transient current peak carrying infor-
mation on the biological and chemical state of the system. This
reinforces the interest of controlled intermittent operation: by ex-
plicitly setting recovery time, harvesting time, duty cycle, and op-
erating point, the same architecture may support both improved
power management, biofilm stabilization and non-destructive state
observation, provided that the timing is chosen to satisfy the re-
quirements of both energy harvesting and sensing.
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2.1.2 Intermittent harvesting architectures for em-
bedded power delivery

The studies discussed in the previous section mainly address in-
termittent polarization, typically in three-electrode setups that en-
able precise electrochemical control but do not allow direct en-
ergy harvesting. In this thesis, we aim to translate the knowledge
gained from such controlled configurations to intermittent harvest-
ing, where the PMFC operates as a two-electrode source and the ex-
tracted energy can be used to power embedded electronics. From an
implementation standpoint, intermittent-harvesting strategies can
be grouped into a few main families according to the state vari-
able used to regulate the frequency and duty cycle of intermittent
operation.

A first group comprises capacitor-based approaches, in which the
MFC/PMFC charges an intermediate storage capacitor that is sub-
sequently discharged into a load. In these systems, the capacitor
naturally sweeps the I-V curve of the source during charging, while
the source is disconnected during the capacitor discharge phase. De-
wan et al. [11, 16] proposed a methodology for selecting the storage-
capacitor size and charging thresholds, showing that both param-
eters exhibit an optimum in terms of average harvested power. In
the same line of work, Beyenal et al. [16] showed that intermittent
energy harvesting can yield up to 111% higher average power than
continuous harvesting, thereby highlighting the potential of duty-
cycled PMFC operation for powering embedded devices. Hsu et
al. [17] implemented capacitor-based intermittent harvesting by cy-
cling the storage capacitor between approximately 0.5 and 0.4 V,
close to the MFC maximum-power region, and compared intermit-
tent harvesting with continuous operation near 0.475 V. Although
capacitor-driven schemes are practical, the resulting harvesting and
recovery durations are determined by the capacitor value, the volt-
age window, and the instantaneous MFC power output. As a result,
the control is naturally suited to embedded power delivery, but the
effective timing of the harvesting cycle still depends on the PMFC
dynamics, while the open-circuit interval is constrained by the dis-
charge time of the storage capacitor, which typically corresponds to
the execution time of the embedded task. Such a discharge inter-
val may therefore remain too short for the PMFC to fully exploit
the recovery mechanisms underlying intermittent-power enhance-
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ment [14, 10]. Consistently with this methodological limitation, Hsu
et al. [17] observed that the main benefit of intermittent harvesting
lies in startup behavior, whereas optimized intermittent and con-
tinuous strategies tend to converge to similar steady-state power.
Taken together, these observations indicate that the lack of steady-
state improvement is likely not an intrinsic limitation of intermittent
harvesting, but rather a consequence of recovery intervals that are
too short to fully benefit PMFC operation over time.

A second group leverages cell-voltage hysteretic control, where
the PMFC voltage itself is used as the control variable, rather than
the capacitor voltage. In this case, the source is disconnected once
a lower cell-voltage threshold is reached and reconnected only when
the cell recovers above an upper threshold [13]. Wang et al. [18]
implemented intermittent harvesting using a hysteretic controller
that disconnects the MFC between two voltage thresholds, whereas
Do Park et al. [19] introduced threshold adaptation through digi-
tally controlled potentiometers driven by a DSP-based MPPT loop.
Compared with capacitor-voltage control, this approach is more di-
rectly tied to the instantaneous electrochemical state of the PMFC,
since the harvesting frequency and duty cycle adapt to the cell recov-
ery dynamics themselves. This makes cell-voltage control attractive,
as the intermittency timing can follow the state of the PMFC. At
the same time, however, it becomes more difficult to isolate cause-
and-effect relationships between duty cycle, frequency, and PMFC
performance, because these timing variables are not independently
imposed, but rather emerge from the evolving state of the cell.

A third group controls the cell operating point directly, through
either external loads or converters. Liang et al. [62] investigated
transient-state regulation by periodically connecting and discon-
necting an MFC to an external resistor, explicitly studying the com-
bined effect of frequency, duty cycle, and external resistance. They
reported that power density increased with frequency, reached a
maximum at 1 Hz, and peaked at a 75% duty cycle with a 200 Ω
external resistance, achieving 1238 mW m−2, 18.4% higher than
steady-state operation. Coronado et al. [63] extended this approach
using pulse-width-modulated external resistance over 0.1–1000 Hz,
showing that high-frequency switching above 100 Hz increased MFC
power output by 22–43% relative to constant-resistance operation;
in longer R-PWM tests, a 95% duty cycle produced 3.6–3.8 mW,
corresponding to 72–76 mW L−1. Although these studies come close
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to jointly optimizing timing and operating condition, the operating
point is still imposed through an external resistor. While this is a
simple and effective way to study transient MFC operation, practical
PMFC power-management systems usually impose the cell voltage
through a boost converter. Gardel et al. [12] move in this direction
and show that duty cycling a 0.5 V programmable load in a 15-anode
environmental MFC has an optimal timing window. Sequentially
switching among anodes yielded the highest charge recovery at 15 s
ON per anode, corresponding to approximately 210 s of OFF time
and about 17 C/day. Shorter OFF intervals limited anode voltage
recovery: below 10 s, recovery remained below 20% and current
peaks halved. The authors attributed this behavior to diffusion-
limited replenishment of electron donors in the biofilm and sur-
rounding diffusion layer. While programmable fixed-voltage loads
can emulate the operating point imposed by an input-modulated
converter, and provide a useful tool for the study of intermittent
operation on MFCs, they do not address the practical integration of
ultra-low-power, intermittent energy conversion in an autonomous
node. Literature remains comparatively sparse in this area. Some
works implement converter-based intermittent extraction only indi-
rectly, for example in the context of interleaving energy extraction
from different units based on power ranking [50], without focusing on
the effect of intermittency itself. Another work by Wang et al. [64]
focuses on converter-based MFC harvesting and optimizes electrical
parameters such as inductance, switching frequency, and converter
duty ratio for power and energy production. However, the analyzed
frequencies, which are in the kHz range, are relevant to converter
switching operation rather than to the biological-scale frequencies of
intermittent harvesting, which are most likely in the seconds/min-
utes range. As a result, the study addresses power-electronics opti-
mization, but does not investigate the ON/OFF frequencies and re-
covery intervals required to exploit intermittency-induced improve-
ments in MFC performance. More recent work by Fernandez Feito et
al. [58] represents the state of the art in converter-based MFC power
management, implementing a PMS with individual synchronous
boost converters and MPPT incremental conductance control for
up to five MFCs, and efficiencies up to 87%. This work is highly
relevant because it addresses the practical integration of MFC en-
ergy into a usable power-management architecture and explicitly
accounts for the slow dynamics of real tubular MFCs by adopting
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a 60 s MPPT update interval. However, the controlled duty cy-
cle is the high-frequency PWM duty cycle of the boost converters,
rather than the biological-scale ON/OFF duty cycle of intermittent
harvesting. Therefore, while the study provides a strong converter-
based reference for autonomous MFC energy management, it does
not investigate recovery timing as an independent variable for ex-
ploiting intermittency-induced improvements in MFC performance.

These observations show a tradeoff between electrochemical rel-
evance and implementation relevance. Capacitor-based and cell-
voltage-controlled approaches reveal that intermittent operation can
be beneficial, but in both cases the resulting frequency and duty
cycle remain strongly influenced by the instantaneous state of the
PMFC. As a consequence, the imposed timing and the evolving bio-
logical state of the cell become difficult to disentangle, complicating
both optimization and scientific interpretation of the observed power
variations. Converter-based architectures, in contrast, are the most
relevant for embedded applications, yet they do not provide explicit
control over the recovery timing needed to systematically study the
effect of intermittency in a real battery-free setup.

From the three-electrode perspective discussed in Sec. 2.1.1, in-
dependent timing control is essential to separate the imposed elec-
trical perturbation from the subsequent electrode and biofilm re-
sponse. Although a two-electrode harvester cannot independently
control electrode potentials, it can preserve explicit control of po-
larization time, recovery time and duty cycle. This translates the
controlled-perturbation principle of intermittent polarization into a
practical harvesting architecture, enabling its effects on harvested
power and PMFC electrochemical state to be studied separately.

This motivates the approach pursued in this work: a practical
intermittent-harvesting architecture for PMFC-powered embedded
systems should combine the implementation relevance of converter-
based approaches with an explicit control of frequency and duty
cycle, so as to decouple the imposed intermittency pattern from the
instantaneous PMFC state and allow the effect of recovery timing
to be both exploited and systematically studied.
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2.1.3 Toward scalable and observable intermit-
tent PMFC operation

A parallel line of work explores how intermittent operation can
be extended beyond a single cell, either by interleaving extraction
from multiple cells or by directly aggregating them through paral-
lel/series connection. Quaglio et al. [65] proposed alternating be-
tween two anodes in a single MFC, thereby preserving the benefits
of intermittency while providing a continuous power input. Kim et
al. [66] and Costilla-Reyes et al. [50] investigated multi-cell strate-
gies based on interleaved extraction. These studies highlight both
the opportunity and the difficulty of scaling intermittent harvesting.
On the one hand, interleaving can smoothen the power supply while
granting recovery time to individual PMFCs; on the other hand, it
constrains the duty cycle experienced by each cell, potentially pre-
venting operation at the duty cycle that would maximize its inter-
mittent power production. Therefore, once suitable frequency and
duty-cycle conditions have been identified at the single-cell level,
they can be transferred to multi-cell and multi-anode interleaved
architectures, provided that the interleaving scheme preserves the
recovery time required by each unit. PMFC aggregation through
direct series or parallel connection has also been investigated as a
power scale-up strategy [67, 68]. However, aggregation introduces
a different set of challenges: cell-to-cell mismatch in voltage and
current production due to different state or recovery dynamics lead
to both internal PMFC array loading [69], whereby stronger cells
partially load weaker ones, and even voltage reversal [44, 45]. For
these reasons, this thesis develops in the direction of intermittent
interleaving rather than direct PMFC aggregation. In this work, we
implement both single-cell and dual-cell interleaved control as rep-
resentative cases, but the proposed timing element can be extended
to broader interleaving strategies involving larger PMFC arrays. Al-
though the focus here is on interleaved operation, the same timing
approach is not restricted to individual PMFCs: it can also be ap-
plied to series- or parallel-connected groups of PMFCs, provided
that each group is treated as an independently timed harvesting
unit.

Intermittent operation also intersects with the problem of maximum-
power/ maximum-energy point tracking. As previously mentioned,
several MFC studies have noted that the optimal working point
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drifts over time because of microbial evolution, substrate depletion,
and evolving electrode conditions [19, 70, 58]. This observation
is consistent with the broader view of the PMFC as a source with
long transients and strong loading-history dependence. Continuous-
loading MPPT for MFCs has been investigated through several ap-
proaches, including hysteresis-controller-based MPPT with digitally
controlled operating thresholds [19], MPPT with voltage-overshoot
avoidance for safer MFC operation [71], net-power-positive MPPT
architectures that account for controller consumption [70], and re-
cent multi-cell converter-based PMSs implementing independent MPPT
for each MFC [58, 68]. These works show that operating-point con-
trol is increasingly mature for continuous MFC harvesting. How-
ever, intermittent harvesting introduces an additional control di-
mension. The target is no longer only the instantaneous operat-
ing voltage or equivalent input impedance, but the combination
of harvesting time, recovery time, duty cycle, frequency, and cell
operating point. Previous intermittent-harvesting studies have op-
timized parts of this space: Grondin et al. [13] investigated duty
cycle and cell-voltage thresholds, while Liang et al. [62] jointly stud-
ied frequency, duty cycle, and external resistance under transient-
state regulation. Nevertheless, in these works the operating point is
imposed through external loads or voltage thresholds, rather than
through an ultra-low-power input-modulated converter integrated
into an autonomous energy-harvesting node. Therefore, although
previous studies have addressed continuous-loading MPPT or par-
tial optimization of intermittent operation, the joint optimization
of intermittent timing and converter-imposed operating voltage re-
mains largely unexplored, especially in two-electrode PMFC har-
vesting architectures aimed at embedded-system powering. Even
though this thesis does not directly address the identification of
the optimal maximum-power or maximum-energy operating point,
it lays the groundwork for an ultra-low-power architecture capable
of both implementing intermittent operation and controlling the
PMFC cell voltage. This is achieved by externally imposing the
cell operating point through the input-modulation capability of the
energy-harvesting converter; beyond duty-cycle and frequency con-
trol, the proposed architecture can be extended to future PMFC-
specific MPPT/MEPT strategies and to cell-voltage control meth-
ods.

This thesis also focuses on the integration of ultra-low-power
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PMFC state observation. The state of a PMFC determines both its
instantaneous power output and its long-term energy-delivery capa-
bility, but the relevant variables are difficult to access directly. In
this thesis, PMFC state is used operationally to describe the evolv-
ing electrochemical condition of the cell as reflected by externally
measurable quantities such as cell voltage, electrode potentials, and
impedance spectra; it does not imply identification of a unique in-
ternal biological or electrochemical state. Accordingly, state obser-
vation refers to tracking changes in these diagnostic signatures over
time rather than estimating a complete set of internal state vari-
ables. Assessing the biofilm, electrode surface, substrate, or plant-
root interface typically requires destructive sampling, which alters
the PMFC and prevents continuous in-situ monitoring. Indirect
electrochemical measurements are therefore attractive because they
can probe the cell through its own electrodes. In this framework,
electrochemical observation complements two-electrode harvesting
control: the harvesting interface imposes cell-level variables such as
operating voltage and extraction timing, while electrochemical mea-
surements can reveal how the individual electrode response evolves
under the resulting loading history. Although this does not repro-
duce three-electrode control during harvesting, it provides a means
to relate practical energy-extraction conditions to electrode-level
electrochemical changes. However, these techniques are usually per-
formed with laboratory instrumentation and require non-negligible
energy budgets, making their use in autonomous battery-free nodes
challenging. Moreover, since most electrochemical techniques con-
trol the cell operating point, the measurement itself perturbs the
PMFC loading profile and can influence its subsequent behaviour
[72].

Such state observation is also relevant for energy management.
Although the high internal impedance of PMFCs is a major limi-
tation for power output, it can also provide information on electro-
chemical, biological, and transport processes inside the cell. Impedance-
based models may therefore support PMFC-specific MPPT and
MEPT strategies, lifetime optimization, and biosensing. In this
perspective, EIS could eventually provide feedback for adapting the
harvesting operating point, period, or duty cycle as the PMFC elec-
trochemical state evolves. Nevertheless, PMFC modeling remains
difficult: while Randles-type equivalent circuits are widely used,
there is no universally accepted model able to capture the behavior
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of these living electrochemical systems. Existing approaches include
data-driven models relating temperature, pH, and open-circuit volt-
age during start-up [73], as well as EIS-based physical models for
microbial electrochemical cells [74]. A further motivation is the pos-
sible link between electrochemical features and plant state. Carma-
lin et al. [75] highlight the lack of studies on this connection, while
suggesting that EIS parameters such as solution resistance may de-
pend on root-exudate type, exudation rate, and the associated bac-
terial community. Other works apply EIS to PMFCs [37, 76], but
often without explicitly considering the plant contribution to the
cell’s electrobiochemical behavior. If this link is established, PM-
FCs could act not only as energy sources, but also as inexpensive
and portable biosensors for plant-state monitoring.

In this thesis, we move electrochemical state observation from
laboratory instrumentation toward a battery-free embedded con-
text. We showed in previous work that measurements such as EIS
[77] and CV [25] can be implemented in a self-powered PMFC node,
enabling repeated and non-destructive observation of the cell state.
This opens the way to PMFC-specific MPPT/MEPT strategies,
validation of intermittent-harvesting effects, and biosensing appli-
cations in which the PMFC operates simultaneously as an energy
source and as a probe of the living system. As a proof of con-
cept, we compare the EIS spectra of PMFCs operated under three
conditions: continuous harvesting, intermittent harvesting through
the proposed architecture, and unloaded operation. This compari-
son highlights both the effect of the imposed loading profile on the
PMFC impedance response and the fact that the EIS measurement
itself acts as an electrical perturbation of the cell. We further fit
the EIS spectra of continuously and intermittently loaded electrodes
to an equivalent-circuit model, showing how the measurement load
influences the extracted impedance parameters.

Two broad conclusions emerge from the literature. First, in-
termittent power draw is a promising strategy for PMFC-powered
embedded systems. By alternating harvesting and recovery phases,
intermittency can exploit transient power peaks, accommodate the
capacitive and history-dependent behavior of the cell, and poten-
tially influence biofilm activity, mass transport, and long-term sta-
bility. Therefore, the objective is not only to maximize instanta-
neous power, but to improve the energy that can be sustainably
extracted over time.
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Second, the existing literature remains fragmented. Three-electrode
intermittent-polarization studies provide valuable insight into biofilm
dynamics, charge storage, and electrode conditioning, but they do
not directly implement usable energy harvesting. Conversely, two-
electrode intermittent-harvesting studies are relevant to deployable
PMFC-powered nodes, but often leave the intermittent timing vari-
ables tied to capacitor charging, voltage thresholds, or source re-
covery dynamics. As a result, frequency, duty cycle, recovery time,
and operating voltage are rarely controlled independently, making it
difficult to separate the effect of the imposed loading strategy from
the evolving state of the PMFC itself.

This motivates the approach pursued in this thesis: the develop-
ment of a battery-free intermittent-harvesting architecture in which
the harvesting profile can be explicitly imposed while the PMFC
state can be observed electrochemically. By combining ultra-low-
power converter-based energy extraction with controlled timing and
self-powered EIS/CV measurements, this work moves toward a co-
design framework where harvesting, stabilization, and monitoring
are treated as coupled aspects of the same problem. In this per-
spective, intermittent operation is not merely a power-management
technique, but a way to actively shape and observe the PMFC as a
living electrochemical energy source.

2.1.4 Battery-free EIS capability

The intermittent-harvesting interface presented above addresses the
power-extraction side of PMFC operation. The complementary re-
quirement is the ability to observe the PMFC state without relying
on laboratory instrumentation. In previous work [20], we addressed
this point by designing a battery-free PMFC-powered EIS node in
which the same PMFC electrodes are used both for energy extrac-
tion and for impedance measurement. The architecture combines
a PMFC-tailored energy-harvesting stage, an ultra-low-power EIS
analog front end, energy-aware task triggering, and LoRa communi-
cation, thereby demonstrating that PMFC state observation can be
integrated into an autonomous sensing node rather than performed
only with benchtop instrumentation.

The node uses the MAX30134 analog front end for two-terminal
EIS measurements. At system level, the PMFC electrodes are shared
between the harvesting and measurement paths: during energy ex-
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traction they are connected to the harvesting converter, whereas
during an EIS acquisition they are switched to the EIS analog front
end. The measurement is triggered only after sufficient energy has
been accumulated in the storage capacitor; once the sweep is com-
pleted, the EIS circuitry is power-gated and the electrodes are re-
turned to the harvesting path. In this way, impedance measurement
is integrated as an energy-admissible task within the battery-free
operating cycle.

The MAX30134 response was validated against a reference po-
tentiostat. The measurements showed that the integrated front end
can reproduce the PMFC impedance spectrum with sufficient fi-
delity to track differences across cells and over time. In particular,
impedance spectra varied appreciably over a three-day observation
window and differed between active and inactive PMFCs, support-
ing the use of EIS as an indirect indicator of PMFC state. The
same work also quantified the energy cost of embedded impedance
monitoring: a full 19-point sweep from 21.3 mHz to 21.8 kHz re-
quired 3.64 J, while the corresponding LoRa transmission required
only 7.4 mJ. To put this energy requirement into perspective, 3.64 J
corresponds to the usable energy of approximately 0.81 F when the
storage voltage decreases from 3.6 V to 2 V; the original implemen-
tation therefore adopted a 1 F supercapacitor. For comparison, the
intermittently operated PMFCs in Sec. 3.2 reached average powers
of 122.4 µW and 67.6 µW during the final experimental interval. At
these power levels, accumulating 3.64 J would require approximately
8.3 h and 15 h, respectively, neglecting conversion and storage losses.
The EIS sweep therefore dominates the energy budget, but remains
compatible with PMFC-level energy production when its execution
is conditioned on sufficient stored energy.

In the original implementation, this energy-aware triggering is
performed by a programmable voltage monitor, which launches the
EIS task once the storage voltage reaches the required threshold.
The same execution principle can be transferred directly to the Cap-
DYN framework developed in Chapter 4: rather than relying on a
voltage threshold, the profiled EIS energy requirement can be asso-
ciated with a CapDYN storage stage and the measurement released
through the energy-state interface only when that stage is reached.

The previous implementation therefore provides the system-level
feasibility basis for battery-free PMFC impedance monitoring. Chap-
ter 3 addresses the complementary question of whether the im-
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Figure 2.3: Intermittent harvesting architecture, featuring inter-
leaved extraction from two PMFCs, current and voltage measure-
ment front end.

posed loading history produces measurable impedance signatures.
For this purpose, potentiostat-based three-electrode EIS is used to
resolve the anode and cathode separately at polarization points de-
rived from the electrode potentials reached during two-electrode
harvesting. The former study establishes that EIS can be imple-
mented and scheduled within a battery-free PMFC-powered node,
while the experimental study in Chapter 3 establishes that loading-
history-dependent electrode impedance changes can be detected un-
der harvesting-relevant conditions. Together, these results provide
the basis for future embedded EIS systems that autonomously track
such changes during operation and potentially use them to adapt
the harvesting parameters.

2.2 Intermittent loading design and im-
plementation

The proposed intermittent harvesting architecture (shown in Fig
2.3) functions as an interface between the energy source and the
DC–DC converter, thereby integrating into the framework of es-
tablished energy-harvesting architectures while extending their op-
erational capabilities. The core element of the architecture is the
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Figure 2.4: PCB implementation of the intermittent-harvesting ar-
chitecture. The bipolar supply is located in the top-left section
of the board. The top-right section implements the current-sensing
front end, whereas the bottom-right section implements the voltage-
sensing front end. The timer element is located in the bottom-left
section.
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Figure 2.5: Schmitt trigger relaxation oscillator used as timer for
the proposed intermittent harvesting interface.

timer, which determines the frequency and duty cycle with which
each PMFC actively supplies power. During its active interval, the
selected PMFC is connected to the input of the DC–DC converter
through the input multiplexer. The interface also integrates an
ultra-low power voltage and current front end for monitoring the
PMFC power production and is powered through a bipolar supply.

In view of the gaps identified in the related work, we believe that
the proposed interface provides a useful experimental and techno-
logical platform for advancing intermittent PMFC harvesting. By
decoupling the imposed harvesting frequency and duty cycle from
the instantaneous recovery dynamics of the cell, while preserving
compatibility with converter-based embedded power delivery, the
architecture addresses the need for a practical two-electrode imple-
mentation in which intermittency can be both exploited and system-
atically studied. This explicit timing control enables the controlled-
study methodology of three-electrode intermittent polarization to
be applied to practical two-electrode harvesting. Together with
its ultra-low-power implementation tailored to battery-free systems
and its integrated voltage/current monitoring capability, this inter-
face can therefore support future research on intermittent harvest-
ing, PMFC-specific energy-management strategies, and the use of
PMFCs in autonomous nodes.

2.2.1 Timing and input multiplexer

The decision to rely on an analog timer was motivated by two main
considerations. First, the use of an always-on MCU would be in-
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consistent with the scope of this thesis, which targets battery-free
intermittent-computing systems and therefore requires the quies-
cent consumption of the control circuitry to be minimized. Sec-
ond, we envision that, if intermittent harvesting becomes an es-
tablished operating mode for PMFC-powered systems, the timing
function could be integrated directly into energy-harvesting DC–
DC converter chips. The external timer adopted in this proto-
type can therefore be interpreted as a discrete implementation of a
control block that could eventually be embedded in PMFC-specific
power-management integrated circuits, replacing control strategies
designed for faster energy sources and not optimized for the slow,
history-dependent dynamics of PMFCs [9].

The timer circuit is implemented as a Schmitt-trigger relaxation
oscillator. The operational amplifier is used as a comparator with
positive feedback, while the timing capacitor CT is periodically
charged and discharged through the selectable feedback resistors
RF1 and RF2. Since the operational amplifier is supplied from a
bipolar voltage source, its output can be approximated as switching
symmetrically between the two saturation levels

VOH = +Vsat, VOL = −Vsat. (2.1)

The non-inverting input is biased by the resistive divider com-
posed of RH and RL, which is connected between the output of the
comparator and ground. Therefore, the voltage at the non-inverting
input is a fixed fraction of the output voltage. Defining

β =
RL

RH + RL
, (2.2)

the Schmitt-trigger thresholds are

VTH,+ = +βVsat, VTH,− = −βVsat. (2.3)

The voltage across the timing capacitor CT , connected to the
inverting input, therefore oscillates between these two thresholds.
The resulting capacitor voltage swing is

∆VCT
= VTH,+ − VTH,− = 2βVsat. (2.4)

When the comparator output is high, the capacitor charges to-
ward +Vsat through RF1. The high-output interval corresponds to
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the time required for VCT
to increase from VTH,− to VTH,+. There-

fore,

tHIGH = RF1CT ln

(
Vsat − VTH,−

Vsat − VTH,+

)
. (2.5)

Substituting the threshold expressions gives

tHIGH = RF1CT ln

(
1 + β

1 − β

)
(2.6)

When the comparator output is low, the capacitor discharges
toward −Vsat through RF2. The low-output interval corresponds to
the time required for VCT

to decrease from VTH,+ to VTH,−, yielding

tLOW = RF2CT ln

(
VTH,+ + Vsat

VTH,− + Vsat

)
(2.7)

After substitution,

tLOW = RF2CT ln

(
1 + β

1 − β

)
(2.8)

The oscillation period is therefore:

T = tHIGH + tLOW = (RF1 + RF2)CT ln

(
1 + β

1 − β

)
(2.9)

and the oscillation frequency is

f =
1

(RF1 + RF2)CT ln
(

1+β
1−β

) (2.10)

Finally, the duty cycle is defined as D = tHIGH

T . Under the
bipolar-supply approximation, the logarithmic term is identical dur-
ing the high and low phases. As a result, the duty cycle depends
only on the ratio between the two timing resistors:

D =
RF1

RF1 + RF2
(2.11)

Eq. 2.11 shows that RF1 and RF2 independently set the duty
cycle of the oscillation, while Eq. 2.9 shows that CT , RF1 + RF2

and the Schmitt-trigger factor β scale the overall oscillation period.
In particular, increasing CT or either timing resistance increases
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the oscillation period, whereas increasing β increases the capacitor
voltage swing and also increases the period through the logarithmic
factor.

Single-cell intermittent harvesting necessarily includes intervals
during which no input power is delivered to the DC–DC converter.
The use of multiple PMFCs can mitigate this limitation, since the
input power flow to the converter can be maintained continuously
while each individual cell is still operated intermittently. In this
way, interleaving enables recovery intervals at the cell level without
introducing intervals in which no power is available at the converter
input. Because the timer output is binary, the proposed architec-
ture can directly use this signal to interleave the extraction from up
to two PMFCs. The corresponding switching stage can be imple-
mented with a 2:1 multiplexer/SPDT analog switch, with the two
cells operated at complementary duty cycles.

Extending the architecture to more than two cells requires an
additional control stage, since the binary timer signal can no longer
directly address all the input-multiplexer states. In this case, the
timer signal can be used as a clock for a counter, which updates the
selected PMFC at each active timer edge. The timer duty cycle then
no longer determines the duty cycle experienced by each PMFC;
instead, assuming uniform interleaving and one active cell at a time,
the duty cycle of each cell is set by the total number of cells:

Di =
1

NCELLS
. (2.12)

Thus, increasing the number of interleaved PMFCs improves the
continuity of the power flow at the converter input, but also con-
strains the harvesting duty cycle assigned to each individual cell. In
addition, scaling the input multiplexer to a larger number of chan-
nels may increase the series resistance, leakage paths, and parasitic
contributions introduced between the PMFCs and the DC–DC con-
verter input, depending on the selected switching technology.

The current implementation of the intermittent-harvesting PCB
is shown in Fig. 2.4. The board features two PMFC inputs, which
were selected to enable both continuous power delivery to the con-
verter input and flexible exploration of the harvesting duty cycle.
Scaling the architecture to a larger number of cells, as well as iden-
tifying the optimum number of interleaved PMFCs, represents a
natural continuation of this work once suitable duty-cycle conditions
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have been experimentally consolidated using the proposed platform.
The voltage- and current-sensing front ends, as well as the timer’s

Schmitt trigger, were implemented using Maxim Integrated/Analog
Devices MAX40018 operational amplifiers, consuming only 400 nA
per channel. The switching stage was implemented using an Analog
Devices ADG819 SPDT analog switch, directly controlled from the
timer signal. If expansion to a larger number of PMFCs is required,
the timer output can be used as the clock input of a low-power
CMOS binary counter, such as the CD4520B. For four PMFCs, the
two least-significant counter bits can drive a 4:1 multiplexer such
as the ADG704. For eight PMFCs, the three least-significant bits
can drive an ADG708, while for sixteen PMFCs all four counter
bits can drive an ADG706. Finally, up to thirty-two PMFCs can
be interleaved by cascading the two 4-bit counters available within
a dual CD4520B package and using the five least-significant bits
of the resulting counter to address a 32:1 multiplexer such as the
ADG732. The bipolar supply was implemented using two Texas In-
struments 60-nA quiescent current TPS62840 converters, one oper-
ated in the standard buck configuration and the other in an inverting
buck configuration, following the topology described in the corre-
sponding Texas Instruments application report.1 The intermittent-
harvesting interface was finally connected to a Texas Instruments
BQ25505 energy-harvesting DC–DC converter, which provides an
established reference platform for ultra-low-power extraction from
high-impedance energy sources.

According to the literature, the relevant timing-period range for
intermittent PMFC operation extends from milliseconds [63] sec-
onds to several hours [46]. While the lower end of this range was
readily achievable with the proposed timer, reaching the upper end
required a more careful design. Since the maximum practical value
of low-leakage capacitors is limited, longer periods were obtained
by increasing the feedback resistance. This reduces the charge and
discharge currents of the timing capacitor and, consequently, makes
the timer more sensitive to parasitic leakage currents. At long tim-
ing periods, the timer accuracy is therefore limited by the leakage
paths associated with the timing network. These include the leak-
age of the capacitor itself, the leakage of the analog switch used for
duty-cycle control, and the input bias current of the timer op-amp.
The MAX40018 was selected to minimize the latter contribution,

1https://www.ti.com/lit/an/slvafu9/slvafu9.pdf

https://www.ti.com/lit/an/slvafu9/slvafu9.pdf
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IPMFC

Figure 2.6: Current measurement front end schematic.

as it features an input bias current of 0.1 pA, while ceramic capaci-
tors were used to reduce dielectric leakage. Under these conditions,
the dominant parasitic contribution at very low timing currents was
found to be the leakage of the selected analog switch, the ADG819,
whose source-off and channel-on leakage currents are specified in
the order of 10 pA. The effect of the timer feedback current nearing
the ADG819 leakage is particularly evident in the duty-cycle accu-
racy. Since the two states of the SPDT switch introduce different
leakage paths, the effective charge and discharge currents of the tim-
ing capacitor become asymmetric. As a result, the measured duty
cycle deviates from its expected value, even when the nominal tim-
ing network is configured for the desired duty cycle. In conclusion,
the timer feedback current should remain sufficiently larger than the
dominant leakage currents in the timing network to achieve accurate
timing and duty-cycle control.

2.2.2 Current and voltage measurement front end

Voltage sensing is performed by unity-gain buffering of the PMFC
cell voltages. The cell voltages are monitored during both active
and inactive phases, in order to verify the imposed cell polariza-
tion during harvesting and the voltage recovery during open-circuit
intervals, respectively.

Current sensing is performed only on the active PMFC, since
it is the only cell delivering current to the DC–DC converter. The
selected current-sensing topology, shown in Fig. 2.6, is based on a
low-side shunt resistor whose voltage drop is amplified by a two-op-
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amp instrumentation-amplifier stage. This configuration provides
high input impedance while limiting the number of active compo-
nents, thereby reducing the power consumption of the sensing front
end. Since the shunt resistor is connected to ground, the resulting
shunt voltage is single-ended:

VSH = IPMFCRS . (2.13)

To derive the gain, the resistors are first considered non-identical.
Let R1a and R2a be the input and feedback resistors of the first
stage, and let R2b and R1b be the input and feedback resistors of
the inverting second stage. Assuming ideal op-amps, the inverting
input of the first op-amp is at VSH, while the inverting input of
the second op-amp is at virtual ground. Applying KCL at the first
inverting node gives

V1 = VSH

(
1 +

R2a

R1a
+

R2a

RG

)
, (2.14)

where V1 is the output of the first op-amp. Applying KCL at the
virtual-ground node of the second op-amp gives

VOUT = −R1b

(
V1

R2b
+

VSH

RG

)
. (2.15)

Therefore,

VOUT = −VSH

[
R1b

R2b

(
1 +

R2a

R1a
+

R2a

RG

)
+

R1b

RG

]
. (2.16)

If the two resistor ratios are matched, namely

R1a

R2a
=

R1b

R2b
, (2.17)

the expression simplifies to

VOUT = −VSH

(
1 +

R1b

R2b
+

R1a + R1b

RG

)
. (2.18)

If, in addition, the corresponding resistors are chosen equal,

R1a = R1b = R1, R2a = R2b = R2, (2.19)
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the output voltage becomes

VOUT = −VSH

(
1 +

R1

R2
+ 2

R1

RG

)
. (2.20)

Finally, substituting VSH = IPMFCRS ,

VOUT = −IPMFCRSGI = −IPMFCRS

(
1 +

R1

R2
+ 2

R1

RG

)
(2.21)

Noise analysis of the current-sensing front end

A preliminary noise analysis was carried out to identify the dom-
inant noise contributions of the current-sensing front end and to
guide the choice of the shunt resistance and amplifier gain. The
analysis combined a first-order output-noise model with empirical
measurements in which one design parameter was varied at a time.
The tested parameters were the absolute value of the feedback re-
sistors, the shunt resistance, the capacitance placed in parallel with
the shunt, and the current-sense gain. The capacitor placed across
the shunt was used to assess whether the noise associated with the
measured current was dominated by high-frequency components.

Since the measured quantity is the output voltage spectral den-
sity, the different noise contributions are combined in terms of power
spectral density. The output-noise power spectral density can be
written as

Sv,o(f) =

Nop∑
j=1

|Hej (f)|2e2n,j(f) +
∑
k

|HRk
(f)|24kTRk

+

Nop∑
j=1

(
|Hij,+(f)|2i2n,j,+(f) + |Hij,−(f)|2i2n,j,−(f)

)
+ |HI(f)|2i2n,meas(f).

(2.22)
Here, en,j denotes the input voltage-noise density of the j-th opera-
tional amplifier, 4kTRk is the thermal-noise power spectral density
of the k-th resistor, and in,j,+ and in,j,− are the input current-noise
densities of the non-inverting and inverting input terminals of the
j-th operational amplifier. The transfer functions Hej (f), HRk

(f),
Hij,+(f), and Hij,−(f) refer each contribution to the output. The
term in,meas represents fluctuations of the measured PMFC current,
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converted into voltage by the shunt resistor and then amplified by
the current-sense stage. The measurement-chain floor was not ex-
plicitly subtracted, but was treated as a constant contribution across
configurations because all acquisitions used the same setup and pro-
cessing.

For the matched-resistor implementation, the low-frequency sig-
nal gain of the current-sensing stage is specified by GI in Eq. 2.21.
For the baseline configuration, R1 = 400 kΩ, R2 = 45 kΩ, and
RG = 2.8 kΩ result in GI ≃ 295.6.

The two voltage-noise transfer functions have the same magni-
tude as the signal gain, GI . Therefore,

eo,op(f) ≃
√

2GIen(f), (2.23)

where the factor
√

2 accounts for the fact that the two uncorrelated
voltage-noise sources add in power.

An order-of-magnitude noise budget was then evaluated over the
0.1–5 Hz band used for the empirical comparison, corresponding to
B = 4.9 Hz. The MAX40018 datasheet specifies a low-frequency
input voltage noise of 7 µVRMS from 0.1 to 10 Hz. Using this value as
a conservative estimate gives a combined input-referred contribution
of approximately

eop,in ≃
√

2 · 7 ≃ 9.9 µVRMS, (2.24)

or, referred to the output,

eop,out ≃ GIeop,in ≃ 295.6 · 9.9 µV ≃ 2.9 mVRMS. (2.25)

This value should be interpreted as a conservative upper-bound es-
timate, since the datasheet value is specified over 0.1–10 Hz rather
than exactly over the 0.1–5 Hz band used here. Nevertheless, it
shows that the op-amp input voltage noise is expected to be the
largest contribution in the first-order budget.

The thermal noise of the resistive network is much smaller. For
the baseline configuration, propagating the resistor thermal-noise
sources through the two-op-amp network gives an output-referred
contribution of approximately

eo,R,rms ≃ 4.4 µVRMS (2.26)

over the 0.1–5 Hz band. If all resistor values are increased by a factor
of ten while preserving the same gain, this contribution increases by
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approximately
√

10, reaching about

eo,R,rms ≃ 14 µVRMS. (2.27)

Both values are far below the expected op-amp voltage-noise contri-
bution, which explains why the 400 kΩ and 4 MΩ implementations
exhibit very similar measured spectra.

The intrinsic thermal noise of the shunt resistor is also negligible.
Its voltage-noise density is

en,RS
=
√

4kTRS . (2.28)

At room temperature, this gives approximately 0.13 nV/
√

Hz for
RS = 1 Ω, 0.41 nV/

√
Hz for RS = 10 Ω, and 1.3 nV/

√
Hz for RS =

100 Ω. Even after amplification by GI ≃ 295.6, the corresponding
RMS output contributions over 0.1–5 Hz remain below 1 µVRMS.
Therefore, the shunt thermal noise cannot explain the measured
output-noise levels or the weak dependence on shunt resistance.

Since the MAX40018 datasheet does not specify the input current-
noise density, this term was estimated only for sensitivity analysis.
A conservative value was chosen from the shot-noise estimate asso-
ciated with the input bias current,

in ≃
√

2qIB . (2.29)

This relation is commonly used to estimate the shot-noise compo-
nent of op-amp input current noise when the current noise is dom-
inated by the input bias current. Using the typical MAX40018
input bias current (0.1 pA) gives a sub-fA/

√
Hz value, while using

the worst-case bias current over temperature (200 pA) gives a value
of a few fA/

√
Hz. Therefore, 10 fA/

√
Hz was adopted as a conserva-

tive round-number estimate, not as a datasheet specification. If this
current noise flows through an impedance on the order of 400 kΩ,
the corresponding input-referred RMS voltage noise over 0.1–5 Hz
is

ei,in ≃ in,opR1

√
B = 10 fA/

√
Hz ·400 kΩ ·

√
4.9 ≃ 9 nVRMS. (2.30)

Referred to the output, this gives approximately

ei,out ≃ GIei,in ≃ 2.6 µVRMS. (2.31)



2.2. INTERMITTENT LOADINGDESIGN AND IMPLEMENTATION45

Even for the 4 MΩ implementation, the same estimate gives an
output-referred contribution of only about 26 µVRMS. The op-amp
input current-noise contribution is therefore well below the voltage-
noise contribution and was considered negligible in the first-order
noise budget.

The empirical comparisons were quantified by integrating the
measured output voltage spectral density over the frequency band
of interest. The spectra were acquired with PicoScope in spectrum
mode and exported in dBu. The exported values were converted to
voltage spectral density as

ex(fi) = 0.775 · 10Lx(fi)/20, (2.32)

where Lx(fi) is the exported level in dBu for channel x, and ex(fi)
is expressed in V/

√
Hz. The equivalent RMS noise voltage over the

selected interval [f1, f2] was computed as

Nx =

√ ∑
fi∈[f1,f2]

e2x(fi)∆fi. (2.33)

The integration interval was set to 0.1–5 Hz, in order to focus on the
low-frequency region relevant to PMFC current monitoring while
remaining within the closed-loop bandwidth of all tested gain con-
figurations. For each configuration, five independent acquisitions
were processed, and the reported value corresponds to the mean
and standard deviation of the integrated noise.

The empirical tests were all performed starting from a baseline
configuration defined by RS = 1 Ω, no capacitor in parallel with the
shunt, R1 = 400 kΩ, R2 = 45 kΩ, and RG = 2.8 kΩ, corresponding
to a nominal gain GI ≃ 295.6. The feedback-resistor scaling test
preserved the same resistor ratios and therefore the same nominal
gain, but increased all feedback-network resistors by a factor of ten,
using R1 = 4 MΩ, R2 = 450 kΩ, and RG = 28 kΩ, while keeping
RS = 1 Ω and no shunt capacitor. The shunt-resistance sweep
was then performed with the baseline amplifier configuration and
no shunt capacitor, varying RS between 1 Ω, 10 Ω, and 100 Ω.
The capacitor sweep used the baseline amplifier configuration and
RS = 1 Ω, while adding 100 µF, 2.2 mF, and 50 mF in parallel with
the shunt. Finally, the gain sweep was performed with RS = 1 Ω,
no shunt capacitor, R1 = 400 kΩ, and RG = 2.8 kΩ, while reducing
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Figure 2.7: Feedback resistor scaling effect on output voltage spec-
tral density of the current sense amplifier.

