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Abstract
Batteryless energy harvesting systems enable a wide array
of new sensing, computation, and communication platforms
untethered by power delivery or battery maintenance de-
mands. Energy harvesters charge a buffer capacitor from
an unreliable environmental source until enough energy is
stored to guarantee a burst of operation despite changes in
power input. Current platforms use a fixed-size buffer cho-
sen at design time to meet constraints on charge time or
application longevity, but static energy buffers are a poor
fit for the highly volatile power sources found in real-world
deployments: fixed buffers waste energy both as heat when
they reach capacity during a power surplus and as leakage
when they fail to charge the system during a power deficit.

To maximize batteryless system performance in the face of
highly dynamic input power, we propose REACT : a respon-
sive buffering circuit which varies total capacitance accord-
ing to net input power. REACT uses a variable capacitor bank
to expand capacitance to capture incoming energy during
a power surplus and reconfigures internal capacitors to re-
claim additional energy from each capacitor as power input
falls. Compared to fixed-capacity systems, REACT captures
more energy, maximizes usable energy, and efficiently decou-
ples system voltage from stored charge—enabling low-power
and high-performance designs previously limited by ambi-
ent power. Our evaluation on real-world platforms shows
that REACT eliminates the tradeoff between responsiveness,
efficiency, and longevity, increasing the energy available for
useful work by an average 25.6% over static buffers optimized
for reactivity and capacity, improving event responsiveness
by an average 7.7𝑥 without sacrificing capacity, and enabling
programmer directed longevity guarantees.
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1 Introduction
Ever-shrinking computing and sensing hardware has pushed
mobile Internet-of-Things (IoT) type devices beyond the lim-
its of the batteries powering them. A typical low cost/power
microcontroller [21] drains a 1 𝑐𝑚3 battery nearly 14x its
size in just over 8 weeks of active operation [39], render-
ing the system useless without a potentially costly replace-
ment effort. Cost, maintenance, and safety concerns make
batteries further incompatible with massive-scale (one mil-
lion devices per square kilometer [5]) and deeply-deployed
(infrastructure [2], healthcare [37]) applications. IoT engi-
neers are turning to batteryless energy harvesting platforms
to power low-cost, perpetual systems capable of driving a
ubiquitous computing revolution. Increasingly efficient en-
ergy harvesting circuits enable batteryless systems across a
range of IoT use cases including feature-rich batteryless tem-
perature sensors 500x smaller than a grain of rice [51] and
batteryless flow-meters [15] supporting deep-sea drilling or
geothermal plants for decades without maintenance.
The energy harvesting design model both enables new

deployments previously limited by batteries and places new
demands on system developers. Harvested energy is highly
unreliable: sensitive environmental factors such as shad-
ows over a photovoltaic cell or shifts in the orientation of
a rectenna produce rapid, outsized changes in the energy
scavenged by the harvester. Energy harvesters mitigate this
unreliability by charging an energy buffer to a given enable
voltage, which the system periodically discharges to supply
a useful quantum of work despite potential power loss.

Buffer capacity is a key design element of any batteryless
system. Past work [7] explores the tradeoff between buffer
sizes: small buffers are highly reactive—charging rapidly
and quickly enabling the system to address time-sensitive
events—but sacrifice longevity because they rapidly discharge
during operation, guaranteeing only a short burst of uninter-
rupted operation. Large buffers store more energy at a given
voltage, improving longevity by supporting a longer or more
energy-intensive burst of operation at the cost of reactivity
because they require more energy to enable the system at all.
Matching buffer size to projected energy demand is critical
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to ensuring the system is both reactive enough to address
incoming events/deadlines (e.g., periodic sensor readings)
and long-lived enough to support uninterruptible operations
(e.g., radio transmissions). Designers choose the minimum
size necessary to power all atomic operations on the device,
maximizing reactivity given a required level of longevity.

In this work, we explore static energy buffer efficiency as
a third metric for buffer performance and find that it varies
dramatically with net energy input rather than simple energy
demand. Small buffers reach capacity quickly if power input
exceeds instantaneous demand—burning off hard-won en-
ergy as heat to prevent overvoltage. Large buffers capture
all incoming power, but enable slowly and lose more har-
vested energy to leakage below the minimum system voltage.
The volatile nature of harvested power means that fixed-size
buffers experience both problems over the course of their
deployment, discharging energy during a power surplus and
losing large portions of energy to leakage during a deficit.

To make the most of incoming energy in all circumstances,
we propose REACT 1: a dynamic energy buffering system that
varies its capacitance following changes in net power. REACT
maximizes system responsiveness and efficiency using a
small static buffer capacitor, quickly enabling the system to
monitor events or do other low-power work under even low
input power. If input power rises beyond the current system
demand and the static buffer approaches capacity, REACT
connects additional capacitor banks to absorb the surplus,
yielding the capacity benefits of large buffers without the
responsiveness penalty. When net power is negative, these
capacitors hold the system voltage up and extend operation
beyond what is possible using the small static capacitor.
While expanding buffer size to follow net power input

ensures the system can capture all incoming energy, in-
creasing capacitance also increases the amount of unusable
charge stored on the capacitor banks—charge which could
power useful work if it were on a smaller capacitor and
therefore available at a higher voltage. As supply voltage
falls and approaches a minimum threshold, REACT reclaims
this otherwise-unavailable energy by reconfiguring capac-
itor banks into series, shifting the same amount of charge
onto a smaller equivalent capacitance in order to boost the
voltage at the buffer output and ensure the system continues
operating for as long as possible. REACT effectively elim-
inates the design tradeoff between reactivity and capacity
by tuning buffer size within an arbitrarily large capacitance
range, only adding capacity when the buffer is already near
full. REACT ’s charge reclamation techniques maximize effi-
ciency by moving charge out of large capacitor banks onto
smaller ones when net input power is negative, ensuring all
energy is available for useful work.

We integrate a hardware prototype of REACT into a full en-
ergy harvesting platform to evaluate it against previouswork,

1Reconfigurable, Energy-Adaptive CapaciTors

operating under different input power conditions and with
different power consumption profiles. Our results indicate
that REACT provides the "best of both worlds" of both small-
and large-buffer systems, rapidly reaching the operational
voltage under any power conditions while also expanding as
necessary to capture all available energy and provide soft-
ware longevity guarantees as needed. Maximizing buffer ca-
pacity and reclaiming charge using REACT ’s reconfigurable
capacitor banks eliminates the efficiency penalties associated
with both small and large static capacitor buffers, increasing
the portion of harvested energy used for application code
by an average 39% over an equally-reactive static buffer and
19% over an equal-capacity one. We also compare REACT to
recent work exploring dynamic-capacitance batteryless sys-
tems [53] using a fully-interconnected capacitor architecture;
our evaluation on real-world energy harvesting traces shows
that prior work targeting the reactivity-longevity tradeoff
underperforms baseline static capacitance systems as a re-
sult of lossy switching between capacitance modes. REACT
improves performance by an average 26% over the state of
the art owing to its efficient bank-based charge manage-
ment structure. This paper makes the following technical
contributions:

• We evaluate the power dynamics of common battery-
less systems in real deployments and explore how
common-case volatility introduces significant energy
waste in static or demand-driven buffers (§ 2).

• We design REACT , a dynamic buffer system which
varies its capacitance according to system needs driven
by net input power (§ 3). REACT ’s configurable arrays
combine the responsiveness of small buffers with the
longevity and capacity of large ones, enables energy
reclamation to make the most of harvested power, and
avoids the pitfalls of energy waste inherent in other
dynamic capacitance designs (§3.3).

