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Abstract—Energy-harvesting devices eliminate batteries, in-
stead collecting their operating energy from environmental
sources. A device stores energy into a capacitor, drawing energy
to perform tasks and powering off to recharge when the energy is
exhausted. State-of-the-art charge management systems for these
devices aim to avoid power failure during task execution by
reasoning about task energy cost. We identify that the innate
equivalent series resistance (ESR) in energy storage capacitors
breaks energy-based systems’ guarantees; running high current
load on a high-ESR capacitor causes a substantial voltage drop
that rebounds once the load is removed. This voltage drop is
disregarded by systems that only reason about energy. If the
drop lowers the voltage below the system’s operating threshold,
however, the device powers off while stored energy remains.
Though ESR is well understood in hardware design, this is the
first work to argue that software for batteryless devices must
also be aware of ESR.

This work presents Culpeo, a hardware/software mechanism
and architectural interface to relay the effect of ESR in the
power system to software. We develop static and dynamic
implementations of Culpeo and demonstrate on real batteryless
devices that considering ESR restores correctness guarantees
broken by energy-only charge management. We then demonstrate
how to integrate Culpeo’s safe voltage into state-of-the-art
schedulers, restoring task deadline guarantees for applications
with predictable energy harvesting. Finally, we propose an on-
chip Culpeo hardware implementation that allows for runtime
monitoring of the effects of ESR to respond to changes in
harvestable power.

Keywords-Intermittent computing, energy-harvesting power
system, equivalent series resistance

I. INTRODUCTION

With the advent of intermittent computing [67], [68], [70],

[87], [105], [113], energy-harvesting devices have matured as

a platform for deeply embedded sensing and data processing

applications [32], [66], [82], [108]. Such intermittent systems

eliminate batteries, instead collecting their operational energy

from environmental sources such as solar power, radio waves,

vibrations, and thermal gradients. A device stores energy into a

capacitor, drawing energy to compute, sense, and communicate.

When the power system can no longer furnish energy, the

device turns off to recharge, repeating the cycle. To execute

long programs through power failure, intermittent systems

must save execution state — such as by hardware triggered

‡This work was completed while the author was affiliated with Carnegie
Mellon University.

checkpoints [12], [13], [50], [76], [85], software defined atomic

regions [67], [68], [87], [121], or hybrid model [60], [70], [105].

A key challenge in programming intermittent systems

arises because some program tasks—such as using peripherals

or sending a radio packet—must complete without being

interrupted by power failure [14], [18], [70], [105], but power

failure is frequent. Many prior systems [44], [67], [68], [70],

[87], [105], [121] provide constructs for such “atomic” re-

execution, which is illustrated in Figure 1(a). The plot shows

capacitor voltage over time. As tasks execute across the top

(represented by the colored blocks), they draw current and

consume energy, decreasing the voltage. If voltage reaches

the minimum threshold, V off , the device powers off. After

recharging, the orange task will fully re-execute. These existing

systems opportunistically execute tasks if the capacitor’s voltage

level is above V off . However, trying to execute a task with

insufficient stored energy dooms the device to fail and not only

imposes the cost of powering off, recharging, restarting, and

re-execution, but risks prolonged non-termination [29], [70].

Thus, systems have started to manage charge to avoid

unexpected power failures using compilers [29], [69], hardware-

aware runtimes [16], [118], or schedulers [47], [71], [77], [88],

[121]. Such existing charge management systems reason about

energy to size tasks appropriately and execute them only when

sufficient energy is available. To estimate task energy, these

systems use direct energy measurements, energy modeling, or

programmer intervention [16], [92], [118]. Some systems use

changes in capacitor voltage as a reasonable approximation of

energy (Ecap =
1
2
CV 2). Whatever the estimation method, these

systems implicitly depend on energy being the sole quantity

of interest for safe task execution. In this paper, we show

that reasoning about stored energy is insufficient. Intermittent

software systems must also independently reason about the

voltage of the energy storage buffer.