R2 from 46 kΩ to 4.6 kΩ and 460 Ω. This increased the gain from
approximately 295 to 375 and 1175, respectively.

Feedback resistor scaling: the first empirical test evaluated the
effect of increasing the absolute value of the resistors in the feedback
network while preserving the same nominal gain. If the feedback-
network thermal noise were dominant, increasing all resistor values
by a factor of ten would be expected to increase the corresponding
voltage-noise contribution by approximately

√
10 ≃ 3.16. Instead,

the measured output voltage integrated noise changed only weakly,
as shown in Fig. 2.7. Under power-supply operation, the noise
changed from 529.9 ± 13.4 µVRMS for the baseline implementation
to 501.8 ± 16.5 µVRMS for the 10x feedback resistance increase im-
plementation, corresponding to a ratio of 0.95. Under battery oper-
ation, the noise changed from 525.8 ± 17.6 µVRMS for the baseline
implementation to 526.1 ± 17.1 µVRMS for the 10x implementa-
tion, corresponding to a ratio of 1.00. These ratios are far below
the

√
10 increase expected from resistor-thermal-noise dominance,

indicating that the final output noise is largely unaffected by the
thermal noise of the feedback network. This result has secondary
implications for ultra-low-power operation: increasing all feedback
resistors by a factor of ten preserves the same gain, but reduces
the current flowing through the feedback network by the same fac-
tor. Thus, the feedback-network power consumption is reduced by
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Figure 2.8: Shunt resistance effect on output voltage spectral density
of the current sense amplifier.

10×, corresponding to a 90% reduction. This reduction applies to
the passive feedback network only; the total front-end consumption
also includes the quiescent current of the operational amplifiers.

Shunt resistance sweep: the shunt-resistance sweep showed only
a weak dependence of the integrated output noise on RS (Fig. 2.8).
For RS = 1 Ω, 10 Ω, and 100 Ω, the measured output integrated
noises were 284.3 ± 9.2 µVRMS, 301.9 ± 18.6 µVRMS, and 489.1 ±
271.7 µVRMS, respectively. The large standard deviation of the
100 Ω case is due to two outlying acquisitions; excluding them gives
an average value of approximately 294.7 µVRMS. To quantify the
dependence of the integrated noise from the various noise sources,
the measured noise ratios were compared with the ratios expected
from the candidate dominant-noise mechanisms. Using the 1 Ω case
as reference, the measured ratio for 10 Ω is

No(10 Ω)

No(1 Ω)
=

301.9

284.3
≃ 1.06. (2.34)

Using the raw 100 Ω mean gives

No(100 Ω)

No(1 Ω)
=

489.1

284.3
≃ 1.72, (2.35)
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Figure 2.9: Shunt capacitance effect on output voltage spectral den-
sity of the current sense amplifier.

whereas excluding the two outlying acquisitions gives

No(100 Ω)

No(1 Ω)
=

294.7

284.3
≃ 1.04. (2.36)

If the dominant contribution were current fluctuations converted
into voltage by the shunt, the expected ratios would be 10 and 100
for the 10 Ω and 100 Ω cases, respectively. If the dominant con-
tribution were the intrinsic thermal noise of the shunt resistor, the
expected ratios would instead be

√
10 ≃ 3.16 and 10. The mea-

sured ratios are much smaller than both predictions. Therefore, the
integrated output noise is largely independent of the shunt resis-
tance, indicating that shunt-dependent noise contributions are not
dominant.

Shunt capacitance sweep: Capacitors of 100 µF, 2.2 mF, and
50 mF were placed in parallel with the 1 Ω shunt resistor. The
parallel RS-CS network acts as a first-order low-pass filter for cur-
rent fluctuations converted into voltage across the shunt, with cutoff
frequency

fc =
1

2πRSCS
. (2.37)
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For RS = 1 Ω, the corresponding cutoff frequencies are

fc(100 µF) ≃ 1.59 kHz,

fc(2.2 mF) ≃ 72.3 Hz,

fc(50 mF) ≃ 3.18 Hz.

(2.38)

Therefore, the largest capacitor should significantly attenuate current-
noise components above a few hertz, while the smaller capacitors
mainly affect higher-frequency components. Test results are shown
in Fig. 2.9. The corresponding output voltage integrated noise val-
ues were 297.7 ± 22.8 µVRMS, 278.6 ± 20.3 µVRMS, and 301.1 ±
16.1 µVRMS. Relative to the no-capacitor case, these correspond to
ratios of

297.7

284.3
≃ 1.05,

278.6

284.3
≃ 0.98,

301.1

284.3
≃ 1.06. (2.39)

Thus, increasing the capacitance does not produce a monotonic
reduction in output noise. This behavior is expected for the two
smaller capacitor values, whose cutoff frequencies lie above the inte-
gration bandwidth and therefore only affect noise components out-
side the analyzed range. Conversely, if input current noise provided
a significant contribution within the measured band, the largest ca-
pacitor would be expected to reduce the integrated noise because
its cutoff frequency falls within the integration bandwidth. The ab-
sence of this reduction indicates that the dominant contribution to
output noise is not measured current noise, which would otherwise
be filtered by the input shunt capacitance.

Gain sweep: the gain sweep provides the clearest trend, as shown
in Fig. 2.10. Reducing R2 from 46 kΩ to 4.6 kΩ and 460 Ω
increased the gain from approximately 295 to 375 and 1175, re-
spectively. The corresponding output integrated noise values were
284.3 ± 9.2 µVRMS, 325.0 ± 11.6 µVRMS, and 988.0 ± 66.5 µVRMS.
Using the lowest-gain case as reference, the gain ratios are

375

295
≃ 1.27,

1175

295
≃ 3.98, (2.40)

while the corresponding measured noise ratios are

325.0

284.3
≃ 1.14,

988.0

284.3
≃ 3.48. (2.41)
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Figure 2.10: Gain effect on output voltage spectral density of the
current sense amplifier.

The measured output-noise ratios therefore follow the imposed gain
ratios much more closely than they follow the shunt-resistance ra-
tios. This behavior is consistent with a dominant input-referred
voltage-noise contribution that is amplified by the current-sense
stage.
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Table 2.1: Summary of the current-sensing front-end noise analysis
in the 0.1–5 Hz band. All measured ratios are normalized to the
nominal front-end configuration: original feedback network, RS =
1 Ω, no added shunt capacitance, and GI = 295, under the same
operating condition.

Test Hypothesis
tested

Expected trend
if dominant

Measured ratio Conclusion

Feedback-
resistor
scaling

Feedback-
network
thermal noise.

Increasing all
feedback resistors
by 10× should
increase the
voltage-noise
contribution by√
10 ≃ 3.16.

Ratios are 0.95
under power-supply
operation and 1.00
under battery
operation.

Feedback
network
not
dominant.

Shunt-
resistance
sweep

Shunt thermal
noise or current
fluctuations
converted into
voltage across
RS .

If current
fluctuations
dominated, the
expected ratios
would be 10 and
100. If shunt
thermal noise
dominated, they
would be

√
10 and

10.

Ratios are 1.06 for
RS = 10 Ω and 1.72
for RS = 100 Ω.
Excluding two
100 Ω outliers, the
100 Ω ratio becomes
approximately 1.04.

Shunt-
dependent
noise not
dominant.

Shunt-
capacitance
sweep

Current-noise
components
filtered by the
shunt
capacitor.

A sufficiently
large shunt
capacitor should
reduce
current-noise
components in the
integration band.

Ratios are 1.05,
0.98, and 1.06 for
100 µF, 2.2 mF,
and 50 mF,
respectively.

Current
fluctua-
tions not
dominant.

Gain sweep Input-referred
amplifier
voltage noise.

If input-referred
voltage noise
dominates, output
noise should scale
approximately
with current-sense
gain.

Ratios are 1.14 for
GI = 375 and 3.48
for GI = 1175,
compared with gain
ratios of 1.27 and
3.98.

Dominant
noise
source.
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Overall, the empirical analysis, summarized in Table 2.1, identi-
fies the input-referred voltage noise of the MAX40018 amplifiers as
the dominant contribution in the 0.1–5 Hz band. The gain sweep
provides the clearest evidence: increasing the gain from 295 to 1175
increases the integrated output noise by a factor of 3.48, close to
the imposed gain increase of 3.98. In contrast, increasing the feed-
back resistors by 10×, increasing the shunt resistance, or adding
large capacitors across the shunt does not produce the scaling ex-
pected from feedback-resistor thermal noise, shunt thermal noise, or
high-frequency current noise.

The feedback-resistor scaling test shows that the passive feed-
back network is not the noise-limiting element. This is important
for ultra-low-power design, because increasing all feedback resistors
by 10× preserves the same gain while reducing the current drawn
by the feedback network by the same factor. This corresponds to
a 10×, or 90%, reduction in passive feedback-network power con-
sumption. The practical upper limit on resistor value is therefore
not set by thermal noise in this implementation, but most likely by
bias-current-induced errors.

The shunt and capacitor sweeps show that shunt-dependent noise
is not dominant. Increasing RS from 1 Ω to 10 Ω increases the in-
tegrated output noise by only 6%, and the 100 Ω case becomes
comparable to the baseline once the outlying acquisitions are ex-
cluded. Similarly, adding 100 µF, 2.2 mF, and 50 mF across the
shunt does not produce a monotonic noise reduction. This indi-
cates that the measured output noise is not dominated by current
fluctuations converted into voltage by the shunt.

These results lead to three design guidelines. First, the feedback-
resistor values can be increased to reduce passive power consump-
tion, provided that current bias and leakage effects remain accept-
able. Second, the current-sense gain should be kept as low as al-
lowed by the acquisition resolution, because increasing gain directly
amplifies the dominant input-referred voltage noise and reduces the
closed-loop bandwidth according to fBW ≃ GBP/GI . Third, the
shunt resistor should be made as large as possible to improve sig-
nal amplitude and signal-to-noise ratio, but only up to the point
where its burden voltage does not significantly perturb the PMFC
operating point imposed by the DC–DC converter.

Based on these constraints, the final design uses RS = 6.7 Ω,
R1 = 10 MΩ, R2 = 100 kΩ, and RG = 500 kΩ, corresponding
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to a nominal gain GI = 141. The nominal DC transimpedance is
therefore

Vout

IPMFC

∣∣∣∣
nom

= GIRS = 141 · 6.7 Ω ≃ 945 Ω, (2.42)

corresponding to a nominal output sensitivity of 0.945 mV/µA.
The implemented current-sense conversion was then calibrated

experimentally by comparing the current-sense output with the val-
idation current measured by Keithley’s DMM7510 digital multime-
ter. After compensating the time offset and skew between the two
acquisitions, the DMM current was interpolated at the DAQ times-
tamps and a linear fit was performed:

Imeas = acalVout + bcal (2.43)

For the 6.7 Ω configuration, the calibration gives

Imeas = 1.329 · 10−3Vout + 75.8 µA, (2.44)

with Imeas expressed in amperes and Vout in volts. The correspond-
ing calibrated transimpedance is

RT,cal =
1

acal
= 752.4 Ω, (2.45)

corresponding to a calibrated output sensitivity of

0.752 mV/µA (2.46)

The fitted offset corresponds to a zero-current output voltage of

Vout,0 = − bcal
acal

≃ −57 mV. (2.47)

Assuming a usable output swing of approximately ±2 V, the
calibrated current range is obtained from the fitted conversion:

Imeas,min = acal(−2 V) + bcal ≃ −2.58 mA (2.48)

Imeas,max = acal(2 V) + bcal ≃ 2.73 mA (2.49)

Since the PMFC harvesting current is expected to be positive dur-
ing normal operation, the practically relevant positive measurement
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Figure 2.11: Validation of the developed current-sensing front end
during intermittent harvesting from two PMFCs. The current esti-
mated from the front end is compared with a reference measurement
acquired using a Keithley DMM7510.

range extends up to approximately Imeas,max ≃ 2.7 mA. The differ-
ence between the nominal and calibrated sensitivities is attributed
to component tolerances, offset terms, and non-idealities of the im-
plemented front end.

Figure 2.11 reports the experimental validation of the imple-
mented current-sensing front end during intermittent harvesting
from two PMFCs through the proposed interface. The current esti-
mated from the developed sensing circuit is compared with a refer-
ence measurement acquired using a Keithley DMM7510.

The comparison shows good agreement between the developed
analog front end and the reference instrument. Large current tran-
sients are observed immediately after connection, and the first peak
may exceed the available measurement range, leading to clipping.
However, the regime current values, which are the relevant quanti-
ties for estimating the long-term average harvested power, remain
within the measurement range of the developed current-sensing in-
frastructure.

Shunt-burden correction

The calibrated relation in Eq. 2.43 gives the current flowing in the in-
strumented measurement circuit. This quantity is denoted as Imeas,
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because the current-sensing front end includes the low-side shunt
resistor RS in the PMFC return path. The shunt is therefore both
a sensing element and a small series resistance inserted in the PM-
FC/load loop, so Imeas is not the ideal uninstrumented current.
In the following, I0 denotes the estimated current that would flow
through the same equivalent external load after removing the shunt,
while IPMFC is retained only for generic schematic-level PMFC cur-
rent definitions.

In the final configuration, RS = 6.7 Ω, and the corresponding
burden voltage is

VS = ImeasRS . (2.50)

At Imeas = 1 mA, the shunt drop is VS = 6.7 mV. Let VL denote
the voltage across the external harvesting interface/load, measured
between the PMFC positive terminal and the circuit ground at the
top of the low-side shunt. The instantaneous electrode-to-electrode
voltage of the PMFC in the instrumented configuration is then

VPMFC,inst = VL + ImeasRS . (2.51)

The corresponding PMFC-side electrical power in the instrumented
configuration is

PPMFC,inst = ImeasVPMFC,inst = ImeasVL + I2measRS . (2.52)

The first term in Eq. 2.52 is the power delivered to the external
harvesting interface/load, whereas the second term is the power
dissipated in the measurement shunt. Their sum is the PMFC-side
electrical power in the instrumented configuration. This account-
ing includes the shunt voltage drop, but it does not remove the
operating-point perturbation caused by the additional series resis-
tance.

The shunt-burden correction was therefore applied in post-processing
to the intermittently loaded cells, for which the low-side shunt was
part of the current-measurement path. The correction locally lin-
earizes the PMFC response around the measured operating point.
For this small perturbation, the cell is represented by a Thevenin-
equivalent source with local resistance Rint,loc, estimated from the
EIS-based analysis described below. The removal of the shunt is
then modeled as a small perturbation of the total series resistance,
while the equivalent load imposed by the harvesting interface on
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the PMFC is assumed unchanged. The resulting current I0 is there-
fore a first-order estimate of the no-shunt current, rather than a full
model of the nonlinear PMFC behavior.

Under this approximation, the current measured in the instru-
mented configuration is

Imeas =
VOC

Rint + RL + RS
, (2.53)

whereas the current that would flow through the same equivalent
external load without the shunt is

I0 =
VOC

Rint + RL
. (2.54)

The relative current perturbation introduced by the shunt is there-
fore

ϵI =
I0 − Imeas

I0
=

RS

Rint + RL + RS
. (2.55)

If the load contribution is neglected, setting RL = 0 gives a conser-
vative upper bound. For RS = 6.7 Ω and Rint = 500–100 Ω, this
gives

ϵI =
6.7

Rint + 6.7
= 1.32%–6.28%. (2.56)

For the corrected power estimates reported in the long-term
analysis, Rint was not taken from the conservative range 500–100 Ω,
but estimated locally from the fitted EIS model of the corresponding
cell and measurement period. For each segment, the local PMFC
source resistance was computed as

Rint,loc = ℜ{ZA(2πfEIS) + ZC(2πfEIS)}, fEIS = 50 mHz,
(2.57)

where ZA and ZC are the fitted anode and cathode impedance func-
tions of the corresponding cell and acquisition segment, obtained
from the equivalent-circuit parameters reported in Tabs. 3.3 and 3.4,
respectively. The equivalent external load at each active sample was
estimated from the measured load voltage and current as

RL,eq =
VL

Imeas
. (2.58)

The local shunt-induced current perturbation was then evaluated as

ϵI =
RS

Rint,loc + RL,eq + RS
. (2.59)
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The estimated current that would flow without the low-side shunt
is

I0 =
Imeas

1 − ϵI
= Imeas

Rint,loc + RL,eq + RS

Rint,loc + RL,eq
. (2.60)

Assuming that the equivalent external load remains unchanged over
this small perturbation, the corrected load voltage is

VL,0 = I0RL,eq. (2.61)

Since the shunt is absent in the corrected estimate, this corrected
load voltage is also the corrected PMFC terminal voltage. The
corrected PMFC-side electrical power is therefore

PPMFC,corr = I0VL,0 = I20RL,eq. (2.62)

Accordingly, pre-correction PMFC-side power refers to PPMFC,inst

from Eq. 2.52, i.e., the PMFC-side electrical power in the instru-
mented circuit including the shunt drop. Post-correction PMFC-
side power refers to PPMFC,corr from Eq. 2.62, i.e., the estimated
PMFC-side electrical power that would have been obtained without
the 6.7 Ω low-side shunt. This correction is applied to the shunted
intermittent-cell power measurements used in the long-term analy-
sis; continuously loaded reference measurements that were not ac-
quired through the same shunted current-sensing path are left un-
changed.

Power consumption of the intermittent harvesting interface

As a final step of the intermittent harvesting platform characteri-
zation, the power consumption of the interface was measured. The
circuit was externally supplied between 2.1 V and 4.5 V, a range
selected from the operating requirements of the bipolar supply gen-
erating the ±2 V rails. For each hardware configuration, the supply
voltage and current were recorded with a Keithley 2470 Source Mea-
sure Unit. The reported value at each supply voltage is the average
over a stable time window after discarding the initial transient. The
characterization was repeated for the BQ25505-only interface, the
BQ25505 with bipolar supply, the BQ25505 with bipolar supply and
intermittent timer, and the same interface with the voltage- and/or
current-sensing front ends enabled.

Fig. 2.12 compares the proposed intermittent interface with
two BQ25505-based reference configurations: the BQ25505 alone
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Figure 2.12: Power consumption of the reference BQ25505-based
PMFC harvesting interface and of the proposed intermittent har-
vesting interface as a function of supply voltage. The proposed in-
terface builds on the BQ25505 stage by adding the bipolar supply,
intermittent timer, and optional voltage- and current-sensing front
ends, which can be disabled to reduce power consumption when
monitoring is not required.

and the BQ25505 with the bipolar supply. The BQ25505-only in-
terface consumes approximately 0.8–2.9 µW over the tested 2.1–
4.5 V supply range, while adding the bipolar supply raises the con-
sumption to approximately 1.2–4.0 µW. These configurations rep-
resent the baseline consumption of a converter-based PMFC har-
vesting interface, with or without auxiliary bipolar rails required by
analog front ends. The proposed intermittent extension, consist-
ing of the BQ25505, bipolar supply, and timer, consumes approxi-
mately 8.0–10.8 µW. Thus, controlled intermittent operation adds
about 6.8–7.9 µW with respect to the BQ25505-only interface, or
about 6.5–6.8 µW with respect to the BQ25505-plus-bipolar base-
line. Enabling the proposed voltage- and current-sensing front ends
increases the consumption to approximately 16.3–18.6 µW, corre-
sponding to an additional 7.8–8.3 µW over the timer-based inter-
mittent interface. These sensing front ends are required for power
tracking and characterization, but can be disabled in autonomous
operation to reduce the steady-state overhead. These values must
be interpreted with respect to the harvested-power levels reported
in Sec. 3.2. In the tested PMFCs, the average harvested power is
in the order of several tens to more than one hundred microwatts.
Therefore, the timer-based intermittent extension represents a non-
negligible but still compatible overhead for cells operating in the
higher-power range. For example, when the intermittently operated
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cells reach average harvested powers of 67.6 µW and 122.4 µW, the
8.0–10.8 µW consumption of the timer-based interface corresponds
to approximately 12%–16% and 7%–9% of the harvested power, re-
spectively. Conversely, for weaker cells the same overhead becomes
a larger fraction of the available power budget: at 19.4 µW, the
complete timer-based interface consumes approximately 41%–56%
of the harvested power, while the timer extension alone accounts for
approximately 35%–41%.

The discrete prototype is therefore compatible with the char-
acterized PMFC power range, but further optimization is required
for very weak cells. In autonomous deployments, the voltage- and
current-sensing front ends should be disabled or duty-cycled when
continuous power tracking is not required. Future implementa-
tions could further reduce the always-on overhead by replacing the
MAX40018-based Schmitt-trigger timer with nanopower timing cir-
cuitry, for example a TLV3691-class comparator, and by using high-
value feedback networks, low-leakage switching, and more integrated
power-management circuitry. In particular, VLSI integration of the
timer, bipolar supply, and sensing front ends into a PMFC-specific
power-management interface could reduce the overhead associated
with discrete components and make autonomous intermittent har-
vesting sustainable even for weaker PMFCs.

2.3 Summary

This chapter established the electrochemical and system-level moti-
vation for controlled intermittent PMFC harvesting and presented
the corresponding harvesting interface. The proposed architecture
provides explicit control of the extraction timing while remaining
compatible with converter-based energy delivery and PMFC moni-
toring. The following chapter evaluates the platform experimentally,
first in terms of harvested-power response and subsequently through
electrode-resolved impedance measurements under different loading
histories.
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Chapter 3

Experimental
Evaluation of
Intermittent PMFC
Harvesting

Parts of this chapter are adapted from the author’s previously pub-
lished works on Plant Microbial Fuel Cells and battery-free electro-
chemical monitoring [20, 9, 25, 26].

This chapter experimentally evaluates the controlled intermit-
tent harvesting interface developed in Chapter 2 and its effect on
PMFC operation. The objective is twofold. First, we assess whether
the proposed converter-based intermittent harvesting interface can
reproduce the power-enhancement trends reported in intermittent
MFC and PMFC studies, while remaining compatible with battery-
free PMFC nodes. Second, we investigate whether the imposed load-
ing profile leaves measurable signatures in the impedance response
of the cells and, in particular, whether different loading histories
produce distinguishable electrochemical responses at the anode and
cathode.

The evaluation therefore combines power measurements and EIS
measurements. Power measurements quantify the energy extracted
under continuous and intermittent loading, and are used to iden-
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tify favorable intermittent timing conditions. EIS is then used as
a complementary, non-destructive observation method to compare
the impedance response of PMFCs operated under intermittent har-
vesting, continuous harvesting, and unloaded conditions. The goal
of the EIS analysis is not to identify the biological origin of the ob-
served power variations, but to determine whether different loading
histories are reflected in the spectra and in the fitted impedance
parameters.

The experimental protocol was designed to compare continuous
and intermittent PMFC loading while keeping the main electrical
operating conditions fixed. The loaded cells were operated at a
fixed cell voltage selected from preliminary power characterization,
whereas the EIS measurements were performed under polarization
conditions representative of the same harvesting operation.

The experimental evaluation addresses these two aspects in turn.
First, using this platform, we observe higher PMFC power produc-
tion under selected intermittent-harvesting timing conditions. Pre-
liminary frequency exploration at 50% duty cycle identifies seconds-
scale periods, especially around 5–10 s, as favorable in the tested
cells. In a 9-day experiment, the intermittently operated cells were
first driven with a 20 s period for six days and then with a 10 s
period for the final three days. After this transition, Cell I reached
an average corrected PMFC-side power of 122.4 µW, correspond-
ing to a 159% increase with respect to its 20 s phase and a 185%
increase with respect to the continuously loaded reference cell over
the same interval. Cell H increased from 19.4 µW to 67.6 µW,
corresponding to a 248% increase, and produced 57% more power
than the continuous reference during the 10 s phase. These results
suggest that benefits in absolute power output, as well as improve-
ments in initially weaker cells, can be obtained in a practical two-
electrode harvesting architecture, consistently with trends reported
in intermittent-polarization and intermittent-loading studies.

The second part of the evaluation uses impedance-based state
observation to evaluate the electrochemical consequences of differ-
ent PMFC loading profiles. Building on the battery-free EIS fea-
sibility demonstrated in [20], we compare PMFCs operated under
intermittent harvesting, continuous harvesting, and unloaded condi-
tions, and show that the imposed loading profile produces measur-
able changes in the EIS response. This supports the use of EIS as
a non-destructive diagnostic method for PMFC-powered nodes and
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motivates its future use in PMFC-specific MPPT and biosensing
strategies.

The chapter does not claim to fully identify the biological origin
of the observed impedance changes. Rather, it establishes a battery-
free-compatible platform for applying controlled intermittent har-
vesting and observing its electrochemical consequences. The power
results show substantially higher harvested power under selected
intermittent timing conditions, while the EIS results indicate that
loading history is reflected in the PMFC impedance response. Com-
plementary microbiological, electrochemical, and plant-physiology
measurements are therefore required to determine whether these
changes arise from biofilm restructuring, microbial activity, trans-
port limitations, hydration, cathode behavior, or plant-related ef-
fects. This motivates future work in which harvesting, stabilization,
and state observation are treated as coupled components of the same
PMFC energy-management problem.

The chapter is organized as follows. Sec. 3.1 describes the PM-
FCs, the loading profiles, the power-acquisition setup, and the EIS
measurement protocol. Sec. 3.2 reports the harvested-power re-
sults, starting from a preliminary timing exploration and then mov-
ing to a 9-day comparison between intermittent and continuous
loading. Sec. 3.3 analyzes the impedance spectra acquired during
the same experiment, focusing on loading- and hydration-related
trends rather than on a complete mechanistic interpretation. Fi-
nally, Sec. 3.4 summarizes the main findings of the experimental
evaluation and discusses the remaining limitations and future direc-
tions for PMFC-specific energy management.

3.1 Experimental setup and measurement
protocol

3.1.1 PMFC construction and start-up

Four PMFCs were assembled using the same nominal geometry, ma-
terials, and start-up protocol. Each cell used rectangular carbon-felt
electrodes (9 x 14 cm) and plastic containers without drainage holes
(19 cm diameter, 17 cm height). The anode was buried at a depth
of approximately 10 cm, while the cathode was placed on the soil
surface, as shown in Fig. 3.2. The lower half of each container, sur-
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rounding the anode, was filled with a 50:50 mixture of commercial
soil and soil collected from the university campus, the latter being
used as bacterial inoculum. The upper half of the cell was filled
with commercial soil only.

To start up the PMFCs, the cells were flooded with water and left
under open-circuit conditions until the open-circuit voltage reached
approximately 600 mV. After start-up, water was replenished when-
ever the top soil layer started to visibly lose moisture. Before the
loading experiment, all cells were kept unloaded for seven days in or-
der to promote comparable initial conditions. These controls reduce
construction-related differences, but they do not eliminate biological
and environmental variability, including local electrode–soil contact,
microbial colonization, oxygen gradients, hydration distribution and
substrate availability.

3.1.2 Loading protocols and power acquisition

After the initial conditioning phase, the four cells were assigned to
three loading profiles. Cells I and H were operated intermittently
using the intermittent-harvesting architecture presented in Sec. 2.2,
Cell C was operated continuously, and Cell U was kept unloaded as a
control. For the intermittent cells, the duty cycle was fixed at 50%,
while the switching period was varied according to the experimental
phase. In the preliminary timing exploration, periods between 5 s
and 1000 s were tested to identify a suitable operating range. In
the long-term experiment of Sec. 3.2.3, the intermittent cells were
operated with a 20 s period during the first six days and with a 10 s
period during the final three days. A complete joint optimization
of duty cycle and period is left as future work.

The continuous and intermittent cells were loaded at a fixed
cell operating voltage of 270 mV. This value was selected because
preliminary characterization placed it close to the maximum-power-
point region. Active MPP tracking was deliberately avoided, since
it would have introduced an additional time-varying control vari-
able and would have made the comparison between continuous and
intermittent loading less direct. For the continuously operated cell,
the 270 mV operating point was imposed using a Keithley 2450
source-measure unit. For the intermittently operated cells, the same
cell-voltage target was imposed during the ON phase through the
input-modulation function of the BQ25505, using the external ref-
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erence provided by a Keithley 2470 source-measure unit.

Power measurements on the intermittently operated cells were
acquired using the setup shown in Fig. 3.1. A custom LabVIEW
application running on a portable computer controlled the acquisi-
tion of the cell voltages and of the current delivered by the active
cell. The measurements were performed through the voltage- and
current-sensing front ends described in Sec. 2.2.2 and acquired using
a National Instruments NI USB-6259 data logger. Cell voltages were
monitored with unity-gain buffer stages, while the active-cell cur-
rent was measured with a low-side shunt followed by a two-op-amp
instrumentation-amplifier stage, whose noise analysis and calibra-
tion are reported in Sec. 2.2.2. Since this low-side shunt is inserted
in the PMFC return path, the acquired current corresponds to the
instrumented current Imeas, rather than to the ideal uninstrumented
current.

For the long-term power analysis, the active-sample current,
load voltage, timestamps and cell identifier were retained for post-
processing. These quantities were used together with the EIS-derived
local source-resistance estimates to compute the PMFC-side electri-
cal power in the instrumented configuration, PPMFC,inst, and to esti-
mate the corresponding shunt-corrected PMFC-side power, PPMFC,corr,
that would have been obtained without the 6.7 Ω low-side shunt.

During this experimental campaign, the intermittent interface,
which is normally intended for self-powered operation, was supplied
externally at 3 V using a GW Instek GPS-1850D power supply
to ensure uninterrupted operation of the control and acquisition
circuitry. The consumption of the interface itself is characterized
separately in Sec. 2.2.2.

3.1.3 EIS measurement protocol

EIS measurements were designed to probe the electrochemical re-
sponse of the PMFCs under conditions representative of energy-
harvesting operation. During harvesting, the power-management
interface imposes a cell voltage and therefore polarizes both elec-
trodes; since the impedance spectrum depends on the DC polariza-
tion point, spectra acquired at open circuit may not describe the
response experienced during energy extraction. This dependence
was recently highlighted by Koo et al., who showed that anodic
impedance parameters vary with the imposed anode potential in a
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Figure 3.1: Intermittent harvesting setup used for Cells I and H.
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continuous-flow MFC [78]. For this reason, the anode and cathode
potentials reached during two-electrode harvesting at the imposed
270 mV cell voltage were used as reference conditions for the cor-
responding three-electrode EIS measurements. This provides an
experimental link between the two configurations: the harvester
establishes the coupled full-cell operating condition, while EIS sub-
sequently probes the anode and cathode separately at polarization
points derived from that condition. The EIS measurement therefore
does not reproduce two-electrode harvesting directly; instead, the
electrode potentials reached during harvesting are used as the polar-
ization conditions for separate anode and cathode characterization.

EIS measurements were performed using a PalmSens4 electro-
chemical interface, as shown in Fig. 3.2. A BASi MF-2056 Ag/AgCl
reference electrode filled with 3 M KCl was used as reference. The
anode and cathode are denoted by A and C, respectively, and each
EIS measurement is identified by cell name, electrode, and loading
day. The first measurement was acquired before the loading test
started and is therefore referred to as Day 0.

For the loaded cells, the anode and cathode potentials were sam-
pled during operation and then used as the DC polarization points
for the potentiostatic EIS measurements. For the unloaded control
cell, the electrode polarization points were obtained after temporar-
ily loading the cell at 270 mV for 5 min. In this way, the spec-
tra were acquired under conditions representative of the harvesting
state, rather than only under open-circuit relaxation.

Before each impedance scan, a 30 s equilibration time was in-
troduced to reduce the effect of initial capacitive transients. The
EIS sweep was then performed from 50 mHz to 1 MHz, using 61
frequency points and a 10 mV AC perturbation amplitude. The fre-
quency range was selected from a battery-free perspective: as shown
in the previous battery-free EIS implementation [20], impedance
monitoring can be compatible with PMFC-level energy production
when sweep duration and energy cost are bounded. The lower fre-
quency bound was therefore kept in the tens-of-millihertz range,
preserving access to slow impedance features while avoiding the
excessive acquisition time and energy cost associated with lower-
frequency measurements. A differential PicoScope 4000 was used in
parallel to monitor the electrode voltage evolution during the tests.
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Figure 3.2: EIS measurement setup used in parallel with the inter-
mittent harvesting setup shown in Fig. 3.1.
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3.1.4 Measurement timeline and hydration events

EIS measurements were acquired at the beginning of the experi-
ment and then every 24 hours for the first three days. After Day
3, the next EIS measurement was performed only after three ad-
ditional days, in order to observe cell evolution while reducing the
disturbance introduced by repeated EIS measurements.

The timing of hydration events was explicitly considered in the
analysis. Water was added to all cells on Day 0, two hours before
the first EIS measurement, and again after the Day 3 measurement.
Measurements labelled Day 3 and Day 3W therefore correspond to
the states immediately before and immediately after wetting on the
third day, respectively, when both spectra were available.

For the intermittently operated cells, additional watering was re-
quired between Day 1 and Day 2 because these cells appeared to dry
out faster, with Cell I showing the driest condition. The transition
from Day 1 to Day 2 was therefore used to evaluate the response
following the visibly dry Day 1 state. A larger water volume was
added on Day 3 to reduce uneven drying across the cells. Since
water was added to all cells after the Day 3 measurement and no
additional EIS measurement was performed before Day 6, the Day
6 spectra must be interpreted as the combined result of rehydration
and continued, unperturbed operation over the following three days.

3.2 Power response to intermittent har-
vesting

3.2.1 Shunt-burden correction of PMFC-side power
measurements

The shunt-burden correction was applied to the intermittently loaded
cells to estimate the PMFC-side electrical power that would have
been obtained without the 6.7 Ω low-side current-sensing shunt. The
correction outcome is quantified for the 9-day experiment, since this
is the most complete long-term dataset and includes the segment-
wise current, voltage, and EIS-derived source-resistance estimates
required by the correction procedure.

Fig. 3.3 compares the instrumented PMFC-side power, PPMFC,inst,
with the corrected estimate, PPMFC,corr, for Cells I and H. Points
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Figure 3.3: Effect of the shunt-burden correction on the PMFC-side
electrical power of the intermittently loaded cells during the 9-day
experiment.

above the 1:1 line indicate the increase introduced by the correc-
tion. The separation from the 1:1 line becomes more visible at
higher power, where the measured current is larger and therefore
both the shunt voltage drop, ImeasRS , and the shunt-related power
term, I2measRS , increase. Tab. 3.1 reports the corresponding current
perturbation, ϵI , defined in Eq. 2.59, and the resulting PMFC-side
power increase.

Across the 9-day experiment, the mean current perturbation ϵI
was 1.34% for Cell I and 0.68% for Cell H. Since ϵI = (I0−Imeas)/I0,
this means that the measured current was on average 1.34% and
0.68% lower than the estimated no-shunt current, respectively. The
corresponding mean increases in PMFC-side power were 1.23% and
0.66%, respectively. The correction therefore remains small and
does not change the qualitative outcome of the experiment, although
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Table 3.1: Active-sample statistics of the shunt-burden correction
for the intermittently loaded cells during the 9-day experiment.

Cell Current perturb., ϵI [%] Power increase [%]

Mean Max Mean Max

I 1.34 10.08 1.23 3.15
H 0.68 10.21 0.66 4.01

local maxima occur during higher-current operating points.
Unless explicitly stated otherwise, the PMFC-side power val-

ues reported for the intermittently loaded cells in Sec. 3.2.3 corre-
spond to the corrected estimates PPMFC,corr. The instrumented val-
ues PPMFC,inst are retained in Fig. 3.3, Tab. 3.1, the pre-correction
columns of Tab. 3.2, and the complementary time-domain compar-
ison in Fig. 3.7 to document the magnitude of the correction.

3.2.2 Preliminary timing exploration

Before starting the long-term intermittent-harvesting experiment, a
short preliminary exploration was performed to identify a suitable
switching period. The duty cycle was fixed at 50%, while the period
was varied. In the first test, three periods spanning two decades
were compared over a 6000 s interval: 10 s, 100 s, and 1000 s.
These periods were obtained using RF1 = RF2 = 82 MΩ as timer
feedback resistors and timing capacitances of 22 nF, 220 nF, and
2200 nF, respectively.

The corresponding average harvested powers are reported in
Fig. 3.4. The 10 s period produced the highest average power,
83 µW, followed by 64 µW for the 100 s period and 51 µW for
the 1000 s period. Therefore, decreasing the period from 1000 s to
100 s increased the average harvested power by approximately 25%,
while decreasing it further to 10 s produced an increase of approx-
imately 63% with respect to the 1000 s case and 30% with respect
to the 100 s case. This first exploration therefore indicated that
shorter periods were more favorable for average power production.

A second preliminary test was then performed over a longer du-
ration of approximately 12 h, focusing on periods close to 10 s. In
this test, 5 s, 10 s, and 20 s periods were compared. These peri-
ods were obtained using the same 82 MΩ timer feedback resistors
and timing capacitances derived from 22 nF: two 22 nF capacitors
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Figure 3.4: Preliminary intermittent-harvesting frequency explo-
ration over 6000 s, comparing 10 s, 100 s, and 1000 s periods at
50% duty cycle.

in series for 5 s, a single 22 nF capacitor for 10 s, and two 22 nF
capacitors in parallel for 20 s.

The results, shown in Fig. 3.5, indicate that the 10 s and 5 s
periods produced very similar average powers, 37 µW and 36 µW,
respectively. The 20 s period produced a lower average power of
28 µW. Thus, the 10 s period increased the average harvested power
by approximately 32% with respect to the 20 s case, while the 5 s
period produced an increase of approximately 29%. The difference
between 5 s and 10 s was small, with the 10 s period producing only
about 3% more average power.

The average values obtained in the 12 h test are lower than
those obtained in the shorter 6000 s exploration because the longer
acquisition includes the full relaxation of the initial transient. In
particular, the power traces show a large capacitive transient at the
beginning of the measurement, followed by gradual settling toward
a plateau after approximately 4 h. Therefore, the 12 h averages are
more representative of regime power production, whereas the shorter
test is more strongly influenced by the initial transient response.

These preliminary tests are still limited in duration and cannot
capture long-term biological adaptation effects. Nevertheless, they
indicate that the most promising switching periods for increased
average harvested energy lie around 5–10 s, with 20 s providing a
slightly less favorable but nearby operating point.
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Figure 3.5: Extended preliminary frequency exploration over ap-
proximately 12 h, comparing 5 s, 10 s, and 20 s periods at 50% duty
cycle.

3.2.3 Nine-day continuous and intermittent load-
ing experiment

Based on these results, a longer 9-day test was performed using
newly started Cells I and H, operated intermittently, and Cell C,
operated continuously. The aim was to compare intermittent har-
vesting with continuous loading over several days and to evaluate
whether moving from a slightly sub-optimal period to the most
promising period identified in the preliminary tests would produce a
measurable increase in average intermittent power. A separate con-
tinuously loaded control cell was used under the assumption that
intermittent operation may induce long-term biofilm conditioning,
as reported for periodically polarized electroactive biofilms [10]. Us-
ing the same cell as both continuous and intermittent control could
therefore confound the comparison, since the later operating phase
might be affected by previous biofilm adaptation. During the first
six days, the intermittent cells were operated with a 20 s period.
During the last three days, the period was reduced to 10 s. EIS
measurements were also collected during the first part of the exper-
iment, as discussed in Sec. 3.1.

Fig. 3.6 shows the time evolution of the harvested power during
the 9-day loading experiment. For the intermittently loaded cells,
the plotted values correspond to the corrected PMFC-side power,
PPMFC,corr, as defined in the shunt-burden correction analysis at the
beginning of Sec. 3.2. As shown in Fig. 3.7, the correction remains
small over the 9-day experiment and does not change the qualitative
trends discussed below. The numerical comparison below therefore
refers to the corrected PMFC-side values reported in Tab. 3.2.



74CHAPTER 3. INTERMITTENT HARVESTING EVALUATION

Table 3.2: Average PMFC-side electrical power during the 9-day
experiment before and after shunt-burden correction. The pre-
correction values correspond to the instrumented PMFC-side power
PPMFC,inst, whereas the post-correction values correspond to the
corrected estimate PPMFC,corr. The intermittent period changed
from 20 s to 10 s on Day 7, while Cell C remained continuously
loaded.

Cell Loading Days 1–6 Days 7–9 Increase Days 7–9 vs. C

Pre-corr. Post-corr. Pre-corr. Post-corr. Post-corr. Post-corr.
(µW) (µW) (µW) (µW)

I
Intermittent
20 → 10 s 46.7 47.2 120.1 122.4 +159% +185%

H
Intermittent
20 → 10 s 19.3 19.4 66.7 67.6 +248% +57%

C Continuous 32.8 32.8 43.0 43.0 +31% Reference

During the first six days, the 20 s intermittent period produced
47.2 µW for Cell I and 19.4 µW for Cell H, compared with 32.8 µW
for the continuously loaded Cell C. Cell H therefore produced about
59% less power than Cell I during this first phase, highlighting the
strong cell-to-cell variability of PMFCs despite identical nominal
assembly, start-up procedure, and loading voltage. In addition, al-
though the cells were watered following the same general procedure,
the intermittently operated cells appeared to dry faster. This caused
a visible power decrease in Cell I at approximately 40 h of loading
time, between the Day 2 and Day 3 EIS measurements.