• We integrate REACT into a batteryless system and
evaluate its effect on reactivity, longevity, and effi-
ciency under a variety of power conditions and work-
loads (§5). Our evaluation indicates that REACT elimi-
nates the responsiveness-longevity tradeoff inherent
in static buffer design while increasing overall system
efficiency compared to any static system.

• We publish our design and evaluation data for RE-
ACT and baseline systems in an open-source repos-
itory at https://github.com/FoRTE-Research/REACT-
Artifact to enable further evaluation and integration
of REACT into batteryless systems.

2 Background and Related Work
Scaling sensing, computation, and communication down to
smart dust [25] dimensions requires harvesting power on-
demand rather than packaging energywith each device using
a battery. Many batteryless systems use photovoltaic [10, 51]
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Figure 1. Static buffer operation on a simulated solar harvester.
Highlighted blocks indicate the system is running.

or RF power [43], while other use-cases are better suited for
sources such as vibration [45], fluid flow [15], or heat gradi-
ents [29]. Commonalities between ambient power sources
have inspired researchers to develop general-purpose bat-
teryless systems, regardless of the actual power source: ambi-
ent power is unpredictable, dynamic, and often scarce relative
to the active power consumption of the system.
Batteryless systems isolate sensing and actuation com-

ponents from volatile power using a buffer capacitor. The
harvester charges the capacitor to a pre-defined enable volt-
age, after which the system turns on and begins consum-
ing power. Because many environmental sources cannot
consistently power continuous execution, systems operate
intermittently—draining the capacitor in short bursts of op-
eration punctuated by long recharge periods. This general-
purpose intermittent operationmodel has enabled researchers
to abstract away the behavior of incoming power and focus
on developing correct and efficient techniques for working
under intermittent power [19, 28, 30, 31, 48, 50].

2.1 Choosing Buffer Capacity
Buffer size determines system behavior in several important
ways. Supercapacitors provide inexpensive and small-form-
factor bulk capacitance [26], enabling designers to choose a
capacitor according to performance rather than cost or size
concerns. Two metrics motivate past work: reactivity refers
to the system’s ability to rapidly charge to its enable voltage
and begin operation. High reactivity ensures a system is on-
line to execute periodic tasks or address unpredictable input
events. Longevity refers to the energy available for an un-
interrupted period of work with no additional power input;
long-lived systems support high-power and long-running
uninterruptible operations and reduce the overhead incurred
with state recovery after a power loss.

2.1.1 Reactivity and Longevity: A batteryless system’s
reactivity and longevity depend primarily on the charge and
discharge rate of the buffer capacitor. We illustrate the trade-
off using a simulated solar harvester with a 22% efficient, 5
cm2 panel, based on a pedestrian trace from the EnHANTs
solar dataset [14]. The system runs from 3.6V down to 1.8V
and draws 1.5 mA in active mode, representative of a typical
deployment [27]. Figure 1 illustrates the reactivity-longevity
tradeoff inherent in static buffer systems at two design ex-
tremes, using a 1 mF and 300 mF capacitor. The 1 mF system
charges rapidly and is therefore highly reactive, reaching
the enable voltage over 8𝑥 sooner than the 300 mF version.
However, the smaller capacitor also discharges quickly—the
mean length of an uninterrupted power cycle using the 1 mF
capacitor is 10 seconds versus 880 seconds for the 300 mF ca-
pacitor, indicating the 300 mF system is far longer-lived once
charged. The relative importance of reactivity and longevity
depends on the use case, but often changes over time for a
complex system—complicating design further.

2.1.2 Power Volatility and Energy Efficiency: Buffer
capacity is also amajor driver of end-to-end energy efficiency:
using the 300 mF capacitor our system is operational for 49%
of the overall power trace, compared to only 27% for the 1
mF platform. This stems from the high volatility of incoming
power—82% of the total energy input is collected during
short-duration power spikes when harvested power rises
above 10 mW, despite the system spending 77% of its time at
input powers below 3mW. A large buffer captures this excess
energy to use later while the smaller buffer quickly reaches
capacity and discharges energy as heat to avoid overvoltage.

Large buffers, however, are not always more efficient: the
energy used to charge the capacitor to the operational volt-
age cannot power useful work, and is eventually lost to leak-
age while the system is off. When power input is low, this
"cold-start" energy represents a significant portion of total
harvested energy. For the system described above powered
by a solar panel at night [14], the 1 mF buffer enables a duty
cycle of 5.7% versus only 3.3% using a 10 mF buffer. This
low power environment highlights another risk of oversized
buffers: the system using the 300 mF capacitor never reaches
the enable voltage and so never begins operation.

Improvements in harvester efficiency and low-power chip
design are closing the gap between harvester output and
chip power consumption. Power is increasingly limited by
volatile environmental factors rather than scarcity induced
by low efficiency; the result is that energy harvesters expe-
rience periods of both energy scarcity and surplus. Rapidly
changing power conditions place opposing demands on bat-
teryless systems, which must remain responsive with low
input power, provide longevity for long-running operations,
and maximize efficiency by avoiding energy waste.
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2.2 Power-Responsive Performance Scaling
One solution to volatile energy input is modulating through-
put according to incoming power, increasing execution rate
when power is plentiful and decreasing it to maintain avail-
ability when power is scarce. Limiting net input power to
the buffer by matching power consumption with input en-
ables systems to use small buffer capacitors without reaching
the buffer capacity, ensuring no power is wasted with an
over-full buffer. Past work realizes power-responsive scaling
using heterogeneous architectures [11] or by adapting the
rate and accuracy of software execution [1, 4, 32, 52].

Unfortunately, we find the assumptions underlying power-
performance scaling often do not apply to batteryless sys-
tems. Increasing energy consumption by accelerating ex-
ecution only improves systems which have useful work to
do exactly when input power is high, but many batteryless
systems focus on periodic sensing and actuation deadlines
which do not correlate with ambient power supply. Further,
resource-constrained platforms may have few on-chip oper-
ations which can be delayed until power is plentiful; when
these operations do exist, they are often not amenable to scal-
ing (e.g., transmitting data to a base station may be delayed
but always requires a fixed-cost radio operation). Flexible bat-
teryless systems must capture energy and use it on demand
rather than fit operation to unreliable power input.

2.3 Multiplexed Energy Storage
Rather than match power consumption to incoming supply,
systems may charge multiple static buffers according to pro-
jected demand. Capybara [7] switches capacitance using an
array of heterogeneous buffers: programmers set capacitance
modes throughout the program, using a smaller capacitor
to maximize responsiveness for low-power or interruptible
tasks and switching to a larger capacitor for high-power
atomic operations. UFoP and Flicker [17, 18] assign each pe-
ripheral on the system a separate buffer and charging priority,
enabling responsive low-power operation while waiting to
collect sufficient energy for high-power tasks. These systems
increase overall energy capacity by directing excess power
to capacitors not currently in use.
Static arrays increase capacity without reducing respon-

siveness, but waste energy when charge is stored on unused
buffers. Reserving energy in secondary capacitors 1) requires
error-prone [32] speculation about future energy supply and
demand to decide charging priorities, which can change
between when energy is harvested and when it needs to
be used; and 2), wastes energy as leakage when secondary
buffers are only partially charged, failing to enable associ-
ated systems and keeping energy from higher-priority work.
To minimize programmer speculation, decouple tasks which
compete for buffered energy, and minimize leakage, energy
must be fungible: the buffer must be capable of directing all
harvested energy to any part of the system on demand.