The voltage of a device’s energy storage buffer changes

independently of energy consumption, because a capacitor’s

voltage varies with current draw (or applied load). Even

with oracular knowledge of task energy and stored energy,

software may experience unexpected failures because of this

load-dependent capacitor behavior. The key oversight is that a

capacitor has an equivalent series resistance (ESR). In a load

circuit, a capacitor behaves both capacitively and resistively,

with ESR as its resistance. Because of the resistance, the
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above V off during Task 0. The following expression describes

the penalty computation:

penalty0 =

{

V off +V δ
0 −V safe

1 , if V off +V δ
0 >V safe

1 .
0, otherwise.

Computing V safe
multi thus requires combining the V safe terms

and their penalty values for tasks in the sequence. At the

end of the task sequence, the voltage must be high enough

that meeting the last task’s voltage requirements results in a

voltage at or above the minimum operating threshold.

V safe
final =V (Efinal)+penaltyfinal+V off

V safe
multi can thus be formulated as the summation of the voltage

needed to satisfy the energy and ESR drops for each task in a

sequence:

V safe
multi =

n

∑
i=0

V (Ei)+
n

∑
i=0

penaltyi +V off

If the voltage at the start of a sequence of tasks ε is ≥V safe
ε ,

then the voltage will not dip below V off while executing the

tasks. As a proof sketch that V safe
multi is correct, assume that

for some task i in the sequence, the voltage after running i

is less than the threshold, i.e., V safe
i −V (Ei)−penaltyi <V off .

By definition, V safe
i =V (Ei)+penaltyi +V safe

i+1 . Simplifying the

equations results in V safe
i+1 <V off . As no part of V safe

i+1 is negative,

and the base case is at least V off , this equation results in a

contradiction.

B. Modeling the Power System

To calculate V safe, all Culpeo implementations model the

device’s energy buffer and output booster (Figure 2). For the

input booster, Culpeo-PG assumes a worst case of no incoming

power, and Culpeo-R assumes the input is stable.

The energy buffer (i.e., capacitor) is modeled differently in

each Culpeo variant due to differences in the V safe calculation

algorithms. Culpeo-PG models the energy buffer based on its

capacitance, C, and its ESR as an ideal capacitor in series

with a resistor. The value of C comes from the capacitor’s

datasheet and is generally conservative [9], [55], [93]. Using

datasheet ESR values is too inaccurate; the ESR experienced

by a load changes with the load’s frequency (i.e., how often

the load current is applied per unit time), but many datasheets

do not supply the full spectrum [9], [55], [93]. Furthermore,

small decoupling capacitors throughout the power system also

affect ESR. We instead derive a curve of ESR versus frequency

via direct measurement of the power system. To choose a

representative ESR value from the curve, Culpeo-PG uses the

width of the largest current pulse, excluding high frequency

noise. In contrast, Culpeo-R models the capacitor with no

knowledge of the exact capacitance or resistance. Culpeo-R

ignores some nonidealities of supercapacitors, e.g., leakage [53]

and charge speed effects [6], relying on the ideal I = C dV
dt

equation for capacitor analysis.

To model the output booster, the power system designer sets

V high, the capacitor’s highest voltage, and V off , the voltage

at which the output booster turns off. The designer also sets

V out, the output voltage of the output booster, which is used

in conjunction with the current profile to determine Pout, the

power delivered to the load. Culpeo uses datasheet booster

efficiency curves to relate Pin—the power drawn from the

energy buffer to the output booster—to Pout as the energy

buffer voltage V cap declines over the course of an operation.

We assume the output booster has little change in efficiency

w.r.t. current [2], [3], so efficiency can be modeled as a line

relating input voltage to efficiency (i.e. η = mV +b) at a single

current value. Combining this output booster model with the

energy buffer model, Culpeo can predict the behavior of the

power system in response to an arbitrary task load.