After the transition from 20 s to 10 s during the last three days,
both intermittently operated cells showed a marked improvement
in PMFC-side power. Cell I reached 122.4 µW, corresponding to a
159% increase with respect to its 20 s phase, while Cell H increased
to 67.6 µW, corresponding to a 248% increase. The continuously
loaded Cell C also increased during the same interval, from 32.8 µW
to 43.0 µW, despite undergoing no configuration change. There-
fore, the improvement observed in the intermittent cells cannot be
attributed solely to the period change, since biofilm stabilization,
hydration dynamics, ambient conditions, or other biological effects
may also have contributed. Nevertheless, the growth rates of the
intermittent cells were much larger than that of Cell C, which in-
creased by 31%, and during the final interval Cells I and H exceeded
Cell C by 185% and 57%, respectively.
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Figure 3.6: Power evolution during the 9-day loading experiment.
Cells I and H were operated intermittently, while Cell C was oper-
ated continuously. The intermittent period was 20 s during the first
six days and 10 s during the last three days.

0 20 40 60 80 100 120 140 160 180 200
0

50

100

150

200

P
M
F
C
-s
id
e
p
ow

er
[7
W

]

Cell I

Pre-corr.
Post-corr.

0 20 40 60 80 100 120 140 160 180 200

Loading time [h]

0

50

100

P
M
F
C
-s
id
e
p
ow

er
[7
W

]

Cell H

Pre-corr.
Post-corr.

Figure 3.7: Effect of the shunt-burden correction on the PMFC-side
electrical power of the intermittently loaded cells during the 9-day
experiment. Dashed blue traces show the instrumented PMFC-side
power, PPMFC,inst, obtained with the 6.7 Ω low-side shunt present.
Solid red traces show the corrected estimate, PPMFC,corr, corre-
sponding to the same equivalent external load after removing the
shunt effect. The close overlap between pre- and post-correction
traces indicates that the correction is small and does not change
the observed power trends.
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3.2.4 Discussion of power trends

Overall, these results support the hypothesis that controlled inter-
mittent extraction can improve PMFC energy harvesting when the
timing is properly selected, and that power-enhancement trends re-
ported for intermittent MFC operation can be reproduced with a
battery-free-compatible two-electrode harvesting architecture. In
the present experiment, the most favorable preliminary condition
was obtained with a 10 s period and 50% duty cycle, which led both
intermittently operated cells to outperform the continuously loaded
reference during the final phase. At the same time, the increase ob-
served in the continuous reference confirms that biological and en-
vironmental dynamics remain important confounding factors. The
present data therefore support controlled intermittency as a promis-
ing strategy, but do not allow the contribution of the 20 s to 10 s
period change to be quantified separately from cell variability, hy-
dration, or biofilm evolution. The proposed interface remains useful
both as a harvesting architecture and as an experimental platform,
because it imposes period and duty cycle as explicit circuit-level
variables.

Previous studies also reported measurable gains over constant
or steady-state loading when the switching parameters were prop-
erly selected, although generally at different timescales and outside
a battery-free harvesting setup. Coronado et al. reported a 22–
43% increase in MFC power output using pulse-width-modulated
external resistance at switching frequencies above 100 Hz. Their
duty-cycle optimization was performed at 500 Hz, corresponding to
a 2 ms period, with maximum power obtained around 95% duty cy-
cle [63]. Liang et al. reported an 18.4% increase in maximum power
density and a 32.7% increase in long-term average power density
using transient-state regulation compared with steady-state oper-
ation. Their best condition was obtained at 1 Hz, corresponding
to a 1 s period, and 75% duty cycle [62]. The condition identified
here is therefore slower than those reported in these power-oriented
studies, but remains consistent with the broader conclusion that in-
termittent operation can improve MFC power production when the
period and duty cycle are properly selected.

The 5–10 s timescale observed in this work is also compatible
with studies emphasizing short recovery intervals. Grondin et al.
showed that seconds-scale intermittent connection of the external
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load can approach the power obtained under optimal continuous
loading [13], while Gardel et al. reported that duty cycling af-
fects cumulative charge and current generation in multi-anode envi-
ronmental MFCs using switching intervals on the order of seconds
to tens of seconds [12]. Moreover, the use of a 50% duty cycle
agrees qualitatively with the long-term electroactive-biofilm study
of Zhang et al., where lower-duty-cycle periodic polarization im-
proved faradaic current production and total charge recovery over
several weeks [10]. However, similar timing does not imply equiva-
lent electrochemical conditions, since the present work controls the
full-cell voltage in a two-electrode harvesting configuration rather
than an individual electrode potential. The agreement in duty cy-
cle and characteristic timescale is therefore encouraging, but does
not demonstrate that the optimum identified under three-electrode
polarization transfers directly to two-electrode harvesting.

These results should therefore be considered preliminary but en-
couraging. Although a complete optimization of period and duty
cycle was outside the scope of this preliminary test, the developed
architecture enables such exploration directly in an embedded and
self-powered harvesting setup. Since the switching period and duty
cycle are configurable at the circuit level, the platform can be used
to identify suitable intermittent-harvesting conditions under realis-
tic PMFC operation, outside of a laboratory environment. Once an
operating point is selected, the same architecture is ready to be de-
ployed in real-world battery-free applications powered by PMFCs,
without requiring a separate electrochemical control setup.

3.3 Impedance response to loading his-
tory

The power measurements discussed in Sec. 3.2 quantify how much
energy is extracted under each loading profile, but they do not de-
scribe how the PMFC impedance response evolves under those same
conditions. For this reason, EIS is used here as a complementary,
non-destructive observation method. The objective is not to iden-
tify the biological or electrochemical origin of the observed power
variations, nor to derive a complete mechanistic model of the PM-
FCs. Rather, the goal is to assess whether intermittent harvesting,
continuous harvesting, and unloaded operation are associated with



78CHAPTER 3. INTERMITTENT HARVESTING EVALUATION

measurable differences in the impedance spectra. This comparison
therefore tests whether a controlled temporal loading profile applied
at the full-cell level leaves measurable electrode-level signatures, as
would be expected from the loading-history dependence reported in
controlled electrochemical studies.

In this sense, the EIS study provides insight into the electro-
chemical signatures associated with different loading histories, rather
than a causal explanation of the power trends. We therefore com-
pare the spectra of PMFCs operated under the three loading profiles
and analyze how their impedance response evolves over the multi-
day experiment. Particular attention is given to hydration events,
since soil moisture strongly affects ionic conduction and transport
processes and may therefore introduce impedance changes that are
not directly attributable to the electrical loading profile.

The analysis proceeds in three steps. First, the impedance spec-
tra are interpreted using a common equivalent-circuit model for
both anode and cathode, allowing fitted parameters to be compared
across cells, electrodes, and operating conditions. Second, the effect
of electrical loading is evaluated by comparing continuously loaded,
intermittently loaded, and unloaded PMFCs. Third, the effect of
hydration is examined using spectra acquired before and after wa-
tering events. Throughout the analysis, the fitted parameters are
interpreted comparatively rather than as unique physical descrip-
tors. Determining whether the observed changes arise from biofilm
restructuring, microbial activity, hydration, transport limitations,
cathode behavior, or plant-related effects requires complementary
validation measurements beyond the scope of this chapter.

3.3.1 Equivalent-circuit model for impedance in-
terpretation

The same equivalent-circuit topology was used for both the anode
and cathode in order to compare the two electrodes through a con-
sistent impedance decomposition. The selected circuit consisted of
a series ohmic resistance, one high-frequency R–CPE branch, and a
second mixed CPE/finite-diffusion branch. Following standard EIS
practice, this topology was used to separate the fitted impedance
into ohmic, distributed interfacial charge-transfer/double-layer, and
concentration- or diffusion-related contributions [79, 80, 48]. For
MFC electrodes, analogous combinations of series resistance, R–
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CPE branches, and Warburg-type elements are commonly used to
distinguish electrolyte/electrode ohmic contributions, biofilm or cath-
ode interfacial arcs, and low-frequency transport limitations [48, 81,
82, 83]. The circuit was therefore intended to provide a consistent
and physically interpretable decomposition of the main impedance
contributions, rather than a unique description of the underlying
electrode processes. The fitted impedance can be written in simpli-
fied form as:

Z(ω) = Rs + (R1 ∥ ZCPE,1) + [ZCPE,2 ∥ (R2 + ZW,o)] , (3.1)

where the impedance of a constant phase element is

ZCPE =
1

Q0(jω)n
, (3.2)

and the finite-length open Warburg element is expressed as

ZW,o = RW

coth
(√

jωτD
)

√
jωτD

. (3.3)

The series resistance Rs represents the ohmic contribution of
the electrolyte, electrode/electrolyte contacts, current collectors,
and separator when present. The first branch, R1 ∥ ZCPE,1, rep-
resents the main interfacial process. At the anode, this branch was
assigned to the biofilm/electrode interface, including double-layer
charging and extracellular electron-transfer processes. At the cath-
ode, it was assigned to the dominant oxygen-reduction/interfacial
arc. In an ideal electrode, this contribution would correspond to
Rcharge transfer ∥ Cdouble layer, where the resistance describes the
kinetic difficulty of transferring electrons to dissolved oxygen at the
electrode/electrolyte interface and the capacitance describes double-
layer charging. At the cathode, a larger R1 indicates a larger ap-
parent ORR/interfacial limitation, which may result from slower
oxygen-reduction kinetics, reduced oxygen availability, or poorer
ionic contact at the electrode/electrolyte interface. At the anode,
an increase in R1 indicates a larger apparent biofilm/electrode in-
terfacial resistance, which may arise from less efficient extracellular
electron transfer, poorer biofilm/electrode contact, reduced local
substrate availability, or changes in biofilm conductivity [84].

The interfacial storage contribution was represented by a CPE -
and not by an ideal capacitor - because both electrodes are porous,
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heterogeneous, and spatially non-uniform [84]. The biofilm-covered
anode may contain variations in biofilm thickness, active biomass,
hydration, ionic conductivity, and electron-transfer pathways, while
the oxygen-reducing cathode may show non-uniform wetting, oxy-
gen gradients, and spatially distributed reaction sites. These fea-
tures generate a distribution of local time constants rather than a
single ideal capacitive response; therefore, ZCPE,1 was used to de-
scribe the non-ideal double-layer behavior, as commonly done for
MFC electrodes [48].

The CPE coefficient Q1 controls the magnitude of the capacitive-
like interfacial response. A larger Q1 indicates greater apparent
charge-storage capacity. At the anode, this may reflect a larger elec-
trochemically active biofilm/electrode interface, stronger double-
layer or pseudo-capacitive storage, and biological capacitance as-
sociated with active electricigenic biomass [85]. The exponent n1

describes the degree of non-ideality of the interfacial response. Val-
ues close to 1 indicate a more ideal and uniform capacitive be-
havior, whereas lower values indicate a more distributed or het-
erogeneous interface. At the anode, a lower n1 may reflect het-
erogeneous biofilm structure, non-uniform hydration, spatially dis-
tributed electron-transfer sites, or variations in ionic transport through
the biofilm. At the cathode, it may reflect uneven wetting, non-
uniform oxygen access, or spatial variation in ionic resistance. Thus,
R1, Q1, and n1 were interpreted together: R1 describes the appar-
ent kinetic/interfacial resistance, Q1 the magnitude of interfacial
storage, and n1 the degree of distribution or heterogeneity of the
process.

The second branch was interpreted as a slower distributed inter-
facial/transport process. At the anode, this contribution may in-
clude slower biofilm charge-transfer processes, substrate transport,
proton or buffer transport, and concentration gradients within the
hydrated biofilm/electrode region. At the cathode, it may include
slower oxygen-reduction pathways, oxygen and water transport and
proton or ionic transport. Therefore, this branch was not assigned
to a single elementary process, but to the combined low-frequency
response of interfacial kinetics and mass transport [84]. Within this
branch, R2 represents an apparent resistance associated with slower
processes that are not resolved by the first R–CPE arc. At the an-
ode, larger R2 may indicate slower biofilm-mediated charge transfer,
reduced substrate availability, poorer proton or buffer transport, or



3.3. IMPEDANCE RESPONSE TO LOADING HISTORY 81

stronger concentration gradients. At the cathode, larger R2 may
indicate slower ORR-related pathways, reduced oxygen access, wet-
ting effects, or increased ionic resistance within the cathode layer.
The parameters Q2 and n2 describe the magnitude and dispersion
of the slower distributed storage contribution. Unlike Q1, which is
associated with the main interfacial arc, Q2 reflects low-frequency
storage coupled to slower transport or reaction-distribution effects.
At the anode, larger Q2 may indicate greater participation of the
hydrated biofilm volume or stronger distributed ionic/redox stor-
age [85, 86]. At the cathode, it may indicate greater participation
of wetted porous regions or catalyst/electrolyte domains. The ex-
ponent n2 indicates how distributed this slow process is. Values
approaching n2 ≈ 0.5 are particularly important because they indi-
cate Warburg-like frequency dependence. In those cases, part of the
diffusion-like response may be absorbed by ZCPE,2, making the ex-
plicit Warburg parameters less identifiable. Therefore, R2, Q2, n2,
RW , and τD were interpreted together rather than independently.
Additionally, for the first and second R-CPE branches, characteris-
tic frequencies fc1 and fc2 were calculated to compare the apparent
timescales of the two interfacial processes:

fc =
1

2π

(
1

RQ

)1/n

(3.4)

The finite-open Warburg element was used to describe bounded
diffusion-like transport. Other diffusion elements were tested (Gerischer,
finite-short, R2 and CPE2 only), but only the finite-open Warburg
yielded acceptable data fitting. The finite-open Warburg element
corresponds to a finite transport domain with a blocking boundary,
beyond which the transported species is not present. For the anode,
this was interpreted as apparent transport within a finite hydrated
biofilm or porous-electrode region, where substrate, protons, buffer
species, or redox-active species may be redistributed only within a
confined domain. For the cathode, the finite-open Warburg element
may be interpreted as an apparent bounded oxygen-transport re-
sponse within the soil/cathode region. In this system, oxygen is sup-
plied from the aerated side but may only penetrate to a finite depth
in the soil before reaching an oxygen-depleted region. This lower
oxygen-depleted region does not behave as an ideal well-mixed oxy-
gen reservoir and may therefore limit the propagation of the concen-
tration perturbation. In this sense, the fitted finite-open Warburg
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element can represent a finite oxygen-accessible domain bounded by
a poorly replenished or effectively oxygen-depleted region. However,
this interpretation should be considered phenomenological, because
an oxygen-depleted boundary is not necessarily a perfectly reflec-
tive boundary; depending on whether it behaves as a sink or as
a non-replenishing barrier, finite-short or Gerischer-type descrip-
tions may also be physically plausible. The Warburg resistance RW

describes the apparent amplitude of the bounded transport contri-
bution. A larger RW indicates a stronger low-frequency transport-
related impedance, which may arise from more severe concentration
gradients, poorer substrate or oxygen access, reduced hydration,
or longer/more tortuous transport pathways. The time constant
τD and the corresponding frequency fW = 1/(2πτD) describe the
apparent timescale of the bounded transport process: a larger τD
therefore corresponds to a slower apparent transport process.

The low-frequency parameters were interpreted cautiously be-
cause R2, ZCPE,2, and ZW,o can become strongly coupled. Thus,
when the low-frequency parameters approached fitting bounds or
had uncertainties comparable to, or larger than, their fitted values,
the corresponding fc2 or finite-Warburg contribution was considered
non-identifiable and was not interpreted quantitatively.

Model fitting results are presented in Tabs. 3.3 and 3.4. The
reliability of the fitted parameters was not uniform across the cir-
cuit. The most robust parameters were generally Rs, R1, n1, and
fc1, since they describe the high-frequency intercept and the main
interfacial arc, which were well represented within the measured
frequency range. In contrast, the low-frequency R-CPE and finite-
diffusion branch parameters R2, Q2, n2, RW , and τD were less
represented in the data, and thus less robust, because the spectra
were acquired only down to 50 mHz, consistently with the lower-
frequency bound identified for low-power EIS operation. These pa-
rameters were also sensitive to parameter coupling, especially when
the slower R-CPE branch and the finite-diffusion contribution could
not be clearly separated from the data. Second branch parameters
were thus interpreted only if their standard error was lower than
their estimated value, and are to be regarded as qualitative indica-
tors, rather than quantitative.
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Figure 3.8: Temporal evolution of selected fitted anode parameters
for the unloaded cell (U), continuously loaded cell (C), and intermit-
tently loaded cells (H and I). The panels show the series resistance
Rs, first-branch resistance R1, first-CPE coefficient Q1, first-CPE
exponent n1, and first-branch characteristic frequency fc1.

3.3.2 Effect of electrical loading

In this subsection, we compare the response of both anodes and
cathodes under different electrical loading conditions. First, we
compare the most robust fitted parameters among the cells and
examine their evolution over time, before interpreting the main
loading-related trends.

Anode response to loading: Figure 3.8 summarizes the temporal
evolution of selected fitted anode parameters describing the ohmic
and first-interfacial response, namely Rs, R1, Q1, n1, and fc1, for
the unloaded, continuously loaded, and intermittently loaded cells.
The Day 3W measurements are excluded because they correspond
to the immediate post-watering condition considered separately in
Sec. 3.3.3.

Among the tested cells, IA exhibits the highest R1 values, rang-
ing from 2.8 to 4.3 Ω, followed by HA at 2.3–2.6 Ω, CA at 1.4–2.1 Ω,
and UA at 0.8–1.6 Ω. The R1 values of HA remain relatively stable
throughout the test, while IA varies without a clear monotonic trend
and remains higher than the other cells. In contrast, CA shows a
slight increase from 1.8 to 2.1 Ω, whereas UA decreases from 1.4
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to 0.9 Ω. After Day 3, the two cells diverged: CA decreased to
1.5 Ω by Day 6, whereas UA increased to 1.6 Ω. At the same time,
IA and HA exhibit relatively stable n1 values, ranging from 0.74 to
0.78 and from 0.68 to 0.71, respectively. In contrast, CA and UA
show an increasing trend during the first three days of testing, with
n1 increasing from 0.61 to 0.75 and from 0.63 to 0.72, respectively.
During the last three days of testing, the trends of CA and UA di-
verge: n1 increases further to 0.82 for CA, whereas it decreases to
0.54 for UA.

The Q1 values remain relatively stable for IA and HA, ranging
from 0.5 to 0.7 m sn Ω−1 and from 0.9 to 1.2 m sn Ω−1, respectively.
In contrast, UA varies non-monotonically, remaining close to its ini-
tial value on Day 3 before increasing to 3.1 m snΩ−1 on Day 6. CA
shows the opposite behaviour, with a continuous decrease through-
out the test from 1.81 to 0.36 m sn Ω−1. Furthermore, the group-
averaged Rs values followed the order

Rs,HA = 2.52 Ω < Rs,IA = 2.60 Ω

< Rs,CA = 6.62 Ω < Rs,UA = 8.55 Ω
(3.5)

Similarly to the other parameters, the Rs values of IA and HA
remain relatively stable, ranging from 1.6 to 3.6 Ω and from 1.6
to 3.2 Ω, respectively. In contrast, UA exhibits a marked decrease
during the first three days of testing, from 11.7 to 3.35 Ω, followed
by an increase during the last three days, reaching 11.5 Ω. CA
shows an overall decrease from 11.9 Ω on Day 0 to 3.1 Ω on Day 6.
Ultimately, these parameter trends are reflected in the characteristic
frequency of the first interfacial process. The group-averaged fc1
values increase in the order IA < HA < CA < UA:

f c1,IA = 534 Hz < f c1,HA = 928 Hz

< f c1,CA = 1512 Hz < f c1,UA = 1949 Hz.
(3.6)

Thus, IA exhibits the slowest apparent first interfacial process,
whereas UA exhibits the fastest one. The fc1 values remain rela-
tively stable for IA and HA, around 534 Hz and 928 Hz, respectively,
while CA decreases from 2005 Hz on Day 0 to 1223 Hz on Day 3 and
then partially recovers to 1453 Hz on Day 6. UA displays a change
in trend: during the first three days, fc1 decreases from 1948 to
1201 Hz, whereas during the last three days it increases from 1201
to 2727 Hz.
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(a) Continuous loading, Cell C.
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(b) Intermittent loading, Cell H.

Figure 3.9: Representative anode EIS fits showing the temporal evo-
lution between Day 0 and Day 6 under continuous and intermittent
loading. The continuously loaded anode shows a stronger temporal
shift, whereas the intermittently loaded anode remains compara-
tively closer to its initial response.

The representative anode fits in Fig. 3.9 illustrate the temporal
evolution behind these parameter trends. The continuously loaded
anode shows a strong displacement between Day 0 and Day 6, con-
sistent with a progressive modification of the anodic interfacial re-
sponse during sustained polarization. The intermittently loaded
Cell H also evolves, but its displacement is smaller and remains
within the same general spectral shape. This supports the inter-
pretation that the clearest loading-dependent changes occur at the
anode, while the intermittent profile does not produce the same
progressive shift observed under continuous loading.

Overall, both intermittently operated cells preserve a compar-
atively stable biofilm/electrode interface throughout the test. IA
and HA exhibit the lowest fc1 and Rs, as well as the lowest group-
averaged Q1 values, together with the highest n1 and R1 values.
This indicates a slower apparent biofilm/electrode interfacial pro-
cess, a lower ohmic contribution from the electrolyte and electrode/-
electrolyte contact, and a more resistive biofilm/electrode interface.
At the same time, the reduced Q1 values and higher n1 values sug-
gest a lower apparent interfacial storage contribution and a more
homogeneous, closer-to-ideal double-layer capacitive response.

Clear differences emerge when comparing the continuously loaded
anode and the unloaded anode. During the first three days, CA and
UA show similar trends for most parameters, except for the weakly
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opposite behaviour observed in R1. Their Q1 responses differ: CA
decreases progressively, whereas UA shows a nonmonotonic evolu-
tion during the first three days and returns close to its initial value
on Day 3. In both cases, the increase in n1, together with the de-
crease in Rs and fc1, suggests that the interfacial response shifted
toward longer timescales while becoming more homogeneous. For
CA, the decrease in Q1 may indicate a reduction in the apparent fast
interfacial storage contribution, possibly associated with changes in
active biofilm area, hydration state, or charge-storage distribution.

The behaviour of UA changes during the last three days, when
no EIS measurements were performed. During the first three days,
CA and UA show broadly similar trends for Rs, fc1, and n1. After
Day 3, however, their behaviour diverges: CA continues to decrease
in Rs and Q1 and increase in n1, although fc1 partially recovers
by Day 6, whereas UA reverses its trends. Specifically, UA shifts
toward higher ohmic resistance, a larger apparent interfacial storage
contribution, a faster interfacial process, and a less homogeneous
interface. This change in trend connected to the suspension of the
EIS measurements suggests that, even in the absence of external
loading, the repeated EIS measurements performed during the first
three days may have weakly perturbed or conditioned the unloaded
cell in a direction similar to continuous electrical operation. Once
the EIS measurements were halted during the last three days, UA
therefore evolved toward a different state, closer to its undisturbed
unloaded behaviour. Interestingly, the R1 trends are opposite for
UA and CA during both the first and last three days. However,
since this variation is less pronounced than the trends observed for
the other parameters, it is not considered sufficient to undermine
the overall interpretation.

Thus, the closest representation of the true unloaded state ap-
pears to correspond to UA0 and UA6. These conditions are char-
acterized by a faster interfacial process, a more inhomogeneous in-
terface, higher ohmic resistance, and a larger apparent interfacial
storage contribution. Conversely, continuous loading appears to
slow down the interfacial process, make the interface more homo-
geneous, and reduce both the ohmic resistance and the apparent
interfacial storage contribution. Compared with CA and UA, HA
and IA display a more stable behaviour over time. They are char-
acterized by the slowest first-branch interfacial process, the highest
charge-transfer resistance, and the lowest ohmic and interfacial stor-
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Figure 3.10: Representative late-state anode EIS fits for unloaded,
continuously loaded, and intermittently loaded cells. The compari-
son illustrates the effect of loading history on the anodic impedance
response at Day 6.

age contributions. The distinct anode responses observed under dif-
ferent loading histories are consistent with three-electrode studies
showing that polarization history affects electroactive-biofilm be-
haviour. These results provide promising evidence that comparable
impedance variations also arise under two-electrode harvesting; fu-
ture work should validate their statistical significance and long-term
evolution using larger PMFC populations and extended monitoring.

The late-state comparison in Fig. 3.10 further shows that the
final anodic spectra remain distinguishable according to loading his-
tory. The unloaded anode retains a clearly different high-impedance
response, while the continuously and intermittently loaded anodes
occupy lower-impedance regions with distinct spectral shapes. This
supports the conclusion that electrical loading leaves a measur-
able signature in the anodic impedance response. Cathode loading-
history fits are not shown here because the cathode did not exhibit
an equally ordered loading-dependent trend and was more strongly
affected by hydration and local contact conditions.

Although some second-branch model parameters appear to show
temporal trends, such as fW in CA and R2 in UA, these trends
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are not considered conclusive because of the high standard errors
associated with the limited identifiability of the diffusion-related
branch.

Cathode response to loading: Across the cathode measure-
ments, Rs ranged from 10.15 to 16.88 Ω for UC, from 11.74 to
15.13 Ω for HC, from 13.62 to 20.54 Ω for IC, and from 11.79 to
17.26 Ω for CC. Similarly, R1 ranged from 2.61 to 8.35 Ω, 4.24
to 5.83 Ω, 5.75 to 11.89 Ω, and 3.20 to 6.59 Ω for UC, HC, IC,
and CC, respectively. These cathode Rs and R1 values were gener-
ally higher than the corresponding anode values, indicating a larger
ohmic/contact resistance and a larger oxygen-reduction/interfacial
limitation at the cathode. The cathode Q1 values ranged from 0.22
to 0.67 m sn Ω−1 for UC, 0.59 to 2.85 m sn Ω−1 for HC, 0.28 to
0.41 m sn Ω−1 for IC, and 0.27 to 2.18 m sn Ω−1 for CC, suggesting
a generally lower or comparable apparent double-layer or pseudo-
capacitive contribution in the main interfacial branch. The remain-
ing fitted parameters were of comparable magnitude to those ob-
tained for the anode. Unlike the anode, the cathode did not show
a clear monotonic loading-induced evolution across time or between
loading conditions. Therefore, the cathode response was interpreted
as being more strongly influenced by hydration than by the applied
loading regime alone.

3.3.3 Effect of hydration

Although the original aim of the study was to investigate loading
effects, the water content varied unpredictably during operation. In
particular, the intermittently loaded cells appeared to dry out more
rapidly than the continuously loaded and unloaded cells. Therefore,
humidity-related effects had to be considered explicitly in the in-
terpretation of the EIS measurements. In addition, the immediate
response to water replenishment was analysed in order to distinguish
effects that appeared directly after wetting from those that devel-
oped over longer time scales, as well as to identify the frequency
regions most affected by hydration.

Hydration effects were therefore interpreted separately from load-
ing effects by considering two characteristic time scales: the imme-
diate Day 3-Day 3W response for the continuously loaded and un-
loaded cells C and U, and the Day 1-Day 2 response following the
visibly dry condition observed in the intermittently loaded cells H
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and I.

Cells I and H were visibly dry on Day 1, whereas cells C and U
never exhibited an evident dry state. Therefore, for cells I and H,
the Day 1 measurements were taken as representative of the clearest
dry condition, while for cells C and U the analysis focused on the
measurements furthest from the watering events, namely Day 3 and
Day 6. We also considered Day 6 measurements for cells I and H,
for completeness.

For the anodes, the lowest Rs values within each cell were often
observed either in measurements performed further from watering
events, namely UA3 (Rs = 3.6 Ω), CA3 (Rs = 4.8 Ω), IA6 (Rs =
1.6 Ω), and HA6 (Rs = 1.6 Ω), or under the visibly driest conditions,
namely IA1 (Rs = 2.0 Ω) and HA1 (Rs = 1.8 Ω). This behaviour
is not universal, as shown by the high Rs value of UA6 (Rs =
11.5 Ω). In the clearest dry states, IA1 and HA1, the Warburg-
related resistance and diffusion time constant were also minimized,
with IA1 showing RW = 1.6 Ω and τD = 1.7 s, and HA1 showing
RW = 4.0 Ω and τD = 0.6 s. A similar behaviour was observed
for UA3, where RW = 4.7 Ω and τD = 1.0 s. This trend was
not observed for CA3, possibly because this cell retained a higher
hydration level than UA3.

In contrast, the cathode-side measurements IC1 and HC1 showed
the highest Rs values, equal to 20.54 Ω and 15.13 Ω, respectively.
In the case of IC1, R1 also reached its maximum value, 11.9 Ω.
This pronounced increase in R1 may be related to cell I represent-
ing the driest observed condition, which could have enhanced the
cathode interfacial limitation. Overall, this suggests that the hydra-
tion state affected the anode and cathode responses differently, with
drying being associated with reduced anode Rs and diffusion-related
contributions, but increased cathode ohmic/contact and interfacial
resistances.

Immediate watering response: Day 3 to Day 3W, cells C
and U: The immediate effect of watering is illustrated in Fig. 3.11.
The response is electrode-dependent and, unexpectedly, watering
produced only limited changes in the fitted parameters. At the
anode, wetting did not simply reduce all resistive contributions. In
UA, Rs increased slightly from 3.35 to 4.54 Ω, while R1 changed only
marginally from 0.84 to 0.91 Ω. The main variation was observed in
the low-frequency branch, where RW increased from 4.69 to 8.83 Ω,
and τD increased from 1.00 to 2.25 s. This suggests that the short-
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(a) Unloaded anode.
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(b) Unloaded cathode.

Figure 3.11: Representative EIS fits showing the immediate effect
of watering between Day 3 and Day 3W for the unloaded cell. The
anode and cathode respond differently, highlighting the electrode-
specific impact of hydration on the fitted impedance spectra.

term wetting perturbation mainly affected the apparent bounded-
transport response of UA, rather than the high-frequency ohmic or
interfacial terms. In CA, immediate wetting had little effect, as all
fitted parameters changed only slightly from CA3 to CA3W, likely
because this cell had not reached a strongly perturbed dry state
before wetting.

On the cathode side, wetting produced a clearer change in the
ohmic/contact contribution. In UC, Rs decreased from 14.30 to
12.67 Ω, suggesting improved ionic or contact conductivity. How-
ever, R1 increased from 3.21 to 4.26 Ω, indicating that wetting
did not immediately improve the oxygen-reduction/interfacial pro-
cess. CC behaved similarly to UC, with only minor changes in both
Rs and R1. Overall, immediate watering appears to affect mainly
the low-frequency transport-related response at the anode, while
slightly reducing the cathodic ohmic/contact resistance. The simul-
taneous marginal increase in cathode R1 should not be interpreted
as a persistent hydration trend, since the Day 1–Day 2 post-watering
comparison of the intermittently loaded cathodes shows either a de-
crease, as in IC, or only a small change, as in HC. It is therefore
more likely a transient interfacial effect associated with pore filling,
ion redistribution, changes in contact geometry, oxygen availability,
or local redox conditions.
Post-watering response after the dry Day 1 condition, cells
I and H: the Day 1–Day 2 transition was particularly relevant
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(a) Cell I anode.
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(b) Cell I cathode.

Figure 3.12: Representative EIS fits showing the delayed post-
watering response of Cell I between Day 1 and Day 2. The anode
response shows changes in both the high-frequency/contact region
and the low-frequency bounded-transport region. The cathode re-
sponse shows a shift of the high-frequency intercept and first inter-
facial arc toward lower real impedance after watering.

for the intermittently operated cells, as water had to be replen-
ished after the visibly dry Day 1 measurement. A delayed post-
watering response is shown in Fig. 3.12 for Cell I. In this case, both
electrodes show a marked displacement between Day 1 and Day 2,
but with different spectral signatures. At the anode, water replen-
ishment mainly restored the low-frequency bounded-transport con-
tribution in both intermittent cells, while also affecting the high-
frequency/contact region, especially in the visibly drier Cell I. In
HA, one day after watering, RW increased from 4.0 to 5.8 Ω, while
τD increased from 0.62 to 1.56 s. These values approached those
measured before drying in HA0 (RW = 6.1 Ω, τD = 1.4 s), suggest-
ing a partial restoration of the bounded-transport response. At the
same time, HA also showed an increase in Rs, from 1.99 to 3.24 Ω,
and a moderate increase in R1, from 2.25 to 2.56 Ω, although fc1
remained almost unchanged, from 943 to 920 Hz. Therefore, the
high-frequency change in HA appears mainly as an ohmic/contact
shift rather than as a strong modification of the first interfacial pro-
cess.

In IA, the post-watering change was stronger. Watering in-
creased RW from 1.6 to 4.4 Ω and τD from 1.7 to 2.1 s, bringing
the IA2 values close to those of IA0 (RW = 4.8 Ω, τD = 1.9 s). In
addition, IA showed a larger high-frequency displacement, with Rs
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increasing from 1.82 to 3.57 Ω, R1 increasing from 2.96 to 3.71 Ω,
and fc1 decreasing from 606 to 520 Hz. This indicates that the dry
Day 1 condition in Cell I affected not only the slower transport-
related response, but also the near-electrode/contact and first in-
terfacial contribution. Overall, the visibly dry Day 1 condition was
associated with reduced RW and τD, whereas after watering these
parameters recovered toward their Day 0 values over the following
day. However, the simultaneous changes in Rs and, more clearly
for IA, in R1 show that hydration effects cannot be confined exclu-
sively to the low-frequency branch. The effect cannot be attributed
exclusively to watering because one additional day of operation also
occurred between the two measurements.

At the cathode, the post-watering response is stronger in the
high-frequency and first interfacial region, with a marked reduction
in the real part of the impedance. In HC, Rs decreased from 15.1
to 11.7 Ω, while R1 changed only slightly. In IC, which was visibly
drier, Rs decreased from 20.5 to 13.6 Ω, while R1 decreased from
11.9 to 9.4 Ω. The Rs values after watering approached the corre-
sponding Day 0 values of IC0 (Rs = 15.1 Ω) and HC0 (Rs = 13.1 Ω),
indicating that water replenishment partially restored the cathodic
ohmic/contact contribution. In contrast, R1 recovered only par-
tially, especially in IC, whose Day 0 value was R1 = 5.7 Ω. This
suggests that the cathodic response is strongly influenced by hy-
dration, local contact conditions, and oxygen access, and that the
recovery of the oxygen-reduction/interfacial process can be slower
or less complete than the recovery of the ohmic contribution.

The representative fits therefore support the decision to treat
hydration as a major confounding factor when interpreting loading-
dependent EIS trends. Poorer identifiability of the R2 and Q2 pa-
rameters was observed in the measurements furthest from watering
events or corresponding to the driest states, namely HA1, IA1, IA3,
IA6, and especially IC1. This suggests that, under dry or poorly hy-
drated conditions, the second R–CPE branch may have partially ab-
sorbed part of the diffusion-like response, making the low-frequency
model structure less well resolved. At the same time, the HA1–HA2
and IA1–IA2 comparisons show that drying and subsequent water
replenishment can also perturb the high-frequency/contact region
of the anode, especially through Rs. This effect is stronger in IA,
where R1 and fc1 also change more clearly, indicating that severe
drying can affect the first interfacial branch as well. Hydration ef-
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fects therefore cannot be confined exclusively to the low-frequency
branch. The effect was particularly evident for Cell I: after the dry
condition reached on Day 1, satisfactory identifiability was recov-
ered only in IA2 following water replenishment, whereas IA3 and
IA6 again showed identifiability problems.

3.3.4 Impedance-analysis summary and outlook

The same impedance model was successfully fitted to both anode
and cathode spectra under the different operating conditions. Over-
all, the results suggest that electrical loading primarily affected
the high-frequency anodic biofilm/electrode response. Hydration
mainly influenced the low-frequency anodic bounded-transport re-
sponse and the high-frequency cathodic ohmic/interfacial response,
but the HA1–HA2 and IA1–IA2 comparisons also show that severe
drying and subsequent water replenishment can perturb the high-
frequency/contact region of the anode, especially through Rs and, in
IA, also through R1 and fc1. The first R–CPE branch provided the
most reliable comparison between electrodes and operating modes,
while the second R–CPE branch and finite Warburg element were
useful mainly as qualitative indicators of drying and transport-
related changes because of stronger parameter coupling and lim-
ited low-frequency identifiability. These results show that loading-
history-dependent electrode responses can be tracked by EIS at po-
larization points derived from the harvesting state, providing an
electrode-resolved counterpart to the full-cell two-electrode opera-
tion. The observed trends are consistent with the loading-history
effects reported under controlled three-electrode polarization, while
longer experiments and larger PMFC populations are needed to es-
tablish their robustness and persistence. This harvesting-referenced
characterization is particularly relevant for PMFC-powered embed-
ded nodes, where prolonged unloading to recover open-circuit con-
ditions would interrupt energy extraction and may not represent the
electrochemical state experienced during normal harvesting opera-
tion.

The main effect of electrical loading was observed at the an-
ode, especially in the first R–CPE branch. IA and HA showed
the most stable anode parameters over time, suggesting that inter-
mittent loading preserved a comparatively stable biofilm/electrode
interface. In particular, the intermittent anodes showed the lowest
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first-branch characteristic frequency and the lowest ohmic contri-
bution, together with the highest charge-transfer resistance. Their
Q1 values were also the lowest on average across the corresponding
groups. These effects could be caused by the intermittent loading
treatment and thus offer a promising research direction for future
work.

On the other hand, CA showed clear trends over time, with de-
creasing Rs and Q1, fc1 decreasing through Day 3 and partially
recovering by Day 6, as well as increasing n1, indicating a pro-
gressive conditioning of the anodic interface (less ohmic resistance
and interfacial storage contribution, a slower interfacial process and
a more homogeneous interface) during continuous operation. UA
followed a similar trend during the first part of the test, suggest-
ing that repeated EIS measurements may also condition the anode
weakly. This is supported by the fact that after the interval with-
out EIS measurements, UA returned to a situation which we deem
representative of truly unloaded state, with more ohmic resistance,
interfacial storage contribution, a faster interfacial process and a less
homogeneous interface. Cathode Rs and R1 were generally higher
than the corresponding anode values, confirming that the cathode
contributed a larger ohmic/contact and ORR/interfacial limitation.
However, cathode trends were not clearly ordered by loading con-
dition. The strongest cathode perturbations occurred in the driest
states, especially IC, indicating that hydration, oxygen access, and
local contact conditions dominated the cathode response more than
loading alone.

Hydration affected the anode and cathode differently. The hy-
dration analysis was used to identify which parts of the spectrum
were most sensitive to drying and whether water replenishment re-
stored the fitted parameters after visible drying. The Day 1 mea-
surements of the intermittently loaded cells were treated as dry-state
references, especially for Cell I, while the Day 3/Day 3W compar-
isons were used to assess the immediate effect of watering in the
unloaded and continuously loaded cells.

For the anodes, the lowest Rs values within each cell were often
observed either in measurements performed further from watering
events, namely UA3, CA3, IA6, and HA6, or under the visibly driest
conditions, namely IA1 and HA1. This behaviour is not universal,
as shown by the high Rs value of UA6. Therefore, the decrease
in fitted anodic Rs under dry or far-from-watering conditions may
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reflect changes in local ionic concentration, electrode–soil contact
geometry, or redistribution of the fitted contributions between Rs

and the first interfacial branch.

In the clearest dry states, IA1 and HA1, the Warburg-related
resistance and diffusion time constant were minimized. A similar
behaviour was observed for UA3, but not for CA3, possibly because
CA retained a higher hydration level. Drying also reduced the iden-
tifiability of the second R–CPE branch, especially in IA1, IC1, and
HA1, suggesting that the slow interfacial and transport-related re-
sponses became less clearly separable in the fitted model.

In contrast, cathode drying manifested mainly as an increase
in the ohmic/contact and first interfacial terms. The cathode-side
measurements IC1 and HC1 showed the highest Rs values in their
groups, and IC1 also showed the highest R1. Delayed post-watering
measurements on IA and HA showed that water replenishment re-
stored the bounded-transport contribution toward the pre-drying
values, while also perturbing the high-frequency/contact region of
the anode, especially in IA. Immediate post-watering measurements
on UA and CA showed a clear restoration only where a drying per-
turbation was present, namely in UA.

For the cathodes, hydration mainly restored the high-frequency
resistance terms. In the immediate post-watering measurement,
UC and CC showed reduced Rs and slightly increased R1, suggest-
ing a transient interfacial effect rather than a persistent hydration
trend. In the delayed measurement, watering reduced Rs in IC
and HC, indicating improved ionic/contact conductivity, and in IC
it also reduced R1. However, while the cathodic ohmic resistance
was largely restored after the strong dry-state perturbation, the
oxygen-reduction/interfacial resistance R1 recovered only partially,
especially in IC.

Future work should extend the impedance measurements to lower
frequencies to better resolve the second impedance branch and the
finite-diffusion contribution. This extension should also reassess
the lower-frequency bound, identifying whether it can be shifted
while still satisfying the time and energy constraints of battery-free
EIS operation. The present results suggest that, especially under
drier conditions, the finite Warburg element and the second R–CPE
branch may partially absorb each other under the given model, mak-
ing the fitted low-frequency parameters less identifiable for both an-
odes and cathodes. Extending the low-frequency range would help
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distinguish these contributions more clearly. However, this may be
challenging in a battery-free measurement context, because lower-
frequency EIS points require longer acquisition times and higher
active energy consumption. Finally, the trends identified in this
preliminary study indicate the need for a larger experimental setup
including biological replicates, temperature and humidity control,
and direct tracking of the cell water content. Therefore, this work
should be considered a preliminary investigation, whose results pro-
vide a basis and motivation for a broader study aimed at validating
the observed loading- and hydration-related trends under more con-
trolled and statistically robust conditions. Once these impedance
trends are validated, they could be used as feedback variables to
adapt the harvesting voltage, period, and duty cycle to the evolving
PMFC state.