2.4 Unified Dynamic Buffering
Past work has also explored varying the behavior of a sin-
gle unified buffer to capture the fungibility requirement de-
scribed above. Dewdrop [6] varies the enable voltage to draw
from a single capacitor according to projected needs (e.g.,
begin operation at 2.2V instead of 3.6V)—providing com-
plete energy fungibility—but still suffers from the reactivity-
longevity tradeoff of capacitor size. Morphy [53] replaces
static buffers using a set of capacitors in a unified switch-
ing network; software can connect and disconnect arbitrary
sets of capacitors in series or parallel to produce different
equivalent capacitances.
We evaluate REACT alongside Morphy because the Mor-

phy architecture also targets the reactivity and longevity
challenges discussed in § 1, but several key design choices
differentiate each system. Morphy’s fully-connected capac-
itor network (Figure 4) enables a wide range of equivalent
capacitance configurations for a given set of capacitors, par-
ticularly for low capacitances: every capacitor in the network
can be combined in series for an equivalent capacitance of
C/N (assuming N C-sized capacitors), producing a highly-
reactive system. This design also enables Morphy to act
both as bulk energy storage and a large charge pump, boost-
ing low-voltage inputs from an energy harvester by up to
the number of capacitors in the system by alternating be-
tween fully-parallel and fully-series. In contrast, REACT ’s
bank-based design (Figure 3) limits the number of poten-
tial configurations as all banks are effectively permanently
in parallel—instead, REACT realizes high reactivity using a
small static capacitor (§3.2).

The key advantage of REACT ’s design is energy efficiency.
As software reconfigures Morphy’s fully-connected network
to vary capacitance, current flows between capacitors within
the network to equalize the output voltage of the array. This
internal current dissipates a significant portion of stored en-
ergy; energy is lost on every reconfiguration of the network,
dramatically reducing overall efficiency when faced with the
highly volatile power inputs typical of many real-world de-
ployments (§2.1.2) as the system rapidly varies capacitance to
match net power input. Our evaluation in §5 shows that this
internal energy dissipation reduces common-case end-to-end
performance below that of even static capacitors, making
this approach impractical for energy-constrained devices.
REACT eliminates this loss by dividing sets of capacitors
into mutually isolated banks and ensuring no current flows
between banks even as software varies capacitance. This
energy-focused approach prioritizing minimal energy loss is
key to developing intermittent systems that simultaneously
maximize reactivity, longevity, and overall efficiency.
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3 Design
An intelligent energy buffering strategy is key to effective
and efficient batteryless systems. Three performance objec-
tives, informed by the advantages and limitations of prior
approaches, drive REACT ’s design:

• Minimize charge time: Rapidly reaching the opera-
tional voltage, even when buffered energy cannot sup-
port complex operation, maximizes reactivity and en-
ables systems to reason about power or sensor events
from within low-power sleep modes.

• Maximize capacity: System-wide longevity and ef-
ficiency require buffering large amounts of incoming
energy when power supply exceeds demand, either
to power long-running uninterruptible operations or
support future power demand when supply is low.

• Maximize energy fungibility: Unpredictable power
demand patterns mean that energy cannot be pre-
provisioned to specific operations at harvest-time; sys-
tems need the ability to draw all harvested energy
from the buffer and direct it as needed.

3.1 REACT Overview
REACT buffers energy using a fabric of reconfigurable capac-
itor banks that software adjusts as needed. Figure 2 shows a
high-level overview of REACT ’s hardware design. We design
REACT ’s hardware component as a drop-in replacement for
a typical buffer between the harvester and the rest of the
system, while the buffer management software requires no
code modification or programmer input. The only system
prerequisite is a set of digital I/O pins to configure capacitor
banks and receive voltage monitoring information.

3.2 Cold-start Operation and the Last-level Buffer
From a cold start (𝐸 (𝑡) = 0), REACT minimizes overall capac-
itance in order to rapidly charge to the operational voltage
and enable the system with minimum energy input (high
reactivity). The minimum capacitance is set by the smallest
quantum of useful work available on the system (minimum

required longevity), such as a short-lived software operation
or an initialization routine that puts the system into a low-
power responsive sleep mode. REACT provides this rapid
charge time using a small static buffer referred to hereafter
as the last-level buffer. Additional capacitor banks are con-
nected using normally-open switches and only contribute
to overall capacitance when configured to do so in software,
after the system is able to reason about buffered energy.
The last-level buffer sets the minimum capacitance at

power-on when all other banks are disconnected. This en-
ables simple tuning of the energy input required to enable
the system (reactivity) and the guaranteed energy level when
the system does begin work (minimum longevity). It also
smooths voltage fluctuations induced by capacitor bank switch-
ing (§ 3.3.4). Finally, the last-level buffer serves as the combi-
nation point between the different capacitor banks and the
rest of the system. Although energy may be stored in multi-
ple banks of varying capacity at different voltages, combining
it at the last-level buffer simplifies system design by present-
ing harvested power as a unified pool of energy which the
system taps as needed (i.e., harvested energy is fungible).

3.2.1 Monitoring Buffered Energy. Despite mutual iso-
lation, bank voltages tends to equalize: the last-level buffer
pulls energy from the highest-voltage bank first, and current
flows from the harvester to the lowest-voltage bank first.
This enables REACT to measure only the voltage on the last-
level buffer as a surrogate for remaining energy capacity. If
voltage rises beyond an upper threshold—the buffer is near
capacity—REACT ’s voltage instrumentation hardware sig-
nals the software component running on the microcontroller
to increase capacitance using the configurable banks. Volt-
age falling below a lower threshold indicates the buffer is
running out of energy and that REACT should reconfigure
banks to extract additional energy and extend operation. RE-
ACT ’s instrumentation only needs to signal three discrete
states—near capacity, near undervoltage, and OK—so two
low-power comparators is sufficient for energy estimation.

3.3 Dynamic Capacitor Banks
The last-level buffer on its own enables high reactivity and
minimizes cold-start energy below the operational minimum,
maximizing efficiency during power starvation. However,
when net power into the buffer is positive—such as during
a period of high input power or low workload—the small
last-level buffer rapidly reaches capacity. REACT provides
the energy capacity required to both maximize efficiency and
support long-running operation by connecting configurable
capacitor banks when the last-level buffer reaches capacity,
as shown in Figure 2.

3.3.1 Capacitor Organization. Careful management of
the connections between each capacitor is key to maximizing
energy efficiency while also presenting a valid operational
voltage for the computational backend. Morphy [53] presents
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(a) Two capacitors, parallel
configuration

(b) Three capacitors, series
configuration

Figure 3. REACT capacitor banks in different bank sizes and con-
figurations. Arrows indicate charging current path.

Harvester Output

(a) Full series configuration with𝐶𝑒𝑞 = C/4

Harvester Output

(b) Full parallel configuration with𝐶𝑒𝑞 = 4C

Figure 4. Structure of the unified approach presented by Yang et
al. [53]. Arrows indicate charging current path.
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Figure 5. Dissipative current flow in a fully-unified buffer during
reconfiguration. Energy is dissipated by current spikes after capac-
itors at different voltages are placed in parallel.

one approach: by connecting a set of equally-sized capacitors
through switches similar to a charge pump, overall buffer
capacitance can be varied across a wide range of capacitance
values. Different switch configurations produce intermediate

buffer sizes between the extremes shown in Figure 4; gradu-
ally stepping through these configurations smoothly varies
capacitance through software control.