C. Culpeo-PG V safe Calculation

In addition to the power system model, Culpeo-PG requires

the application developer to input a current profile (captured

using any power system) of each program task, a process

described in detail in Section V-A. Culpeo-PG finds V safe

by iteratively calculating the voltage drop due to energy

consumption and due to ESR drop. Essentially, Culpeo-PG

applies each step of the current trace to the power system

model and predicts the combined V safe.

Algorithm 1 describes how the energy and voltage penalty

are calculated. The algorithm starts using the power system

model provided by the power system designer (P) and the

current trace collected by the application developer (I). At each

time step, dt, Culpeo calculates E using the output booster

efficiency, η , given that Pin = Pout/η . Next, Culpeo estimates

V cap to calculate the current drawn from the capacitor, because

Pin = Iin×V cap. Culpeo must consider V cap when assessing

the current from the capacitor to the output booster, because

as V cap decreases, the booster draws more current from the

capacitor; as current increases, so too does ESR drop. Finally,

Culpeo calculates the voltage penalty, which guarantees that

the new V safe satisfies the energy requirements of the next step,

V [i+1] and can sustain the ESR drop in the present step.

Algorithm 1 Culpeo V safe algorithm

1: function CULPEOVSAFE(CurrentTrace I, PowSys P)

2: V ←∅ ⊲ Initialize safe starting voltages

3: C← GETCAP(P) ⊲ Get capacitance value

4: R← GETESR(P,I) ⊲ Get freq. dependent ESR

5: for i← len(I)..0 do ⊲ Reverse through trace

6: E← I[i]∗V out ∗dt/η ⊲ Energy consumed by step i

7: V cap← ESTVCAP(P,I[i],V [i+1]) ⊲ Estimate V cap

8: Iin← I[i]∗V out/η(V off )∗V cap ⊲ Current out of cap.

9: V δ ← Iin ∗R ⊲ Voltage drop from ESR

10: Vpenalty←maxV off +V δ ,V [i+1] ⊲ Voltage penalty

11: V [i]←
√

2∗E/C+V 2
penalty

12: end for

13: return V [0]

14: end function

As shown in Section VII, Culpeo-PG produces accurate V safe

calculations for a recently profiled capacitor. However, Culpeo-

PG assumes a static ESR model, but supercapacitor ESR and
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nominal capacitance change over the device lifetime (years).

Capacitance can reduce to less than 80% of nominal and ESR

can increase to double its nominal, beyond which the capacitor

is considered dead [35], [78], [97]. A runtime V safe calculation

captures these aging effects by rerunning periodically.

D. Culpeo-R Calculation

To calculate V safe at runtime, Culpeo-R profiles the capacitor

voltage online, but storing a full time series of voltage

data is memory intensive for the highly constrained devices

Culpeo targets. Instead, Culpeo-R only captures the starting

(V start), minimum, and final voltages during an event execution.

Sections V-C and V-D describes Culpeo-R’s profiling in detail,

but, at a high level, it is achieved by repeatedly sampling

from an ADC connected to V cap and recording the minimum

observed voltage.

The goal of the Culpeo-R V safe calculation is to allow the

system to profile tasks starting at an arbitrary capacitor voltage

and produce a useful V safe estimate. Changes in efficiency as

the input voltage declines make the mapping non-trivial to

compute, particularly on constrained devices. Culpeo-R makes

several assumptions to keep the code running on the MCU

practical. The first is that efficiency decreases monotonically

with voltage; since Culpeo approximates efficiency as a line,

this assumption holds as long as the slope of the line is positive.

The second is that harvested power is roughly constant during

the event execution. This assumption is reasonable as the

supercapacitor-enabled devices Culpeo targets generally rely

on more powerful, slowly changing energy sources (e.g. solar

power) than low-end batteryless motes. Culpeo-R produces

different V safe values for different levels of incoming power,

so it is best to use Culpeo-R in conjunction with scheduler

policies that re-profile as harvestable power changes [71].