3.4 Conclusions

This chapter addressed the problem of using PMFCs as practical
energy sources for battery-free embedded systems. PMFCs offer
a sustainable route to long-term low-power generation, but their
low voltage, low power density, slow dynamics, and dependence
on biological and environmental conditions make conventional har-
vesting and monitoring strategies difficult to apply directly. For
this reason, the chapter focused on two coupled aspects of PMFC
energy management: controlled intermittent harvesting and non-
destructive impedance-based state observation.

The first contribution was the design and implementation of
a two-electrode intermittent-harvesting interface for PMFCs. The
proposed architecture connects the PMFCs to an energy-harvesting
DC–DC converter while imposing the harvesting timing externally.
This distinguishes it from capacitor-based and hysteretic approaches,
where the harvesting and recovery intervals depend on the instanta-
neous cell state. By decoupling the imposed timing from the PMFC
recovery dynamics, the interface enables frequency and duty cy-
cle to be studied as controlled variables while preserving the prac-
tical relevance of converter-based two-electrode energy extraction.
The same timing architecture can also support interleaved extrac-
tion from multiple PMFCs, providing a path toward scalable PMFC
power management.
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The developed interface was then used to evaluate whether in-
termittent operation can improve harvested power in a practical
harvesting configuration. Preliminary timing exploration at 50%
duty cycle indicated that seconds-scale periods were favorable for
the tested cells, with the best results obtained around 5–10 s. In the
9-day experiment, reducing the intermittent period from 20 s to 10 s
coincided with a strong increase in the average corrected PMFC-side
power of both intermittent cells. Cell I increased from 47.2 µW to
122.4 µW, corresponding to a 159% increase, while Cell H increased
from 19.4 µW to 67.6 µW, corresponding to a 248% increase. Dur-
ing the final interval, Cell I and Cell H exceeded the continuously
loaded reference by 185% and 57%, respectively. Since the contin-
uous reference also increased during Days 7–9, from 32.8 µW to
43.0 µW (+31%), the results support controlled intermittency as a
promising strategy, but do not isolate the causal contribution of the
period change from biological or environmental dynamics.

The second contribution was the use of EIS to observe how
PMFC impedance evolves under different loading histories. The
measurements were designed to be representative of harvesting op-
eration rather than relaxed open-circuit operation: the anode and
cathode polarization points used for three-electrode EIS were de-
rived from the electrode potentials reached during two-electrode har-
vesting at 270 mV. In addition, the frequency sweep was bounded
at low frequency to remain compatible with the energy-aware con-
straints identified in the previous battery-free EIS implementation.
This links the laboratory EIS measurements performed in this chap-
ter to the longer-term goal of embedded, self-powered PMFC state
observation.

The impedance results showed that the loading profile leaves
measurable signatures in the PMFC response. A common equivalent-
circuit model could be fitted to both anode and cathode spectra,
providing a consistent basis for comparing ohmic, interfacial, capacitive-
like, and transport-related contributions across cells and operating
conditions. The fitted parameters were interpreted comparatively
rather than as unique physical descriptors, because the observed
spectra reflect coupled effects of loading history, hydration, electrode
state, transport, and biological activity. The analysis also showed
that hydration events can strongly affect the impedance response,
confirming that electrical loading and environmental state must be
considered together when interpreting PMFC measurements.
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Overall, the chapter shows that PMFC harvesting and PMFC
state observation should be treated as a coupled problem. Con-
trolled intermittent harvesting was associated with higher average
extracted power under selected timing conditions, while EIS pro-
vides additional observables that reveal how the cell response changes
under different loading histories. Together, these results provide
preliminary evidence that comparable loading-history-dependent elec-
trochemical changes also occur during practical two-electrode har-
vesting, as reflected in measurable electrode-level impedance sig-
natures. At the same time, the experiments do not identify the
biological origin of the observed impedance and power variations.
Future work should therefore combine the proposed harvesting and
EIS platform with longer experiments, larger PMFC populations,
controlled hydration protocols, microbiological and plant-physiology
measurements, and fully autonomous self-powered operation. This
would enable PMFC-specific maximum power and energy tracking
strategies in which operating voltage, intermittent timing, and di-
agnostic measurements are jointly optimized.



Chapter 4

CapDYN:
Dynamic-Capacitance
Architecture

Parts of this chapter are adapted from the author’s previously pub-
lished work on CapDYN [1] and from the related IEEE SENSORS
work on zero-failure task execution in batteryless sensors [2].

Chapters 2 and 3 addressed the source side of the battery-free
energy path by developing and experimentally evaluating controlled
PMFC energy harvesting. This chapter moves to the storage and
delivery side: once energy has been harvested from a weak and
variable source, it must be buffered and made available to embedded
workloads with heterogeneous energy requirements.

In conventional battery-free systems, harvested energy is accu-
mulated in a fixed capacitor or supercapacitor, which supplies the
microcontroller, sensors, and communication circuitry during active
phases. Because ambient sources are often transient or sporadic,
these nodes typically operate intermittently, alternating between
charging and execution phases as the storage voltage moves be-
tween upper and lower operating thresholds [3, 6]. The choice of
the storage capacitance is therefore a key design issue for intermit-
tent systems [87].

A fixed capacitor creates a fundamental tradeoff, as the stor-
age capacitor’s size strongly influences both the device’s active time
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and the frequency of the power failures. A large capacitance can
sustain energy-demanding operations and extend active time, but
increases cold-start and recharge latency; a small capacitance im-
proves responsiveness and mitigates long cold starts, but may not
provide enough energy for longer sensing, processing, or communi-
cation tasks. Although a fixed capacitor can be sized for a spe-
cific operation, it is poorly matched to heterogeneous workloads,
where different tasks require different energy budgets and response
times. This mismatch can lead either to unnecessary charging delays
for low-energy tasks or to insufficient stored energy for high-energy
tasks.

For this reason, variable-capacitance storage architectures have
been proposed to support workloads with different energy require-
ments while reducing unnecessary charging time. Two opposing
capacitance-control approaches emerge from the literature. The
first approach is to leverage autonomous control. Gogolou et al.
[88] and El Mahboubi et al. [89] autonomously combine different
sized capacitors in series or parallel to offer two capacitance levels,
either a small capacitance for fast charging or a large capacitance
for long on-time, respectively. The second approach is to rely on
software control of capacitor size[21, 22, 90]: Yang et al. proposed
Morphy [22]. Morphy is a software-defined configurable capacitor
bank whose capacitors are connected via switches controlled by a
dedicated microcontroller (MCU).

Capacitance steps are crucial for perfectly matching each task
to its minimum capacity requirement, to minimize charging times.
Energy efficiency is also paramount in battery-free ecosystems: the
variable capacitance infrastructure must consume as little as possi-
ble to maximize the amount of harvested energy which is actually
supplied to the load. Although software control enables the use
of advanced control policies and grants a higher number of capac-
itance levels compared to the available autonomous solutions, this
feat comes at the cost of an increased energy overhead.

Instead of having a variable capacitor bank, other works solve
the limitations of a fixed capacitor when supplying different tasks
by federating the energy storage [23, 91, 92, 24]. This consists in
dimensioning a single fixed capacitor for each peripheral, providing
control as to which capacitor to charge. Although federation can
be an interesting solution, it still faces the same limitations of fixed
capacitors at the peripheral level, if multiple tasks use the same
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peripheral. Moreover, federation introduces the so-called energy
fragmentation problem [24], as federation dilutes available energy
across capacitors, so that even if the total stored energy would be
sufficient for executing a task, operative voltage is not reached at
the required peripherals. Solving this requires sub-optimal charge
transfers among capacitors [24]. Because of this reasons, we focus
on developing a centralized variable storage solution, rather than a
federated one.

Problem statement. An ideal energy storage system should per-
fectly match the task at hand by providing just enough capacitance
to sustain it, so that charging times are minimized. The capacitance
control should minimally impact the energy efficiency of the variable
storage. While the software control of state-of-the-art reconfigurable
storages offers greater flexibility, it reduces the energy efficiency, as
active MCUs are power-hungry components. On the other hand, the
autonomous control can provide capacitance scaling with less power
draw, especially if integrated. Besides, software intervention ties ef-
ficiency and reactivity : the more the system needs to be reactive to
changes, the more the MCU needs to be active and the less energy
efficient the variable storage is. Autonomous (i.e., not MCU-driven)
capacitance scaling solves the reactivity-efficiency trade-off, as re-
activity does not lead to an increased power consumption. This is
essential to allow intermittent systems operating on µW-level tran-
sient power inputs to collect even the shortest bursts of incoming
energy.

Challenges. For the purpose of explaining the challenges of build-
ing a variable capacitance system, consider a simple illustrative
design - which we term D0 - similar to the one proposed in [21]
that consists of a variable number of parallel capacitors. While
in [21] parallel capacitors are set by a software policy, in the D0
autonomous design we start charging a single capacitor and pro-
gressively scale up the bank capacitance by adding a capacitor in
parallel once a threshold charging voltage is reached, in order to
make room for more energy. As soon as we store sufficient energy
for a certain task, we start discharging the bank of parallel capac-
itors. This design introduces two important design challenges. I)
When scale up is triggered, adding an initially discharged capacitor
in parallel to a charged capacitor gives way to energy waste due
to dissipative voltage equalization transients and potential power
failures, as the overall voltage might stabilize below the minimum
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supply level of the system. This can lead to undefined behavior of
the load or even trigger a Brown Out Reset (BOR). II) Once the
bank supplies the task and discharges to the minimum load supply
voltage level, the energy below the voltage threshold can no longer
be used to provide an operational voltage. This ”leftover” energy
cannot be consumed by the load, yet it must be harvested upon cold
start to begin supplying the load, thus reducing the energy efficiency
of the storage. With the aforementioned D0 design, we cannot tap
into the leftover energy, which cannot be used to do useful work and
unnecessarily burdens cold start.

Requirements. An ideal design for a reconfigurable capacitor bank
should meet the following requirements: 0 It should provide granu-
lar capacitance steps in order to offer the perfect amount of storage
for the next task in queue, to minimize charging times. 1 It should
minimize the leftover energy in the capacitor bank, once task exe-
cution is done. 2 It must maintain the operating voltage during
capacitance reconfigurations, without incurring energy waste and/or
BOR. 3 It should perform the storage scaling at a low-energy cost
to maximize the storage’s energy efficiency (i.e. the ratio between
output and input energy). 4 It must be instantly reactive to ambi-
ent power dynamics and load demands.

Chapter contributions. This chapter presents CapDYN , an ultra-
low power energy storage design that autonomously adapts its ca-
pacitance to the declared energy consumption of the next task in
queue. CapDYN overcomes the limitations of a fixed energy stor-
age, which can only be tailored to the most energy consuming
task within an application (typically, transmission), imposing long
recharge times for smaller tasks (e.g. sensing, computing). Cap-
DYN combines, within a single architecture, autonomous progres-
sive capacitance scaling, task-matched storage stages, and a hard-
ware energy-state interface for energy-admissible task execution.
CapDYN begins charging at its minimum capacitance, to speed
up cold start and allow conversion electronics to enter their most
efficient conversion range as soon as possible. Each time the bank
charges up to the upper voltage threshold, CapDYN then scales
its capacitance up to the requested, task-specific level by seam-
lessly switching its bank of capacitors without the need of a dedi-
cated MCU. Once the requested energy level is available, the task
is launched and CapDYN gradually (i.e. each time the bank dis-
charges to a lower threshold voltage) scales down its capacitance
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back to its minimum level, maintaining the load’s voltage range
without output regulation. The load’s range is maintained as volt-
age is boosted at each capacitance scale down step. Once the task is
finished executing at the minimum capacitance level, leftover energy
below the load’s minimum operative voltage is minimized, resulting
in significant improvements of the cold start times.

At the architectural level, CapDYN is designed to be readily
extensible to additional stages: its control logic scales linearly, with
a fixed incremental control-hardware cost per added stage. Prac-
tical scalability of the complete system, however, is constrained
by the capacitor-bank topology. Of the two designs considered in
this work, one exhibits linear component-count scaling, whereas the
other scales exponentially with the number of stages, as detailed
in Sec. 4.2.2. The resulting hardware implications, including leak-
age, parasitic losses, and implementation power, are experimentally
characterized in Sec. 5.1.4. Moreover, additional stages are benefi-
cial only when the resulting energy levels are suitably matched to
the target workload, as investigated in the application-level eval-
uation of Sec. 5.2. Architectural extensibility therefore does not
imply unbounded practical scalability: the evaluation in Chapter 5
characterizes the topology- and workload-dependent tradeoffs that
determine a suitable stage count.

CapDYN can interface with harvesting sources whose output can
be appropriately conditioned by source-specific conversion electron-
ics. The upstream front end must rectify the harvested signal when
required and buck or boost its voltage to provide a DC input capa-
ble of charging the main bank up to the upper switching threshold
VSH . This requirement follows from CapDYN ’s direct connection
between the storage bank and the load, without a downstream out-
put boost stage. Under this assumption, source compatibility is
determined by the availability of a suitable conditioning front end
rather than by the harvester type itself.

Additionally, we develop a lightweight intermittent-computing
runtime that works in conjunction with CapDYN . The runtime re-
ceives energy-aware signals from CapDYN and maps the energy
consumption of tasks to the energy available at each capacitance
level of the bank, enabling energy-admissible task execution: tasks
are released only when the current storage state can sustain their
completion. In short, the main contributions of this chapter are as
follows:
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• We present CapDYN , a dynamic energy storage solution which
enables autonomous scale up/down of its overall capacitance
level based on its state of charge, without needing any external
MCU.

• We provide a CapDYN lightweight runtime that exploits the
bank’s energy state interface to eliminate load-side sleep-mode
consumption during inter-task charging by power-gating the
load until the energy required by the next task is available, and
to efficiently and intermittently execute energy-aware, task-
based programs.

• We release the CapDYN hardware design, LTspice model,
and software runtime as open-source to support reproducibil-
ity and foster the adoption of batteryless energy-harvesting
systems [93].

The remainder of the chapter is organized as follows. Sec. 4.1 re-
views prior work on intermittent systems and dynamic capacitance
and motivates the design requirements for dynamic energy storage.
Sec. 4.2 presents the CapDYN hardware architecture, including the
progressive capacitance-scaling mechanism, capacitor-bank design,
power-flow management, and energy-state interface. Sec. 4.3 intro-
duces the energy-aware runtime and its task-based execution model,
while Sec. 4.4 describes the hardware, LTspice, and software imple-
mentations. The chapter concludes by defining the task-to-stage
mapping used to dimension CapDYN for heterogeneous workloads.
The experimental and system-level evaluation of the resulting ar-
chitecture is presented in Chapter 5.

4.1 Dynamic capacitance: related works
and motivation

Most battery-free energy harvesting devices feature a single, fixed-
size centralized capacitor, which is generally as large as the most
energy-consuming operation that must be executed without power
failure [95, 96]. This introduces a delicate balance if the storage
must support operations with varied levels of energy consumption:
while a larger energy reservoir can support more substantial tasks,
it concurrently prolongs the recharge time for shorter tasks, thereby
diminishing the system’s overall responsiveness [21].
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Table 4.1: Comparison between CapDYN and representative prior
work in storage architectures. Adapted and extended from [1].

Dynamic
Charging Time

Reduced
Leftover Energy

Task-Storage
Mapping

Energy-Admissible
Release

Auto-
Reconfigurability

Single Capacitor ✗ ✗ ✗ ✗ ✗

Capybara [21] ✓ ✗ ✓ ✓ ✗

Reconf. SC [94, 88], Variable Storage [89] ✓ ✗ ✗ ✗ ✓

UFoP [23], Flicker [91] ✓ ✗ ✗ ✗ ✗

Stash [92] ✗ ✗ ✗ ✗ ✓

Multi-storage EMU [90] ✓ ✗ ✓ ✓ ✗

Morphy [22] ✓ ✓ ✓ ✗ ✗

CapDYN ✓ ✓ ✓ ✓ ✓

As highlighted in prior articles [22, 21, 30, 97], a batteryless
system faces multiple power supply-related challenges. These in-
clude achieving operational voltage from an empty storage (cold
start), sustaining tasks with different energy requirements, using
stored energy efficiently, and managing intermittent execution. Re-
cent works have focused on addressing these challenges by providing
variable storage upon software request [21, 22] or autonomously [94,
88] switching between a small and a large capacitor to achieve
faster startup [89], or by considering per-peripheral capacitors [23].
Among these works, reconfigurable capacitor architectures [22, 21]
provide a clever way to solve the fast recharge/sustained opera-
tion tradeoff. However, connecting multiple capacitors and enabling
their software-based reconfiguration introduces additional overhead,
increasing complexity and power requirements.

4.1.1 Differences from the State-of-the-Art

Tab. 4.1 summarizes the main differences between CapDYN and
prior reconfigurable-storage architectures. Beyond combining fea-
tures previously explored in isolation, CapDYN introduces autonomous
reconfigurability and exposes the storage state as a hardware-level
execution contract, enabling both efficient energy management and
energy-admissible task execution.

1 Dynamic Charging Time and reduced leftover energy.

A simple solution to provide dynamic charging time is to provide
two capacitance steps [94, 88, 89], one for fast startup, one for stor-
ing extra energy if the input power is greater than the end-node’s
active power consumption. While this approach is an important ex-
ample of autonomous capacitance scaling, the purpose of providing a
larger capacitance step is to store excess energy without burdening
cold start, not to support larger tasks. Indeed, larger tasks rely-
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ing on the larger capacitance steps might never execute, unless the
power input is higher than the node’s active power consumption.

This shortcoming is improved with Capybara [21], where stor-
age size is explicitly matched to task energy request, be it large
or small, and the charging of higher capacitance levels is decou-
pled from active load power consumption, as the load is only acti-
vated when sufficient energy for task execution has been harvested.
When scheduling a task, Capybara connects a certain number of
parallel capacitors sufficient to match the task’s energy require-
ments (termed energy mode). The storage is only modified when
scheduling a task, then it acts as a fixed-size capacitor (i.e. it does
not reconfigure throughout charging and task execution). Given
this reconfiguration scheme, to minimize leftover energy, Capybara
must employ an output voltage boost to generate an operative volt-
age as the bank dips below the load’s lower operative voltage. This
approach surely favours simplicity, but it comes at the cost of some
extra infrastructural power consumption and conversion losses due
to the output boost converter.

The multi-storage EMU of Mileiko et al. [90] can be viewed as
a variation of Capybara’s configurable storage approach. Capybara
maps each task to a task-specific set of capacitors connected in par-
allel, whereas Mileiko et al. map it to one selected capacitance Cs

among a set of mounted storage options and to an operating volt-
age Vop. As in Capybara, this task-specific storage configuration
is selected before execution and then remains fixed while energy is
accumulated and consumed, rather than being autonomously recon-
figured throughout charge and discharge. A programmable voltage
monitor determines when the selected capacitor reaches Vop, while
a DC–DC converter regulates the voltage supplied to the load. The
combined capacitance-and-voltage energy representation provides
finer control over the energy allocated to each task. However, only
one storage capacitor is selected at a time, and no mechanism is
described for recovering the energy remaining below the minimum
system operating voltage or for reusing residual charge in a stor-
age capacitor after it is deselected. Leftover-energy management is
therefore not explicitly addressed.

Yang et al. further expanded the software-defined capacitance of
Capybara through progressive scaling in Morphy [22], an approach
that also distinguishes Morphy from the later task-selected storage
architecture of Mileiko et al. The same idea, with an improved im-
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plementation, is also employed in CapDYN . The progressive scaling
mechanism consists in gradually reconfiguring the capacitor bank to
scale up/down the bank capacitance level throughout charging/dis-
charging. Charging begins at a minimum capacitance level, so that
operative voltage is achieved as soon as possible. Then, capacitance
is scaled up either when an upper charging voltage is reached (Cap-
DYN ) or when the bank is deemed optimally charged (Morphy),
to make room for more energy. When energy is deemed sufficient
for task execution, bank discharge begins, and capacitance is grad-
ually scaled back down to the minimum level. This provides three
advantages over task-selected storage approaches such as Capybara
and Mileiko et al., which set up the storage configuration before
charging/discharging and do not reconfigure it until a new task is
scheduled. First off, operative voltage is achieved earlier, and then it
is maintained through progressive scaling. Conditioning electronics
circuits have a much higher efficiency (5% vs 90% for commercial
models such as Texas Instruments’ BQ25505) when their output
voltage - which is where the dynamic capacitor is placed - grows
above a cold start voltage threshold. Progressive scaling allows Cap-
DYN and Morphy to overcome cold start much sooner than a fixed
capacitor tailored for the same task, meaning that conversion elec-
tronics work more efficiently sooner, resulting in more stored energy.
Secondly, at each scale down, capacitors within the bank are recon-
figured to boost the bank’s voltage, until the minimum capacitance
is reached: leftover energy - energy below operative voltage - is thus
effectively reduced with respect to the fixed capacitor needed for an
equivalent task execution. Leftover energy below the load operat-
ing voltage cannot be used for useful work but must be re-harvested
at the next cold start; reducing this residual energy therefore im-
proves both energy utilization and restart time [1]. Thirdly, voltage
boosting is achieved without using an output boost component as
in Capybara, which introduces additional consumption and ineffi-
ciencies.

CapDYN further improves the efficiency of the progressive scal-
ing mechanism with respect to Morphy. Morphy implements pro-
gressive scaling by charging its entire bank, and then separating a
subset of task-tailored capacitors during execution. Charge-pump
boosting is then employed between the core array and the task ca-
pacitors, to maintain the task capacitors in the load’s voltage range.
While this improves the flexibility of Morphy in terms of load volt-
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age range and scaling policies, it also causes large dissipative tran-
sients due to frequent charge transfers among differently charged
capacitors, which largely limit the efficiency of the boosting pro-
cess. CapDYN does not feature a core/task capacitor separation:
instead, CapDYN avoids the inefficiencies they carry by tailoring
its whole bank’s capacitance levels to match the different task en-
ergy requests. This further speeds up the charging process with
respect to Morphy, where overall bank capacitance is not explicitly
matched to a single task, as the task-matching job is left to the
core/task array separation. As a bonus, by matching capacitance
steps with task requests, we obtain a hardware energy state inter-
face: by autonomously monitoring the digital lines used to pilot
the bank switches, CapDYN can fully power-gate its load until it
reaches the stage needed for the next task’s execution. This energy
state interface is thoroughly explained in Sec. 4.2.3.

2 Auto Reconfigurability. Software-controlled dynamic bank
solutions allow greater scheduling flexibility, but do not solve the
reactivity-efficiency trade-off. Indeed, if reconfiguration is tied to
the activation of a power-hungry MCU [21] or periodic state of
charge measurements [22], the more the system will require recon-
figuration, the more energy will be wasted. Autonomous control
reduces power consumption, but also solves the reactivity-efficiency
tradeoff: active monitoring and reconfiguration do not come at an
added cost, unlike with software-controlled solutions, as evaluated
in Sec. 5.1.5. For these reasons, CapDYN was designed to operate
autonomously, without an MCU. Although the current prototype
is implemented using discrete components, such as voltage com-
parators and logic gates, CapDYN could be integrated into a single
chip, further reducing power consumption and improving its energy
efficiency. Among the architectures reviewed in this section, Cap-
DYN is distinguished by the combination of auto-reconfigurability,
scheduling support, and a control architecture that is linearly ex-
tensible with the number of stages.

Other autonomous solutions presented in literature are focused
on harvesting excess energy, rather than providing dynamic capac-
itance. In STASH [92], the front-end, federated capacitors are tai-
lored to sustain peripherals throughout execution, while a back-end
capacitor is available to autonomously collect energy when the en-
ergetic needs of the load are satisfied (i.e. the front-end storage is
full and task execution needs to wait). This mechanism, although
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inefficient due to the charge transfer through a Shottky diode from
the back-end capacitors to the front-end capacitor, manages to store
extra energy without slowing down cold start, as the back-end ca-
pacitor is connected to the harvester output only in times of energy
abundance. A similar result to Stash’s is obtained in [94, 88, 89],
but extra energy is only collected if the power input is higher than
the load’s active power consumption. CapDYN ’s autonomous con-
trol, coupled with its progressive scaling, manages to reactively ex-
pand, even if the next task energy level has been reached and task
execution needs to wait, essentially providing Stash’s functionality
without extra hardware.

3 Hardware support for Energy Awareness Energy-aware
execution requires knowledge of both task energy demand and the
storage state of charge. While the former can be obtained through
offline profiling, the latter requires active measurements, threshold
monitoring, or dedicated hardware support. UFoP [23] and Mor-
phy [22] actively poll storage voltage, incurring considerable energy
overhead due to MCU intervention, whereas Flicker [91] avoids this
overhead through interrupt-based monitoring. Mileiko et al. [90]
similarly avoid periodic MCU polling through dedicated threshold-
monitoring hardware. Flicker couples energy awareness and charge
prioritization through two programmable voltage monitors per pe-
ripheral: a charge controller and an interrupt controller. The charge
controller enables charging of a peripheral capacitor when the first-
stage capacitor, which powers the core, rises above a programmable
threshold; lower thresholds correspond to higher peripheral prior-
ity. The interrupt controller signals when the peripheral capacitor
has reached the voltage required for the corresponding task to ex-
ecute. By reconfiguring these thresholds, Flicker supports energy-
aware scheduling and priority assignment. However, this flexibility
comes at the cost of replicating monitoring hardware across pe-
ripherals and introducing charge-prioritization complexity. More-
over, the lack of implementation detail on charge transfer across
capacitors makes it difficult to assess the efficiency and scalability
of this approach, especially when peripheral voltage ranges inter-
act [92]. Mileiko et al. [90] also leverage a programmable voltage
monitor, but unlike Flicker’s per-peripheral monitoring and charge-
prioritization scheme, they directly monitor the selected centralized
storage against the task-specific voltage threshold required for the
next task’s execution.
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In contrast to Flicker’s and Mileiko’s programmable-threshold
approaches, CapDYN does not require task-specific voltage-threshold
configuration for energy awareness. Instead, the CapDYN bank’s
digital lines serve a dual purpose: they drive bank reconfigura-
tion and expose the current capacitance step—which also repre-
sents the storage state of charge—through the energy state inter-
face (Sec. 4.2.3). Through hardware/software co-design, each ca-
pacitance step is associated with the set of tasks it can sustain. As
a result, the runtime obtains immediate feedback on which task can
execute by simply observing the current storage stage.

Thanks to this energy state interface, the load running Cap-
DYN ’s runtime (Sec. 4.3.3) is activated only when the main bank
stores enough energy to complete the next task. This greatly im-
proves efficiency by removing the overhead of sleep-mode power con-
sumption and periodic polling of the bank’s state of charge, both
of which burden software-controlled dynamic capacitors. In addi-
tion, CapDYN centralizes charge in a single bank, avoiding the need
to multiplex energy across federated capacitors. This removes the
complexity and overhead of hardware charge-prioritization schemes
such as Flicker’s.

4 Time-constrained execution. Batteryless devices need to ex-
ecute tasks which pose constraints not only on how much energy
they need to successfully execute, but also on when they need the
requested energy. Such time-constrained tasks need to execute re-
actively, as an immediate response to an event. Recharge time de-
termines whether a time-constrained task will execute reactively, as
the system is unresponsive during recharge [98, 99]. As discussed
in the introduction of this chapter, a fixed buffer cannot reactively
respond to tasks with heterogeneous energy requirements: it either
imposes long charging times for shorter tasks or provides insuffi-
cient energy for longer ones. While energy-constrained tasks only
require visibility into the storage state of charge, time-constrained
tasks additionally require either reduced recharge time, so that the
buffer reaches operating voltage as soon as the requested energy is
available, or pre-charging, so that energy for reactive execution is
reserved in advance. Catnap [97] logically partitions a fixed-size en-
ergy buffer, reserving charge for reactive responses while executing
an energy-constrained task queue when extra energy is available.
This allows fine-grained control over the pre-charge level, but re-
quires continuous energy monitoring, which is inefficient. Similarly,
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Capybara [21] supports hardware pre-charging for time-critical re-
sponses by charging a section of its bank to the required level and
then isolating it until the reactive task arrives. However, the iso-
lated bank may gradually lose charge due to leakage. CapDYN
supports both pre-charging and recharge-time minimization. Pre-
charging is achieved by preserving the lower capacitance steps for
reactive responses, with energy reservation enforced through Cap-
DYN ’s digital output lines. Unlike Capybara, the reserved energy
is not isolated from the main bank, but remains in the central stor-
age, which continues to charge and therefore counteracts leakage.
Recharge times are further reduced through CapDYN ’s progressive
scaling mechanism, which matches the capacitance step to the re-
active task demand while also improving energy efficiency and first
completion advance (Sec. 5.2). Moreover, if persistent timekeepers
such as CHRT [100] are integrated into CapDYN , recharge time
can also be exploited to infer average harvested power, opening the
possibility of adapting the schedule to the input-power conditions.

5 Energy-admissible Task Execution and Scheduling Sup-
port. Intermittent computing is fundamentally an energy-awareness
problem. Under harvested and unstable power, execution correct-
ness and efficiency depend not only on preserving state across out-
ages, but also on deciding whether the energy currently stored in
the buffer is sufficient to safely start, continue, or defer computation.
Existing approaches differ precisely in how this energy awareness is
obtained and how it is used: to trigger checkpointing, to tolerate
failed task executions, or to predict safe task release.

Traditionally, checkpointing [101], which saves the system state
to non-volatile memory (NVM) during energy depletion and re-
stores it upon power recovery, has been the dominant approach.
Early implementations rely on static checkpoints embedded in the
source code. For instance, [102] proposes a system that analyzes
application code to optimize checkpoint placement. However, static
checkpointing often leads to energy waste when checkpoints are by-
passed without being used, or to failures when power drops before
a checkpoint is reached. Hibernus++ [103] mitigates these limi-
tations through adaptive checkpointing, which introduces the use
of energy awareness as a mechanism to decide when execution is
no longer safe and state saving must be triggered. Energy aware-
ness is achieved by capacitor-voltage monitoring through an ADC
and by energy-margin estimation to determine when hibernation
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is necessary, rather than checkpointing at a fixed threshold as in
[7]. Subsequent works such as Chinchilla [104] refined this approach
by introducing predictive checkpointing mechanisms that leverage
energy and execution models to anticipate future energy availabil-
ity and schedule hibernation decisions accordingly. To further re-
duce overhead, selective checkpointing schemes [105] target only live
data, while Dice [106] saves only modified memory regions. Never-
theless, checkpointing-based systems still incur non-negligible time
and energy overheads, which limit their effectiveness under highly
intermittent power.

Task-based execution models instead shift the focus away from
energy-aware state preservation and toward failure-tolerant execu-
tion. They decompose applications into atomic units that can be
safely re-executed after reboot, as tasks are designed so that they
can be safely re-executed from the beginning without causing incor-
rect or inconsistent updates to non-volatile memory, thereby avoid-
ing explicit state saving during normal execution. Chain [107], InK
[108], and Alpaca [109] follow this approach through specialized
task abstractions and communication channels that preserve con-
sistency across power cycles. LATICS [110] and Coala [111] im-
prove upon static tasking by adapting task boundaries using indi-
rect energy-awareness signals: recent execution outcomes in LAT-
ICS and elapsed execution time in Coala. These mechanisms re-
duce overhead and mitigate non-termination, but they still provide
limited energy awareness: tasks are launched without guaranteed
completion, so repeated reboots and energy waste remain possible
when input power is insufficient.

Checkpointing-based and task-based approaches represent the
closest intermittent-computing reference classes for the proposed
solution. They address the same general problem as CapDYN ,
namely forward progress under intermittent power, but they act
mainly at the software execution and recovery level. Checkpointing
preserves program state across power failures, whereas task-based
models structure applications into atomic units to simplify recov-
ery and consistency. In contrast, CapDYN addresses the comple-
mentary storage and activation problem: it exposes discrete energy
states and enables execution only when a profiled unit of work is
energy-admissible. The proposed system should therefore not be in-
terpreted as a replacement for checkpointing or task-based program-
ming models. Rather, it provides storage-level support that can be
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combined with them, allowing such software mechanisms to benefit
from reconfigurable storage and energy-admissible activation.

Predictive and optimization-based approaches make energy aware-
ness explicit again, but use it for task admission rather than only
for state preservation. Their goal is to decide whether a task should
be started at all, based on measured, estimated, or predicted energy
availability. Karimi and Kim [112] propose model-based prediction
of the stored energy evolution over time so that the node is woken
up only when sufficient energy has been accumulated. ETAP [113]
estimates available energy using hardware-level measurements such
as capacitor voltage and compares it against compile-time-derived
probabilistic energy bounds, enabling tasks to be scheduled only
when sufficient energy is available with high confidence. Delgado
and Famaey [114] formulate batteryless task scheduling as a Mixed
Integer Linear Program that uses task timing and energy parameters
together with predicted harvested energy over a look-ahead window
to decide task execution and node duty-cycling. Their formulation
yields a globally optimal schedule only under full knowledge of fu-
ture tasks and harvested power over the considered horizon, and
is therefore best understood as an offline upper bound and a ba-
sis for practical heuristic schedulers. More generally, predictive and
optimization-based approaches reduce task failures at the cost of re-
lying on prediction accuracy and potentially complex models, which
have limited applicability in resource-constrained environments.

In contrast to the previously introduced software-side approaches
discussed above, CapDYN treats energy awareness not as a software-
side estimate used to trigger checkpointing, tolerate failures, or
predict safe execution opportunities, but as a hardware-enforced
execution contract. CapDYN shifts intermittent execution away
from checkpointing, speculative task retries, and prediction-heavy
scheduling toward energy-admissible task release enforced by the
storage/runtime interface itself. CapDYN couples task execution
with a dynamically reconfigurable centralized capacitor bank through
its energy state interface (Sec. 4.2.3). Through offline task-to-stage
mapping, each task is associated with the minimum capacitance
stage that is expected to guarantee completion under the profiled
energy bound and safety margin. At runtime, the node determines
whether the next task is energy-admissible simply by observing the
current energy state exposed by the bank, thus eliminating the need
for explicit online energy estimation, voltage polling, or predictive
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scheduling. Energy awareness is therefore provided implicitly by the
storage itself, which substantially reduces both runtime complexity
and monitoring overhead.

Building on the hardware support described in Secs. 4.2.3 and
4.3.3, this mechanism also strengthens support for both energy-
constrained and time-constrained tasks. As discussed in 4 , Cap-
DYN can reserve energy for reactive responses by preserving lower
capacitance steps and can reduce recharge latency through progres-
sive scaling, thereby addressing both how much energy a task re-
quires and when it must be delivered. Unlike Flicker, this does not
require per-peripheral charge prioritization; unlike Capybara, re-
served energy remains in the main bank rather than in an isolated
storage partition.

Mileiko et al. [90] provide a hardware-supported task-admission
model closely related to that of CapDYN , associating profiled tasks
with task-specific energy states and power-gating the transient load
until the requested state is available. A key distinction lies in
how this requested energy state is retained across power failures.
Mileiko et al. integrate a dedicated State Retention Unit (SRU), in
which the selected energy state (Cs–Vop) is maintained in volatile
latches during normal operation and stored in NVM for autonomous
restoration after an outage. In CapDYN , the requested stage is
instead held in a volatile wake-up register; after complete control-
power loss, this register returns to a user-configurable default stage,
from which the load can restart, recover its application state from
MCU non-volatile memory, and program the required stage again.
Mileiko et al. therefore directly retain the exact energy-management
state, whereas CapDYN avoids dedicated control-side NVM and
restoration circuitry and reconstructs the requested state after restart.

The choice between direct non-volatile retention and restart-time
reconstruction introduces a tradeoff between power-failure recovery,
control complexity, and continuous power consumption. Mileiko et
al.’s non-volatile restoration mechanism requires only 0.31–0.4 µJ
for state recovery and 0.07–0.1 mJ for state update. However, the
SRU alone draws approximately 3 µA during normal operation,
while the complete EMU includes additional control and power-
management circuitry whose total quiescent consumption is not re-
ported. A direct quantitative comparison with CapDYN , whose
complete control infrastructure consumes 4.15–9.07 µW, is therefore
not possible. Mileiko et al. thus obtain direct non-volatile recov-
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ery of the energy-management state through additional retention
circuitry, whereas CapDYN favors lower control complexity and re-
constructs the requested stage after a complete control-power loss:
as detailed in Sec. 4.2.3, power-on reset first restores a configurable
default wake-up stage, after which the restarted load recovers its
application state from MCU non-volatile memory and programs the
stage required by the next task.

By enforcing energy-admissible execution at the storage/run-
time boundary, CapDYN overcomes the uncertainties of predictive
scheduling and virtually eliminates the overhead of checkpointing.
Under normal intermittent operation, execution suspensions due to
insufficient stored energy are confined to inter-task charging inter-
vals and coordinated through the EOT signal of the energy state
interface. Consequently, once started, tasks are guaranteed to com-
plete, and the system only needs to preserve minimal inter-task
state to ensure forward progress. In this sense, CapDYN turns
energy awareness from a software-side estimation problem into a
hardware-enforced execution contract between the storage and the
runtime.

4.1.2 Centralized and federated solutions

A radically different approach to centralized, variable capacitance
is to federate the energy storage across peripherals, by dedicating
a fixed-size capacitor to each peripheral. By only activating the
charging of the required peripheral capacitors for a given task exe-
cution, overall storage capacitance can be reduced with respect to
a fixed-size centralized capacitor, especially in the case of applica-
tions with diverse energy requirements. This approach has three
major shortcomings with respect to centralized solutions. Firstly,
even though the time to operative voltage is minimized across all
required peripherals, task execution needs to wait for the charging
of the slowest peripheral. This means that the peripherals which al-
ready have achieved operating voltage sit idle and draw power from
their storages. With a centralized solution, by tailoring the capaci-
tance to a task, we minimize not only the time to operative voltage,
but also the time to task execution, so when useful work is done,
without having to consider peripheral charging synchronization de-
lays and energy waste. Secondly, in federated approaches energy is
fragmented across peripheral capacitors, as debated in [24], which
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means that even though the overall stored energy would be sufficient
to launch a task, each peripheral is below operating voltage and can-
not operate. Solving this problem requires sub-optimal charge trans-
fers among different peripheral capacitors, which reduces the energy
efficiency of the system [24]. Centralized storages such as CapDYN
avoid fragmentation by design and do not require lossy defragmen-
tation techniques. Besides for the purpose of defragmentation, the
routing of charge from one capacitor to a differently charged one
regularly takes place in federated storages (e.g. stash capacitor to
peripheral capacitors [92], MCU capacitor to peripheral capacitor
[23, 91]), and gives way to large energy transfer losses. Thirdly, fed-
erated storages dimension the peripheral capacitor according to the
consumption of a single task using that peripheral. If a peripheral
requires different energy budgets for different tasks, this approach
inherits the shortcomings of fixed capacitors when scheduling tasks
with varied energy draws. In the case of centralized systems such
as CapDYN , Capybara and Morphy, we can remap different tasks
using the same peripheral to different capacitance levels, overcom-
ing the mentioned limitation of per-peripheral capacitors. Hester
et al. [23] argue that, unlike federated storages, centralized so-
lutions are vulnerable to the so-called “tragedy of the coulombs”,
which is what happens if a faulty task or component can access and
wrongly deplete a shared storage. Centralized systems can defend
themselves from this problem by implementing energy watchdogs
[22], which power-gate peripherals through switches if the energy
draw goes above the expected level. CapDYN is immune to this
problem, as tasks are triggered as soon as the bank has sufficient
energy to complete them. So, a bugged task will, at worst, not com-
plete. Blacklisting can also be implemented to avoid re-execution. If
pre-charging is activated, we can safeguard the pre-charged energy
through an energy watchdog which leverages CapDYN ’s capacitance
step knowledge.

4.1.3 Other relevant works

Two recent works, Culpeo [115] and CapOS [116], propose interest-
ing solutions which could be integrated with CapDYN . Culpeo [115]
considers the voltage drop caused by the equivalent series resistance
in capacitors. This voltage drop might lead to an unexpected power
failure even though the stored energy remains in the capacitor.



4.2. CAPDYN HARDWARE DESIGN 119

CapOS [116] considers the capacitor degradation due to repeated
charging and discharging operations. The benefits of the proposed
solutions in these works can be applied to CapDYN to further im-
prove its performance. We leave these aspects out of the scope of
this thesis.

4.2 CapDYN hardware design

With CapDYN , we introduce a novel dynamic energy storage which
automatically adjusts its overall capacitance based on its current
state of charge. CapDYN executes these capacitance adjustment in
steps though what we term progressive scaling, as shown in Fig. 4.1:
upon system cold start, CapDYN begins charging at its minimum
capacitance level, then it progressively increases its capacitance level
each time an upper voltage threshold is reached. When the capac-
itance level required to execute the next task without power failure
is fully charged (Sec. 4.2.3), CapDYN enables task execution: as
the bank discharges, CapDYN decreases its capacitance level each
time a lower voltage threshold is crossed, until the minimum capac-
itance level is discharged down to the lower voltage threshold. At
this point, CapDYN has extracted all viable energy from its bank,
having minimized leftover energy through the aforementioned pro-
gressive scaling mechanism. Through the scaling process, the out-
put voltage is limited, as the output voltage is maintained between
an upper and a lower voltage threshold. Besides this, the progres-
sive scaling approach gives CapDYN the following advantages with
respect to a fixed capacitor solution:

• By tailoring CapDYN ’s capacitance steps to each task’s con-
sumption, we minimize charging times across tasks with varied
energy requirements, all the while sustaining their execution
without incurring power failures.