A fully interconnected array enables a wide range of equiv-
alent capacitances, but introduces significant waste through
dissipative heating when the charged capacitor array is re-
configured. Figure 5 illustrates how energy is lost when
charged capacitors are connected in a new configuration. Be-
fore reconfiguration, the energy contained in the system is
𝐸𝑜𝑙𝑑 = 1

2 (𝐶/4)𝑉
2; when a capacitor is taken out of series and

placed in parallel with the remaining capacitors to increase
equivalent capacitance to 4𝐶/3, current flows to the lower-
voltage newly-parallel capacitor to equalize output voltage.
The final output voltage is 3𝑉 /8, and the remaining energy
is 𝐸𝑛𝑒𝑤 = 1

2 (4𝐶/3) (3𝑉 /8)2. The portion of energy conserved
is 𝐸𝑛𝑒𝑤/𝐸𝑜𝑙𝑑 = 0.75—i.e., 25% of buffered energy is dissipated
by current in the switches during reconfiguration. Larger
arrays are increasingly inefficient: the same scenario with
an 8-capacitor array wastes 56.25% of its buffered energy
transitioning from an 8-parallel to a 7-series-1-parallel con-
figuration. Similar waste occurs when reducing equivalent
capacitance by placing capacitors in series.2 Our evaluation
in § 5.6 indicates that the energy loss caused by switch-
ing often outweighs any advantage from dynamic behavior,
causing the fully-connected approach to underperform even
static buffers.

3.3.2 Bank Isolation. The switching loss discussed above
stems from charge flowing between capacitors within the
power network as they switch into different configurations.
REACT eliminates unnecessary current flow by organiz-
ing capacitors into independent, mutually isolated banks
as shown in Figure 2. Figure 3 illustrates in detail two exam-
ple capacitor banks in each possible configuration: capacitors
within a bank can only be arranged in either full-series (low
capacitance) or full-parallel (high capacitance) so that no cur-
rent flows between capacitors within a bank. Isolation diodes
on the input and output of each bank prevent current between
banks: when a charged parallel-configured bank is recon-
figured into series (reducing its capacitance and boosting
its output voltage), isolation diodes prevent it from charg-
ing other banks in the array. Similarly, banks re-configured
into parallel cannot draw current from anywhere except the
energy harvester. Isolation reduces the number of poten-
tial capacitor configurations compared to a fully-connected
network, but dramatically increases energy efficiency.
REACT ’s isolation diodes direct the flow of current: in-

termediate capacitor arrays are only charged directly from
the energy harvester and only discharge to the last-level
buffer. This also means that all current from the harvester

2Charge pumps avoid this waste by never connecting capacitors at different
potentials in parallel; in this use case, however, parallel capacitance is always
necessary to smooth voltage fluctuations during switching and keep the
output voltage within the computational backend’s acceptable range.
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flows through two diodes before reaching the system, so
minimizing power dissipation in the diodes is essential to
maintaining overall system efficiency. To maximize charg-
ing efficiency, we design REACT using ideal diode circuits
incorporating a comparator and pass transistor, rather than
typical PN or Schottky diodes. Active ideal diodes are far
more efficient at typical currents for batteryless systems: the
circuit we use [22] dissipates 0.02% of the power dissipated
in a typical Schottky diode [46] at a supply current of 1 mA.

3.3.3 Bank Reconfiguration. The range of buffer sizes
depends on the number of capacitor banks and the num-
ber of capacitors in each bank. REACT ’s capacitor banks
are effectively connected in parallel, so the overall capaci-
tance is the sum of each bank’s contribution. Each REACT
bank containing 𝑁 identical capacitors of capacitance𝐶 may
be configured to contribute no capacitance (disconnected),
series capacitance 𝐶/𝑁 , or parallel capacitance 𝑁𝐶 .

REACT must increment buffer capacitance in small steps
in order to keep voltage within the operational range while
capturing all incoming power. A large increase in capacitance
pulls output voltage down and introduces cold-start energy
loss if net power input is low; for extreme cases, the system
may run out of energy and cease execution while the new
capacitance charges even if incoming power would be sufficient
to power operation. REACT first connects banks in the series
configuration to contribute a small capacitance and avoid
large jumps in overall buffer size. If the buffer continues
to charge and reaches the upper voltage limit 𝑉ℎ𝑖𝑔ℎ , REACT
further expands capacitance by toggling double-pole-double-
throw bank switches to configure the capacitors in parallel.
Expanding the buffer by reconfiguring charged capacitors
rather than adding new ones reduces the time the system is
cut off from input power while current flows exclusively to
the new capacitance, because it is already charged to𝑉ℎ𝑖𝑔ℎ/𝑁 .
Because no current flows between capacitors or banks, bank
reconfiguration changes capacitance seen on the common
rail without dissipative loss. REACT uses break-before-make
switches to ensure no short-circuit current flows during
switching; incoming current flows directly to the last-level
buffer during the momentary open-circuit in the bank.

3.3.4 Charge Reclamation. Reconfiguring a bank from
series to parallel allows REACT to efficiently increase ca-
pacitance without dropping output voltage. When voltage
on the last-level buffer appraches the threshold value 𝑉𝑙𝑜𝑤 ,
indicating net power is leaving the buffer, REACT needs to
reduce equivalent capacitance to boost voltage and keep the
backend running. REACT accomplishes this by transitioning
charged 𝑁 -capacitor banks from the parallel to the series
configuration, reducing equivalent capacitance from 𝑁𝐶 to
𝐶/𝑁 and boosting output voltage from 𝑉𝑙𝑜𝑤 to 𝑁𝑉𝑙𝑜𝑤 . This
boosts voltage on the last-level buffer and extracts more
energy from the capacitor bank than would otherwise be
available once voltage falls below 𝑉𝑙𝑜𝑤 .

The remaining energy unavailable after the parallel→series
transition depends on the number 𝑁 of 𝐶𝑢𝑛𝑖𝑡 -size capac-
itors in the bank. Before switching, the cold-start energy
stored on the parallel-mode bank is 𝐸𝑝𝑎𝑟 = 1

2𝑁𝐶𝑢𝑛𝑖𝑡𝑉
2
𝑙𝑜𝑤

.
Switching to the series configuration conserves stored en-
ergy: 𝐸𝑠𝑒𝑟 = 1

2 (𝐶𝑢𝑛𝑖𝑡/𝑁 ) (𝑁𝑉𝑙𝑜𝑤)2 = 𝐸𝑝𝑎𝑟 , but boosts voltage
to enable the digital system to continue extracting energy. If
net power remains negative, the system eventually drains the
series-configuration bank down to𝑉𝑙𝑜𝑤 . This is energetically
equivalent to draining the parallel-configuration bank to
𝑉𝑙𝑜𝑤/𝑁 , leaving 𝐸𝑝𝑎𝑟 = 1

2𝑁𝐶𝑢𝑛𝑖𝑡 (𝑉𝑙𝑜𝑤/𝑁 )2 = 1
2𝐶𝑢𝑛𝑖𝑡𝑉

2
𝑙𝑜𝑤

/𝑁
unusable; the overall result is that REACT reduces energy
loss by a factor of 𝑁 2 when reducing system capacitance
compared to simply disconnecting the capacitor.

3.3.5 Bank Size Constraints. Increasing the number of
capacitors 𝑁 in a bank improves efficiency by reclaiming
more energy when switching a bank from parallel to series.
However, it also introduces voltage spikes when the bank
output voltage is temporarily multiplied by 𝑁 . Because RE-
ACT measures overall energy at the last-level buffer, the
software component may interpret this voltage spike as a
buffer-full signal and incorrectly add capacitance despite
low buffered energy. In extreme cases, the voltage spike may
exceed component absolute limits.