Culpeo-R separates the worst case ESR drop, V δ , from

the energy induced voltage drop, V safe
E , and calculates them

independently before adding the effects back together. First,

we calculate the new V δ for a given event in terms of the

current, iload , the ESR R, and the efficiency at the event’s

Vmin, η(Vmin), as shown in Equation 1a. This expression for

V δ is rooted in Ohm’s law and converter efficiency, namely

V outIout =V capIinη(V cap). Intuitively, as efficiency decreases

with Vmin, V δ gets larger. V δ
sa f e, the worst case V δ , is calculated

by substituting V off for Vmin in Equation 1a to form Equation 1b.

The problem, however, is Equation 1b requires an accurate

measurement of the load current and ESR when V cap reaches

V off . Instead, Equation 1c defines V δ
sa f e in terms of the observed

V δ without directly measuring the current trace.

V δ =
iload ∗R∗V out

Vmin ∗η(Vmin)
(1a)

V δ
sa f e =

iload ∗R∗V out

V off ∗η(V off)
(1b)

V δ
sa f e =V δ (

Vminη(Vmin)

V offη(V off)
) (1c)

In addition to the voltage drop caused by ESR, Culpeo-
R must consider the voltage drop caused by actual energy
expenditure. Instead of predicting a drop due to energy,
Culpeo-R solves for V safe

E based on the assumption that the
energy delivered to the load, Eout , is constant across all
input voltages. Equation 2a defines Eout by integrating output
power (Pout = V capIinη(V cap)) over time. We then apply the

relationship between current and capacitance (I = C dV
dt

) and
change variables from time to voltage to redefine Eout in
Equation 2b. Finally, we set as equal the integrals that represent
the measured execution (V start to V final) and what would be the
execution starting at V safe (V safe to V off )(Eq. 2c). The goal now
is to solve for V safe by resolving both definite integrals, since
V off is given and V start and V final are quantities the Culpeo
interface can measure.

Eout =
∫ tend

tstart

V (t)iin(t)η(V (t))dt (2a)

Eout =C

∫ V f inal

V start
η(V )V dV (2b)

C

∫ V safe

V off
η(V )V dV =C

∫ V start

V final
η(V )V dV (2c)

However, even with a linear efficiency function (η(V )),
solving Equation 2c requires multiple cubic root operations

that are expensive for the low power microcontrollers that

Culpeo targets. Instead, we approximate the solution as:

(V safe
E )2 =

η(V start)

η(V off)
((V start)2

− (V final))2 +(V off)2 (3)

Effectively, we solve Equation 2c after collapsing η(V ) into a

constant. We use η(V start) on the left and η(V off) on the right

because they can be known quantities that can be calculated

at compile time. V off is set by the power system designer, and

Culpeo-R may choose a known V start to run the event. We

finally define V safe as V safe =V safe
E +V δ

sa f e

V. CULPEO SYSTEM DESIGN

A Culpeo system implementation operationalizes the Culpeo

voltage-aware charge model to produce V safe values by an-

alyzing power system characterization data and task energy

characterization observations. Culpeo-PG is a profile-guided

analysis framework for producing V safe values, including

support for profiling tasks before deployment. Culpeo-R is

a dynamic analysis for estimating V safe at run time using

either an interrupt-based software system or a combination of

a runtime library and microarchitectural support. Culpeo-PG

and Culpeo-R expose the same API, which is listed in Table I.

These API calls allow both systems to profile software tasks,

perform V safe calculations, and access V safe and V δ data, while

accommodating Culpeo’s breadth of implementations.

TABLE I: Culpeo calls grouped by function. id is a task identifier.