• CapDYN reaches operative voltage sooner and maintains it
throughout charging, thanks to its progressive scaling approach:
this means conditioning electronics operate in their most effi-
cient range (that is, out of cold start) for more time.

• CapDYN can discharge the bank down to its minimum ca-
pacitance level, effectively reducing the leftover energy - that
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Figure 4.1: The progressive scaling capacitor reconfiguration pat-
tern for CapDYN , in two bank design variants. The initial con-
figuration of both banks is stage 1, where all the capacitors are
connected in series. As the stored energy increases, each design
differently reconfigures the connections between the capacitors in
successive steps to connect them in parallel. At stage N, all the
capacitors of both banks are connected in parallel. Reproduced
from [1].
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is, energy that cannot be used for powering the load and thus
unnecessarily burdens cold start.

CapDYN system’s architecture is composed of four parts, which are
discussed in the following section and represented in Fig. 4.2. 1)
The energy storage scaling logic, which enforces progressive capac-
itance scaling ; 2) the capacitor bank (or main bank) with its re-
configurable switches, piloted by the scaling logic; 3) the I/O flow
control, which orchestrates the power flow into and out of the main
bank and 4) the energy state interface, which allows the load to indi-
cate at which energy level it wants to be powered, in order to execute
its next task. The scaling logic is in charge of monitoring the main
bank voltage and of accordingly piloting the progressive scaling of
the bank’s capacitance through the bank’s switches. The proposed
scaling logic is not tied to a single capacitor-bank topology and can
be matched with different reconfigurable bank designs. In this work,
as a proof of concept, we focus on two convenient capacitor-bank
designs. The I/O flow control ensures that the main bank is only
ever charged/discharged when the backup capacitor can sustain the
scaling operations. The energy state interface allows the bank’s
power output to be activated by the I/O flow control only once the
load’s next task energy level has been achieved, in order to avoid
wasting energy in load sleep mode power consumption. The power
output is then disabled when the main bank is fully discharged, in
order to avoid successive cold starts. Both the scaling logic and the
I/O flow control are fully hardware-based, as they forego active con-
trol (i.e., an MCU) to carry out their tasks. As we will see in Sec.
5.1.5, this solves the reactivity-efficiency tradeoff mentioned in this
chapter’s introduction. Besides being flexible in terms of capacitor-
bank design, CapDYN can interface with harvesting sources whose
output can be conditioned by source-specific conversion electronics
to provide a DC input capable of charging the main bank up to at
least VSH , through rectification and/or buck/boost conversion as
required.

4.2.1 The progressive capacitance scaling logic

CapDYN ’s scaling logic relies on monitoring the main bank’s voltage
to estimate the stored energy within the bank and to autonomously
trigger scale up/down of the bank capacitance. Capacitance scale-
up/down is achieved by modifying the connections between the
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bank’s capacitors through a series of switches, which are controlled
by the scaling logic. Capacitance scale-up triggers when the main
bank’s voltage grows above an upper threshold VSH , while scale-
down triggers when the voltage falls below a lower threshold VSL.
Note that VSH > VSL. In this way, the main bank is limited in the
[VSL, VSH ] range at all times during normal operation. In its most
basic form, the scaling logic is a shift register which shifts its bits at
each scaling event. Each bit pilots a subset of the bank’s switches to
implement different overall capacitance steps. By using different bit
combinations to control the bank’s digital lines, CapDYN ’s scaling
logic can be adapted to different reconfigurable capacitor-bank de-
signs whose stage transitions can be encoded through the available
control lines.

Avoiding Brown Out, Overcharging and Loops in Progres-
sive Scaling

Switching thresholds VSL, VSH require careful design in relation to
the load’s voltage range, VL, VH and to the biggest voltage drop-
s/spikes associated to capacitance variations. Voltage spikes/drops
upon transitions depend on the selected bank design, specifically on
the reconfiguration strategy and on how the capacitors within the
bank are dimensioned, as discussed in Sec. 4.2.2.

In order to directly (i.e. without direct output regulation) supply
an operating voltage to the load throughout the progressive scaling
operations, the main bank’s output voltage must be limited to the
load’s operating range. Indeed, if capacitance scale-up/down gives
way to a bank voltage spike/drop that exits the load’s range, the
load could be either damaged or suffer from a power failure. At
the same time, if these voltage spikes are larger than the [VSL, VSH ]
range, a loop condition occurs. In fact, if upon reaching VSH , ca-
pacitance scale-up generates a voltage drop that reaches VSL, scale-
down is triggered right after scale-up, and scale-down comes with a
voltage spike which newly exceeds VSH , resulting in a new scale-up.
In order to respect the load’s voltage range throughout scaling and
make as much room as possible to accommodate scaling-associated
voltage spikes/drops, we select VSL = VL, VSH = VH . In the next
paragraph, we highlight two capacitor dimensioning solutions which
can be matched to different load voltage ranges.
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4.2.2 Main bank design: switching strategy and
capacitor dimensioning solution

CapDYN ’s capacitor bank is composed of multiple capacitors, whose
connections are reconfigured through switches piloted by the scal-
ing logic. A capacitor bank is fully defined by its switching strategy
and by its capacitor dimensioning solution. The switching strat-
egy defines how the capacitors of the bank are arranged in order
to achieve varying bank capacitance steps, while the capacitor di-
mensioning solution expresses how each capacitor within the bank
is dimensioned with respect to each other.

CapDYN is compatible with multiple bank designs. Fig. 4.1
shows the switching strategies of the two banks we evaluate in this
paper. Design 1 (D1) ensures a large capacitance multiplication
range with limited components, with a component count that in-
creases linearly with the number of stages. Design 2 (D2) instead
requires a twofold increase in component count for each additional
stage, resulting in exponential component-count scaling, but fea-
tures more energy-efficient transitions. The hardware-level differ-
ences between the two topologies are evaluated in Sec. 5.1.4, while
their application-level impact is analyzed in Sec. 5.2.

Switching strategy: D1’s switching strategy (Fig. 4.1a) features
all bank capacitors connected in series in the initial stage/level, set-
ting the minimum capacitance to enable quick cold-start overcom-
ing. As the bank charges, its capacitance is progressively increased:
each time the voltage reaches VSH , one capacitor is connected in
parallel with C1. The maximum capacitance level is reached when
all capacitors are connected in parallel to C1. Bank discharge (task
execution) is enabled once a target energy level—corresponding to a
specific capacitance level—is reached (Sec. 4.2.3). During discharge,
the process is reversed: each time the voltage falls to VSL, one ca-
pacitor is removed from the parallel configuration and reconnected
in series, providing the benefits discussed in Sec. 4.1.1.

D2’s switching strategy (Fig. 4.1b) follows a similar initial con-
dition, with all capacitors connected in series. However, its scal-
ing mechanism differs significantly. When the bank voltage reaches
VSH , capacitors are reconfigured in pairs, forming parallel groups of
two capacitors, connected in series with other such groups. Upon
subsequent crossings of VSH , these groups connected in series are
recursively merged: pairs of two-capacitor groups are combined into
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four-capacitor parallel groups, and so on.
Eventually, the maximum capacitance is achieved when all ca-

pacitors are connected in parallel. During discharge, the process is
inverted: each time the voltage reaches VSL, each parallel group is
split into two and the resulting subgroups are reconnected in series,
ultimately returning to the initial fully series configuration.

From this description, it is evident that D1 scales its bank ca-
pacitance linearly with the number of stages, whereas D2 exhibits
exponential scaling, as each additional stage requires a twofold in-
crease in capacitors. As discussed in Sec. 5.1.4, this difference has
important implications in terms of both power consumption and
cost.
Capacitor-bank dimensioning and stage-energy availability:
For an N -stage D1 CapDYN , the capacitor bank is dimensioned
using a binary-weighted array, where all capacitors are expressed as
multiples of a unit capacitance, C1. Specifically,

C2 = C1

Ci = 2i−2 · C1, i = [3, N ]
(4.1)

At stage j, the bank can be interpreted as the series connection of
two sub-networks, a parallel block composed of the first j capacitors,
and a series string composed of the remaining N − j capacitors.
Under this dimensioning, the equivalent capacitance of the bank at
stage j can be expressed in closed form as

CD1
eq (j;N) =

C1 2j−1

3 − 2 j+1−N
, (1 ≤ j ≤ N), (4.2)

In the D2 bank (Fig. 4.1b), all capacitors have equal size C1.
At stage j, capacitors are grouped into parallel blocks of size 2j−1,
which are then connected in series. The resulting equivalent capac-
itance can be written in closed form as

CD2
eq (j;N) = C1 22j−N−1, (1 ≤ j ≤ N), (4.3)

which increases exponentially with the stage index until all capaci-
tors are connected in parallel at j = N .

Thus, in both D1 and D2, the bank equivalent capacitance in-
creases from a minimum value at stage j = 1 to a maximum value
at stage j = N , with N − 1 discrete intermediate levels. For the
same unit capacitance C1 and number of stages N , D1 provides a
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larger equivalent capacitance than D2 at each intermediate stage,
while the two architectures converge to the same maximum capac-
itance at the final fully parallel stage. D1 therefore exposes higher
capacitance values in the early and intermediate stages, whereas
D2 starts from a much smaller equivalent capacitance and increases
more steeply as the stage index grows, as shown in Fig. 5.14.

However, the equivalent capacitance alone does not determine
the energy that can be extracted from a stage. During discharge, the
energy delivered in each stage depends on both the stage capacitance
and the voltage interval over which that capacitance is discharged.
In D1, the transition-induced voltage spike becomes progressively
smaller during discharge, so the additional energy provided by the
post-switch voltage boost is strongest near the high-capacitance
stages and weaker at lower stages. In D2, by contrast, every transi-
tion to a lower-capacitance stage doubles the bank voltage. There-
fore, although D2 provides a smaller equivalent capacitance than
D1 at the early and intermediate stages, each D2 discharge interval
starts from a higher post-switch voltage, which partly compensates
for the lower capacitance in terms of extractable energy. Since the
extractable energy scales as C(V 2

post switch − V 2
SL), this increase in

Vpost switch partly compensates for the lower capacitance of D2. As
a result, D1 and D2 exhibit clearly different equivalent-capacitance
distributions, as shown in Fig. 5.14, but more similar stage-energy
availabilities, as shown in Fig. 5.13.

As a conclusive note, given a certain switching strategy, mul-
tiple capacitor dimensioning solutions can exist. We focus solely
on one viable dimensioning solution per switching strategy, as the
main contribution of this thesis lies in the autonomous bank recon-
figuration, rather than the switching strategy or the capacitor bank
dimensioning itself.

Load voltage range and reconfiguration spikes: once the bank
is fully defined, it must be coupled to the desired load voltage
range. In fact, the switching thresholds VSH and VSL must re-
spect the load’s voltage limits while also accounting for the voltage
drops/spikes induced by reconfiguration. These post-switch voltage
variations can be derived analytically from the capacitor-network
topology, as summarized in Appendix A.1.

From this analytical framework, for the D1 bank the capaci-
tance scale-up/down voltage drops/spikes are larger when transi-
tioning between higher-capacitance stages. In particular, switching
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to/from the Cmax stage results in a halving/doubling of the main
bank voltage, respectively. For the D2 bank, the halving/doubling
of the bank voltage occurs at every transition.

As a result, loads satisfying VSH ≥ 2VSL can fully exploit both
capacitor bank designs, allowing charge accumulation up to the final
stage. Conversely, loads with VSH < 2VSL are not compatible with
D2 and can only operate up to an intermediate stage i < N in
the D1 configuration, in order to avoid brownout. Most low-power
integrated circuits fall in the former category, typically operating
within the [1.8, 3.6] V range. For loads in the latter case, CapDYN
still achieves an equivalent minimum capacitance Cmin, at the cost
of a reduced Cmax.

Overall, the analytical characterization of post-switch voltages
enables CapDYN to be adapted to arbitrary load voltage ranges
without requiring an additional output voltage smoothing or regu-
lation stage.

Interface to control signals: The last point of the main bank de-
sign is concerned with matching the switching logic to the switches’
control signals needed to achieve the switching strategies presented
in Fig. 4.1. The capacitor bank schematic and the control signal
generation is shown in Fig. 4.2b: the connection of each capaci-
tor is managed by two switches driven by the same control signal
Qi. We design the progressive scaling logic as an N-bit bidirectional
shift register piloted by a window-type voltage monitor with two
programmable thresholds coinciding with the capacitance scaling
voltages, VSH , VSL. The voltage monitor provides two signals, OVB
and UVB: OVB is asserted when the main bank voltage grows up to
the upper scaling voltage, while UVB is asserted when the monitored
voltage falls to the lower scaling threshold. As shown in Fig. 4.2b,
OVB and UVB trigger the right shift of a high bit and left shift of
a low bit of the bidirectional register bits, respectively, which will
then control the main bank switches, responsible for the capacitance
scale up/down. We refer to the N-bit bank control signal as Q or bit-
mask, alternatively. For both D1 and D2, the Q signals control the
capacitor switches through comparators, which translate the digital
voltage levels to the switch supply domain. By implementing differ-
ent bitmasks, we can extend the progressive scaling logic to other
designs.
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(a) CapDYN ’s high-level block diagram.
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the input and output flow of both CapDYN and its backup capacitor.

Figure 4.2: CapDYN block diagram (a), bank schematics (b) and
input/output logic (c). Adapted from [1].
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4.2.3 Power supply design and input/output power
flow management

CapDYN is designed around ultra-low power energy harvesters at
the edge of remote energy scavenging, such as small photovoltaic
panels, microbial fuel cells, thermoelectric, or even piezoelectric gen-
erators. Any node operating directly from such energy sources must
rely on a harvester-to-DC conditioning circuit, as these sources pro-
duce voltage outputs that need to be either boosted, bucked or rec-
tified to operational-level DC voltages. Accordingly, CapDYN is
designed to receive the conditioned output of this source-specific
front end rather than the raw harvester signal. It can therefore
interface with any harvester whose output can be rectified, when
required, and bucked or boosted to provide a DC voltage sufficient
to charge the main bank to at least VSH . This separates the de-
sign of the source-specific conversion electronics from that of the
CapDYN architecture itself.

Power supply design: We power CapDYN ’s load directly from
the main bank’s unregulated voltage, which is limited to the [VSL, VSH ]
range, while we power CapDYN ’s components by regulating the
backup supply’s voltage. Voltage regulation is deemed necessary
to ensure the combinational logic’s correct operation: the regulated
voltage level is set to the minimum possible value to minimize power
consumption. We dimension the backup capacitor to withstand the
longest atomic operation of the application to which we are fitting
the hardware, considering the worst-case scenario of no input power.
Backup capacitor size must be kept as small as possible: as its size
entirely depends on task execution time and CapDYN ’s idle con-
sumption, CapDYN ’s components must be kept as low-power as
possible, and time overhead due to backup capacitor charging must
be considered when straying away from applications which do not
entail short, intermittent tasks. A good rule of thumb is to keep
the backup capacitor dimension below the capacitance of the first
stage so that tasks with stage-1-level energy consumption are not
excessively slowed down.

I/O control: the output of the selected harvester, which we con-
sider to be already conditioned for the previously mentioned reasons,
is the input of two separate but interdependent energy banks within
CapDYN (Fig. 4.2a). One is the main supply (VCapDYN), tapping
into CapDYN ’s main capacitor bank to power the intermittent node,
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and the other is the backup supply (VBackup) hinging on a backup
capacitor to power CapDYN ’s components. The power flow into
and out of these two banks is controlled thanks to reverse-current
blocking ideal diodes, piloted by the I/O control’s two output sig-
nals, EN1 and EN2, as shown in Fig. 4.2a. In particular, the input
power is multiplexed into either VBackup or VCapDYN by the use of
two opposite-logic switches controlled by EN1, to make sure only one
switch is conducing at a time. On the other hand, the bank output
is enabled by EN2. The I/O control implements a finite state ma-
chine (FSM), shown in Fig. 4.2c. This FSM makes sure that power
can flow into/out of the main bank solely when the backup capac-
itor can correctly supply CapDYN ’s components and thus grant
CapDYN ’s self-scaling capabilities. The FSM also enables the main
bank’s output solely when CapDYN fully charges the capacitance
level needed to execute the next task without power failures, which
we term wake-up stage. By fully deactivating the load until use-
ful work can be done, we avoid sleep mode power consumption on
the load side and improve energy efficiency (Sec. 4.3.3). The FSM
also safeguards CapDYN ’s and the load’s operation in the case of
malfunctions: EN2 interrupts the output in the case that either the
backup or the main bank are too discharged to provide operative
voltage to either the CapDYN infrastructure or the load. As will be
explained in Sec. 4.4, this feature is useful during the testing phase
and can be removed for marginal infrastructural power reduction
once the development phase provides stable and predictable opera-
tion.

In its most basic functioning, the FSM ensures that the main
bank begins charging when the backup is full. Then, when the
wake-up stage is achieved, the backup is briefly topped up to ensure
it can sustain CapDYN during execution. Once that happens, the
load is activated and the task can execute. The load then power-
gates itself by indicating to the I/O control when it has concluded
its task, through signal EOT.

Operation under prolonged energy scarcity: The backup sup-
ply is designed not only to sustain the CapDYN infrastructure dur-
ing task execution, but also to preserve its control state for as long as
possible when harvested input power becomes temporarily unavail-
able. During such an outage, the load remains power-gated and
the stored backup energy is progressively depleted by the quiescent
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consumption of the control infrastructure.

If the available energy eventually becomes insufficient to sustain
the digital control logic, the architecture must transition to a known
safe configuration rather than leave the bank-control signals floating.
In the proposed design, loss of the digital supply therefore forces
the bank toward its minimum-capacitance configuration. The bank
configuration remains preserved below the digital-logic operating
voltage as long as the analog switches are still able to retain their
channel state. If their supply also falls below its valid operating
range, retention of the remaining bank energy can no longer be
guaranteed.

Upon recovery of harvested power, the control circuitry is reini-
tialized through power-on reset to a user-defined default wake-up
stage. The application state itself is retained in the load’s non-
volatile memory, allowing the runtime to resume execution and re-
program the energy state required by the next task. These consider-
ations introduce three additional component-selection requirements
for prolonged-outage resilience: a low minimum operating voltage
for the bank switches, a well-defined control state when the digital
supply is absent, and a backup-supply capacity that balances state-
retention time against cold-start latency. Their realization in the
implemented prototype is described in Sec. 4.4.1.

Energy state interface: the key feature that enables energy-
admissible task execution (Sec. 4.3.1) is CapDYN’s energy state
interface, which exposes the current energy state of the storage to
the computing unit. The energy state interface allows the comput-
ing unit to request a specific energy level for the execution of the
next task and to be notified when such level has been reached.

The scheduling contribution of this work lies in the use of energy-
admissibility as a runtime safety invariant coupled with a programmable
energy-storage interface. Unlike conventional threshold-based ap-
proaches, where the software reacts to a fixed voltage threshold ex-
posed by the storage element, the proposed scheduler configures the
storage state required by the next task before execution. The stor-
age subsystem then autonomously accumulates energy and powers
the computing unit only when the requested state has been reached.
As a result, task admission is not based on continuous energy polling
or prediction, but on a hardware-enforced correspondence between
profiled task cost and discrete storage state.wake-up register, a task
match section and five digital control signals exchanged between
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CapDYN and the computing unit. Prior to task execution, the
computing unit configures the wake-up register with a bitmask cor-
responding to the minimum capacitance stage required to execute
the next task without power failure. The task match section then
compares the requested wake-up stage with the current capacitance
stage of the bank. When the requested stage is reached, the task
match section asserts the WKP signal and enables the power supply
to the computing unit through EN2, allowing task execution to be-
gin. Upon task completion, the load checks whether the successive
task’s energy is already available by piloting the next task regis-
ter. If it is available, the computing unit immediately executes the
successive task. If the energy isn’t sufficient to continue executing,
the computing unit asserts the EOT (End Of Task) signal, which
tells to CapDYN to power-gate the load. This mechanism ensures
that the computing unit is fully power-gated whenever insufficient
energy is available, eliminating load-side sleep-mode consumption
during these inter-task charging intervals and avoiding speculative
execution.

The wake-up register is configured through a simple shift-based
interface composed of initialization (INIT ), clock (CLK ), and read-
back (RB) signals. During register reconfiguration, the INIT signal
sets the wake-up register to a known, user-configurable default state,
establishing a reference position for the active bit. Subsequent CLK
pulses shift the active bit within the register to select the desired
wake-up stage corresponding to the next task. The wake-up register
is first initialized during CapDYN ’s cold start through a power-on
signal. This allows CapDYN to configure a default wake-up stage
at which the load is first supplied with power, so that the runtime
can initialize, as described in Sec. 4.3.3.

The RB (Read-Back) signal allows the computing unit to ob-
serve the state of the wake-up register and verify the position of
the active bit. By sampling the RB line after each shift opera-
tion, the computing unit can confirm that the wake-up register has
been correctly configured. This read-back mechanism increases the
robustness of the hardware–software interface and guarantees cor-
rect alignment between task requirements and the configured energy
state, without introducing additional monitoring overhead.

From the software viewpoint, the energy state interface exports
two services: it allows the runtime to configure the minimum storage
stage required by the next task, and it guarantees that the load is



132CHAPTER 4. CAPDYN: DYNAMIC-CAPACITANCE ARCHITECTURE

powered only when that stage has been reached.

4.3 CapDYN software design
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Figure 4.3: Overview of the proposed energy-aware sensor architec-
ture. The system integrates an energy harvester, a dynamically re-
configurable energy storage subsystem (CapDYN ), and a computing
unit interfacing with generic sensing and communication modules.
The energy state interface enables coordination between the stor-
age subsystem and the computing unit to support energy-admissible
task execution. Adapted from [2]. © 2025 IEEE.

Previous sections established the hardware foundations for energy-
admissible execution. Specifically, CapDYN autonomously reconfig-
ures its capacitance during charging and discharging, and exposes
the current storage stage to the load through the energy state inter-
face. What remains to be defined is the software layer that interprets
this hardware state and translates it into a task-dispatch decision.

This section introduces that software layer. We present a run-
time mechanism that associates each task with the minimum Cap-
DYN stage required for its successful completion, and dispatches a
task only when the energy state interface indicates that the corre-
sponding stage has been reached. Unlike conventional intermittent
runtimes, the proposed mechanism does not rely on online energy es-
timation, speculative execution, or rollback-based recovery. Rather,
it uses the storage state exposed by CapDYN as a direct condition
for task admission.

This design has two main implications. First, task execution
is no longer speculative, since a task is released only after the en-
ergy required for its completion has been accumulated in the bank.
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Second, power interruptions are effectively shifted outside task bod-
ies and confined to inter-task charging intervals, thereby reducing
runtime complexity and limiting state preservation requirements to
minimal inter-task context. Figure 4.3 summarizes the resulting
architecture, highlighting the interaction among the energy har-
vester, the reconfigurable storage subsystem, and the computing
unit through the energy state interface.

The main contributions of this section are summarized as follows:

• We present the runtime counterpart of CapDYN , namely an
energy-aware scheduling framework for intermittent battery-
less systems equipped with dynamically reconfigurable stor-
age.

• We introduce an energy-admissibility mechanism based on
CapDYN ’s energy state interface, whereby task release is con-
ditioned on the storage stage required to guarantee task com-
pletion.

• We show how offline task-to-stage mapping enables the sys-
tematic exploitation of CapDYN across heterogeneous work-
loads, avoiding oversized storage provisioning and preventing
mid-task failures due to insufficient stored energy.

4.3.1 Execution Model and Definitions

We consider a generic batteryless sensing system composed of an
energy harvesting source, an energy storage element, a microcon-
troller, and a set of peripheral devices. Application behavior is
expressed as a finite sequence of tasks, where each task represents
an atomic sensing, processing, or communication operation. Tasks
are assumed to be non-preemptive and are executed sequentially.

Let Es(t) denote the energy stored in the system at time t, and
let Ti be a task associated with a profiled energy cost Ei. En-
ergy profiling is performed offline by repeatedly executing each task
under controlled conditions and measuring its average energy con-
sumption, as explained in Sec. 4.4.4. Based on this information, we
define the following.

Definition 1 (Energy-Admissible Task). A task Ti is said
to be energy-admissible at time t if:

Es(t) ≥ Ei + Emargin, (4.4)
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where Emargin accounts for system-level overheads, energy con-
version losses, and residual variability in task execution. Under this
condition, the energy stored in the system is sufficient to sustain
the entire execution of task Ti without interruption. Tasks that are
not energy-admissible are not dispatched and remain pending until
sufficient energy is accumulated.

The proposed scheduler enforces energy-admissibility as a strict
runtime invariant coupled with a programmable energy-storage in-
terface. Before dispatching a task, the scheduler admits it for ex-
ecution only if the admissibility condition is satisfied. Unlike con-
ventional threshold-based approaches, where the software reacts to
a fixed voltage threshold exposed by the storage element, the pro-
posed scheduler configures the storage state required by the next
task before execution. The storage subsystem then autonomously
accumulates energy and powers the computing unit only when the
requested state has been reached. As a result, task admission is
not based on continuous energy polling or prediction, but on a
hardware-enforced correspondence between profiled task cost and
discrete storage state. This approach ensures zero-failure execution
with respect to energy availability : once a task is admitted, its com-
pletion is guaranteed in the absence of hardware faults. Partial ex-
ecutions and repeated restarts due to energy depletion are avoided,
thereby improving the fraction of harvested energy that contributes
to successful task execution and increasing effective energy utiliza-
tion. The execution model is deterministic with respect to energy
availability: given the same sequence of harvested energy events and
task energy profiles, task execution order and completion behavior
are fully determined by the scheduler, simplifying system analysis
and performance evaluation.

The proposed execution model assumes the presence of an energy
storage subsystem capable of exposing a fine-grained representation
of its energy state to the scheduler. In the implemented system, this
interaction is realized through a hardware–software co-design based
on CapDYN . The scheduler configures the minimum storage state
required for the next task based on its profiled energy cost. Task
execution is enabled only when the storage subsystem signals that
the required energy level has been reached. Upon task completion,
the scheduler explicitly terminates execution and CapDYN power-
gates the load, preventing further energy consumption until the next
task becomes admissible. Importantly, the scheduler does not rely
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on continuous energy monitoring or prediction. Energy awareness
is instead achieved through discrete energy states exposed by the
storage subsystem, allowing the scheduler to operate with negligible
runtime overhead.

It is worth noting that energy-admissibility does not replace
higher-level scheduling policies. Rather, it acts as an admission-
control layer that determines whether a selected task can be safely
executed with the currently available stored energy. The choice
of the next task can still be performed by the application logic or
by a higher-level policy, such as a priority-based, latency-aware, or
mixed-criticality scheduler. Once a task is selected, the energy-
admissibility condition only determines whether sufficient energy
is available to dispatch it. In this sense, energy-admissibility con-
strains execution based on energy feasibility, but does not prescribe
the ordering of the task queue.

4.3.2 Assumptions, Scope, and Limitations

The proposed execution model relies on several assumptions. First,
task energy costs are assumed to be known a priori through offline
profiling. This does not imply that the instantaneous power con-
sumption of a task is perfectly deterministic. Rather, each task
is associated with a conservative energy bound obtained from re-
peated measurements under representative operating conditions, as
described in Sec. 4.4.4. The admissibility margin in Eq. (4.4) is
introduced to account for residual variability due to sensing condi-
tions, peripheral behavior, communication overhead, temperature,
and measurement uncertainty. This conservative design may lead to
storage overprovisioning, but it prevents task failures due to mod-
erate runtime variations.

Second, tasks are assumed to be atomic and non-preemptive.
This assumption is consistent with the class of battery-free sensing
workloads considered in this work, where many operations involve
external peripherals, such as sensors, cameras, or radio transceivers.
Interrupting these operations may leave the peripheral in an incon-
sistent state, invalidate a transaction, or require additional recovery
logic. For these tasks, preemption would introduce extra latency and
energy overhead without providing a clear benefit. Purely computa-
tional workloads could instead be decomposed into smaller atomic
tasks, while checkpointed or preemptive extensions could be sup-
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ported by treating execution segments as energy-profiled units, pro-
vided that the energy required to save and restore the execution
state is explicitly included in the admissibility condition.

Temporal constraints and mixed-criticality objectives can be sup-
ported by exploiting the programmable energy-state interface to re-
serve stored energy for time-critical operations. In this case, the
task-selection policy can defer non-critical tasks until a reserved
charge level is reached, or prevent lower-priority tasks from con-
suming energy states allocated to urgent sensing, communication,
or safety-relevant operations. Different task classes can also be
assigned different admissibility margins or required energy states,
so that critical tasks are admitted only when a more conserva-
tive energy reserve is available. However, such reservations remain
bounded by the energy actually harvested by the system. In battery-
free intermittent systems, harvested energy is still the primary ex-
ecution constraint: if sufficient energy is not accumulated before
a deadline, no scheduling or reservation policy can guarantee task
completion. Therefore, the proposed model can support priority-
aware and mixed-criticality execution by reserving charge and con-
trolling task admission, but it does not provide hard real-time guar-
antees under arbitrary harvesting conditions. The evaluation in this
work focuses on energy feasibility and reliability, while latency opti-
mization, fairness-aware scheduling, and explicit energy-reservation
policies for time-critical workloads are left to future work.

Finally, the model assumes that the energy storage subsystem
exposes a stable and monotonic representation of the available stored
energy. In the proposed implementation, this information is pro-
vided by the discrete stages of CapDYN . The energy associated
with each CapDYN stage is estimated from the nominal capaci-
tance values. Therefore, conservative margins are required in the
stage-to-energy mapping, because capacitor tolerances, temperature
variations, and aging can affect the actual energy available at each
stage. This limitation can be mitigated through experimental cal-
ibration of the capacitor bank and by adapting the LTspice model
to measured component parameters, so that the simulated stage
energies more closely reflect the behavior of the implemented hard-
ware under representative operating conditions. Significant changes
in the operating environment may still require re-profiling of task
costs or recalibration of the energy-state mapping.

In the present implementation, this re-profiling remains an offline
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procedure, and the number of physically available CapDYN stages is
fixed at design time; possible online adaptation to initially unknown
or changing workloads is discussed in Sec. 5.3.

Although this work implements the proposed model using Cap-
DYN , the scheduling principle is not specific to the internal circuitry
of CapDYN itself. The required hardware support is an energy
storage subsystem capable of exposing discrete energy states and
enforcing load gating. Therefore, the proposed model should be in-
terpreted as a hardware–software co-design abstraction for systems
with explicit energy-state feedback, rather than as a fully hardware-
agnostic scheduling framework.

4.3.3 CapDYN Task-based, Energy-Aware Run-
time

CapDYN utilizes an energy-aware, task-based intermittent runtime
model. The CapDYN runtime executes each task by considering if
the task is energy admissible, to avoid power failures. To this end,
CapDYN requires an offline task-energy profiling process, described
in Sec. 4.4.4, to derive a task-to-stage mapping that associates each
task with the minimum CapDYN stage required for its successful
completion.

Using this mapping, the runtime programs the energy state in-
terface with the stage required by the next task. If the storage has
already reached that stage, the task is executed immediately. Oth-
erwise, the runtime terminates its current activity and allows the
hardware to power-gate the load until the requested stage is reached.
In this way, the runtime delegates energy-state tracking to CapDYN
and only resumes execution when the hardware has established that
the next task is energy-admissible.

Figure 4.4 summarizes the runtime flow. When the load is first
activated, the runtime initializes the first task by programming the
stage associated with its task-to-stage mapping. After each task
completes, the runtime configures the stage required by the sub-
sequent task and determines, through the energy state interface,
whether execution may continue immediately or must be suspended
until further energy has been accumulated. This process allows the
runtime to progress through the task sequence without incurring
mid-task power failures.

A key consequence of this design is that the load does not need
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to perform direct state-of-charge monitoring. The only energy-
awareness required by the runtime is whether the storage stage
needed by the next task has been reached, and this information
is already encoded in the hardware interface. As a result, CapDYN
avoids both periodic polling and interrupt-driven wake-up mecha-
nisms for energy-state tracking, thus solving the reactivity-efficiency
trade-off.

Polling-based approaches incur a twofold limitation. First, they
consume additional energy by repeatedly activating the load to sam-
ple the storage state. Second, they require the designer to select a
monitoring period, which introduces an inherent trade-off between
reactivity and efficiency: frequent polling improves responsiveness
but increases overhead, whereas sparse polling reduces overhead at
the cost of delayed reaction to changes in the harvested power.
As a result, the system is neither continuously reactive nor con-
tinuously reconfigurable, and may fail to exploit short-lived energy
bursts [22, 23].

Interrupt-driven approaches improve upon polling by avoiding
periodic state checks, but they still require the load to remain re-
sponsive to state-of-charge notifications [91]. This typically implies
keeping the computing unit in a low-power sleep state rather than
fully power-gating it, thereby incurring residual energy consumption
while waiting for sufficient energy to accumulate.

CapDYN removes both limitations. Since energy-state detec-
tion and bank reconfiguration are handled autonomously in hard-
ware, the load does not need to periodically inspect the storage state
nor remain awake to service energy-driven interrupts. Instead, it is
fully power-gated until the required energy state is reached, while
the storage remains instantly reactive to variations in the harvested
input. This allows CapDYN to combine immediate responsiveness
to incoming energy bursts with negligible control overhead.

4.4 Hardware and Software Implemen-
tation

In this section, we describe the hardware implementation of Cap-
DYN , its lightweight runtime, and the LTspice model used for sub-
sequent evaluation. We implement both D1 and D2 capacitor-bank
topologies, together with the control, switching, power-flow, and



4.4. HARDWARE AND SOFTWARE IMPLEMENTATION 139

Scheduler
Initialization

Select Next
Task Ti

Set wake-up 
stage 

Configure required energy
state (i.e. capdyn stage)

YES

NO

Energy
Admissible

?

Task
Completed

EOT
Execute 
Task Ti

CapDYN
(reconfigurable storage)

Progressive Charging
and Scaling

Power-gate load
(VDD off)

End
(No More

Task)

Start

Software (Scheduler) Hardware (CapDYN)

WKP
Wake-up stage

reached

VDD on

VDD off

HardwareSoftware Flow Signal

Figure 4.4: Energy-admissible task execution flow implemented
through a hardware–software event-driven interaction between the
scheduler (left) and CapDYN (right). The scheduler configures the
required energy state for the next task and initiates execution only
when CapDYN signals that the requested state has been reached.
Task execution and power gating are coordinated via event signals.
Reproduced from [2]. © 2025 IEEE.



140CHAPTER 4. CAPDYN: DYNAMIC-CAPACITANCE ARCHITECTURE

monitoring blocks introduced in Sec. 4.2. Given the load-voltage
range and the profiled task-energy requirements, the capacitor bank
can be dimensioned analytically using the stage-capacitance and
post-switch-voltage models of Sec. 4.2.2 and Appendix A.1. The
runtime exploits the energy-state interface by dispatching tasks only
when the corresponding energy state is available. Finally, we present
the LTspice model of CapDYN , which complements the analytical
dimensioning and enables the later application-level comparison of
D1 and D2 topologies with different total numbers of stages under
realistic harvested-power traces. The hardware presented here is
characterized experimentally in Sec. 5.1.4, while the LTspice-based
application-level comparison is reported in Sec. 5.2. Both the hard-
ware design files and the LTspice simulator are released as open-
source [93].

4.4.1 Hardware Implementation

In designing CapDYN ’s schematic, we sought the lowest power-
consuming solutions to minimize CapDYN ’s energy overhead and
extend its autonomy upon power failure. The switches chosen for
the main capacitor bank are Analog Devices’ ADG801 (SPST) and
ADG819 (SPDT). Their 1 nA current consumption ensures mini-
mum burden on the backup supply, while their low on-resistance
(0.4 and 0.8 Ω max, for the ADG801 and ADG819, respectively)
minimizes the charging/discharging energy loss and capacitor bank
imbalances. These capacitor bank switches conduct equally well in
both directions, allowing both charging and discharging operations.
Unlike the capacitor bank switches, the power input/output’s ideal
diodes (Fig. 4.2a) need to provide reverse current protection: we
thus use Vishay’s reverse current blocking load switches SIP32431,
which consume only 10 pA and introduce 130 nA of leakage when
reverse biased.

Two Analog Devices’ LTC2934-2 voltage monitors are then used
for piloting the progressive scaling logic and the I/O power flow
management described in sec. 4.2.3. Each voltage monitor has a
quiescent current of 500 nA and features a resistive divider at its
input, through which we set two threshold levels on the tracked
voltage. The selected voltage monitor features ultra-low leakage at
the two control inputs (2 nA combined). The maximum resistor
divider size is set to achieve a 1% voltage detection error due to
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the leakage of the control inputs. The divider is dimensioned so
that the divider current is 100 times larger (so, 0.2 µA) than the
inputs’ leakage at the lowest monitored threshold. An alternative
approach is to implement the window-type voltage monitor directly
from discrete components: by using Texas Instruments’ nano-power
TLV3691 comparators and a REF35 0.4 V, 650 nA fixed voltage
reference, we can achieve a comparable quiescent power draw with
respect to the integrated solution.

The first voltage monitor is configured to track the capacitor
bank voltage so that it matches the target load range. We eval-
uated the system assuming the load voltage range is the one typi-
cally found in ultra-low power computing units (1.8-3.6 V). We thus
set the two thresholds at VSL = 1.8 and VSH = 3.65 V, leaving a
small 50 mV margin to ensure correct scaling even in the case of
the largest voltage spikes/drops (Sec. 4.2.2). Whenever the bank
voltage grows up to 3.65 V (or falls to 1.8 V), the voltage monitor
triggers capacitance scale-up (or down) thanks to the progressive
scaling circuit.

The second voltage monitor is set to track the backup capaci-
tor voltage: as the backup capacitor powers all components making
up the CapDYN infrastructure, maximum and minimum backup
capacitor voltage values must be enforced so that power input/out-
put flow into/out of the bank is allowed only when the backup can
correctly power the CapDYN infrastructure (Sec. 4.2.3). In fact,
CapDYN ’s digital components’ supply line is obtained by stepping
down the backup capacitor voltage to 3 V, through Texas Instru-
ments’ TPS62840DLCR 60-nA quiescent current buck converter.
The voltage output value is configurable in 100 mV steps through
a programming resistor: the chosen 3 V value represents the min-
imum voltage supply of the selected digital components (amongst
which, the Texas Instruments’ CD4000 family has the highest min-
imum voltage). Analog components such as the bank’s switches are
directly powered from the unregulated backup capacitor voltage. In
order to further minimize the analog switches’ power consumption,
the Q signals generated from the progressive scaling mechanism, were
voltage shifted to the voltage supply of the switches (the backup ca-
pacitor), through the use of Texas Instrument’s nanopower TLV3691
comparators.

The lower backup voltage threshold is selected to prevent the
clamping diodes of the analog switches from entering conduction
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during normal operation. The switches’ supply, and so the backup
voltage, should not drop below the switches’ maximum input volt-
age (VSH) plus their protection diodes’ forward drop (0.3 V), which
in this implementation amounts to 3.85 V. The buck converter suc-
cessfully provides a stable 3 V output with a backup capacitor input
voltage above 3.1 V, so the chosen lower backup voltage threshold
also ensures correct digital components powering. On the other
hand, the upper backup voltage threshold is set to 5.5 V, which is
the maximum voltage value accepted by the chosen ADG switches.

The lower backup voltage threshold therefore defines the in-
tended operating limit of the backup supply. During a prolonged
absence of harvested input power, however, the backup capacitor
continues discharging after this limit has been crossed. Because the
backup capacitor is typically dimensioned to be smaller than the
main bank and directly supplies the quiescent consumption of the
control circuitry, its voltage is expected to decrease faster than the
main-bank voltage. If the backup voltage approaches the main-bank
voltage, the input-protection diodes of the bank analog switches can
become forward biased. Since the switches are powered directly from
the backup capacitor, this occurs when a switch terminal rises ap-
proximately 0.3 V above the corresponding supply rail. A current
path is then established between the main bank and the backup
supply, causing the two energy stores to discharge effectively in par-
allel.

Although this coupling is undesired during normal operation, it
extends the tolerance of the implemented architecture to prolonged
outages in two ways. First, while the backup voltage remains high
enough for the TPS62840 to sustain the 3 V digital rail, energy
remaining in the main bank can contribute to supplying the control
infrastructure. The parallel discharge therefore extends the interval
over which the digital control state can be retained. Second, the
same coupling supports the supply of the bank analog switches,
allowing their channel configuration to be maintained for longer
and thereby delaying the loss of the energy remaining in the main
bank. The 3.1 V and 1.8 V limits are determined by the regulator
and analog switches, respectively, and apply to the backup capacitor
voltage independently of whether coupling between the two storage
elements occurs; the coupling only delays the time at which these
limits are reached.