The size of the last-level buffer𝐶𝑙𝑎𝑠𝑡 constrains the number
𝑁 and size 𝐶𝑢𝑛𝑖𝑡 of each capacitor in a bank in order to
keep voltage below REACT ’s buffer-full threshold during
a parallel→series transition. A larger 𝐶𝑢𝑛𝑖𝑡 contains more
energy and thus pulls voltage higher when switched from
parallel to series. Equation 1 gives the last-level buffer voltage
after switching a bank to series at a trigger voltage 𝑉𝑙𝑜𝑤 :

𝑉𝑛𝑒𝑤 =
(𝑁𝑉𝑙𝑜𝑤) (𝐶𝑢𝑛𝑖𝑡/𝑁 )
𝐶𝑙𝑎𝑠𝑡 +𝐶𝑢𝑛𝑖𝑡/𝑁

+ 𝑉𝑙𝑜𝑤 ∗𝐶𝑙𝑎𝑠𝑡
𝐶𝑙𝑎𝑠𝑡 +𝐶𝑢𝑛𝑖𝑡/𝑁

(1)

Constraining 𝑉𝑛𝑒𝑤 < 𝑉ℎ𝑖𝑔ℎ and solving for 𝐶𝑢𝑛𝑖𝑡 yields the
absolute limit for 𝐶𝑢𝑛𝑖𝑡 (Equation 2). Note that 𝐶𝑢𝑛𝑖𝑡 is only
constrained if the parallel→series transition at𝑉𝑙𝑜𝑤 produces
a voltage above 𝑉ℎ𝑖𝑔ℎ :

𝐶𝑢𝑛𝑖𝑡 <
𝑁𝐶𝑙𝑎𝑠𝑡 (𝑉ℎ𝑖𝑔ℎ −𝑉𝑙𝑜𝑤)

𝑁𝑉𝑙𝑜𝑤 −𝑉ℎ𝑖𝑔ℎ
(2)

3.4 REACT Software Interface
REACT ’s standalone hardware design means that the soft-
ware component running on the target microcontroller is
minimal. The software subsystem monitors for incoming
over- or under-voltage signals from REACT ’s voltage instru-
mentation and maintains a state machine for each capacitor
bank. Each capacitor bank is disconnected at startup; on an
overvoltage signal from REACT ’s hardware, the software
directs REACT to connect a new capacitor bank in the series
configuration. A second overvoltage signal3 causes REACT
3REACT polls the over/undervoltage signals using an internal timer rather
than edge-sensitive interrupts to handle cases such as a high enough power
input that the capacitance step does not pull supply voltage below𝑉𝑙𝑜𝑤 .
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Bank 0 1 2 3 4 5
Capacitor Size (𝜇𝐹 ) 770 220 440 880 880 5000
Capacitor Count 1 3 3 3 3 2

Table 1. Bank size and configurations for our REACT test imple-
mentation. Bank 0 is the last-level buffer.

to reconfigure the newly-connected bank to parallel; on the
next overvoltage signal, REACT connects a second capacitor
bank, and so on. REACT similarly steps capacitor banks in
the opposite direction when an undervoltage signal arrives.

Our proof-of-concept REACT implementation uses exter-
nal voltage detectors with hard-wired thresholds to supply
over/undervoltage signals to the software component and
varies capacitance to keep supply voltage within a range
corresponding to the limits for our load microcontroller (2.0-
3.4V). One possible extension to REACT is to instead use
on-chip analog comparators or ADCs and redefine these
thresholds in software, enabling developers to dynamically
change the target operating voltage at different points in the
program. Decoupling supply voltage from buffered energy in
this way has both functional benefits (some operations, like
writes to Flash memory, require a higher supply voltage) and
performance benefits (e.g., keeping the input to a voltage
regulator at its most efficient operating point).

3.4.1 Software-Directed Longevity. REACT ’s software
component requires no active programmer intervention or
code changes aside from setting voltage thresholds, initializ-
ing each bank state machine, and setting the order to connect
and disconnect banks. Software does not need to know the
details (𝑁 , 𝐶𝑢𝑛𝑖𝑡 ) of each bank, although this information
with the state of each bank gives a coarse idea of the current
buffered energy. Because REACT only changes capacitance
when the bank is near-full or near-empty, capacitance level
is an effective surrogate for stored energy. Application code
can use this feedback to set longevity guarantees through RE-
ACT ’s software interface. In preparation for a long-running
or high-energy atomic operation, software sets a minimum
capacitance level corresponding to the amount of energy re-
quired and then enters a deep-sleep mode keeping REACT ’s
capacitor polling time active. As the system charges, REACT
eventually accumulates enough energy to reach the mini-
mum capacitance level—indicating that enough energy is
stored to complete the planned operation, and pulling the
system out of its deep-sleep with enough energy to complete
execution regardless of future power conditions.

4 Implementation
We explore REACT ’s impact on overall efficiency, reactiv-
ity, and longevity using a hardware prototype integrated
into a real batteryless platform. Our testbed is based on the
MSP430FR5994 [23], a popular microcontroller for energy
harvesters [30, 48, 49]. For each buffer configuration we

evaluate, an intermediate circuit power gates the MSP430
to begin operation once the buffer is charged to 3.3V and
disconnects it when the buffer voltage reaches 1.8V.
Our REACT implementation has a range of 770 𝜇𝐹 -18.03

𝑚𝐹 using a set of 5 dynamic banks, in addition to the last-
level buffer, detailed in Table 1. We implement the capaci-
tors in banks 0-4 using combinations of 220 𝜇𝐹 capacitors
with max leakage current of 28 𝜇𝐴 at their rated voltage of
6.3V [35]. Bank 5 uses supercapacitors with approximately
0.15 𝜇𝐴 leakage current at 5.5V [36].

4.1 Baseline Systems
We evaluate REACT against three fixed-size buffers spanning
our implementation’s capacitance range—770 𝜇F, 10 mF, and
18 mF—to ensure the realized improvement is a result of
energy-adaptive behavior rather than simply different buffer
capacity. To compare REACT ’s capacitor architecture to prior
work on dynamic energy buffers, we also implement and
evaluate Morphy [53] for a similar capacitance range. Our
Morphy implementation uses eight 2 𝑚𝐹 capacitors with
leakage current of approximately 25.2 𝜇𝐴 at 6.3V [38] (i.e.,
slightly lower leakage than the capacitors in REACT ).
Morphy uses a secondary microcontroller powered by a

battery or backup capacitor to control the capacitor array;
we use a secondMSP430FR5994 powered through USB, corre-
sponding to Morphy’s battery-powered design. Accordingly,
we expect our results to slightly overestimate Morphy’s per-
formance in the fully-batteryless case as the system does not
have to power the Morphy controller or charge a backup ca-
pacitor in our implementation. Seven of the eight capacitors
in the array are available to reconfigure, with one task ca-
pacitor kept in parallel to smooth voltage fluctuations from
switching. We evaluate the same subset of eleven possible
configurations for the remaining seven capacitors as is done
in the original Morphywork, resulting in a capacitance range
for our Morphy implementation of 250 𝜇𝐹 -16𝑚𝐹 .

4.2 Computational Backend
To explore how REACT affects performance across a range of
system demands—focusing on diverse reactivity and longevity
requirements—we implement four software benchmarks:

• Data Encryption (DE): Continuously perform AES-
128 encryptions in software. This application has no
reactivity requirements, low persistence requirements,
and a predictable power draw; we use it as a base-
line to explore REACT ’s software and power overhead.
Figure of Merit: Number of AES encryptions completed,
not including encryptions interrupted by power loss.