Profile Calculate Access

profile_start() compute_vsafe(id) get_vsafe(id)

profile_end(id) get_vdrop(id)

rebound_end(id)
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A. Culpeo-PG Design

Culpeo-PG profiles an application’s tasks offline, before

deployment. Culpeo-PG implements profile_start and

profile_end operations that interface with current mea-

surement instruments [101] and capture a task’s worst-case

current trace. Capturing a task’s current trace is reasonable

because traces will be manageably short; a task’s total energy

consumption cannot exceed the device’s energy buffer capacity.

Profiling to cover a wide range of operating points (including

the worst-case behavior) is also reasonable because, as prior

work showed, “knob” values [70], [71] often determine task

energy consumption (e.g., the input dimension of a matrix in a

matrix-matrix multiplication computation.) Culpeo-PG collects

a task current trace (at 125kHz in our prototype) and selects

an ESR value from the power system’s ESR curve to use in

the V safe calculation. The analysis then calls its offline version

of compute_vsafe to produce V safe and V δ estimates using

the math from Section IV. Once Culpeo has computed a V safe

and a V δ value for each task, these values may be used by

the developer or code directly. For instance, a programmer

may include these values in a program to be read at runtime,

allowing a program to use its own logic to compare these

values to the voltage of the device’s energy buffer, for instance,

to control task dispatch. The advantage of Culpeo-PG is that

it allows application developers to calculate V safe values prior

to deployment using a continuously powered system, but the

estimates are limited by the accuracy of the statically profiled

inputs.

B. Culpeo-R Design

Culpeo-R is a dynamic analysis that profiles tasks while an

application runs in deployment and uses the profiles to compute

V safe and V δ estimates. An intermittent runtime system or

scheduler can then use Culpeo’s API calls to access V safe

and V δ data to make task scheduling decisions. Culpeo-R has

several operations that control its behavior. profile_start()

begins profiling a segment of code and profile_stop(id)

ends profiling, storing profile results in an in-memory table of

per-task measurements that Culpeo indexes by task identifier

id. compute_vsafe(id) performs V safe and V δ calculations

at runtime on the device’s CPU, using the profile data stored

in the task’s entry in the profile table. If a task’s profile table

entry is unpopulated, compute_vsafe(id) is a no-op. Culpeo

then stores per-task V safe and V δ values in an in-memory table.

Culpeo’s get_ functions retrieve V safe and V δ values from the

table if valid values exist, otherwise returning V high and −1.

An intermittent runtime system or scheduler can explicitly call

these Culpeo API functions and use the retrieved values to

make task scheduling decisions.

By operating online, Culpeo-R can adapt to changing

environmental and power system conditions. For schedulers

that monitor charge rate [71], a change in incoming power

that exceeds a threshold can be used to trigger re-profiling and

re-collection of V safe and V δ . Culpeo-R also allows capturing

V safe values for changing configurations in a reconfigurable

energy buffer [30], [118]. Culpeo models a system’s energy

buffer as a capacitor in series with a variable resistor, capturing

the effect of low resistance connections between individual

banks and the shared capacitor voltage rail [118]. To handle

data for multiple capacitor bank configurations, Culpeo-R tags

per-task data with a buffer identifier. Future get queries must

then specify a buffer configuration.

Culpeo-R has two implementations, one is an interrupt-based

software implementation and the other is a combination of

software and microarchitecture support.

C. Culpeo-R-ISR Implementation

The interrupt-driven implementation (Culpeo-R-ISR) relies

on an interrupt service routine (ISR) triggered by a hardware

timer that reads from the ADC and updates the minimum

observed voltage as a task progresses. profile_start() sets

the minimum observed voltage to infinity and enables a 1 ms

timer to trigger the profiling ISR. The function then configures

an ADC (on- or off-chip) that will be read from quickly in the

ISR, and reads from the ADC to record V start. Once the profiled

task is complete, calling profile_end(id) disables the timer

interrupt and ADC and puts the MCU in a low-power sleep

mode to allow the capacitor voltage to recover from any ESR

drop. The MCU awakens every 50 ms to read from the ADC

and update a maximum observed voltage. Sleeping between

ADC samples minimizes the MCU’s power draw to ensure an

accurate V final. Finally, the scheduler runs rebound_end(id)

to exit sleep when the capacitor voltage stops increasing, and

V final is set to the maximum value.