If the outage persists until the backup voltage can no longer sus-
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tain the regulated digital supply, the digital control logic is powered
off and its volatile state is lost. The bank-switch control signals are
pulled low rather than being left floating, forcing the main bank
into its minimum-capacitance configuration. Although the digital
control logic is no longer active, the analog switches can continue
to maintain this configuration, and therefore preserve the energy
remaining in the bank, as long as their supply remains above their
minimum operating voltage of approximately 1.8 V.

If the outage continues until the backup supply, and the main
bank when the two have become coupled, fall below approximately
1.8 V, the channel state of the analog switches can no longer be guar-
anteed. The capacitor-bank configuration can therefore no longer be
reliably maintained, and the remaining stored energy may be lost.
When harvested power subsequently becomes available, the power-
on-reset mechanism initializes the wake-up register to its user-configurable
default stage, normally the first stage. Once the load is activated,
the runtime recovers its task-control state from non-volatile memory
and programs the wake-up stage required by the next task, allowing
application execution to resume.

The duration of this retention interval depends on the backup
capacitance. In the present implementation, the backup capacitor is
dimensioned to sustain the longest atomic task and is kept small to
limit cold-start latency. Increasing its capacitance would improve
tolerance to prolonged outages at the cost of a longer cold start.
Future implementations could instead improve state retention by
adopting bank-switch designs that preserve their channel state with-
out an actively powered control supply, for example through state-
retaining techniques such as the latch-capacitor-controlled switches
employed by Capybara [21], provided that the required leakage, on-
resistance, and operating-voltage constraints can simultaneously be
satisfied.

The I/O flow control relies on the two voltage monitor signals to
follow the FSM defined by Fig. 4.2c. Ultimately, for the progressive
scaling logic and the energy state interface and the I/O control,
both showcased in Fig. 4.2a, we relied on Texas Instruments’ ultra-
low power digital components: CD4000 logic gates (CD4011 NAND,
CD4071 OR, CD4081 AND) and flip flops (CD4013).

Within the I/O control, load powering can be interrupted by
either the bank discharging below 1st stage, VSL or by the backup
discharging below its lower voltage limit. This feature is useful
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in testing and dimensioning phases and shouldn’t be necessary in
normal operation, where load powergating is issued only by the load
itself through the EOT signal. Users can freely choose to remove this
feature for a marginal infrastructural power reduction, as the two
additional interruption signals are ORed with the EOT signals.

The complete schematics for the scalable 3-, 4-, and 5-stage im-
plementations of both the D1 and D2 banks are released as open-
source in the accompanying repository [93]. In particular, the repos-
itory includes the CapDYN control schematic, the D1 bank schematic,
the D2 bank schematic and the corresponding PCB layouts. Fig.
5.2 and Fig. 5.3 show the PCB layouts implementing the CapDYN
control logic with the D1 bank and the D2 bank, respectively, while
Fig. 5.4 shows the assembled prototype used during the hardware
characterization.

4.4.2 LTspice simulator

We fully simulate CapDYN in LTspice, with the intention of provid-
ing a hardware-software co-design tool that minimizes the number
of prototype iterations to reach the best fit between a certain task
set and CapDYN . With this simulator, we can easily include both
the profiled average values and execution times for the task set we
aim to supply with CapDYN , as well as inject real-world power
input traces coming from a target energy harvesting source. This
allows the user to fine-tune the CapDYN parameters for the task
at hand, and test overall system behaviour under particular power
input conditions. For maximum simulation accuracy, we use all the
available supplier-provided LTspice models of the selected compo-
nents. We favoured transistor-level models to get an accurate es-
timation of the component’s power consumption, only considering
behavioural models if the transistor-level models were not available.
To integrate the behavioural models, we sourced their datasheet
power consumption from the relevant supply line. Only in the case
of the Vishay load switches, the SIP32431, no model was avail-
able: we developed a model that takes into account their reverse
leakage and channel resistance effects. The LTspice model extends
the hardware measurements to application-level design-space explo-
ration. The complete system-level evaluation, including the target
battery-free application, input power traces, task-to-stage mapping,
baseline comparisons, and application-level performance metrics, is
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1 #include ”capdyn.h”
2 //Task declaration
3 Task task t1() {
4 . . .
5 transition to(task t2);
6 }
7 Task task t2() {
8 . . .
9 transition to(task t3);

10 }
11 Task task t3() {
12 . . .
13 transition to(task t4);
14 }
15 Task task t4() {
16 . . .
17 transition to(task t1);
18 }
19 . . .
20 //Defining Required Tasks’ Stages
21 set stage(task t1, Stage2);
22 set stage(task t2, Stage3);
23 set stage(task t3, Stage1);
24 set stage(task t4, Stage4);
25 . . .
26 Entry Task(task t1);

Figure 4.5: Example application code using the CapDYN runtime.
Adapted from [1].

presented in Sec. 5.2.

4.4.3 Software Implementation

We implemented the CapDYN runtime as a lightweight C library
supporting task-based applications [107, 109, 108] and interfacing
with the CapDYN hardware through the finite-state machine shown
in Fig. 4.4. The microcontroller powered by CapDYN executes this
runtime, which is responsible for task scheduling, enforcement of
energy admissibility, and coordination with the energy state inter-
face. Accordingly, a task is dispatched only when the current storage
state satisfies the admissibility condition defined in Sec. 4.3.1. Our
target platform is an MSP430FR [117] series microcontroller, which
is widely used in intermittent systems and features ultra-low power
operation and integrated non-volatile FRAM. The CapDYN run-
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1 #include ”capdyn.h”
2 ...
3 int main(){
4 ...
5 if (!system initialized){
6 curr task = initial task;
7 system initialized = SET;
8 }
9 transition to(curr task);

10 }
11 void transition to(task t ∗next task)
12 {
13 uint8 t required stage = stage map[next task−>idx];
14 next task setup(required stage);
15 int wake up stage = gpio get value(WKP PIN);
16 if (wake up stage == 1){
17 exec task(next task);
18 }
19 else if (wake up stage == 0){
20 curr task = next task;
21 gpio toggle(EOT PIN);
22 }
23 ...
24 }

Figure 4.6: Code snippet that illustrates how system initialization
and task transitions are managed within the CapDYN runtime. The
transition to() function sets up the HW register for the next task
(line 14), checks if the required stage is achieved (line 15) and either
executes the next task (line 16-20) or orders CapDYN to cut the
load’s supply (line 21-23). Adapted from [1].

time can be adapted to work on any platform that has non-volatile
memory such as FRAM or MRAM.

In this subsection, we discuss the implementation of flagship
functions of the software library, for an N-stage CapDYN . Fig. 4.5
presents an example application code that includes four tasks. The
CapDYN runtime uses three main C macros to build an applica-
tion: Task, set stage, and Entry Task. The Task macro is used to
define tasks. Each task is a void function and has a corresponding
data structure of type task t, which holds non-volatile task con-
trol variables, such as the task’s address and ID. The transition to
the next task is managed by the transition to macro at the end
of each task. The set stage macro sets the task’s required stage
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within the stage map. Finally, the Entry Task macro declares the
entry task (initial task in Fig. 4.6) during system initialization.

Fig. 4.6 presents the code snippet of the main entrance and the
function responsible for the task-to-task transition (transition to),
which is invoked upon each wake up and after each task execution, to
implement the set/check/execute loop of Fig. 4.4. When the Cap-
DYN hardware triggers the load for the first time with the default
wake-up stage, which is user configurable, the CapDYN runtime ini-
tializes the first task in the lines 5 to 8 and calls the transition to

function. The transition to function is responsible for checking
the stage requirement of the task and the current stage of the Cap-
DYN hardware: it either executes the task if the current stage is
sufficient, or it cuts the node’s power if the current stage is not
sufficient. In more detail, this function obtains the required stage
of the task utilizing the stage map array and the task ID at line
13. Then it writes the required stage to the wake-up register in
line 14. CapDYN ’s WKP PIN informs the runtime if the required
wake-up stage has been achieved in the capacitor bank: thus, in
line 15, transition to checks the WKP PIN. If the required stage
has been achieved, the runtime executes the task in line 17: at the
end of the task’s execution, transition to is newly called to check
if the successive task can in run immediately or not. If the required
stage has not been achieved, CapDYN saves the task information
to the curr task in line 20 and sends an EOT - end of task - sig-
nal to CapDYN hardware to cut the power of the load in line 21.
Thus CapDYN prevents wasting power by turning off the MCU
when waiting for the charging of the required stage. When the re-
quired stage is achieved, the CapDYN hardware newly powers the
load and invokes transition to to check again if the saved task
in curr task in line 20 can execute. Thus, CapDYN executes all
tasks considering their energy requirements and preventing power
failures during their execution.

4.4.4 Energy Profiling of Tasks and Task-to-Stage
mapping

As explained in Sec. 4.1.1, each stage represents a certain state of
charge of the bank. Each stage is also connected to the tasks it
can sustain without power failure. This task-to-stage mapping is
obtained by first profiling the power consumption of the task set,
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and then designing a CapDYN instance to best match each task’s
measured energy consumption. Offline profiling is a fundamental
step, as we design CapDYN to perfectly sustain a certain task set.
The more a stage matches the energy demands of a certain task, the
more CapDYN will reduce charging times and improve reactivity.
The profiling must be executed by considering both the run-to-run
energy consumption variability and the variable voltage that Cap-
DYN supplies to the load, in order to avoid power failures even in
worst-case scenarios. To account for variable voltage during profil-
ing, we fix the load voltage at the load’s upper voltage threshold
- which is where the loads consumes more power. The load’s up-
per voltage threshold is set by CapDYN ’s upper scaling threshold,
VSH (Sec. 4.2.1). Then, to account for run-to-run variability, we
collect multiple (e.g. enough to have a statistical sample) energy
consumption measurements, ultimately considering the largest con-
sumption linked to a successful task execution as reference value for
the dimensioning of CapDYN . This will slightly overprovision Cap-
DYN with respect to the average run, but it will ensure faultless
execution for higher-consuming runs. On the other hand, designers
can analyze the energy consumption of each task by using software
tools such as the Energy Trace Tool of Code Composer Studio. Ad-
ditionally, they can employ energy profiling tools like Echo [118] for
more accurate energy measurements. Once the energy consumption
profile of each task is obtained, it can be matched to the energy
level of the CapDYN capacitor bank’s stages.

Once the energy profiling step is concluded, a suitable CapDYN
dimensioning must be derived. The relevant parameters are the
bank topology (here, D1 or D2), the unit capacitance Cunit, and
the number of stages N . By treating Cunit as a free design param-
eter, the minimum energy available at each stage can be expressed
analytically as a function of Cunit for a given CapDYN instance.
More formally, if S = {1, . . . , N} denotes the set of stages, we de-
fine the stage-energy function

Emin
s (Cunit) ∀s ∈ S, (4.5)

where Emin
s is derived from the post-switch voltage reached after

each stage transition, whose computation is summarized in Ap-
pendix A.1.

Let T = {τ1, . . . , τM} be the application task set, and let

E = {E(τ1), . . . , E(τM )} (4.6)
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be the set of profiled task energies. We choose Cunit such that the
largest stage can sustain the most energy-demanding task, i.e.

Emin
N (Cunit) ≥ max

τ∈T
E(τ). (4.7)

Subsequently, each task τ ∈ T is associated with the minimum stage
able to sustain it, yielding the task-to-stage mapping

ϕ : T → S, ϕ(τ) = min{s ∈ S | Emin
s (Cunit) ≥ E(τ)}. (4.8)

Finally, we evaluate how well the resulting CapDYN dimension-
ing fits the task set through an overprovisioning metric, which quan-
tifies the excess stage energy assigned to each task with respect to
its profiled energy demand.

OP = 100 ·

∑
τ∈T

(
Emin

ϕ(τ)(Cunit) − E(τ)
)

∑
τ∈T E(τ)

, (4.9)

which measures the total excess energy provisioned by the selected
stage assignment relative to the total requested task energy.

A more refined dimensioning strategy could formulate the choice
of (T,Cunit, N) as an optimization problem aimed at minimizing
the overprovisioning metric, rather than selecting Cunit solely so
that the largest stage sustains the most energy-demanding task.
We leave the investigation of such optimization-based design-space
exploration to future work.

4.5 Summary

This chapter presented the design and implementation of CapDYN,
including the progressive capacitance-scaling mechanism, capacitor-
bank architectures, energy-state interface, task-based runtime, and
task-to-stage mapping procedure. The resulting architecture com-
bines autonomous storage reconfiguration with runtime-visible en-
ergy states. The following chapter evaluates the implemented hard-
ware and quantifies the resulting system-level benefits under repre-
sentative battery-free workloads and harvested-power traces.
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Chapter 5

Experimental and
System-Level
Evaluation of CapDYN

Parts of this chapter are adapted from the author’s previously pub-
lished work on CapDYN [1] and from the related IEEE SENSORS
work on zero-failure task execution in batteryless sensors [2].

This chapter evaluates the CapDYN architecture developed in
Chapter 4 at both circuit and application level. The evaluation
connects the physical behavior of the reconfigurable storage with
its impact on intermittent execution.

We first characterize the hardware prototype to validate the
autonomous stage-switching mechanism, quantify the losses intro-
duced by the capacitor-bank topologies, and measure the infras-
tructural power required by the control circuitry. Hardware mea-
surements on D1 and D2 prototypes confirm autonomous stage pro-
gression during charging and discharging, stable load-voltage op-
eration across reconfiguration events, and a strong reduction of
leftover energy. Compared with a fixed-capacitor baseline, which
leaves 23.67% of the input energy unavailable below the load oper-
ating range, the measured CapDYN configurations reduce leftover
energy to 0.16%–5.57%, while keeping the control infrastructure be-
low 10 µW.

These measurements establish the physical tradeoffs of Cap-
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DYN . Dynamic reconfiguration reduces leftover energy and exposes
intermediate energy states, but it also introduces infrastructural
and bank-side parasitic losses. As a result, the total system-level ef-
ficiency of the current CapDYN implementation can be lower than
that of a single-capacitor benchmark when the storage is evaluated
only as a full charge–discharge buffer, mainly because of infrastruc-
tural consumption.

However, this efficiency-only characterization does not capture
the main advantage of CapDYN . The greatest impact of the pro-
posed system emerges when the storage is coupled to a load that
exploits the CapDYN energy-state interface to perform failure-free,
energy-admissible execution. In this operating mode, the load does
not need to wait for the capacitor bank to reach its maximum-energy
state; instead, each task can execute as soon as the corresponding
stage provides sufficient energy. Therefore, even when the measured
system-level efficiency is penalized by infrastructural overhead, Cap-
DYN can still improve useful task execution by avoiding failed at-
tempts and by making intermediate stored-energy states available
to the scheduler.

We then use a complete LTspice model to evaluate how these
hardware properties affect a realistic battery-free sensing workload.
The LTspice evaluation complements the hardware measurements
in two ways. First, it couples the validated CapDYN behavior to
profiled task workloads, an energy-admissible scheduler, and real-
istic harvested-energy traces, showing how the energy-state inter-
face translates the circuit-level behavior into application-level per-
formance. Second, it extends the design-space exploration to 6-
and 7-stage configurations, which are costly and bulky to realize
with the present discrete-component implementation but are use-
ful for studying the tradeoff between finer energy granularity and
increased infrastructural power consumption. The evaluation also
considers two representative task-energy distributions: an exponen-
tial task set, which better matches the approximately exponential
energy distribution exposed by the staged banks, and a linear task
set, which provides a less favorable matching case.

The application-level evaluation compares different CapDYN bank
topologies and stage counts with fixed-capacitor and ablated refer-
ence systems. Against an energy-unaware fixed-capacitor system,
which may start tasks without sufficient stored energy, CapDYN im-
proves effective efficiency by 27.09–34.10% for the exponential task
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set and by 13.30–19.56% for the linear task set, while increasing
successful-task throughput by up to 41.67%. Even against energy-
aware fixed-capacitor baselines, which already avoid failed execu-
tions but expose only a single storage threshold, CapDYN improves
effective efficiency by up to 11.54% and advances first successful
task completions by up to 41.03%. The ablation study further
shows that these gains arise from the interaction between the re-
configurable bank and the energy-aware runtime: the bank exposes
intermediate energy states, while the runtime turns them into earlier
energy-admissible task executions.

The results of both the hardware and LTspice analyses also
highlight a clear path for improvement. At bank level, CapDYN
already achieves higher energy efficiency than the single-capacitor
benchmark, primarily because dynamic reconfiguration reduces the
amount of energy left unusable below the load voltage threshold.
The remaining gap at system level is therefore mainly due to the in-
frastructural consumption required by the present discrete-component
implementation. Reducing this overhead would allow CapDYN to
more fully translate its bank-level efficiency advantage into system-
level gains, while further amplifying its throughput and responsive-
ness benefits in battery-free applications.

The chapter is organized as follows. Sec. 5.1 presents the hard-
ware evaluation of the implemented D1 and D2 capacitor-bank pro-
totypes, validating autonomous reconfiguration and quantifying in-
frastructural consumption, bank-level losses, leftover energy, and
overall efficiency. Sec. 5.2 extends the evaluation to the application
level by coupling the LTspice model to profiled workloads, realis-
tic harvested-power traces, and the energy-admissible runtime. The
analysis compares different bank topologies and stage counts and
quantifies their impact on effective efficiency, successful task execu-
tion, and responsiveness. Finally, Sec. 5.3 discusses the limitations
of the current implementation and future research directions, while
Sec. 5.4 summarizes the main findings of the chapter.

5.1 Hardware evaluation

The hardware evaluation focuses on the physical behavior of the
CapDYN storage subsystem. Its goal is not yet to evaluate task-
level performance, but rather to verify that the capacitor bank re-
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configures as expected, that the staged energy levels are available
to the load, and that the main loss mechanisms can be quantified
experimentally. These results provide the basis for the subsequent
LTspice evaluation, where the same storage behavior is coupled to
the application scheduler and exercised under realistic harvested-
energy traces.

5.1.1 Efficiency measurement setup

The efficiency measurement test bench can be seen in Fig. 5.1.
The purpose of this test bench is to measure the charge-discharge
efficiency as a function of input/output current of a 3,4,5 CapDYN
D1 and D2 implementation and compare it to a single capacitor
benchmark.

Charge and discharge in CapDYN are performed using two Source
Measure Units (SMUs), both configured as current sources set to the
same current level. The source SMU (Keithley 2470) simulates the
output of the harvester-to-DC stage, while the sink SMU (Keith-
ley 2450) represents the load, which is activated only when the re-
quested stage is reached. In this case, the wake-up stage is set to the
last stage, so that the bank achieves full charge and discharge. The
SMUs are triggered through their digital I/O interface by the EN2
signal produced by CapDYN . An external ADG819 switch powered
by the digital I/O’s power line is used to reference EN2 to the digital
I/O’s logic levels.

CapDYN toggles EN2 when the requested stage is charged: at
that point, the source SMU stops sourcing power, while the sink
SMU starts sinking it. As no load is present to prevent full Cap-
DYN depletion through the EOT signal, the sink SMU stops draw-
ing current when CapDYN toggles EN2 upon full discharge (VSL,
1st stage). Each operating point was repeated five times to assess
measurement repeatability. After each run both the bank and the
backup capacitor were fully discharged through a 1 kΩ resistor.

Voltage measurements are collected at 1.000 kHz through a Lab-
VIEW program controlling a National Instruments NI-USB6259
data-acquisition system. Grounded channels are inserted between
active measurement channels to reduce channel-crossover effects. In-
dividual bank-capacitor voltages are collected for D1, whereas only
the overall bank voltage can be acquired for D2 because the num-
ber of internal nodes exceeds the available channels. The backup-
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Table 5.1: Experimental current range for each implemented con-
figuration.

Topology Stages Imin Imax

D1 3 90.000 µA 8250.000 µA
D2 3 90.000 µA 5250.000 µA
D1 4 90.000 µA 7650.000 µA
D2 4 90.000 µA 2250.000 µA
D1 5 90.000 µA 4650.000 µA
D2 5 90.000 µA 450.000 µA

capacitor voltage and the EN1 and EN2 signals are collected for both
topologies. Texas Instruments TL081P low-input-bias buffers are
used to isolate the system under test from the dynamic current
drawn by the multiplexer while scanning its channels. An Agilent
3631A dual power supply provides the ±10 V supply required by
the buffers.

The acquired bank-voltage traces are also used to identify the
actual activation and deactivation instants of the source and sink
SMUs around the EN1 and EN2 transitions. This accounts for the
approximately 20 ms handover delay between source deactivation
and sink activation. Input and output powers are reconstructed
using the mean currents measured by the respective SMUs, with
power set to zero during the handover interval. The corresponding
energies are then obtained through trapezoidal integration.

Ultimately, the tested current range extends from the minimum
current that permits cold start, 90 µA, to the maximum current at
which each CapDYN configuration can switch stages reliably, as re-
ported in Table 5.1. The upper limit depends on the smallest stage
capacitance and on the 15 ms delay imposed by the LTC2934 voltage
monitor. At higher charging currents, consecutive stage transitions
can occur less than 15 ms apart, causing the monitor to miss them.
A discrete implementation based on TLV3691 comparators and an
ultra-low-power REF35 voltage reference could provide comparable
power consumption while reducing the minimum detectable interval
to the comparator response time, on the order of 40 µs. Since the
resulting upper current limit differs among configurations, compar-
isons between D1 and D2 at the same stage count are restricted to
their overlapping measured ranges.

The D1 and D2 banks were implemented using 220 µF capaci-
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Figure 5.1: CapDYN efficiency measurement setup. On the top
right, the source and sink SMUs, Keithley’s 2470 and 2450, respec-
tively. At the center, we can see National Instrument’s NI-USB6259
data acquisition system. On the left, Agilent’s 3631A dual power
supply for the TL081P buffers (on the blue breadboard).

Figure 5.2: PCB of the CapDYN board, integrating the D1 bank
design.
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Figure 5.3: PCB of the D2 bank design.

tors (Murata, ceramic SMD, 6.3 V, 1206, ±20%, X5R, part number
GRM31CR60J227ME11L), while the backup capacitor consisted of
the parallel connection of one 220 µF capacitor and one 100 µF
aluminum electrolytic capacitor (Jamicon, aluminum electrolytic ra-
dial, 35 V, 100 µF, ±20%, SK series, part number SKR101M1VE11M).
The backup capacitance was selected so that the most power-consuming
CapDYN configuration (5-stage, D2 bank) would not fully discharge
the backup supply during the lowest-current efficiency test with 90
µA. The PCBs of the two banks and the control logic are shown in
Fig. 5.4.

5.1.2 Hardware validation of stage switching and
power-flow control

Table 5.2 summarizes the equivalent capacitance and available en-
ergy of each implemented CapDYN configuration. The reported
energy corresponds to the minimum energy available in each stage
of the considered configuration. In all cases, the final stage stores
the largest share of capacitance and energy, as it corresponds to
the configuration in which all capacitors are connected in paral-
lel. Comparing the two topologies, D1 provides a higher equivalent
capacitance in the early stages, whereas the last stages converge
to the same equivalent capacitance. However, the available energy
also depends on the post-switch voltage boost obtained during re-
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Figure 5.4: CapDYN prototype under development. The central
PCB integrates the entire control logic, as well as the D1 bank.
The PCB on the left integrates the D2 bank. The protoboard on
the bottom includes the TLV3691 comparators used to interface
progressive scaling mechanism and bank analog switches. At the
top, the TL081P buffers, while on the right we see the EN2 actuated
switch to trigger the input/output SMUs.
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configuration. As discussed in Appendix A.1, D2 produces a voltage
doubling after each down-scale transition, while the voltage boost
in D1 becomes progressively smaller as the system returns to lower
stages. Therefore, although D2 has lower equivalent capacitance
in the early stages, its post-switch voltage boost yields a slightly
higher concentration of available energy across the stage sequence.
Overall, D1 and D2 provide comparable stage-energy distributions
despite their different capacitance profiles, as shown in Fig. 5.13
and Fig. 5.14. Consequently, their relative performance is expected
to depend on two factors: the circuit-level cost of each topology,
mainly switching losses and infrastructural consumption, and the
degree to which the resulting stage-energy levels match the applica-
tion task energies.

This second aspect is evaluated in the LTspice system-level study
of Sec. 5.2, where the measured and modeled CapDYN behavior is
coupled to an energy-admissible task scheduler. There, the stage-
energy distribution becomes the scheduler-visible energy interface,
allowing us to quantify how topology and task-to-stage matching
affect throughput, responsiveness, and effective efficiency.

We first experimentally evaluate the charging and discharging
behavior of the CapDYN hardware implementation and verify the
operation of its automatic switching mechanism and I/O power-flow
control for all implemented configurations, namely D1 and D2 banks
with 3, 4, and 5 stages. For this functionality test, we charge and
discharge the bank with a constant current of 90 µA. The oper-
ating voltage range, which also defines the switching thresholds as
described in Sec. 4.2.2, is set to [1.8V, 3.6V], consistently with TI
MSP430FR-series microcontrollers, which are commonly adopted in
intermittent systems. Since VH = 2VL, all D1 and D2 stages can
be exploited without incurring brownout, as discussed in Sec. 4.2.2.
A safety margin of 0.05 V is added to the upper threshold to pre-
vent the switching mechanism from entering the loop condition due
to the small equalization transients that characterize the D1 bank
after some stage transitions.

Fig. 5.5 confirms that the implemented hardware follows the
expected behavior derived from the capacitance and energy distri-
butions in Tab. 5.2. During charging, CapDYN starts from stage 1,
where the capacitors are arranged in the most series-oriented config-
uration and the bank exhibits its minimum equivalent capacitance.
As the bank reaches the upper threshold, the automatic switching
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Table 5.2: Stage-wise equivalent capacitance and available energy.
(a) Available energy per stage (mJ)

N Topology Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

3 D2 0.267 1.337 5.773

3 D1 0.178 1.247 5.684

4 D2 0.134 0.668 2.807 11.679

4 D1 0.089 0.446 2.584 11.457

5 D2 0.067 0.334 1.403 5.680 23.425

5 D1 0.052 0.231 0.943 5.220 22.965

(b) Equivalent stage capacitance (mF)

N Topology Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

3 D2 0.055 0.220 0.880

3 D1 0.088 0.220 0.880

4 D2 0.028 0.110 0.440 1.760

4 D1 0.080 0.176 0.440 1.760

5 D2 0.014 0.055 0.220 0.880 3.520

5 D1 0.077 0.160 0.352 0.880 3.520

mechanism advances to the next stage, increasing the equivalent
capacitance and allowing additional energy to be stored. This se-
quence continues until the final stage is reached, where the bank
reaches its maximum equivalent capacitance and stored energy. The
longer charge and discharge intervals observed as the number of
stages increases are therefore consistent with the larger final-stage
capacitance and energy availability reported in the table.

The traces also show the effect of the different capacitance pro-
files of D1 and D2. In the first stage, D2 charges faster than D1
because its minimum equivalent capacitance is smaller. Conversely,
D2 reaches the end of the charging sequence later, since each ca-
pacitance scale-up is associated with a larger voltage decrease. This
behavior is coherent with the slightly larger final-stage available en-
ergy reported for D2, even though the final-stage capacitance is the
same for the two topologies.

The same measurements verify the correct operation of the I/O
power-flow control. Once the target charging stage is reached, here
the final stage, the control logic temporarily redirects the harvested
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energy to top up the backup capacitor before enabling the load path.
After this top-up interval, the discharge is sustained by CapDYN ,
while the backup capacitor supplies the auxiliary circuitry required
to preserve the control functionality during task execution. Accord-
ingly, the backup capacitor must be sized according to the longest
application task to be supported, so that CapDYN can provide its
voltage-scaling service throughout the full discharge interval.

During discharge, CapDYN progressively moves back toward
lower stages. Whenever the voltage of the active stage drops be-
low the lower threshold of 1.8 V, the capacitor bank is reconfigured
to a lower stage. This transition rearranges the capacitors into a
more series-oriented configuration and produces a post-switch volt-
age boost, allowing the system to continue supplying the load in-
stead of leaving the remaining stored energy unusable below the
operating voltage limit. This mechanism is at the core of the left-
over energy minimization offered by CapDYN over a single capaci-
tor (Sec. 5.1.4). The different boost behavior of the two topologies
is clearly visible in the traces: D2 produces the expected voltage
doubling after each down-scale transition, whereas the boost in D1
becomes progressively smaller as the bank returns to lower stages.
When the bank is fully discharged down to the lower voltage thresh-
old, at stage 1, the bank correctly interrupts the power flow to the
load SMU, preserving the leftover energy and preventing uncon-
trolled depletion of the storage bank.

5.1.3 Efficiency metrics computation

By isolating charge and discharge instants, we can distinguish input
and output energies:

EIN =

∫
PIN (t) dt (5.1)

EOUT =

∫
EN2=H

POUT (t) dt (5.2)

The input energy EIN comprises the energy delivered to the
main capacitor bank, EIN,BANK, and the energy routed through the
backup path to establish and sustain the CapDYN control infras-
tructure, EIN,BCK. The EN1 signal directs the input power between
these two paths: when EN1 is low, the backup capacitor is charged,
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whereas when EN1 is high, the input power is directed to the main
bank. Accordingly,

EIN,BCK =

∫
EN1=L

PIN(t) dt, (5.3)

EIN,BANK = EIN − EIN,BCK. (5.4)

We additionally distinguish between cold-start and regimen op-
eration. Cold start is the initial interval required to charge a fully
depleted bank to VSL in stage 1. This condition defines the min-
imum viable bank state, as it marks the threshold beyond which
additional stored energy becomes available to the load. Regimen
operation begins from this state: a complete cycle includes charg-
ing from VSL in stage 1 to VSH in stage N , followed by discharge
until the bank returns to VSL in stage 1. During normal operation,
to ensure the energy remains accessible to the load, task execution
stops before the bank falls below the VSL threshold in stage 1, keep-
ing CapDYN within the regimen operating range. A new cold start
is required only if the bank is depleted below this threshold, for
example when the harvested input power is insufficient to sustain
the infrastructural consumption during charging. Given the low in-
frastructural power reported in Fig. 5.6, CapDYN is expected to
operate predominantly under regimen conditions.

The input energies associated with the regimen cycle are:

EIN,REG =

∫
t∈REG

PIN (t) dt (5.5)

EIN,BCK,REG =

∫
t∈REG,EN1=L

PIN(t)dt (5.6)

EIN,BANK,REG = EIN,REG − EIN,BCK,REG (5.7)

The portion of EIN that is necessary to overcome cold start but
cannot be used to power the load is termed leftover energy, ELEFT .
We compute ELEFT as the energy stored by the main bank when
full load-driven discharge (VSL, 1st stage) is achieved. ESTORED is
computed either by summing the energies of each capacitor for D1
(Eq. 5.9) or based on the bank voltage for D2 (Eq. 5.10), as the
number of bank capacitors is too large to be tracked by the available
instrumentation for N > 3.
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ELEFT = ESTORED(t = tEN2↓) (5.8)

ED1
STORED =

N∑
i=1

1

2
Ci (VCi,pos − VCi,neg)

2
(5.9)

ED2
STORED =

1

2
CD2

eq (j;N)V 2
D2 (5.10)

Ultimately, EIN,BANK,REG is the maximum energy available for
delivery to the load. The portion not delivered as EOUT defines the
aggregate bank-side loss ERES and accounts for the bank’s parasitic
effects:

ERES = EIN,BANK,REG − EOUT (5.11)

This residual includes conduction, leakage, switching losses, and
other bank-side parasitic contributions, which are not individually
separated by this metric.

Having defined all the energies at play, we now focus on defining
the efficiency metrics useful for comparing CapDYN against the sin-
gle capacitor benchmark. The efficiency ηCS compares total input
and output energies when cold starting the system.

ηCS =
EOUT

EIN
(5.12)

ηCS,BANK compares bank input and output energies when cold
starting the system. This metric represents the upper boundary of
ηCS , if infrastructural power consumption tends to zero.

ηCS,BANK =
EOUT

EIN,BANK
(5.13)

The efficiency ηREG compares regimen input and output ener-
gies.

ηREG =
EOUT

EIN,REG
(5.14)

The efficiency ηREG,BANK compares bank input and output en-
ergies in regimen. This metric represents the upper boundary of
ηREG, if infrastructural power consumption tends to zero.

ηREG,BANK =
EOUT

EIN,BANK,REG
(5.15)
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We then express infrastructural consumption, leftover energy,
and aggregate bank-side loss as normalized input-energy fractions.
A metric without a boundary suffix is normalized by the complete-
system input energy EIN; the suffix BANK denotes normalization
by EIN,BANK, while BANK,REG denotes normalization by the bank
input energy during regimen operation, EIN,BANK,REG.

λINFR =
EIN,BCK

EIN
(5.16)

λLEFT =
ELEFT

EIN
(5.17)

λRES =
ERES

EIN
(5.18)

The following test results respond to where a reconfigurable ca-
pacitance structure like CapDYN can improve fixed capacitor sup-
plies in terms of the aforementioned metrics. Indeed, the benchmark
is a single capacitor which is able to supply the same amount of out-
put energy to its load, with respect to CapDYN . In these tests, we
assume that the capacitor charges up to VSH and then discharges
down to VSL: at that voltage, the single capacitor cannot supply
power to the load anymore, so the remaining energy is considered
leftover energy. Although the single capacitor cannot reconfigure
itself or ensure energy-admissible task execution as CapDYN , the
single capacitor features neither infrastructural power consumption
nor switching losses. Thus, its charging and discharging efficiency is
mostly dictated by the capacitor’s own series resistance, which we
assume negligible at the tested current levels.

5.1.4 Infrastructural power, efficiencies, and losses
as a function of current

Current infrastructural power-consumption values are shown in Fig. 5.6.
These results were obtained through a Keithley 2470 SMU by sweep-
ing the backup-capacitor voltage from 5.5 V down to 3 V in 15 steps,
each lasting 20 s, while measuring the drawn current. Each reported
value is the mean power measured during the corresponding voltage
step. As expected, power consumption grows with backup voltage:
the minimum value, 4.15 µW, is achieved by the 3-stage D1 config-
uration at 3 V, whereas the maximum value, 9.07 µW, is reached
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Figure 5.6: Power consumption of CapDYN with 3, 4, 5 stages,
matched with either D1 or D2 bank.

by the 5-stage D2 configuration at 5.5 V. At three stages, the power
consumption of D1 and D2 is similar, whereas the difference be-
tween the two topologies grows with stage number. This trend is
consistent with the poorer scalability of D2, whose exponential in-
crease in switch count causes a steeper rise in infrastructural power
consumption.

Although the entire infrastructure consumes less than 10 µW
even in the worst case, the corresponding energy overhead can still
represent a large fraction of the harvested energy, as shown in
Fig. 5.7. Cold start requires a minimum input current of 90 µA
to activate the buck converter. At such low charging and discharg-
ing current levels, the backup capacitor remains in discharge for
longer because it must sustain infrastructural power consumption
over a longer interval. In addition, the first charging event of the
backup capacitor during cold start features transients that delay
the onset of effective charging. Together, these effects extend the
cold-start interval and increase the amount of energy absorbed by
the infrastructure at low currents.

More generally, infrastructural energy is expected to decrease as
current increases, since a faster charge/discharge trajectory shortens
the time over which infrastructural power is drawn. Approximating
infrastructural power as nearly constant,

EIN,BACKUP ≈ PINFR T ∝ 1

I
, (5.19)

because the charge/discharge duration T is inversely proportional
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Figure 5.7: Percentage of input energy lost to infrastructural con-
sumption.

to current. Thus, EIN,BACKUP is expected to exhibit an approxi-
mately hyperbolic dependence on current. The normalized metric
λINFR does not retain a purely hyperbolic profile, but it still in-
herits part of this behavior because EIN,BACKUP is a component of
EIN . Since EIN,BACKUP varies more strongly with current than the
total input energy, the ratio λINFR = EIN,BACKUP/EIN preserves
hyperbolic features, which explain its increase in the low-current
region of λINFR in Fig. 5.7 below 450 µA. Above 450 µA, cold start
proceeds without the additional low-current transients, and λINFR

transitions toward the smoother baseline trend set by the approxi-
mately hyperbolic dependence of EIN,BACKUP on current.

Two downward folds are also visible: at 1650 µA for both 3-stage
configurations, and at 3450 µA for the 4-stage D1 configuration.
Above these currents, the corresponding configurations no longer ex-
ecute backup top-up before entering discharge, and therefore exhibit
a slightly smaller λINFR. This occurs because the backup capacitor
does not discharge sufficiently during charging to trip the voltage-
monitor hysteresis and trigger a top-up event Sec. 4.2.3. The same
folds are visible again in Fig. 5.10a. Finally, as the number of stages
increases, λINFR decreases. Although infrastructural power con-
sumption, and thus EIN,BACKUP, grows slightly with stage number,
as shown in Fig. 5.6, the last-stage energy capacity, and therefore the
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overall input-energy budget EIN , grows much faster. Consequently,
the fraction of input energy spent on infrastructure becomes pro-
gressively smaller, resulting in an appreciable decrease of λINFR for
each additional stage.

Given the strong impact of infrastructural consumption on Cap-
DYN efficiency, we distinguish between system-level efficiencies,
namely ηCS and ηREG, which include the entire energy budget flow-
ing into and out of the platform, and bank efficiencies, namely
ηCS,BANK and ηREG,BANK, which isolate the bank contribution.
The latter can be interpreted as the upper bound achievable by
the selected topology in the limit case of negligible infrastructural
consumption.

Cold-start efficiency results are shown in Fig. 5.8. The system-
level metric ηCS in Fig. 5.8a is strongly influenced by infrastructural
consumption. As the number of stages increases, ηCS rises while
λINFR decreases, because infrastructural energy grows more slowly
than both the total input energy and the useful output energy. Con-
sequently, a smaller fraction of the harvested energy is dissipated in
the infrastructure and a larger fraction is delivered to the load. The
best cold-start efficiency is achieved by the 5-stage D2 configura-
tion, which reaches 71.4%. This value approaches the efficiency of a
single capacitor (76.33%), while retaining the task-adaptive benefits
of CapDYN , whose application-level advantages will become clearer
in the LTspice evaluation section, Sec. 5.2

At bank level, Fig. 5.8b shows that once infrastructural con-
sumption is removed, the single-capacitor benchmark can be clearly
exceeded. This improvement is mainly enabled by the voltage-
boosting behavior of CapDYN , which strongly reduces leftover en-
ergy at full discharge. Peak bank cold-start efficiency is achieved
in the range 450 µA–1050 µA, with a maximum value of 89.1% for
the 5-stage D2 configuration. Beyond this region, efficiency tapers
because resistive-path losses progressively increase with current, as
quantified in Fig. 5.11c. Four- and five-stage configurations perform
similarly, whereas three-stage configurations are consistently less ef-
ficient, with 3-stage D1 giving the lowest bank cold-start efficiency,
although still above the single-capacitor benchmark. The origin of
this trend becomes clearer when considering leftover-energy losses.

The reason why bank cold-start efficiency exceeds the single-
capacitor benchmark can be found in the λLEFT,BANK results shown
in Fig. 5.9b. A larger leftover energy directly reduces the usable out-
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Figure 5.8: Cold start efficiency metrics of CapDYN as a function
of charge/discharge current. At the top, the entire infrastructure’s
cold start efficiency is displayed, while at the bottom we focus only
on the bank’s cold start efficiency.
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Figure 5.9: Percentage of input energy lost to leftover energy as a
function of charge/discharge current. The top panel includes the
full system, while the bottom panel focuses on the bank only.
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put energy and therefore lowers ηCS,BANK. Four- and five-stage con-
figurations, for both D1 and D2, exhibit similarly low λLEFT,BANK,
whereas the 3-stage configurations perform worse, with 3-stage D1
representing the least favorable case. This trend follows the first-
stage capacitance of each configuration (Tab. 5.2): the smaller the
first-stage capacitance, the smaller the residual leftover energy, and
thus the higher the bank efficiency.

More importantly, λLEFT,BANK captures the actual benefit of
CapDYN over a single-capacitor benchmark. While a single capac-
itor leaves 23.67% of the input energy trapped as leftover energy,
CapDYN reduces this fraction to as little as 0.16% in the best case,
namely 5-stage D2. Even in the least favorable case, 3-stage D1,
leftover energy still accounts for only 5.57% of the bank input en-
ergy. This marked reduction is one of the main advantages of Cap-
DYN and directly contributes to the improvement of ηCS . This
reduction is important not only for energy utilization but also for
responsiveness: the same capacitance-scaling mechanism that re-
duces unusable residual energy also shortens the time required to
return to an executable energy state.

For completeness, the corresponding system-level metric λLEFT

is also shown in Fig. 5.9a. The closer spacing of the D1 curves in
λLEFT arises because

λLEFT = λLEFT,BANK(1 − λINFR).

Although D1 exhibits larger stage-dependent differences in λLEFT,BANK,
these are partially compressed by λINFR, whereas the intrinsically
wider separation of the D2 λLEFT,BANK curves remains visible even
after scaling by (1 − λINFR).