• Sense and Compute (SC): Exit a deep-sleep mode
once every five seconds second to sample and digitally
filter readings from a microphone [13]. This bench-
mark represents systems which value high reactivity
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and can accept low persistence; individual atomic mea-
surements are low-energy, but the system must be on-
line to take the measurements. Figure of Merit: Num-
ber of sensing tasks completed, not including samples
or processing interrupted by power loss.

• Radio Transmission (RT): Send buffered data over
radio [20, 34] to a base station. Data transmission is
an example of an application with high persistence re-
quirements (radio transmissions are atomic and energy-
intensive) and low reactivity requirements (transmit-
ting data may be delayed until energy is available).
Figure of Merit: Number of transmissions completed,
not including transmissions interrupted by power loss.

• Packet Forwarding (PF): Listen for and retransmit in-
coming data over the radio. Timely operation demands
both high persistence and reactivity to successfully re-
ceive and retransmit data. Figures of Merit: Packets
received and transmitted, not including operations in-
terrupted by power loss.

We emulate the power consumption of the necessary pe-
ripherals for each benchmark by toggling a resistor con-
nected to a digital output on the MSP430, with values for
each benchmark chosen to match the relevant peripheral.
The reactivity-focused benchmarks (SC and PF) have dead-
lines that may arrive while the system is off; we use a sec-
ondary MSP430 to deliver these events. A deployed system
may use remanence-based timekeepers [9] to track internal
deadlines despite power failures for the SC benchmark, while
incoming packets as in the PF benchmark would arrive from
other systems. Although we evaluate each benchmark in
isolation, full systems are likely to exercise combinations of
each requirement—one platform should support all reactivity,
persistence, and efficiency requirements.

4.3 Energy Harvesting Frontend
Energy volatility makes repeatable experimentation with
batteryless devices difficult; uncontrollable environmental
changes often have an outsized effect on energy input and
obfuscate differences in actual system performance.Wemake
our experiments repeatable and consistent using a programmable
power frontend inspired by the Ekho [16] record-and-replay
platform. The power controller supplies the energy buffer
using a high-drive Digital-to-Analog Converter (DAC), mea-
sures the load voltage and input current using a sense resistor,
and tunes the DAC to supply a programmed power level. We
evaluate REACT emulating both solar (5 𝑐𝑚2, 22% efficient
cell [47]) and RF energy (915 MHz dipole antenna [42]).

5 Evaluation
We evaluate REACT alongside the baseline buffers running
each benchmark under three RF and two solar traces from
publicly available repositories [3, 14], representative of power
dynamics for small energy harvesting systems.We record the

RF traces in an active office environment using a commercial
harvester and transmitter [40, 41] and use solar irradiance
traces from the Enhants mobile irradiance dataset [14]; Ta-
ble 3 gives a short summary of each trace. These traces show
the power variability common for IoT-scale harvesters: en-
vironmental changes (e.g., ambient RF levels, time of day)
affect average input power, while short-term changes such
as orientation cause instantaneous variation even if the envi-
ronment is unchanged. We apply each trace using the power
replay system described in § 4.3; once the trace is complete,
we let the system run until it drains the buffer capacitor.

5.1 Software and Energy and Overhead
Figure 6 illustrates REACT ’s behavior through the last-level
buffer voltage when varying capacitance; the inset focuses
on REACT ’s voltage output as it expands to capture energy
(also shown is the voltage of the comparable Morphy ar-
ray). From a cold start REACT only charges the last-level
buffer—rapidly reaching the enable voltage and then the
upper voltage threshold (3.5V). REACT then adds a series-
configured capacitor bank to capture excess incoming en-
ergy. Voltage drops as the system temporarily operates ex-
clusively from the last-level buffer while harvested energy
goes towards charging the new capacitance. As power input
falls, REACT ’s output voltage falls below the upper threshold
voltage—indicating REACT is operating at an efficient capac-
itance point. At 𝑡 ≈ 450𝑠 the last-level buffer is discharged
to the lower threshold and REACT begins switching banks
into series mode to boost their output voltage and charge
the last-level buffer, visible in Figure 6 as five voltage spikes
corresponding to each capacitor bank—sustaining operation
until no more energy is available at 𝑡 ≈ 500𝑠 .
We characterize REACT ’s software overhead by running

the DE benchmark on continuous power for 5 minutes with
and without REACT ’s software component, which period-
ically interrupts execution to measure the capacitor bank.
At a sample rate of 10 Hz, REACT adds a 1.8% penalty to
software-heavy applications. We measure REACT ’s power
overhead by comparing the execution time of systems run-
ning the DE benchmark using REACT and the 770 𝜇𝐹 buffer
after charging each to their enable voltage. Based on this
approach we estimate that our implementation of REACT
introduces a 68 𝜇𝑊 power draw, or ∼14 𝜇𝑊 per bank.

5.2 Characterization
Table 4 details the cost at scale of REACT compared to Mor-
phy for a capacitor network consisting of eight 100𝑚𝐹 su-
percapacitors. Considering the same supercapacitors and
switch ICs as in the original Morphy implementation [53],
REACT using four two-capacitor banks is approximately
25% less expensive than Morphy owing to its simpler capaci-
tor switching structure: REACT requires one Double-Pole-
Double-Throw (DPDT) and one Single-Pole-Single-Throw
(SPST) switch per bank, corresponding to six switch ICs (as
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Data Encrypt Sense and Compute Radio Transmit
Buffer 770𝜇 10m 17m Morphy REACT 770𝜇 10m 17m Morphy REACT 770𝜇 10m 17m Morphy REACT
RF Cart 1275 1574 1831 1745 1711 50 81 104 77 83 22 53 56 38 48
RF Obs. 666 472 0 357 576 44 28 0 39 49 4 6 0 0 3
RF Mob. 810 1004 645 801 1038 52 50 40 53 84 4 13 12 4 15

Sol. Camp. 6666 7290 7936 8194 9756 330 353 367 398 439 1376 1457 1542 1059 1426
Sol. Comm. 2168 2186 2554 2399 2232 88 110 130 133 154 8 40 48 31 34

Mean 2317 2505 2593 2699 3063 113 124 128 140 162 283 314 332 226 313
Table 2. Performance by figure of merit on the DE, SC, and RT benchmarks, across traces and energy buffers.

Trace Time (s) Avg. Pow. (mW) Power CV*
RF Cart 313 2.12 103%

RF Obstruction 313 0.227 61%
RF Mobile 318 0.5 166%

Solar Campus 3609 5.18 207%
Solar Commute 6030 0.148 333%

Table 3. Details of each power trace. *CV = Coefficient of Variation.

Device 1000x
Unit Cost

Morphy REACT
Count Cost Count Cost

Supercap. [36] $1.54 9 $13.87 8 $12.33
Switch IC [12] $1.53 12 $18.36 6 $9.18
Ideal Diode [22] $0.27 1 $0.27 8 $2.16
Ceramic Cap. [35] $0.45 0 $0 4 $1.82
Comparator IC [24] $0.77 0 $0 1 $0.77
Detector IC [44] $0.26 0 $0 2 $0.52
Control MCU [33] $2.37 1 $2.37 0 $0

RTC [8] $1.08 1 $1.08 0 $0
Platform Cost $35.94 $26.77

Table 4. Cost comparison between REACT and Morphy implemen-
tations targeting the same capacitance range.

each IC contains two SPDT switches which can be combined
to form one DPDT switch). The Morphy network requires
one DPDT and one SPST switch per capacitor, plus an addi-
tional SPST switch to fully connect the network. The battery-
free version of Morphy requires an additional capacitor and
diode to power the Morphy controller; following the orig-
inal Morphy design, we use the same type of capacitor as
in the switching network. Other cost differences (i.e., RE-
ACT ’s diodes and voltage instrumentation versus Morphy’s
secondary microcontroller and real-time clock) are relatively
minor as capacitor and switch costs dominate overall cost.