We implemented a Culpeo-R-ISR interface on an MSP430

microcontroller and show in Section VII that it substantially

improves the performance of event driven applications. How-

ever, Culpeo-R-ISR has several drawbacks. The first is that

the on-chip ADC in most microcontrollers is relatively high

power [116] which limits the profiling frequency and accuracy

for tasks with small ESR-drops (e.g. compute tasks). Second,

the MCUs we target are in-order, single-threaded cores, so time

spent sampling the ADC in software is time taken from the

application. Further, not all applications tolerate other interrupts,

leading to bugs [1]. Third, monopolizing the only ADC is not

an option if a task needs it. Many MCUs can multiplex ADC

access [111], but this can increase the sampling delay for

an application and force a programmer to rewrite their ADC

driver.

D. Culpeo-R Microarchitecture

Culpeo-µArch is a custom microarchitectural mechanism

that allows a system to collect the profile data needed to

compute V safe and V δ without involving the device’s MCU.

Figure 9 shows a detailed view of the proposed microar-

chitectural additions, which integrate into a generic MCU

architecture. Culpeo-µArch measures V cap using an 8-bit ADC

and uses a digital comparator to automatically capture a

minimum (or maximum) voltage value. Sampling V cap at high

frequency using hardware captures start, minimum, and final

voltage values required by Culpeo to produce V safe and V δ

estimates without continuously involving the MCU. The Culpeo
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Fig. 9: The Culpeo-µ-Arch is a low overhead design that uses an 8-bit
ADC, a comparator and a single register to track capacitor voltage
for Culpeo-R. Red arrows indicate inputs, solid arrows are analog
signals, dashed arrows are boolean and wide arrows are 8-bit buses.

peripheral block includes a high impedance input buffer to

minimize leakage from the capacitor, and an 8-bit register to

capture minimum/maximum values. The MCU interacts with

the block by writing to a memory mapped control register and

provides a clock (100kHz in our prototype) to trigger ADC

sampling. The MCU can read out measurements through a

memory mapped data register.

Table II shows the low-level driver commands that interface

with the block’s control signals and are used to implement the

Culpeo-R runtime library. configure enables or disables the

block. prepare writes a value to to the “min/max” capture

register, 0xFF for minimum, 0x00 for maximum, in preparation

for sampling. sample starts minimum or maximum sampling,

and read reads from the capture register. To implement

profile_start, the core issues configure(on), reads the cur-

rent ADC value to use as V start, and then issues prepare(min)

and sample(min) to start minimum sampling during the

task. In profile_end, software uses read to extract the

minimum before switching to maximum tracking, i.e. issuing

prepare(max) and sample(max). Unlike Culpeo-R-ISR, the

peripheral block will not end the rebound tracking until it

receives a rebound_done(id) call that reads the maximum

voltage and disables the block. Waiting until a rebound done

call gives the scheduler more flexibility in capturing V final.

The block, as we show shortly, is low power and may be

kept enabled indefinitely, so the scheduler may choose to run

another task immediately instead of waiting to capture a more

accurate (higher) V final.

TABLE II: Culpeo on-chip peripheral command interface Culpeo
on-chip is a memory-mapped peripheral with control and data registers.

Function Description

configure([on/off]) Enable or disable ADC

sample([min/max])
Start repeated ADC sampling,
storing the min or max value

prepare([min/max])
Set the capture reg. to 0xFF (for
min) or 0x00 (for max)

read() Read from the capture reg.