An interesting measurement-accuracy consideration also emerges
from λLEFT,BANK. This quantity slightly decreases with increasing
current. When leftover energy is estimated from the bank termi-
nal voltage, higher current increases the resistive voltage drop dur-
ing both charge and discharge. As a result, the leftover energy is
progressively underestimated, leading to a smaller estimated ratio
ELEFT /EIN,BANK at higher current. Allowing a suitable relax-
ation time before measuring ELEFT would likely mitigate this bias
by reducing the effect of the resistive drop. Owing to setup limi-
tations, however, this verification was left for future work, so the
low-current measurements should be regarded as the least affected
by this source of bias.
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Estimating energy at the system boundary, instead, avoids the
current-dependent bias associated with terminal-voltage-based stored-
energy estimation. At the same time, the observed current depen-
dence is not merely a measurement artifact: under a fixed terminal-
voltage cutoff, higher current genuinely increases ohmic losses and
reduces the effective internal voltage range, since the cutoff is reached
at a lower internal state of charge. Therefore, the corresponding
input- and output-energy measurements, performed at the system
boundary, capture the actual exchanged energy and can be regarded
as representative of the true system efficiency.

The cold-start discussion also provides the basis for interpreting
regimen efficiency: once infrastructural effects are separated out and
leftover-energy behavior is understood, the remaining differences
between D1 and D2 can be attributed mainly to the balance between
resistive-path and switching-related losses.

Regimen bank efficiency results in Fig. 5.10b show that D2 is
more efficient than D1 at low current, while D1 progressively im-
proves relative to D2 as current increases, especially at larger stage
counts. This behavior stems from the different loss mechanisms
that dominate the two topologies. D2 has a slightly longer resistive
path at 4 and 5 stages, due to its larger number of switches, but it
also benefits from lower switching losses because it nominally avoids
equalization transients. At low current, time-dependent parasitic ef-
fects become more relevant than resistive-path losses, favoring D2
in the measured comparisons. At higher current, however, conduc-
tion losses along the longer D2 path become increasingly significant,
reducing its advantage and allowing D1 to recover. The current sen-
sitivity of each topology becomes weaker as stage number increases,
because the larger bank energy capacity of higher-stage systems re-
duces the relative impact of resistive-path loss. In the 3-stage case,
D2 and D1 exhibit comparable slopes because the switch count of
3-stage D2 is still limited. Similarly to λLEFT and λLEFT,BANK

curves, ηREG,BANK is ηREG scaled by (1−λINFR): ηREG is shown
in Fig. 5.10a for completeness.

The role of bank-side losses is summarized in Fig. 5.11. Bank-
side losses are defined by Eq. 5.11 and represent the fraction of
regimen bank energy that is dissipated parasitically rather than de-
livered to the load as EOUT . The relevant mechanisms are resistive-
path losses, switching and equalization losses, and capacitor/switch
leakage. Their different current dependences help explain the over-
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Figure 5.10: Regimen efficiency of CapDYN as a function of
charge/discharge current. At the top, the entire infrastructure’s
regimen efficiency is displayed, while at the bottom we focus only
on the bank’s regimen efficiency.
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all shape of Fig. 5.11c: the measured trends are consistent with
conduction-related losses at high current and time-dependent para-
sitic effects at low current, while switching and equalization losses
depend on the topology-dependent voltage mismatch at the tran-
sition instants. Accordingly, the sub-mA peak in bank-side losses,
which is responsible for the dip observed in all bank-efficiency curves,
is consistent with a time-dependent contribution, while resistive-
path effects are expected to be less influential in that region.

Resistive-path losses affect both EIN,BANK,REG and EOUT : as
current increases, they raise the required input energy and reduce
the useful output energy. Therefore, they are expected to produce
a monotonic increase of

λRES,BANK,REG =
EIN,BANK,REG − EOUT

EIN,BANK,REG

with current. This interpretation is consistent with Fig. 5.11c, where
the normalized regimen bank-loss term increases toward the high-
current region.

Leakage, by contrast, is expected to produce the opposite trend.
As current decreases, the charge/discharge trajectory becomes slower,
and the bank spends longer at elevated voltage, where leakage can
deplete stored energy. If leakage current is approximately inde-
pendent of bank voltage, the resulting leakage energy should scale
mainly with the charge/discharge duration and therefore follow an
approximately hyperbolic, i.e., inverse-current, dependence, simi-
larly to EIN,BACKUP in Eq. 5.19. If leakage instead increases with
voltage, low-current operation should be even more strongly af-
fected, since the bank remains longer in the high-voltage region
where leakage is larger. In all cases, however, leakage is expected to
produce a smooth monotonic, hyperbola-like trend with current.

Switching and equalization losses only affect EIN,BANK, because
stage-decrease operations during discharge do not involve equaliza-
tion transients, whereas stage-increase operations during charge do.
To estimate whether D1 equalization losses could contribute to the
sub-mA loss peak, we measured the voltage mismatch between the
capacitor groups that become parallelized during each D1 charge-
stage transition and applied the ideal charge-sharing loss expression
of Eq. (A.7), derived in Appendix A.1. The corresponding total
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switching-loss energy was estimated as

ESW,LOSS,TOT =

N−1∑
k=1

1

2

CA,kCB,k

CA,k + CB,k
(∆Vk)2 (5.20)

where CA,k and CB,k are the equivalent capacitances of the two
groups connected in parallel at transition k, and ∆Vk is their mea-
sured pre-switch voltage mismatch. D2 switching losses could not
be estimated in the same way because of the larger number of in-
volved capacitors and internal nodes. However, switching losses are
not expected to be the dominant loss mechanism for D2. Indeed, ac-
cording to the ideal charge-sharing loss expression of Eq. (A.7), no
redistribution loss occurs when the reconfigured capacitor groups
have equal voltage. This is the case for the ideal D2 transitions,
which connect or split equal-voltage groups, as discussed in Ap-
pendix A.1.

As shown in Fig. 5.12, the estimated D1 switching-loss term
exhibits a mild low-current rise, consistent with the sub-mA fea-
ture observed in Fig. 5.11c. This indicates that switching losses do
contribute to the low-current loss peak, although only marginally.
At intermediate currents, switching losses reach a plateau whose
width decreases as the stage number increases, and then fall again
at higher currents.

This behavior should be interpreted in terms of the voltage mis-
match that exists, immediately before each switching event, be-
tween the capacitors that are about to be connected in parallel.
The equalization loss is set by these pre-switch voltage differences:
larger mismatches produce larger charge-sharing transients, whereas
smaller mismatches reduce the switching-loss contribution. There-
fore, the current-dependent trend observed in Fig. 5.12 should not
be attributed to the switch event alone, but to how the charge/dis-
charge current affects the pre-switch voltage distribution across the
capacitors before reconfiguration. Since mid-range currents produce
the highest estimated equalization loss, the measured trend implies
that the pre-switch voltage mismatch between capacitor groups is
also maximized in this current range. The mechanism causing this
non-monotonic mismatch is not yet clear from the available mea-
surements. Identifying the detailed origin of this current-dependent
mismatch is left to future work.

In any case, the estimated D1 equalization loss accounts for only
a limited portion of the sub-mA efficiency degradation. A compa-
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rable feature is also observed for D2 in Fig. 5.11c, although its ideal
transitions connect equal-voltage groups and nominally avoid redis-
tribution loss. Equalization therefore cannot explain the sub-mA
feature shared by both topologies. Its occurrence at low current
instead points to a time-dependent parasitic contribution, since the
longer charge–discharge interval of the low-current tests allows more
energy to be depleted through capacitor, switch, or board leakage.
Conversely, the high-current trend is consistent with resistive-path
effects. The individual contributions were not independently sepa-
rated by the present measurements.

Overall, this current-based characterization highlights both the
strengths and the limitations of CapDYN . Its main advantage over
a single capacitor is the strong reduction of leftover energy, which al-
lows the bank-level cold-start efficiency to surpass the single-capacitor
benchmark while also exposing intermediate energy states for energy-
admissible task execution. Its main drawbacks are the infrastruc-
tural overhead required to monitor and reconfigure the bank, and
the additional bank-side parasitic losses associated with resistive
paths, switching activity, and leakage, which become especially rel-
evant in the low-current regime.

This characterization also clarifies why hardware efficiency alone
does not fully describe the benefit of CapDYN . The hardware tests
intentionally exercise the storage subsystem as an isolated energy
buffer: the bank is charged to the final stage and then fully dis-
charged. This test mode is useful to quantify losses, leftover energy,
and infrastructural consumption under controlled conditions, but it
does not correspond to the intended use of CapDYN in a battery-
free application. In the intended operating mode, the load does not
need to wait for the final stage. Instead, the CapDYN energy-state
interface allows the runtime to execute tasks as soon as the cor-
responding energy-admissible stage is reached, rather than waiting
for complete charge and subsequent full discharge. The LTspice
evaluation therefore builds on the hardware-tested stage structure,
power consumption, and switching behavior to quantify how these
mechanisms translate into application-level benefits when the in-
termediate energy states are actually exploited. As shown in the
following section, coupling CapDYN to an energy-admissible sched-
uler allows its benefits to emerge more clearly, particularly in terms
of successful throughput, first-completion time, timely yield, and
effective efficiency.
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Figure 5.12: Switching equalization transient losses versus
charge/discharge current for the D1 bank, normalized to: total cold-
start input energy, bank cold-start input energy, and bank regimen
input energy.
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5.1.5 Software and hardware controlled switch-
ing

In order to estimate what strategy is more efficient at controlling
the previously introduced capacitor banks, we evaluate the benefits
of CapDYN ’s autonomous capacitance scaling and I/O control with
respect to a software-based CapDYN version. In the software-based
version, we replace the I/O power flow (Sec. 4.2.3) and capaci-
tance scaling (Sec 4.2.2) section with an MSP430FR5994. The au-
tonomous control section introduces an overhead of 1.036 µW, while
the equivalent software-based control adds 2.38 µW and 3.65 µW of
additional overhead, considering a monitoring frequency of 1 Hz
and 50 Hz, respectively. The overhead introduced by the microcon-
troller is computed considering the MCU’s low power mode power
consumption, ADC measurements cost, and active mode cost dur-
ing the stage monitoring. The results indicate that the autonomous
CapDYN consumes less power while providing a higher reactivity
compared to the software-based CapDYN . Although the overhead
of the MCU-based model could be reduced by relaxing the monitor-
ing frequency, which can be a solution for larger storages/higher-
power scenarios, this reduces the system’s reactivity to its active
periods, which is problematic for smaller storages/lower-power sce-
narios, where more frequent charge monitoring is needed. CapDYN
solves this reactivity-efficiency tradeoff, as it is always instantly re-
active, with a fixed ultra-low power overhead, extending the appli-
cation of dynamic capacitance to ultra-low power energy sources.

A noteworthy software-control solution is presented by Morphy,
which can be identified as CapDYN ’s closest work, as it shares the
progressive capacitance scaling approach with CapDYN . To further
motivate our autonomous control choice, we compare CapDYN ’s
constant overhead to Morphy. Morphy’s average power consump-
tion increases as the capacitor size scales down, due to a faster
monitoring frequency. Indeed, a 4-stage Morphy with C = 100 mF,
10 mF, and 1 mF capacitors consumes 2.44 µW, 6.44 µW, and 46.99
µW, with 5, 0.5, and 0.05 s monitoring periods, respectively. Cap-
DYN ’s 4-stage implementation consumes a maximum of 8.06 µW
for the D2 topology, regardless of the capacitor size (Sec. 5.1.4).
Morphy achieves a lower power consumption for larger capacitances
by reducing its monitoring period, assuming that changes are slower.
This reduces its reactivity to voltage drops and input power bursts.
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Therefore, Morphy might not guarantee the prevention of power
failures at lower stages if its duty cycle is not properly adjusted. On
the contrary, CapDYN is always reactive, which is especially impor-
tant in the case of smaller capacitors: for the 1 mF case, CapDYN
consumes up to 83% less average power than Morphy, besides re-
quiring no software overhead for bank control. If the 1 mF Morphy
were to achieve instant reactivity as CapDYN , Morphy would need
to keep its control MCU always-on, which would lead to a power
consumption 1000 times larger than CapDYN .

Besides controlling its progressive scaling with an MCU, Mor-
phy also implements a software-based pre-regulation of its output
voltage. Morphy separates a set of its bank (task capacitors) to
power a certain task. Said task capacitors are maintained within an
user-programmed range by charge-pump boosting, where the task
capacitors are briefly connected to the remainder of the bank, which
sits at a higher voltage. Although this approach allows more flexi-
bility in terms of load voltage range than CapDYN ’s output voltage
limitation to [VSL, VSH ], Morphy’s core/task voltage boosting solu-
tion is entirely based on lossy charge transfers. For example, if a
1 mF bank is charged at 3.6 V and is briefly connected to a 1 mF
task capacitor, which is nearing the load’s lower voltage limit of 1.8
V, 10% of the total energy is lost due to resistive dissipations in the
charge transfers. If we factor in the overhead of a software-based
control, this effect highly reduces Morphy’s efficiency. We believe
charge transfers should be limited by design, so we do not consider
this as a viable regulation strategy.

5.2 Application-level LTspice evaluation

The previous hardware evaluation validates the operation and loss
mechanisms of the CapDYN storage subsystem in isolation. We
now evaluate how those mechanisms affect a complete intermittent
application. For this purpose, LTspice is used to extend the hard-
ware characterization to application-level design-space exploration.
The simulated storage subsystem acts as a CapDYN digital twin,
implementing the same capacitance-reconfiguration principles and
input/output power-flow control verified in the prototype while al-
lowing topology, stage count, and capacitance values to be varied
systematically. Coupling this model to the application workload
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and energy-admissible scheduler allows us to determine how differ-
ent design choices affect system-level performance under realistic
battery-free operating conditions, including harvested-power input
traces and profiled task execution.

In particular, the model extends the design space beyond the
3-, 4-, and 5-stage bank sizes implemented in hardware to 6- and
7-stage configurations, which are evaluated only in LTspice because
of their component count, PCB area, and cost, but are useful to
assess whether additional energy states improve application-level
performance enough to justify their overhead.

This section therefore evaluates CapDYN at application level
by combining three elements: a profiled battery-free sensing work-
load, realistic harvested-power traces, and the LTspice digital twin
of the storage subsystem. We first build and profile a load proto-
type executing the target sensing application, and use the measured
task energies to derive the task-to-stage mappings used to dimension
each CapDYN configuration. We then simulate the complete task
cycle under realistic harvested-energy input, comparing D1 and D2
banks across different stage counts and evaluating how the energy-
state interface affects task completion, responsiveness, timely yield,
and effective efficiency. This evaluation allows us to assess both the
practical feasibility of energy-admissible execution under intermit-
tent power and the design-space tradeoffs that must be considered
before integrating CapDYN into a final battery-free demonstrator.

5.2.1 Target battery-free sensing workload

The target load is a self-powered environmental sensing platform
representative of precision-agriculture deployments in remote or infrastructure-
less locations. The application periodically samples temperature,
humidity, and light intensity, captures and compresses images for
visual inspection, transmits data through LoRa, and performs I/V
sweeps to characterize the electrical impedance of soil or plant tis-
sue, enabling non-invasive monitoring of environmental and crop
health parameters [119, 120, 25].

The platform is built around a Texas Instruments MSP430FR-
series microcontroller, selected for its ultra-low-power operation and
integrated non-volatile FRAM. The sensing interface includes an
SHT41 temperature and humidity sensor, a TSL2591 light sensor,
and an HM0360 low-power image sensor, while wireless communica-
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tion is provided by an SX1262 LoRa transceiver. The platform oper-
ates exclusively from harvested energy stored in CapDYN , without
batteries. A lightweight runtime running on the microcontroller
performs task scheduling, energy-admissibility checks, and coordi-
nation with the energy-state interface introduced in Sec. 4.3. Tasks
are executed only when the current storage stage satisfies the ad-
missibility condition of Sec. 4.3.1.

Task-level energy consumption is characterized offline through
repeated executions while monitoring current with a precision shunt
resistor and a digital oscilloscope. The resulting task energy profiles
are used to derive the task-to-stage mapping of Sec. 4.4.4, which
is later integrated in the LTspice simulations used for long-term
evaluation under harvested-power traces.

The workload, summarized in Table 5.3, is designed to stress the
execution model with heterogeneous tasks typical of autonomous
batteryless sensing nodes. It includes low-power, short-duration
sensing operations, such as temperature, humidity, and ambient
light acquisition (T1), which are typically executed frequently and
benefit from rapid energy accumulation and low startup latency.
More energy-demanding operations are represented by impedance-
based measurements (T2), which characterize soil or plant conditions
through I/V sweeps. This task exhibits long execution times and
sustained power consumption, making it particularly sensitive to en-
ergy availability and unsuitable for speculative execution. Its long
duration is due to the low scan rate required to obtain meaningful
impedance measurements of soil or plant tissues [9].

The transmission of the data acquired in T1 and T2 is mod-
eled by T3, whose energy cost includes radio activation and LoRa
transmission overhead. Applications requiring retransmissions or
redundancy can account for them by profiling the corresponding
transmission sequence as a larger task or by scheduling repeated
transmission tasks. The task set further includes image acquisition
through the BW camera (T4) and local image compression (T5),
which model bursty workloads combining short high-power opera-
tions with medium-duration processing phases. Finally, compressed
image transmission (T6) represents one of the most energy-intensive
operations in the application, requiring prolonged radio activity and
sustained power availability to complete successfully.

Task ordering is determined primarily by the functional depen-
dencies of the application. Environmental and impedance data must
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Table 5.3: Description of the implemented tasks

Tasks ID Description Class

T1 Environmental Sensing P0
T2 I/V Sweep - Soil/Plant Assessment P2
T3 I/V Sweep and Env. Data Transmission P2
T4 Image Capture P1
T5 Jpeg Compression P1
T6 Image Data Transmission P2

be acquired before they can be transmitted, while image data must
be captured and compressed before image transmission. Therefore,
the workload follows a sensing–processing–communication pipeline,
rather than an arbitrary order selected to favor the proposed archi-
tecture. When multiple tasks do not have direct dependencies, their
execution order can be selected by the scheduler or by the applica-
tion logic; however, dependent operations must preserve the partial
order imposed by the application.

Overall, the selected workload combines three classes of tasks:

1. (P0) - Frequent, low-energy sensing tasks;

2. (P1) - Medium-duration processing and data handling tasks;

3. (P2) - High-energy, long-running communication and mea-
surement tasks.

This heterogeneity provides a meaningful benchmark for eval-
uating how energy-admissible execution coordinates computation
with dynamically available energy while avoiding partial executions
under intermittent power supply. It also represents a challeng-
ing condition for fixed-capacitor systems, because low-energy and
high-energy tasks coexist in the same application flow, stressing
the mismatch between fixed storage capacity and task-level energy
demand. The evaluation therefore focuses on the task-energy distri-
bution and task-to-stage matching that determine the behavior of
reconfigurable storage in battery-free sense-and-send applications,
rather than on arbitrarily large general-purpose task graphs.

5.2.2 Evaluation methodology

We evaluate the proposed architecture using real-world prototyping
for the application load and task scheduler, and LTSpice simula-
tions for the CapDYN storage hardware. The evaluation considers
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Table 5.4: Task power, energy, execution time, and matched Cap-
Dyn stage. Tasks and their respective functions are summarized in
Table 5.3. OP stands for “over provisioning’.

Task
Avg Power

[mW]
Avg Exec
Time [s]

Avg Energy
[mJ]

3 stg map 4 stg map 5 stg map 6 stg map 7 stg map
D1 D2 D1 D2 D1 D2 D1 D2 D1 D2

T1,E 18.00 0.92 16.62 1 1 2 1 2 2 3 3 4 4
T2,E 3.40 600.00 2037.54 3 3 4 4 5 5 6 6 7 7
T3,E 33.29 13.70 455.91 2 2 3 3 4 4 5 5 6 6
T4,E 26.45 0.22 5.87 1 1 1 1 2 2 3 2 4 3
T5,E 5.17 7.23 37.40 1 1 2 2 3 3 4 4 5 5
T6,E 33.29 68.48 2279.55 3 3 4 4 5 5 6 6 7 7

OP [%] – – – 9.77 12.31 10.53 10.58 10.92 10.12 13.59 12.33 18.60 22.60

T1,L 18.00 25.58 460.61 2 2 3 3 4 4 5 5 6 6
T2,L 3.40 537.36 1824.81 3 3 4 4 5 5 6 6 7 7
T3,L 33.29 41.16 1370.08 3 3 4 4 5 5 6 6 7 7
T4,L 26.45 0.22 5.87 1 1 1 1 2 2 3 2 4 3
T5,L 5.17 176.96 915.34 3 3 4 4 5 5 6 6 7 7
T6,L 33.29 68.48 2279.55 3 3 4 4 5 5 6 6 7 7

OP [%] – – – 42.28 42.98 42.82 42.93 44.88 41.86 48.25 44.92 54.74 58.13

Table 5.5: Per stage capacity/energy vs number of available Cap-
DYN stages. Single cap represent the baseline with fixed capaci-
tance/energy.

Stage
Number

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7
mF mJ mF mJ mF mJ mF mJ mF mJ mF mJ mF mJ

3 - D1 35.60 72.09 89.00 504.63 356.00 2299.32 - - - - - - - -
3 - D2 21.88 106.31 87.50 531.56 350.00 2296.00 - - - - - - - -

4 - D1 16.18 18.09 35.60 90.18 89.00 522.72 356.00 2317.40 - - - - - -
4 - D2 5.44 26.43 21.75 132.13 87.00 554.95 348.00 2309.31 - - - - - -

5 - D1 7.83 5.30 16.36 23.59 36.00 96.49 90.00 533.89 360.00 2348.74 - - - -
5 - D2 1.38 6.68 5.50 33.41 22.00 140.33 88.00 568.01 352.00 2342.53 - - - -

6 - D1 3.91 1.68 8.00 7.10 16.73 25.80 36.80 100.32 92.00 547.44 368.00 2402.62 - -
6 - D2 0.36 1.75 1.44 8.73 5.75 36.68 23.00 148.46 92.00 595.58 368.00 2450.76 - -

7 - D1 2.02 0.56 4.09 2.31 8.35 7.97 17.45 27.48 38.40 105.24 96.00 571.80 384.00 2507.64
7 - D2 0.09 0.46 0.38 2.28 1.50 9.57 6.00 38.73 24.00 155.37 96.00 621.93 384.00 2557.77

Single Cap 453.60 2286.71 - - - - - - - - - - - -

both D1 and D2 topologies and varies the total number of stor-
age stages to quantify the tradeoff between energy granularity and
infrastructural power consumption. We restrict the design-space
exploration to configurations with 3 to 7 stages, which represent re-
alistic implementation points for the considered capacitor-bank ar-
chitecture. The application task profiling also includes the scheduler
overhead required to communicate with the CapDYN energy-state
interface. Specifically, each scheduled task requires two read/write
operations to the next-task register, and each register operation
consumes 1.09 mJ over 0.05 s.

Since both D1 and D2 CapDYN banks provide a discrete set of
approximately exponentially distributed energy levels across their
stages, as shown in Fig. 5.13, we evaluate two task sets with differ-
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ent energy distributions. The first task set corresponds to the mea-
sured real-world application tasks, whose energy consumptions are
also approximately exponentially distributed. The second task set
is a synthetic linear task set, obtained by linearly spacing the task
energy consumptions between the minimum and maximum energies
of the real-world task set. This synthetic workload allows us to eval-
uate applications whose task-energy distribution does not naturally
match the staged energy distribution of the capacitor bank.

Table 5.4 reports the task power, execution time, energy con-
sumption, and task-to-stage mapping obtained according to Sec. 4.4.4.
Table 5.5 reports the equivalent capacitance and per-stage energy
availability of the evaluated CapDYN configurations. For each task-
to-stage mapping, we also report the overprovisioning (OP), which
quantifies how closely the selected CapDYN dimensioning matches
the considered task set.

The OP values provide an a priori indication of how well each
CapDYN configuration fits the considered workload. Since the ca-
pacitor bank exposes only a discrete set of available energy levels,
energy-admissible execution is expected to be most effective when
those levels are close to the profiled task energies. For the mea-
sured task set, the approximately exponential task-energy distri-
bution aligns more naturally with the staged energy availability of
the D1 and D2 banks, resulting in lower OP values. For the syn-
thetic linear task set, several tasks remain mapped to the highest
stages, while the additional low-energy stages are used by only a
small fraction of the workload. This leads to larger OP values and
suggests that additional stages may provide limited benefit unless
their energy levels match dominant task-energy requirements.

To evaluate performance under realistic operating conditions, we
use experimentally recorded irradiance traces from a photovoltaic
panel dataset [121] as the input power source. The irradiance trace is
mapped to the electrical input power of a 200 cm2 solar panel assum-
ing 20% irradiance-to-electrical conversion efficiency [122]. The re-
sulting power trace is then used as the common underlying input for
all CapDYN configurations and reference baselines. The irradiance-
to-electrical mapping neglects load-variation-induced effects on the
harvested electrical power, which are source- and converter-specific
and therefore outside the scope of this work. As the behavior of
CapDYN is connected to the power input it receives, and not to
the upstream conversion dynamics, this fact does not compromise
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the aforementioned experiments. To stress the storage dimensioning
under a conservative condition, the input power is disabled during
task execution. The total test duration is fixed to Ttest = 18000 s,
corresponding to 5 h.

We compare CapDYN against four reference baselines, each de-
signed to isolate a specific source of improvement brought by Cap-
DYN :

• S0: a single monolithic capacitor sized to support the most
energy-intensive task, i.e., T6. This baseline does not imple-
ment energy-aware scheduling and includes only the minimum
infrastructure required to activate and deactivate the load at
the upper and lower voltage thresholds. It therefore exposes
the cost of executing tasks without checking whether sufficient
energy is available.

• S1: a single monolithic capacitor sized to support T6, aug-
mented with energy-aware scheduling and with the same load
activation/deactivation infrastructure as S0. As in CapDYN ,
the load power-gates itself whenever no energy-admissible task
can be executed. However, the load is reactivated only when
the monolithic capacitor reaches its upper voltage threshold.
This baseline isolates the benefit of reconfigurable storage un-
der energy-aware scheduling: unlike S1, CapDYN can power
the load as soon as the stage required by the next energy-
admissible task is available.

• S2: a single monolithic capacitor sized to support T6, with
energy-aware scheduling but without dedicated load activa-
tion/deactivation circuitry. Instead, an always-on MSP430FR5994
uses its low-power comparator as a software-selectable voltage
monitor. The storage capacitor voltage is compared against
up to 15 thresholds implemented by a high-value resistive tap
network and referenced to a fixed low-power voltage refer-
ence. This baseline isolates the tradeoff between dedicated
load power-gating hardware and continuously powered control
logic, and represents the strongest single-capacitor reference in
terms of responsiveness.

• AB: an ablation version of CapDYN without energy-admissible
task dispatch. This baseline uses the same reconfigurable stor-
age hardware as CapDYN , but tasks are executed only when
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the largest stage is fully charged. It therefore isolates the con-
tribution of the scheduler and energy-state interface from the
contribution of the reconfigurable capacitor bank itself.

CapDYN and its ablation version are dimensioned according to
the procedure described in Sec. 4.4.4. The single-capacitor base-
lines are instead sized to support the largest task in the appli-
cation task set, T6. As shown in Table 5.5, the single-capacitor
baseline requires a larger capacitance than the final stages of Cap-
DYN , namely 453.6 mF compared with approximately 348–384 mF.
This difference arises because the monolithic capacitor cannot ex-
ploit the improved energy extraction enabled by dynamic storage
reconfiguration. The single-capacitor baselines therefore exclude the
effect of adaptive storage capacity and allow us to separately evalu-
ate load power-gating, threshold-based activation, and energy-aware
scheduling.

To interpret the benchmark results, we use a set of complemen-
tary metrics that separately quantify completed work, temporal re-
sponsiveness, and energy efficiency. This separation is important
in battery-free systems because performance is not determined only
by the amount of work completed over the full experiment. Since
harvested power is intermittent and future energy availability is un-
certain, the time at which useful task results become available is
also relevant. A system that completes useful work earlier provides
higher application value if the input power drops before the end of
the trace.

Let x denote the evaluated system, typically CapDYN, and let
r ∈ {S0,S1, S2,AB} denote a reference baseline. For each task Ti,
ni,x is the number of successful executions under system x. We de-

note by tend,firsti,x the completion time of the first successful execution

of task Ti, and by tendi,k,x the completion time of the k-th successful
execution of task Ti. The total experiment duration is denoted by
Ttest.

We first report the total successful-task throughput Nx,

Nx =

NT∑
i=1

ni,x (5.21)

and the relative throughput gain Gthr
x/r,
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Gthr
x/r = 100 · Nx −Nr

Nr
(5.22)

Eq. (5.21) and Eq. (5.22) quantify how many useful task com-
pletions are obtained over the same input-power trace. This metric
is useful to identify systems that fail to complete tasks or that defer
task execution so much that fewer executions occur within the ex-
periment. However, throughput alone does not capture when tasks
are completed: two systems can achieve the same total number of
successful executions while producing useful results at very different
times.

To capture when the first useful result of each task becomes
available, we report the per-task first-completion shift ∆ti,x/r,

∆ti,x/r = 100 ·
tend,firsti,x − tend,firsti,r

tend,firsti,r

(5.23)

A negative value of Eq. (5.23) means that the first completed
result of task Ti is available earlier under CapDYN than under the
reference. This metric identifies which tasks benefit from exposing
intermediate energy states to the scheduler. In particular, it shows
whether low- and intermediate-energy tasks can produce useful re-
sults before the storage system reaches its maximum-energy state.

We also use an aggregate first-completion advance metric Ax/r,

Ax/r = − 1

|Tx,r|
∑

i∈Tx,r

100 ·
tend,firsti,x − tend,firsti,r

tend,firsti,r

(5.24)

where Tx,r is the set of tasks for which both systems have a
valid first successful completion. The sign convention in Eq. (5.24)
makes the interpretation direct: Ax/r > 0 means that, on average,
CapDYN makes the first completed task results available earlier
than the reference. While Eq. (5.23) identifies the task-level effects,
Eq. (5.24) summarizes the average first-result responsiveness of the
entire application.

The first-completion metrics consider only the first successful
completion of each task type. They therefore quantify initial re-
sponsiveness, but they do not capture repeated executions after the
first completion. To measure the cumulative availability of useful
work over the entire trace, we introduce the timely successful-task
yield Yx,
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Yx =

NT∑
i=1

ni,x∑
k=1

(
1 −

tendi,k,x

Ttest

)
(5.25)

Each successful task contributes a value between 0 and 1. A task
completed early contributes with a value that is closer to 1, while a
task completed near the end of the trace contributes with a lower
value. Failed or missed tasks contribute zero. The corresponding
relative timely-yield gain is GY

x/r.

GY
x/r = 100 · Yx − Yr

Yr
(5.26)

Timely yield complements both throughput and first-completion
advance. Throughput measures how many successful executions
are completed, whereas first-completion advance measures when the
first useful result of each task type becomes available. Timely yield
combines these aspects by accounting for all successful completions
and weighting them according to how early they occur. This is par-
ticularly relevant for battery-free execution: among systems with
similar throughput or similar task-cycle duration, the system with
higher timely yield has produced more completed useful work earlier
in the trace and is therefore less affected by a hypothetical interrup-
tion of the input power happening during the test time. Because
Yx depends on task duration and task distribution, we interpret
it within each task set and primarily through the relative gain in
Eq. (5.26).

Finally, we distinguish raw efficiency ηx from effective efficiency
ηeffx . Raw efficiency is defined as:

ηx =
Eout

x

Ein
x

(5.27)

where Ein
x is the harvested input energy and Eout

x is the energy
delivered to the load. However, raw efficiency can overestimate use-
ful operation when energy is spent on failed executions. We there-
fore also report effective efficiency:

ηeffx =
Eout

x − Ew
x

Ein
x

(5.28)

where Ew
x is the energy wasted in failed task attempts. The

distinction between Eq. (5.27) and Eq. (5.28) is especially important
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for S0, which does not implement energy-aware scheduling and can
therefore start tasks that later fail. For S1, S2, AB, and CapDYN,
failed executions due to power failures are avoided through energy-
aware scheduling, so the comparison focuses mainly on effective-
efficiency differences,

∆ηeffx/r = ηeffx − ηeffr (5.29)

Eq. (5.29) separates the energy cost of reconfiguration, schedul-
ing, and control infrastructure from the energy wasted by unsuc-
cessful task execution.

5.2.3 Experimental results

The results are organized according to the role of each reference
baseline. S0 evaluates the cost of executing tasks without energy-
aware scheduling. S1 and S2 quantify the benefit of dynamic storage
reconfiguration relative to energy-aware monolithic storages with
two different task activation mechanisms. Finally, AB isolates the
contribution of energy-admissible task dispatch from the contribu-
tion of the reconfigurable storage hardware itself.

Impact of failed executions. The comparison with S0 high-
lights the cost of executing tasks without first verifying that suffi-
cient energy is available. As shown in Table 5.6, S0 achieves rela-
tively high raw efficiency, equal to 89.09% for the exponential task
set and 92.70% for the linear task set. However, its effective effi-
ciency decreases to 63.07% and 77.89%, respectively, because part
of the delivered energy is spent on failed task executions. In con-
trast, CapDYN avoids these failed executions and reaches effec-
tive efficiencies between 90.15% and 97.17% for the exponential
task set, and between 91.19% and 97.46% for the linear task set.
This corresponds to effective-efficiency gains of 27.08–34.10% in the
exponential case and 13.30–19.57% in the linear case (Tab. 5.9).
The absolute LTspice efficiency values should be interpreted as op-
timistic estimates, since the current capacitor-bank model does not
explicitly include capacitor self-discharge or PCB-layout-dependent
leakage. However, the relative trends remain meaningful because
all CapDYN configurations and baselines are evaluated under the
same LTspice modeling and power-accounting assumptions.
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Table 5.6: Efficiency penalty of the unaware single-capacitor base-
line S0 and effective-efficiency comparison with CapDYN .

Task set Bank N ηS0 ηeff
S0 ηeff

CapDYN ∆ηeff

Expon. D1 3 89.09 63.07 95.88 32.82

Expon. D1 4 89.09 63.07 95.39 32.32

Expon. D1 5 89.09 63.07 94.53 31.47

Expon. D1 6 89.09 63.07 93.25 30.18

Expon. D1 7 89.09 63.07 91.13 28.07

Expon. D2 3 89.09 63.07 97.09 34.02

Expon. D2 4 89.09 63.07 97.17 34.10

Expon. D2 5 89.09 63.07 96.38 33.31

Expon. D2 6 89.09 63.07 93.57 30.50

Expon. D2 7 89.09 63.07 90.15 27.09

Linear D1 3 92.70 77.89 96.56 18.66

Linear D1 4 92.70 77.89 96.22 18.33

Linear D1 5 92.70 77.89 95.57 17.67

Linear D1 6 92.70 77.89 94.65 16.75

Linear D1 7 92.70 77.89 93.11 15.22

Linear D2 3 92.70 77.89 97.46 19.56

Linear D2 4 92.70 77.89 97.41 19.52

Linear D2 5 92.70 77.89 96.59 18.69

Linear D2 6 92.70 77.89 94.29 16.40

Linear D2 7 92.70 77.89 91.19 13.30

Notes. Efficiencies are reported in percent. ∆ηeff = ηeffCapDYN − ηeffS0 is

reported in %.

The same effect seen in effective efficiency is visible in the through-
put results of Table 5.7. For the exponential task set, CapDYN com-
pletes 17 successful tasks, whereas S0 completes 12, corresponding
to a throughput gain of 41.67%. For the linear task set, the gain
remains positive but is smaller: CapDYN completes 13 successful
tasks for the D1 configurations and for the 3–5 stage D2 configu-
rations, corresponding to a 30% gain over S0, while the 6–7 stage
D2 configurations complete 12 tasks, corresponding to a 20% gain.
This reduction is consistent with the poorer match between the lin-
ear task-energy distribution and the exponential energy availability
of the CapDYN banks, as indicated by the larger overprovisioning
values in Table 5.4, and with the higher infrastructural consumption
of larger D2 configurations. Overall, the comparison with S0 shows
that avoiding failed executions improves both energy use and task
productivity: a larger fraction of the harvested energy is converted
into successful task execution, and more useful work is completed
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Table 5.7: Successful-task throughput and relative throughput gain
of CapDYN with respect to the reference baselines.

Task set Bank Nstg NCapDYN S0 S1 S2 AB

Expon. D1 3-7 17 41.67 21.43 0.00 21.43

Expon. D2 3-7 17 41.67 21.43 0.00 21.43

Linear D1 3-7 13 30.00 8.33 8.33 8.33

Linear D2 3-5 13 30.00 8.33 8.33 8.33

Linear D2 6-7 12 20.00 0.00 0.00 0.00

Notes. NCapDYN is the total number of successful task completions under

CapDYN . The S0, S1, S2, and AB columns report Gthr
CapDYN/r

in percent.

across the same power-input trace.
Table 5.8 further shows that, with CapDYN , the successfully

completed tasks are also made available earlier in the trace. Rela-
tive to S0, CapDYN improves timely successful-task yield by 53.72–
59.85% for the exponential task set and by 27.80–35.33% for the
linear task set. Thus, the benefit over S0 is not limited to avoiding
wasted energy: CapDYN also makes successful task results avail-
able earlier, increasing the time-weighted amount of useful work
completed over the trace.

Impact of dynamic storage reconfiguration. The compar-
isons with S1 and S2 isolate the effect of replacing energy-aware
monolithic storage with the reconfigurable CapDYN bank. Both
baselines use energy-aware scheduling, so failed task attempts due to
insufficient stored energy are avoided by design. However, they differ
in how the load resumes execution. S1 uses the same load activa-
tion/deactivation infrastructure as S0 and therefore reactivates the
load only when the monolithic capacitor reaches its upper voltage
threshold. S2 instead keeps an always-on MCU active and uses its
programmable voltage monitor to resume execution once sufficient
energy has been stored. Thus, S1 directly tests the reactivation-
latency benefit of CapDYN ’s staged storage: both S1 and CapDYN
power-gate the load, but S1 must wait for the full monolithic ca-
pacitor to reach its upper threshold before execution can resume,
whereas CapDYN can reactivate the load at an intermediate en-
ergy state. S2 provides the strongest single-capacitor responsiveness
baseline because its always-on MCU can resume execution without
waiting for full-capacitor recharge.
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Table 5.8: Timely successful-task yield gain of CapDYN relative
to the reference baselines. Positive values indicate higher time-
weighted useful task yield.

Task set Bank N YCapDYN S0 S1 S2 AB

Expon. D1 3 8.175 58.07 26.47 3.69 21.33

Expon. D1 4 8.198 58.52 26.83 3.99 21.77

Expon. D1 5 8.224 59.01 27.23 4.31 22.57

Expon. D1 6 8.197 58.50 26.82 3.97 22.39

Expon. D1 7 8.176 58.09 26.49 3.71 23.32

Expon. D2 3 8.240 59.33 27.48 4.52 37.18

Expon. D2 4 8.267 59.85 27.90 4.86 22.77

Expon. D2 5 8.240 59.32 27.48 4.52 22.78

Expon. D2 6 8.220 58.94 27.17 4.26 23.68

Expon. D2 7 7.950 53.72 22.99 0.84 23.00

Linear D1 3 5.543 35.11 19.75 -0.93 7.49

Linear D1 4 5.534 34.88 19.55 -1.10 7.56

Linear D1 5 5.524 34.64 19.34 -1.27 7.53

Linear D1 6 5.504 34.15 18.91 -1.63 7.70

Linear D1 7 5.466 33.24 18.10 -2.30 8.27

Linear D2 3 5.552 35.33 19.96 -0.76 7.41

Linear D2 4 5.538 34.98 19.64 -1.02 7.40

Linear D2 5 5.512 34.34 19.08 -1.49 7.72

Linear D2 6 5.332 29.96 15.19 -4.71 7.81

Linear D2 7 5.243 27.80 13.28 -6.29 8.38

Notes. YCapDYN is the absolute timely successful-task yield of CapDYN . The

S0, S1, S2, and AB columns report GY
CapDYN/r

in percent.

As shown in Table 5.9, CapDYN improves effective efficiency
relative to both energy-aware single-capacitor baselines. Against
S1, the effective-efficiency gain is 4.52–11.54% for the exponential
task set and 2.16–8.43% for the linear task set. Against S2, the cor-
responding gains are 3.78–10.80% and 1.36–7.62%. These results
show that the benefit of CapDYN is not only due to energy-aware
scheduling: even when failed executions are already avoided, expos-
ing multiple usable storage states improves how harvested energy is
converted into completed useful work. The gain decreases for larger
configurations, especially for D2, because additional stages increase
infrastructural consumption.

The timing results reflect the different reactivation mechanisms
of the two monolithic baselines. Relative to S1, CapDYN consis-
tently benefits from exposing intermediate energy states, because S1
must wait for the monolithic capacitor to reach its activation thresh-
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Table 5.9: Effective-efficiency comparison of CapDYN against the
energy-aware baselines and ablation.