Designers can tune the structure of the capacitor network
to vary aspects of REACT ’s performance. One alternative for
the eight-capacitor network described above is to organize
REACT using two four-capacitor banks; this design does not
significantly change unit cost (each four-capacitor bank re-
quires one SPST and three DPDT switches, and the overall
system requires half as many diodes) and increases efficiency
by extracting more energy from each capacitor bank (§3.3.4).
The tradeoff is that using fewer and larger banks reduces the
number of possible capacitance configurations and requires
increasing the size of the last-level buffer to smooth voltage

Buffer 770 𝜇𝐹 10 mF 17 mF Morphy REACT
RF Cart 6.65 17.73 31.27 5.51 6.65
RF Obs. 14.58 223.07 - 6.50 16
RF Mob. 6.90 148.10 239.88 5.65 6.38

Sol. Camp. 42.11 737.39 741.42 35.59 41.26
Sol. Comm. 119.60 196.30 213.00 108.10 130.6

Mean 37.97 264.92 306.39 32.27 40.18
Table 5. System latency (seconds) across traces and energy buffers.
- indicates system never begins operation.

spikes, limiting reactivity from a cold start. In practice, ap-
plication demands will determine the ideal REACT network
and corresponding balance of efficiency and flexibility.

5.3 REACT Minimizes System Latency
Table 5 details the time it takes each system to begin oper-
ation, across power traces and energy buffers (charge time
is software-invariant and constant across benchmarks). La-
tency is driven by both capacitor size and environment—the
10𝑚𝐹 buffer is ∼13𝑥 larger than the 770𝜇𝐹 buffer and takes
on average 7𝑥 longer to activate the system across our traces.
High-capacity static buffers incur a larger latency penalty
even if mean power input is high if much of that power is
contained in a short-term spike later in the trace (e.g., for
the Solar Campus trace), but these dynamics are generally
impossible to predict at design time. By exclusively charging
the last-level buffer while the rest of the system is off, REACT
matches the latency of the smallest static buffer—an aver-
age of 7.7𝑥 faster than the equivalent-capacity 17 mF buffer,
which risks failing to start at all. Morphy further reduces
system latency because its smallest configuration is smaller
than REACT ’s last-level buffer (250 𝜇𝐹 vs 770 𝜇𝐹 ), although
the limited reduction in average latency compared to the
reduction in capacitance (Morphy realizes an average 20%
reduction in latency over REACT using a 68% smaller ca-
pacitance) suggests that further reducing capacitance yields
diminishing latency returns in realistic energy environments.
Minimizing latency improves reactivity-bound applica-

tions such as the SC and PF benchmarks; this effect is visi-
ble in Table 2 as the 770 𝜇𝐹 buffer outperforms larger ones
in the SC benchmark for relatively low-power traces (RF
Mobile/Obstructed). REACT inherits the latency advantage
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Figure 6. Buffer voltage and on-time for the SC benchmark under
RF Mobile power. Solid bars indicate when the system is operating.

due to the small last-level buffer, similarly improving per-
formance on each power trace. Morphy realizes a similar
performance improvement over the static systems, but ulti-
mately underperforms REACT as a result of inefficient ca-
pacitor switching (§ 5.6). Small static buffers enable low-
latency operation, but at the cost of energy capacity. As
power input increases, the latency penalty of large buffers
fades and their increased capacity enables them to operate
for longer—resulting in higher performance for larger static
buffers under high-power traces (RF Cart, Solar Campus).
Smaller buffers, in turn, become less efficient as they must
burn more incoming energy off as waste heat.

5.4 REACT Maximizes Energy Capacity
Figure 6 illustrates the system-level effects of the capacity-
latency tradeoff, and how REACT avoids this tradeoff through
energy-adaptive buffering. The small 770𝜇𝐹 buffer charges
rapidly, but reaches capacity and discharges energy when
it does not have work to match incoming power (illustrated
by clipping at 3.6V on the 770 𝜇F line). The 10 mF buffer
sacrifices latency for capacity—starting operation 21x later
than the smaller buffer, but avoiding overvoltage. Morphy
begins execution early with a small capacitance, but its lossy
switching mechanism means it does not overall outperform
the 770𝜇𝐹 buffer. In contrast, REACT achieves low latency,
high efficiency, and high capacity by efficiently expanding
capacitance as necessary after enabling the system.
Tables 2 and 6 show that high capacity is valuable when

average input power exceeds output power (e.g., DE and SC
benchmarks executed under the RF Cart trace), or when peak
power demand is uncontrollable and uncorrelated with input
(e.g., the PF benchmark executed on Solar Campus, where
both power supply and demand are concentrated in short
bursts). In both cases, high-capacity systems store excess

Buffer 770 uF 10 mF 17 mF Morphy REACT
Packets Rx Tx Rx Tx Rx Tx Rx Tx Rx Tx
RF Cart 22 10 49 49 48 48 55 22 53 52
RF Obs. 4 4 4 4 0 0 2 0 3 0
RF Mob. 11 4 14 13 9 9 19 0 38 5

Sol. Camp. 163 163 240 240 196 196 206 204 284 277
Sol. Comm. 72 8 35 35 33 33 85 14 84 63

Mean 54 38 68 68 57 57 73 48 92 80
Table 6. Packets successfully received and retransmitted during
the Packet Forwarding benchmark.
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Figure 7. Buffer voltage and on-time for the 770 𝜇F system running
the RT benchmark under the RF Cart trace. Solid bars indicate when
the system is operating.

energy to continue operation even if future power input falls
or demand rises. REACT efficiently expands to capture all
incoming energy during periods of high net input power,
matching or beating the performance of the 10 mF and 17
mF systems when they outperform the small 770 𝜇𝐹 buffer.

5.5 REACT Provides Flexible, Efficient Longevity
We evaluate REACT ’s software-directed longevity guaran-
tees (§ 3.4.1) on the longevity-bound RT and PF benchmarks.
We compare REACT to the 770 𝜇𝐹 buffer, which cannot sus-
tain a full transmission without additional input power. Fig-
ure 7 illustrates this limitation, as the 770 𝜇F system charges
quickly but wastes power on doomed-to-fail transmissions
when incoming power cannot make up for the deficit and the
system powers off before completing a transmission. This
shortcoming is reflected in Table 2, where the 770 𝜇F system
ultimately significantly underperforms the other buffers. We
augment the RT benchmark code for our REACT implemen-
tation to include a minimum capacitance level for REACT ,
below which the system waits for more energy in a low-
power sleep mode. Leveraging REACT ’s variable capacitance
allows software to buffer energy to guarantee completion,
more than doubling the number of successful transmissions
and ultimately outperforming even the larger buffers.
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We use the same approach to execute the RT benchmark
on our Morphy implementation. Similar to REACT , Mor-
phy varies capacitance to keep supply voltage within an ac-
ceptable level for the application microcontroller while also
waiting to gather enough energy to power a full transmis-
sion. Morphy’s underperformance compared to both REACT
and the static buffers is a result of Morphy’s capacitor net-
work design—as Morphy reconfigures the capacitor array to
increase capacitance, stored energy is dissipated as current
flows between capacitors in the network. This energy dissipa-
tion dramatically reduces Morphy’s end-to-end performance,
particularly in systems where Morphy must switch capac-
itance to ensure success (i.e., the RT and PF benchmarks).
REACT ’s isolated capacitor banks eliminate this problem by
restricting current flow during switching; the energy savings
are reflected in the end-to-end performance, where REACT
completes on average 38% more transmissions than Morphy.