Culpeo-µArch eliminates limitations imposed by an interrupt-

based approach. The comparator eliminates software interaction

during the task; the scheduler only interacts with the peripheral

before tasks begin and after they complete. Moving to a

dedicated, modern, 8-bit ADC, instead of using the MCU’s

existing ADC, reduces power substantially and eliminates

resource contention while adding minimal area. Recent work

demonstrated an 8-bit ADC in a 130 nm process that consumes

only 140 nW at an area of 0.01mm2 [36], [79]. The ADC we

use to implement Culpeo-R-ISR on an MSP430 is also built in

130 nm, but consumes over 180 µW [17]. Therefore, Culpeo-

R-µArch reduces the power consumption of ADC sampling

to just 0.003% of the total MCU power, down from 4.2%

with Culpeo-R-ISR1, without degrading the accuracy of V safe

estimates, as shown quantitatively in Section VII-A. Since

Culpeo-R includes its ADC sampling cost in a task’s voltage

drop, reduced power additionally allows Culpeo-R-µArch to

profile lower energy tasks than Culpeo-R-ISR.

VI. METHODOLOGY

We first evaluate Culpeo’s ability to generate V safe values

for synthetic and real-peripheral load profiles, showing benefits

by direct comparison to a voltage-as-energy baseline system.

We then implement a state-of-the-art scheduler and integrate

Culpeo voltage reasoning to test the end-to-end value of Culpeo

in full, event-based applications. Our methodology relies on

testing on real energy harvesting devices to demonstrate that

Culpeo is practically useful and that accurate V safe values

improve application performance.

A. V safe Evaluation

We used careful hardware and software coordination to

confirm that Culpeo’s V safe predictions are safe.

Hardware Setup. Our experiments use the Capybara energy-

harvesting platform [30] because its power system architecture

supports high-ESR supercapacitors and it is preconfigured with

several sensors, an ultra-low-power MCU, and a BLE radio. We

disabled Capybara’s reconfigurable energy storage so that its

power system closely resembles the architecture in Section II-A,

with a V off of 1.6 V, a V high of 2.56 V and V out of 2.55 V.

Unless otherwise noted, the energy buffer was a 45mF capacitor

bank composed of dense supercapacitors [93]. To facilitate

automated testing while validating V safe, we modified Capybara

to isolate the power system from the load side components by

default. A test harness controls incoming, harvestable energy

and explicitly triggers the power system to begin delivering

power. In full application tests, Capybara is unmodified except

for attaching an external capacitor bank. For all tests we

simulate harvested solar energy using a 2.2V output in series

with a potentiometer. A measurement harness collects time-

series traces of energy buffer voltage and load current [89],

[110].

Load Profiles. We used load current profiles from synthetic

applications and real peripherals, shown in Table III, to validate

V safe. Synthetic profiles are generated by toggling resistor-

transistor circuits tuned to sink specific loads from V out under

two load shapes to explore their affect on V safe: Uniform

and Pulsed. (tpulse), representing a high-powered peripheral.

The Pulsed load applies a high current pulse (Iload for tpulse)

followed by 100ms at Icompute = 1.5mA, representing peripheral

1This calculations assumes an MSP430FR5994 MCU operating at 8 MHz,
with Vcc = 2.5V and a 50% SRAM hit rate [112].
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peripheral handling through power failures [14], [18], [86].