Task set Bank N ηeff
CapDYN ∆S0 ∆S1 ∆S2 ∆AB

Expon. D1 3 95.88 32.81 10.25 9.51 -0.08

Expon. D1 4 95.39 32.32 9.75 9.02 -0.07

Expon. D1 5 94.53 31.46 8.90 8.17 -0.01

Expon. D1 6 93.25 30.18 7.61 6.88 -0.05

Expon. D1 7 91.13 28.06 5.50 4.76 -0.06

Expon. D2 3 97.09 34.02 11.46 10.72 -0.06

Expon. D2 4 97.17 34.10 11.54 10.80 -0.12

Expon. D2 5 96.38 33.31 10.74 10.01 -0.22

Expon. D2 6 93.57 30.50 7.94 7.20 -0.15

Expon. D2 7 90.15 27.08 4.52 3.78 -0.22

Linear D1 3 96.56 18.67 7.52 6.72 -0.10

Linear D1 4 96.22 18.33 7.19 6.39 -0.03

Linear D1 5 95.57 17.68 6.54 5.73 -0.03

Linear D1 6 94.65 16.76 5.62 4.81 -0.03

Linear D1 7 93.11 15.22 4.08 3.28 -0.01

Linear D2 3 97.46 19.57 8.43 7.62 -0.01

Linear D2 4 97.41 19.52 8.38 7.58 -0.02

Linear D2 5 96.59 18.70 7.56 6.75 -0.03

Linear D2 6 94.29 16.40 5.26 4.45 -0.05

Linear D2 7 91.19 13.30 2.16 1.36 -0.12

Notes. ηeffCapDYN is reported in percent. ∆S0, ∆S1, ∆S2, and ∆AB report

effective-efficiency differences in % relative to the corresponding reference.

old before the load can resume. Table 5.10 shows that CapDYN
achieves an aggregate first-completion advance of 35.57–41.03% for
the exponential task set and 20.23–24.55% for the linear task set.
The corresponding timely-yield gains are 22.99–27.90% and 13.28–
19.96%, respectively, as reported in Table 5.8. The comparison with
S2 is stricter: for the exponential task set, CapDYN still achieves
an aggregate first-completion advance of 18.66–28.74%, with timely-
yield gains of 0.84–4.86%. This shows that, when task energies
match the staged energy distribution, CapDYN can outperform
even an always-on energy-aware monolithic baseline S2.

The linear task set exposes the workload-matching limitation
of dynamic storage reconfiguration. Relative to S2, the aggregate
first-completion advance becomes small and can become negative,
reaching −3.94% for the 7-stage D2 bank, while the timely-yield
gain ranges from −6.29% to −0.76%. This occurs because the lin-
early spaced task energies do not align well with the approximately
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Table 5.10: Aggregate first-completion advance of CapDYN rela-
tive to the reference baselines. Positive values indicate earlier first
successful task completion under CapDYN .

Task set Bank N S0 S1 S2 AB

Expon. D1 3 40.04 36.14 18.66 30.47

Expon. D1 4 40.92 36.98 19.78 31.43

Expon. D1 5 41.60 37.66 21.83 32.62

Expon. D1 6 40.69 36.74 20.49 32.07

Expon. D1 7 39.59 35.57 19.05 32.55

Expon. D2 3 42.74 38.78 22.84 33.10

Expon. D2 4 45.00 41.03 28.74 35.89

Expon. D2 5 44.91 40.94 28.61 35.91

Expon. D2 6 44.69 40.70 28.29 36.20

Expon. D2 7 41.00 36.93 23.18 34.39

Linear D1 3 35.22 23.80 0.76 12.61

Linear D1 4 34.91 23.48 0.26 12.55

Linear D1 5 34.44 23.03 -0.40 12.33

Linear D1 6 33.67 22.26 -1.47 12.24

Linear D1 7 32.51 21.11 -3.01 12.73

Linear D2 3 35.97 24.55 1.84 12.90

Linear D2 4 35.97 24.54 1.83 13.04

Linear D2 5 35.58 24.13 1.27 13.11

Linear D2 6 33.59 21.94 -1.61 13.13

Linear D2 7 31.91 20.23 -3.94 13.29

Notes. Values report ACapDYN/r in percent. Positive values indicate earlier

first task completion under CapDYN . AB denotes the ablation without
energy-admissible task dispatch.

exponential stage-energy distributions exposed by D1 and D2. As
shown in Tab. 5.4, OP increases from 9.77–22.60% for the exponen-
tial task set to 42.28–58.13% for the linear task set. Most linear
tasks are mapped to the largest or second-largest stages: in the 7-
stage banks, T2,L, T3,L, T5,L, and T6,L are mapped to stage 7, T1,L is
mapped to stage 6, and only T4,L uses a lower stage. Consequently,
for the high-energy linear tasks, CapDYN behaves more similarly to
the ablation baseline, because both systems must wait for the bank
to reach a high-energy state before these tasks can execute. This
is reflected in Table 5.11, where the first-completion shifts relative
to AB are close to zero for most high-energy linear tasks, while the
remaining temporal gains are concentrated on T1 and T4.

Together, these results show that the system-level benefit of Cap-
DYN depends on the match between workload energy demand and
available stage-energy levels. Energy-admissible execution is most
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Figure 5.13: Stage-energy availability of CapDYN as a function of
capacitor-bank topology and total number of stages N . Solid lines
and empty markers denote the D1 bank, while dotted lines and
full markers denote the D2 bank; colors identify the relative stage
position from stage N down to stage N − 6.

effective when the workload can exploit intermediate storage states,
as in the exponential task set. When most tasks remain close to the
highest stages, as in the linear task set, additional low-energy stages
are underutilized and the temporal advantage over S2 decreases.

This workload dependence also clarifies why reducing OP is not
simply a matter of increasing the number of stages. Adding stages
gives the scheduler more possible execution points, but OP decreases
only when the added or shifted stages move closer to the task-energy
requirements that dominate the workload. In the evaluated banks,
increasing the number of stages mainly improves granularity at the
lower end of the available-energy range, while the gaps between the
highest-energy stages remain large, as shown in Fig. 5.13. Thus, ad-
ditional low-energy stages provide limited benefit when most tasks
remain close to the highest-energy stages.

This is the case for the linear task set. Most linear tasks require
460.61–2279.55 mJ. Across the evaluated D1 and D2 banks, the
largest stage provides 2296.00–2557.77 mJ and the second-largest
stage provides 504.63–621.93 mJ, while the third-largest stage is
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Figure 5.14: Stage capacitance of CapDYN as a function of
capacitor-bank topology and total number of stages N . Solid lines
and empty markers denote the D1 bank, while dotted lines and full
markers denote the D2 bank; colors identify the relative stage posi-
tion from stage N down to stage N − 6.

only 72.09–155.37 mJ, as reported in Table 5.5. Therefore, stages
below the second-largest level are too small for most linear tasks and
can only be exploited by the low-energy task T4,L, which requires
5.87 mJ. This explains why increasing the number of stages does not
necessarily improve temporal performance and why S2 can remain
competitive in some linear-task-set CapDYN configurations.

Impact of energy-admissible dispatch. The comparison with
AB isolates the contribution of energy-admissible task dispatch.
Since AB uses the same reconfigurable storage hardware as Cap-
DYN , efficiency differences between the two systems are expected
to be small. Table 5.9 confirms this behavior: in the available con-
figurations, the effective-efficiency difference relative to AB remains
between approximately −0.01 and −0.22 %. Thus, enabling energy-
admissible dispatch does not substantially change the energy effi-
ciency of the underlying reconfigurable storage hardware.

The benefit of dispatch is instead primarily temporal. Table 5.7
shows that, for the exponential task set, CapDYN completes 17
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tasks while AB completes 14, corresponding to a throughput gain
of 21.43%. For the linear task set, the gain is smaller, typically
8.33%, and becomes 0% for the largest available D2 configurations,
namely the 6- and 7-stage banks. This reduction is due to both
workload mapping and bank overhead: as previously mentioned,
most linear tasks are mapped to high stages, which limits the benefit
of intermediate-stage dispatch, while the increased infrastructural
power consumption of larger D2 banks further offsets the advantage
of finer energy granularity.

The aggregate first-completion results in Table 5.10 show that
dispatch significantly improves responsiveness relative to AB. Rela-
tive to AB, CapDYN achieves an aggregate first-completion advance
of 30.47–36.20% for the exponential task set and 12.24–13.29% for
the linear task set. Similarly, Table 5.8 shows positive timely-yield
gains of 21.33–37.18% and 7.40–8.38%, respectively. The smaller
gains for the linear task set are consistent with the workload-matching
limitation discussed above: fewer tasks can benefit from intermediate-
stage dispatch. Even so, the gains remain positive, demonstrating
that energy-admissible dispatch increases the amount of useful work
available earlier in the trace, even when the underlying storage hard-
ware is unchanged.

The per-task comparison in Table 5.11 identifies which tasks
drive this temporal benefit. For the exponential task set, CapDYN
substantially advances low- and intermediate-energy tasks. For ex-
ample, the first completion of T1 occurs 76.16–96.33% earlier than
in AB, while T3, T4, and T5 also show large negative shifts. By
contrast, T2 and T6, which require the largest energy reserves, show
shifts close to zero because both CapDYN and AB must wait for
high-energy storage states before these tasks can complete. This
confirms the intended function of energy-admissible dispatch: it
does not accelerate tasks that inherently require the largest stor-
age state, but it avoids delaying lower-energy tasks until that state
is reached.

For the linear task set, the per-task benefit is more concentrated.
The first completion of T1 is advanced by approximately 54.53–
57.23%, and T4 by approximately 19.36–23.25%. The remaining
tasks show shifts close to zero, and in a few cases slightly positive
values, because most linear-task energies are mapped to the highest
stages. Even in this mismatched workload, however, CapDYN im-
proves the timing of the tasks that can exploit intermediate stages,
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which explains the positive aggregate first-completion and timely-
yield gains relative to AB.

Best configurations and design implications. For the evalu-
ated traces and task sets, the D2 bank gives the best overall config-
urations, but with different stage counts, as illustrated in Figs. 5.15
and 5.16. For the exponential task set, D2 with N = 4 provides
the best overall tradeoff, reaching the highest effective efficiency,
97.17%, and the highest timely successful-task yield, YCapDYN =
8.267. It also gives the largest aggregate first-completion advance
against the single-capacitor baselines, equal to 45.00%, 41.03%, and
28.74% relative to S0, S1, and S2, respectively. For the linear
task set, D2 with N = 3 is preferable, reaching the highest ef-
fective efficiency, 97.46%, and the highest timely successful-task
yield, YCapDYN = 5.552. It also provides the largest aggregate first-
completion advance against the single-capacitor baselines, equal to
35.97%, 24.55%, and 1.84% relative to S0, S1, and S2, respectively.

Although larger D2 banks can slightly improve some AB-only
timing metrics, they are not the best overall choice for the two
considered task sets. In the LTspice model, D2 infrastructural con-
sumption increases rapidly with stage count because the number
of switches grows with a base-2 dependence, whereas D1 scales ap-
proximately linearly, as shown in Tab. 5.121 Therefore, when the
workload does not effectively exploit the additional D2 stages, the
extra overhead can outweigh the benefit of finer energy granularity.
For applications whose task-energy distribution can benefit from a
larger number of useful stages, D1 could become preferable because
its infrastructural consumption scales more gently with stage count.
This reinforces the need for workload-aware dimensioning, as the
optimal topology is determined by the joint effect of task-to-stage
matching, stage count, and infrastructural power consumption.

Summary. Overall, the LTspice results show that CapDYN pro-
vides two complementary application-level benefits. Relative to the
single-capacitor baselines, it improves effective efficiency, through-
put, and responsiveness by avoiding failed executions and exposing

1The LTspice values are conservative with respect to the hardware mea-
surements (Fig. 5.6), as they slightly overestimate infrastructural power, while
preserving the same topology- and stage-dependent scaling trends
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intermediate storage states to the runtime. Relative to AB, the re-
sults show that the reconfigurable bank alone is not sufficient: the
energy-state interface must be coupled with energy-admissible dis-
patch to convert intermediate storage states into earlier useful task
completions.

These results also connect the LTspice evaluation with the hard-
ware measurements. At circuit level, CapDYN reduces leftover en-
ergy and exposes staged energy availability, while introducing in-
frastructural and bank-side losses. At application level, the result-
ing tradeoff depends on how effectively the workload exploits the
exposed stages. The exponential task set therefore achieves the
strongest gains, whereas the linear task set shows that, when most
task energies remain close to the highest stages, additional low-
energy stages are underutilized and the advantage over the always-
on monolithic baseline S2 decreases.

The analytical task-to-stage mapping and the hardware efficiency
metrics describe complementary properties. Overprovisioning mea-
sures the nominal energy assigned in excess of a task requirement,
which may remain available for later execution and is therefore not
necessarily dissipated. Infrastructural, bank-side, and equalization
losses instead represent the energy costs of physically producing and
operating the selected storage configuration. Application-specific di-
mensioning should consequently evaluate improvements in task-to-
stage matching against the topology-, stage-, and current-dependent
hardware costs characterized in this work. The formal integration
of these criteria into a unified selection procedure is left for future
work.

5.3 Discussion

In this section, we discuss the limits of CapDYN and future work.

Hardware implementation: The relationship between capacitors
to make the D1 bank design more efficient is to be further studied.
The D1 bank is a promising solution, as D1 is easier to scale up in
stage number with respect to D2, and D1 can be adapted to loads
with tighter voltage ranges. The development of a new capacitor
dimensioning solution could fully remove D1’s small equalization
transients.

Besides optimizing the capacitor bank, we can improve over-
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Table 5.11: Per-task first-completion shift of CapDYN relative to
the ablation baseline AB. Negative values indicate earlier first task
completion under CapDYN .

Task set Bank N T1 T2 T3 T4 T5 T6

Expon. D1 3 -76.16 -0.04 -37.18 -34.71 -34.68 -0.03

Expon. D1 4 -75.78 -0.01 -37.01 -41.78 -33.97 -0.03

Expon. D1 5 -82.35 -0.02 -37.08 -41.77 -34.05 -0.41

Expon. D1 6 -81.66 0.01 -36.39 -40.87 -33.46 -0.02

Expon. D1 7 -82.01 -0.02 -35.54 -38.73 -38.72 -0.28

Expon. D2 3 -79.34 -0.25 -37.00 -41.02 -40.85 -0.14

Expon. D2 4 -96.33 -0.11 -36.68 -41.64 -40.44 -0.13

Expon. D2 5 -96.11 -0.05 -36.92 -41.76 -40.58 -0.03

Expon. D2 6 -95.68 -0.07 -37.63 -42.19 -41.28 -0.34

Expon. D2 7 -94.06 0.03 -35.72 -39.08 -37.21 -0.31

Linear D1 3 -55.54 -0.39 -0.17 -19.41 -0.13 -0.03

Linear D1 4 -54.91 -0.40 -0.14 -19.47 -0.35 -0.03

Linear D1 5 -54.53 -0.08 -0.02 -19.36 -0.01 -0.00

Linear D1 6 -54.63 0.53 0.07 -19.65 0.21 0.03

Linear D1 7 -56.29 0.42 0.06 -20.71 0.08 0.06

Linear D2 3 -56.27 -1.08 -0.26 -19.43 -0.32 -0.02

Linear D2 4 -56.31 -1.37 -0.40 -19.84 -0.31 -0.02

Linear D2 5 -55.97 -0.80 -0.57 -20.34 -0.88 -0.08

Linear D2 6 -55.96 -0.12 -0.01 -22.67 0.01 -0.00

Linear D2 7 -57.23 0.46 0.13 -23.25 0.12 0.05

Notes. Values report the first-completion shift ∆ti,CapDYN/AB in percent.

AB denotes the ablation without energy-admissible task dispatch.

all energy efficiency and cold start times by reducing infrastruc-
tural power consumption, thus shrinking the required size of the
backup capacitor. To begin with, charge-pump like voltage boost-
ing could be more efficient than including a harvester-to-DC condi-
tioning stage, in the case of low-voltage DC sources. On the other
hand, charge-pump boosting is only efficient if no voltage equal-
ization transients appear, and harvester-to-DC feature integrated
maximum power point tracking algorithms, which can make up for
the additional power expenditure by harvesting more energy from
the source. Furthermore, a VLSI implementation has the potential
to significantly reduce power requirements and the overall area oc-
cupied by the electronic circuitry. This advancement would expand
the range of applications to even lower power and more compact
scenarios, further reducing CapDYN ’s power consumption. This
would expand the lowest current value we can harvest, without sac-
rificing reactivity. For the sake of modularity and design freedom,
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Table 5.12: LTspice infrastructural power consumption of the
single-capacitor baselines and of the reconfigurable CapDYN hard-
ware used by both CapDYN and AB. The values are conserva-
tive with respect to the hardware measurements of Sec. 5.1.4, as
they slightly overestimate infrastructural power while preserving the
same topology- and stage-dependent scaling trends.

System N PINFR (µW)

S0 – 4.155
S1 – 4.186
S2 – 4.100

D1 3 11.925
D1 4 12.309
D1 5 12.659
D1 6 13.029
D1 7 13.367

D2 3 12.463
D2 4 13.099
D2 5 14.755
D2 6 17.980
D2 7 29.206

we could also integrate all the components needed to expand one
stage into one single chip.

Resilience to prolonged power failures could also be improved
through a different design of the capacitor-bank switches. As dis-
cussed in Sec. 4.4.1, in the present implementation the bank con-
figuration can only be guaranteed while the analog-switch supply
remains within its operating range. Once this supply falls below
the switches’ minimum operating voltage, their channel state can
no longer be guaranteed and the energy remaining in the main
bank may eventually be lost. A possible direction is to adopt
state-retaining switch techniques such as those employed by Capy-
bara [21], where a small latch capacitor locally stores the switch-
control state while the control unit is unpowered. Applied to Cap-
DYN , such an approach could decouple preservation of the bank
configuration from continuous powering of the control infrastruc-
ture, allowing the energy stored in the main bank to remain available
throughout substantially longer outages and to be recovered when
harvested power becomes available again. However, unlike Capy-
bara’s independently switched capacitor banks, CapDYN ’s switches
jointly define coordinated series–parallel configurations. A state-
retaining implementation would therefore need to preserve a valid
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Figure 5.15: Voltage and task-execution comparison for the best-
performing CapDYN configuration on the exponential task set. The
figure compares the single-capacitor baselines S0, S1, and S2, the
ablation baseline AB, and CapDYN with a four-stage D2 bank.
This configuration provides the best overall tradeoff for the expo-
nential task set, combining the highest effective efficiency and timely
successful-task yield with earlier task completions relative to the
single-capacitor baselines and to the ablation.

bank-stage configuration and resynchronize the retained physical
stage with the scaling logic upon power recovery. The resulting
switch cells would also need to satisfy the ultra-low leakage, low on-
resistance, bidirectional conduction, and operating-voltage require-
ments of the present design. A large number of stages could also
have interesting applications, as it could provide both fine-grained
capacitance control and pre-regulation. This would allow designers
to reduce charging overheads by perfectly matching requested task
energy to the energy available at a certain stage.

Adaptation to unknown or dynamic workloads: In the present
implementation, CapDYN assumes that task energy requirements
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Figure 5.16: Voltage and task-execution comparison for the best-
performing CapDYN configuration on the linear task set. The figure
compares the single-capacitor baselines S0, S1, and S2, the ablation
baseline AB, and CapDYN with a three-stage D2 bank. This con-
figuration provides the best overall tradeoff for the linear task set,
combining the highest effective efficiency and timely successful-task
yield with earlier task completions relative to the single-capacitor
baselines and to the ablation.

are known a priori through offline profiling, and that the total num-
ber of physical stages is fixed at design time. A future implementa-
tion could extend CapDYN to support initially unknown or dynam-
ically changing workloads by combining online task-energy charac-
terization with a programmable effective number of stages.

For an initially unknown workload, the first application cycles
could be used as an online training phase. Tasks could initially be
assigned conservatively to the largest available energy state, while
their energy requirements are characterized either through on-board
energy estimation or through trial-and-error execution outcomes. If
the available configuration proved insufficient to sustain a task, ad-
ditional stages could be enabled, up to the maximum physically
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implemented bank size. Once task-energy estimates are available,
an optimization procedure analogous to the task-to-stage mapping
of Sec. 4.4.4 could jointly determine the task-to-stage assignment
and the effective number of enabled stages, with the objective of re-
ducing overprovisioning and maximizing end-to-end efficiency while
accounting for the infrastructural cost of the enabled stages.

For workloads whose energy requirements change over time, this
training process could be repeated when significant deviations from
the previously learned task-energy behavior are detected. The re-
sulting measurements could progressively build an energy-consumption
model that relates each task’s requirements to relevant influence fac-
tors, such as task size, temperature, component aging, or previous
execution outcomes. This model could then be used to predict both
the appropriate CapDYN stage for each task and the effective num-
ber of stages required by the current workload. If the evolution of
these factors can be predicted with sufficient accuracy, explicit re-
training could eventually be reduced or avoided by directly forecast-
ing the required task-to-stage mapping and storage configuration.

The achievable online adaptation would nevertheless remain bounded
by the physical hardware. In particular, the capacitor values mounted
on the board and the maximum implemented stage count constrain
the set of energy levels that can be generated, and therefore limit
how closely an unknown or changing task-energy distribution can
be matched after deployment. Making the effective stage count
programmable would also require additional switching hardware,
increasing circuit complexity and infrastructural power consump-
tion.

Energy and Task-based Intermittent Computing: CapDYN
employs the task-based intermittent programming model, which fits
best with the staged capacitor bank. The proper mapping of the
tasks’ energy consumption to the stages’ energy availability, fully
eliminates the power-failure interrupts during task execution. Power
outages can only happen between tasks while waiting for charging,
which introduces neither a non-termination issue nor memory in-
consistency. Moreover, depending on the application, CapDYN ’s
energy state interface allows for scheduling the flow and order of
the tasks according to the available energy in the current stage of
the capacitor bank. For instance, a task with a high priority can
be executed earlier than other minor tasks. In this sense, also time-
constrained tasks can take a chance to run intermittently. Besides,
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we could also develop a scheduler that prioritizes certain tasks de-
pending on the power input level by measuring the charging times
at the load side through persistent timekeepers [100], or within Cap-
DYN itself. We leave the implementation of such a scheduler for
future work.

CapDYN with Checkpoints: Although the task-based model is
more directly aligned with CapDYN due to its energy-state inter-
face, checkpointing approaches can also be combined with the pro-
posed storage support. In this case, checkpoint intervals, task frag-
ments, or preemptive segments should be treated as energy-profiled
execution units, and the energy required to save and restore execu-
tion state must be included explicitly in the admissibility condition.
For static checkpointing, the programmer must consider the first-
stage energy availability of CapDYN to determine the placement
of checkpoints. Dynamic checkpointing can instead use the stage
information coming from CapDYN hardware: if the current stage
has enough energy to complete the next checkpoint interval and the
associated save/restore overhead, the checkpoint operation can be
omitted or delayed at runtime to reduce energy consumption.

5.4 Conclusions

This chapter experimentally evaluated the CapDYN architecture
developed in Chapter 4 at both circuit and system level. The pro-
posed architecture replaces the conventional monolithic storage ca-
pacitor with a dynamic capacitor bank whose equivalent capaci-
tance is autonomously reconfigured during charge and discharge.
This design allows the storage subsystem to operate not only as an
energy buffer which minimizes leftover energy, but also as a dis-
crete energy-state interface through which the runtime can enforce
energy-admissible task execution. The evaluation considered both
the physical behavior of the reconfigurable capacitor bank and the
application-level benefits obtained when its energy-state interface is
coupled to the energy-admissible runtime.

The hardware evaluation validated the autonomous switching
mechanism on D1 and D2 capacitor-bank prototypes. The mea-
surements showed that CapDYN progresses correctly through its
charging and discharging stages, keeps the load within the target
voltage range, and reduces leftover energy from 23.67% of the input
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energy in the fixed-capacitor baseline to 0.16%–5.57% across the
measured CapDYN configurations. At the same time, the measure-
ments quantified the cost of reconfiguration: the infrastructure re-
mains below 10 µW, ranging from 4.15 µW for the 3-stage D1 config-
uration to 9.07 µW for the 5-stage D2 configuration, while the bank
introduces aggregate parasitic losses consistent with contributions
from switch-path resistance, capacitor/switch leakage, and switch-
ing equalization transients. These losses affect the two topologies
differently: D1 exhibits slight equalization transients when capacitor
groups are parallelized during charge-stage increases, whereas D2
nominally avoids these transients but uses more switches, increas-
ing conduction paths and leakage opportunities as the number of
stages grows. Thus, CapDYN remains an ultra-low-power architec-
ture even in a discrete-component implementation, but it should not
be interpreted simply as a more efficient capacitor in isolation. Its
main benefit emerges at system level, where the application can use
the exposed energy-state information to decide when tasks should
run and exploit intermediate storage states for energy-admissible
execution.

The LTspice application-level evaluation showed how this circuit-
level characterization translates into system-level benefits in a com-
plete battery-free sensing scenario, where sensing, communication,
imaging, and impedance-measurement tasks are scheduled under
realistic harvested-energy traces. Relative to the single-capacitor
baselines, CapDYN improves effective efficiency by 27.09–34.10%
over S0 for the better-matched task set and by 13.30–19.56% for the
less-matched task set. Even against the energy-aware monolithic
baselines, where failed executions are already avoided, CapDYN
improves effective efficiency by up to 11.54% over S1 and 10.80%
over S2. The same trend appears in responsiveness: aggregate first-
completion advance reaches 45.00%, 41.03%, and 28.74% relative
to S0, S1, and S2, respectively, for the better-matched task set,
while the corresponding maxima for the less-matched task set are
35.97%, 24.55%, and 1.84%. The comparison with AB shows that
these gains do not come from the reconfigurable bank alone. Since
AB uses the same storage hardware without energy-admissible dis-
patch, the effective-efficiency difference remains negligible, between
−0.01% and −0.22%. The benefit is instead temporal: CapDYN ad-
vances aggregate first completions by 30.47–36.20% over AB for the
better-matched task set and by 12.24–13.29% for the less-matched
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task set. Thus, the LTspice evaluation shows that the hardware
and runtime are both necessary: the bank exposes intermediate en-
ergy states, and the scheduler turns them into earlier useful task
completions.

The combined hardware and simulation results also demonstrate
that CapDYN dimensioning is inherently workload dependent. In-
creasing the number of stages improves energy granularity only
when the additional energy levels align with the task-energy distri-
bution. Otherwise, the added stages may remain underutilized while
still increasing infrastructural overhead, particularly for D2, whose
implementation cost grows rapidly with stage count. For the eval-
uated traces and task sets, compact D2 configurations provide the
best overall tradeoff: N = 4 is preferable for the better-matched task
set, whereas N = 3 is preferable when most task energies remain
concentrated near the highest storage levels. This result indicates
that no single topology or stage count is optimal in general. The
appropriate configuration must instead be selected by jointly con-
sidering task-energy clusters, capacitor-bank topology, stage count,
and infrastructural power consumption.

Overall, this chapter shows that the energy storage for battery-
free systems can be formulated as a hardware–software co-design
problem. The hardware provides autonomous dynamic capacitance
and exposes discrete energy states, while the runtime uses those
states to admit tasks only when sufficient energy is available. The
system-level benefit emerges from the interaction between these two
components: the capacitor bank creates intermediate energy states,
and the scheduler converts them into earlier, failure-free task exe-
cution.

Future work will proceed in three directions. First, the LT-
spice model will be refined by adding capacitor-leakage terms and
PCB-layout-dependent parasitic effects, improving the prediction
of absolute efficiency while preserving its role as a design-space ex-
ploration tool. Second, workload-aware sizing algorithms will be
developed to place energy stages near dominant task-energy clus-
ters while accounting for capacitor availability and implementation
overhead. Third, integrated implementations will be investigated to
further reduce power consumption, footprint, and parasitic losses,
extending autonomous dynamic capacitance to smaller and lower-
power battery-free platforms.



Chapter 6

Conclusions

This thesis investigated energy-management circuits and architec-
tures for battery-free embedded systems powered by sustainable am-
bient energy sources, with particular attention to Plant Microbial
Fuel Cells (PMFCs). The starting point of the work was the mis-
match between the way energy is produced by such sources and the
way it is consumed by embedded workloads. PMFCs provide low
and slowly varying power, affected by biological, electrochemical,
and environmental conditions, whereas sensing, computation, com-
munication, and monitoring tasks require reliable bursts of usable
energy. Addressing this mismatch requires looking beyond average
harvested power alone: it requires understanding how energy is ex-
tracted from the source, how it is buffered, and when it becomes
available to the runtime for useful task execution.

The thesis addressed this problem along the energy path of a
battery-free node. On the source side, it studied controlled intermit-
tent extraction from PMFCs, with the goal of improving the amount
of energy that can be harvested from a sustainable but difficult-to-
control source. On the storage side, it developed CapDYN , an au-
tonomous dynamic-capacitance architecture that adapts the energy
buffer to the needs of intermittent execution. These two contribu-
tions operate at different points of the system, but they share the
same objective: increasing the fraction of scarce harvested energy
that becomes completed battery-free tasks.

The first contribution was the design and evaluation of a two-
electrode intermittent-harvesting interface for PMFCs. The pro-
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posed interface imposes extraction and recovery intervals explicitly,
instead of allowing them to emerge from capacitor thresholds, con-
verter voltage windows, or load demand. In this way, harvesting
frequency and duty cycle become controlled circuit-level variables,
while the PMFC remains connected to a converter-based energy-
delivery path. This bridges part of the gap between electrochemical
studies, which can precisely control loading protocols but are not di-
rectly deployable as harvesters, and embedded harvesting systems,
which are deployable but often do not independently control the
intermittent timing.

The experimental results show that controlled intermittent ex-
traction is a promising strategy for PMFC-powered systems. Pre-
liminary timing tests indicated that seconds-scale periods, especially
around 5–10 s in the tested cells, were favorable. In the longer 9-
day experiment, reducing the intermittent period from 20 s to 10 s
coincided with average-power increases of 159% and 248% in the
two intermittently loaded PMFCs, while the continuously loaded
reference increased by 31% over the same interval. Relative to the
continuous reference, the two intermittent cells reached +185% and
+57% during the final 10 s phase. These results support the hypoth-
esis that suitable recovery and extraction timing can improve PMFC
energy harvesting. At the same time, the increase observed in the
continuous reference confirms that biological and environmental dy-
namics remain important confounding factors. Therefore, given also
the limited number of cells, the results should be interpreted as ev-
idence of the potential of controlled intermittency, rather than as a
complete isolation of the biological mechanisms responsible for the
observed gains.

The PMFC investigation also showed that power extraction and
state observation should be treated as coupled aspects of PMFC en-
ergy management. Electrochemical Impedance Spectroscopy (EIS)
was used to investigate whether different loading histories leave mea-
surable signatures in the PMFC response. The impedance results
showed loading-history-dependent differences in the measured anode
and cathode responses, while hydration can also strongly influence
the spectra. This supports the use of impedance-based observation
as a non-destructive diagnostic tool for PMFC-powered nodes, but
also highlights the need for careful interpretation: the measured
impedance reflects coupled effects of electrode state, hydration, mi-
crobial activity, and loading history. Future PMFC power managers
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should therefore combine power-based measurements with electro-
chemical observables, so that operating voltage, intermittent timing,
and diagnostic measurements can be jointly optimized.

The second contribution of the thesis was CapDYN , an au-
tonomous dynamic-capacitance architecture for battery-free inter-
mittent systems. Instead of relying on a single fixed storage ca-
pacitor, CapDYN reconfigures a capacitor bank during charge and
discharge. This allows the system to reach usable voltage earlier,
reduce the energy left below the load operating voltage after task ex-
ecution, and expose intermediate energy states to the runtime. The
storage subsystem therefore becomes more than an energy buffer: it
becomes a hardware–software interface through which the runtime
can decide when a task is energy-admissible.

The hardware evaluation validated autonomous charge and dis-
charge reconfiguration on the implemented capacitor-bank proto-
types. CapDYN reduced leftover energy from 23.67% of the in-
put energy in the fixed-capacitor baseline to 0.16%–5.57% across
the measured configurations, while keeping the measured control-
infrastructure consumption below 10 µW. The measurements also
showed that the choice of capacitor-bank topology matters. The
D1 bank scales with lower infrastructural cost but introduces small
equalization transients in some transitions, while the D2 bank re-
duces those switching losses at the cost of more switches and higher
overhead as the number of stages increases. This confirms that dy-
namic capacitance should be dimensioned as a system-level design
choice, rather than evaluated only as an isolated storage component.

In the LTspice-based application-level evaluation, the energy-
aware runtime translated the hardware energy states into reliable
task execution. By mapping profiled tasks to storage stages and
releasing each task only when enough energy is available, CapDYN
avoided failed executions and made useful completions available ear-
lier. In the evaluated workloads, CapDYN improved effective effi-
ciency by up to 34.10% with respect to the unaware fixed-capacitor
baseline and achieved aggregate first-completion advances of up to
45.00% with respect to the evaluated single-capacitor baselines. The
ablation benchmark further clarified the role of hardware–software
co-design: the reconfigurable bank alone exposes intermediate en-
ergy states, but the runtime is needed to convert those states into
earlier task releases. Thus, the main benefit of CapDYN is not
only higher storage efficiency, but the ability to make harvested en-
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ergy available to the application at the right time and in the right
amount.

Taken together, the two parts of the thesis show that battery-
free design for sustainable IoT systems should be approached as a
source-to-load energy-management problem. On the source side,
the PMFC interface determines how energy enters the node and
how the living electrochemical source is perturbed by the harvest-
ing strategy. On the storage side, CapDYN determines how the
harvested energy is accumulated, exposed to the runtime, and con-
verted into completed tasks. Both contributions therefore address
the same fundamental problem from complementary directions: the
PMFC interface increases the opportunity to extract energy from
a weak sustainable source, while dynamic capacitance increases the
usefulness of the energy once it has been harvested. The source-to-
load perspective links these separately evaluated contributions at
the system level: future end-to-end PMFC-to-load validation will
extend the current source- and storage-side evaluations to the com-
plete integrated chain.

Several limitations remain. The PMFC experiments were per-
formed on a limited number of cells and over a limited observa-
tion window compared with the timescales of plant growth, micro-
bial adaptation, electrode aging, and seasonal environmental varia-
tion. Larger PMFC populations, longer deployments, and controlled
hydration, plant-physiology, and microbiological measurements are
needed to separate the effects of intermittent timing from the nat-
ural variability of the source. Similarly, the EIS analysis demon-
strated measurable loading-history effects, but did not identify their
biological origin. On the storage side, the CapDYN hardware was
evaluated through discrete-component prototypes and application-
level LTspice simulations. Future integrated implementations are
needed to reduce area, leakage, parasitic losses, and infrastructural
consumption, and to validate the architecture in fully autonomous
deployments coupled directly to real PMFC energy traces.

Future work should therefore proceed toward a complete PMFC-
powered battery-free node in which source control, diagnostic obser-
vation, adaptive storage, and task scheduling operate together. On
the PMFC side, the intermittent interface can be extended toward
closed-loop maximum-power or maximum-energy tracking strategies
that adapt the operating voltage, extraction period, and duty cy-
cle using both power measurements and electrochemical indicators.
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On the storage side, workload-aware dimensioning algorithms can
place capacitance stages near the dominant task-energy clusters,
reducing overhead while preserving useful energy granularity. An
unresolved system-level question is how the PMFC operating volt-
age, extraction frequency, and duty cycle set by the intermittent-
harvesting interface affect average harvested power and, through
CapDYN ’s charging dynamics, task execution frequency relative to
a continuously loaded PMFC supplying the same storage architec-
ture. Finally, integrating the timing interface, PMFC-specific power
management, dynamic capacitance, and energy-aware runtime into
a single autonomous platform would make it possible to evaluate the
complete source-to-load chain under real environmental conditions.

In conclusion, this thesis contributes to the development of sus-
tainable battery-free IoT systems by showing that scarce PMFC
energy must be managed jointly at the source, storage, and run-
time levels. Controlled intermittent harvesting shows potential to
improve the way energy is extracted from a living electrochemical
source under suitable operating conditions, while autonomous dy-
namic capacitance improves the way that energy is buffered and
delivered to heterogeneous workloads. The resulting source-to-load
perspective provides a foundation for future battery-free systems
that are not only powered by sustainable energy sources, but also
designed to use every harvested microjoule more effectively.
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Appendix A

Appendix

A.1 Post-Switch Voltage and Ideal Switching-
Loss Computation

This appendix summarizes the analytical expressions used to com-
pute the voltage immediately after a capacitor-bank reconfiguration
event and the corresponding ideal charge-sharing loss. The objec-
tive is to support the load-voltage-range discussion in Sec. 4.2 and
to clarify the difference between the D1 and D2 bank topologies.
Only ideal capacitor-network effects are considered here; switch re-
sistance, leakage, comparator consumption, and other circuit-level
parasitics are accounted for separately in the hardware and LTspice
evaluations.

A.1.1 General notation

Let VSH and VSL be the upper and lower switching thresholds of
the bank, respectively. The stage index is denoted by j, with j = 1
corresponding to the minimum-capacitance stage and j = N to the
maximum-capacitance stage. The post-switch voltage is the termi-
nal voltage of the capacitor bank immediately after a reconfiguration
event and before the next charge or discharge interval.

For a capacitor Ck, let qk be its stored charge at the switching
instant. The voltage across an isolated capacitor is therefore qk/Ck.
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A.1.2 D1 post-switch voltage

In D1, stage j is composed of a parallel block A, containing ca-
pacitors C1, . . . , Cj , in series with a block B, containing capacitors
Cj+1, . . . , CN . The post-switch terminal voltage at stage j is the
sum of the voltage across the parallel block and the voltages across
the series block:

V D1
post(j) =

∑j
k=1 qk∑j
k=1 Ck

+

N∑
k=j+1

qk
Ck

. (A.1)

During charging, the transition from stage j to stage j+1 moves
capacitor Cj+1 into the parallel block. After charge equalization
within the new parallel block, the post-switch voltage is

V D1
post,↑(j + 1) =

∑j+1
k=1 qk∑j+1
k=1 Ck

+

N∑
k=j+2

qk
Ck

. (A.2)

During discharge, the transition from stage j to stage j − 1 oc-
curs after the terminal voltage has reached VSL. Capacitor Cj is
removed from the parallel block and inserted into the series block.
Assuming no charge redistribution during this topology change, the
post-switch voltage is

V D1
post,↓(j − 1) =

∑j−1
k=1 qk∑j−1
k=1 Ck

+

N∑
k=j

qk
Ck

. (A.3)

Thus, in D1, the post-switch voltage depends on the charge dis-
tribution across the individual capacitors. During discharge, the
voltage spike is largest near the high-capacitance stages and becomes
progressively smaller as the bank moves toward lower-capacitance
stages.

A.1.3 D2 post-switch voltage and load-range con-
dition

In D2, the bank is made of 2N−1 identical capacitors. At stage j, the
capacitors are arranged into 2N−j identical series-connected blocks,
each containing 2j−1 capacitors in parallel. Because all blocks are
identical, the post-switch voltage can be expressed directly.
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During charging, the transition from stage j to stage j + 1 con-
nects pairs of equal-voltage blocks in parallel. The block voltage is
unchanged, while the number of series blocks is halved. Therefore,
if the transition occurs at VSH ,

V D2
post,↑(j + 1) =

VSH

2
. (A.4)

During discharge, the transition from stage j to stage j−1 splits
each parallel block into two equal-voltage sub-blocks and reconnects
them in series. The number of series blocks is doubled. Therefore,
if the transition occurs at VSL,

V D2
post,↓(j − 1) = 2VSL. (A.5)

Consequently, D2 produces a fixed halving of the bank voltage
during charge-stage increases and a fixed doubling during discharge-
stage decreases. To fully exploit all D2 stages without violating the
load-voltage range, the upper threshold must therefore satisfy

VSH ≥ 2VSL. (A.6)

If this condition is not met, the full D2 stage range cannot be
used without an additional voltage-regulation or smoothing stage.

A.1.4 Ideal charge-sharing loss

The ideal loss associated with a capacitor reconfiguration event can
be described as charge-sharing loss. When two capacitive elements
Ca and Cb, initially charged at voltages Va and Vb, are connected in
parallel, the energy dissipated during equalization is

Eloss =
1

2

CaCb

Ca + Cb
(Va − Vb)

2
. (A.7)

This expression shows that ideal redistribution loss occurs only
when capacitors or capacitor groups at different voltages are con-
nected in parallel.

For D1, a charging transition from stage j to stage j + 1 con-
nects capacitor Cj+1 to the existing parallel block A. Let CA(j) =∑j

k=1 Ck, let VA(j) be the voltage of the parallel block before switch-
ing, and let Vj+1 be the voltage of the incoming capacitor. The ideal
charge-sharing loss is
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ED1
loss,↑(j) =

1

2

CA(j)Cj+1

CA(j) + Cj+1
(VA(j) − Vj+1)

2
. (A.8)

Therefore, unless the incoming capacitor and the parallel bank
are already at the same voltage, D1 exhibits nonzero intrinsic re-
distribution loss during charge-stage increases. During discharge-
stage decreases, the D1 model removes a capacitor from the parallel
block and inserts it into the series block without charge equaliza-
tion; therefore, no ideal parallel charge-sharing loss is produced by
the topology change itself.

For D2, charging transitions are obtained by connecting pairs
of identical, equal-voltage blocks in parallel. Thus Va = Vb in
Eq. (A.7), and

ED2
loss,↑ = 0. (A.9)

Similarly, during discharge, each parallel block is split into two
equal-voltage sub-blocks and reconnected in series. No ideal charge
redistribution is required, so

ED2
loss,↓ = 0. (A.10)

Thus, in the ideal capacitor-only model, D2 has no intrinsic
charge-sharing loss at its reconfiguration events, whereas D1 can
exhibit redistribution loss during charge-stage increases. At system
level, however, this ideal advantage must be balanced against the
larger number of capacitors and switches required by D2, which can
increase conduction losses, leakage, area, and infrastructural power
consumption.
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