5.5.1 Fungible Energy Storage. A unified buffer means
that energy is fungible, and REACT is flexible: software can
re-define or ignore previous longevity requirements if con-
ditions or priorities change. The PF benchmark (Table 6)
shows the value of energy fungibility using two tasks with
distinct reactivity and longevity requirements. Receiving an
incoming packet requires a moderate level of longevity, but
is uncontrollable and has a strict reactivity requirement (the
system can only receive a packet exactly when it arrives).
Re-transmission requires more energy but has no deadline.
Software must effectively split energy between a controllable
high-power task and an uncontrollable lower-power task.
We again use the minimum-capacitance approach to set

separate longevity levels for each task, using a similar ap-
proach for our Morphy implementation. When the system
has no packets to transmit, it waits in a deep-sleep until
receiving an incoming packet. If REACT contains sufficient
energy when the packet arrives, it receives and buffers the
packet to later send. REACT then begins charging for the
transmit task, forwarding the buffered packet once enough
energy is available. If another packet is received while RE-
ACT is charging for the transmit task, however, software
disregards the transmit-associated longevity requirement to
execute the receive task if sufficient energy is available.
Table 6 shows that REACT outperforms all static buffer

designs on the PF benchmark by efficiently addressing the
requirements of both tasks, resulting in a mean performance
improvement of 54%. REACT ’s maximal reactivity enables it
to turn on earlier and begin receiving and buffering packets
to send during later periods of high power, while its high
capacity enables it to make the most of incoming energy
during those high periods. Software-level longevity guaran-
tees both ensure the system only begins receive/transmit
operations when enough energy is available to complete
them, and that software can effectively allocate energy to
incoming events as needed. Although Morphy enables the
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Figure 8.Average buffer performance quantified by figures of merit
across power traces for each benchmark, normalized to REACT .

same software-level control of energy allocation, the energy
dissipated when switching capacitors in the interconnected
array reduce its performance on the PF benchmark to below
that of the best performing static buffer.

5.6 REACT Improves End-to-End System Efficiency
Optimizing buffer behavior maximizes energy available to
the end system for useful work. Figure 8 illustrates the aggre-
gate performance of REACT compared to the baselines across
the benchmarks and power traces we evaluate; we find that
REACT improves performance over the equally-reactive 770
𝜇𝐹 buffer by an average of 39.1%, over the equal-capacity
17 mF buffer by 19.3%, and over the next-best-efficient 10
mF buffer by 18.8%. Compared to Morphy, REACT improves
aggregate performance by 26.2%—demonstrating the neces-
sity of REACT ’s bank isolation approach and boosting per-
formance where the state of the art underperforms static
approaches. In extreme cases where the system is always
operating in an energy surplus or deficit, REACT ’s quiescent
power consumption causes it to underperform suitable static
buffers. In the common case, however, volatile power con-
ditions expose the latency, longevity, and efficiency-related
shortcomings of static buffer designs and expose the value
of REACT ’s efficient variable-capacitance approach.

6 Conclusion
Batteryless systems operate on unreliable and volatile power,
but use fixed-size buffers which waste energy and function-
ally limit systems when allocated capacity is a poor fit for
short-term power dynamics. REACT stores energy in a fabric
of reconfigurable capacitor banks, varying equivalent capac-
itance according to current energy supply and demand—
adding capacitance to capture surplus power and reclaiming
energy from excess capacitance. REACT ’s energy-adaptive
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approach maximizes reactivity and capacity to ensure all
incoming energy is captured and efficiently delivered to sens-
ing, computing, and communication devices. Our hardware
evaluation on real-world power traces shows that REACT
reduces system latency by an average of 7.7x compared to
an equivalent-sized static buffer and improves throughput
by an average of 25.6% over any static buffer system, while
incorporating software direction allows REACT to provide
flexible task longevity guarantees. Compared to state-of-the-
art switched capacitor systems, REACT ’s efficient switching
architecture improves performance by an average of 26.2%.
REACT ’s runtime-configurable buffering technique elim-

inates the tradeoff between system latency and longevity,
and affords designers greater control over how batteryless
devices respond to incoming power. Our results indicate
that energy-responsive reconfiguration of hardware is an
effective approach to both maximizing energy efficiency and
system functionality, opening the door for future work lever-
aging energy-adaptive hardware and reconfiguration.
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A Artifact Appendix
A.1 Abstract
This artifact contains the source code for the software com-
ponent of REACT , baseline platforms and application bench-
marks. All code is publicly available as a GitHub repository
and on the open-access repository Zenodo. This artifact is for
availability only: the full performance evaluation requires
building the circuits described in §4 and modifying source
code according to the specific hardware configuration.

A.2 Artifact check-list (meta-information)
• Algorithm: Energy and dynamic capacitance management
library.

• Program: Custom-developed embedded benchmarks.
• Compilation: Texas Instruments MSP430 C Compiler as
part of Code Composer Studio version 11. Not included.

• Data set: Harvested RF power traces.
• Run-time environment: Developed and tested on Ubuntu
20.04.

• Hardware: Texas Instruments MSP430FR5994.
• How much disk space required (approximately)?: 30
MB.

• How much time is needed to prepare workflow (ap-
proximately)?: 30 minutes.

• How much time is needed to complete experiments
(approximately)?: 60 hours.

• Publicly available?: Yes.
• Code licenses (if publicly available)?: MIT License
• Data licenses (if publicly available)?: MIT License
• Archived (provide DOI)?: https://doi.org/10.5281/zenodo.
10798308

A.3 Description
A.3.1 How to access. REACT ’s software component is
publicly available through its git repository at https://github.
com/FoRTE-Research/REACT-Artifact and on Zenodo at https:
//zenodo.org/records/10798308.

A.3.2 Hardware dependencies. REACT ’s software com-
ponent and the baseline systems for evaluation target the
Texas Instruments MSP430FR5994 and were developed using
the MSP-EXP430FR5994 development kit.

A.3.3 Software dependencies. Texas InstrumentsMSP430
C compiler included with Code Composer Studio.

A.3.4 Data sets. The ambient RF power traces used in the
evaluation are provided and described in the artifact. The
solar power traces are part of the Enhants [14] dataset.

A.4 Installation
REACT Software Component: Clone the artifact reposi-

tory from https://github.com/FoRTE-Research/REACT-Artifact.
Benchmarks with REACT ’s runtime library integrated are
included as Code Composer Studio projects.

Code Composer Studio: We do not provide CCS as part of
the artifact repository; install it by following the instructions
at https://www.ti.com/tool/CCSTUDIO.

A.5 Evaluation and expected results
Clone the artifact repository from https://github.com/FoRTE-
Research/REACT-Artifact, or download it from Zenodo at
https://zenodo.org/records/10798308. Each benchmark can
be imported into Code Composer Studio as a project target-
ing the MSP430FR5994 and compiled to produce a binary.

A.6 Methodology
Submission, reviewing and badging methodology:

• https://www.acm.org/publications/policies/artifact-review-
badging

• http://cTuning.org/ae/submission-20201122.html
• http://cTuning.org/ae/reviewing-20201122.html
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