Additional work has sought to provide guarantees for inter-

mittent systems, including formal checks for data correctness

and freshness [105], [106] and formal models of peripheral

correctness [15], assuming that tasks terminate. Prior works

also reduce the difficulty of developing batteryless systems

with tools to eliminate bugs specific to the domain [27],

[72], [104], model intermittent execution [98], [117] and

enable beginner-friendly languages [59] and repeatable energy

traces [124]. As a result, advanced applications on batteryless

devices have proliferated, including DNN processing [41],

[48], image capture [80] and recognition [82], environmental

monitoring [5], and gaming [32]. Finally, recent works [47],

[71], [121], [122] present schedulers for periodic and reactive

intermittent operation, which we demonstrate to fail with ESR

voltage drops. Thus, Culpeo closes a gap in the literature

between programming models and hardware to enable higher

power peripherals and compute acceleration. Culpeo likewise

complements work providing static termination checking for

intermittent programs [29], [37]. As these works base their

probabilistic guarantees on energy consumption models only,

they can incorrectly conclude a task likely terminates when

ESR drops will actually pull the voltage beneath the power-

off threshold. Programmers using these tools should also use

Culpeo-PG to check that a task’s safe voltage when accounting

for ESR is not too high for the device to support (i.e., will

cause non-termination).

Supercapacitor Enabled Embedded Systems. Culpeo is

motivated by numerous energy-harvesting platforms that rely

solely on supercapacitors for energy storage. No prior work

examines the effect of high ESR on applications that run on

supercapacitor-only systems. Early batteryless supercapacitor

motes, such as Everlast [96] and Ambimax [84] focus on charg-

ing supercapacitors efficiently and use large supercapacitors

(>10F) for which ESR is not a primary concern. Additional

work defined principles for building efficient power systems

in energy-harvesting, supercapacitor based devices [21], [58],

and are complementary to Culpeo’s efforts to improve the

capability of supercapacitor based devices. More recent systems

either seek out low ESR capacitors, increasing volume or

cost as in the Camaroptera [82] and TA-1 [66], or engineer

their applications to compensate [38]. Both the sensor node

and EdbSat instantiations of the Capybara power system use

compact, high ESR supercapacitors for energy storage [30],

making them primary targets for Culpeo. The Capybara

power system [30] uses an output booster to compensate

for voltage drops due to high ESR, but the work does not

describe the limitations that ESR places on how energy can

be extracted from the supercapacitor. Capybara’s task based

programming model makes no guarantees about completion,

and requires system developers to test all tasks before de-

ployment. Several hybrid supercapacitor-battery sensing nodes

including Prometheus [52], Trio [34], HypoEnergy [75] and

numerous others as described in [56], use a supercapacitor to

reduce the primary battery cycling. Culpeo, in contrast, targets

supercapacitor only systems.

Culpeo is aligned with work that modeled supercapacitors in

wireless sensor networks (WSNs) to provide closed-loop device

simulations [53], [120], analysis of energy over time [21], [23],

[74], [115], [119] and the effect of the charging routine on state-

of-charge [6]. None of these models focus on the immediate

ESR drop because they target low current, long-lifetime

operations where other effects (e.g. charge redistribution,

leakage) are more prominent.

Energy-aware Programming. Culpeo is designed to aid

energy-aware programming languages and models in success-

ful interactions with supercapacitor based systems. Energy

Types [26] and ENT [22] are energy-aware type systems whose

guarantees fail in the presence of ESR as neither considers the

rapidly changing energy state of a batteryless system nor has

constructs to easily support ESR drop. Eon associates tasks

with energy levels [99] and could better evaluate available

energy in batteryless systems using Culpeo. Levels permits

"optional" code to run based on energy availability, estimated

using a simple battery model, and would require an awareness

of ESR to run on a batteryless system [61]. Pixie is a

WSN programming model that allocates energy to tasks

within a dataflow graph via resource tickets [65]. Pixie’s

energy allocator and energy broker abstractions would benefit

from this work’s treatment of ESR as a first class concern.

Additional efforts allow programmers to trade accuracy for

energy via approximation [10], [46], [91] and adaptation to QoS

requirements [54], [125] that all rely on a means of measuring

energy consumption. While these efforts are not designed to run

on energy-harvesting systems, they demonstrate the importance

of accurate energy models to enable optimization at higher

levels of the system stack.

IX. CONCLUSION & FUTURE WORK

This work is the first to identify ESR as an important factor in

designing intermittent software systems. ESR-induced voltage

drops break correctness assumptions of prior work, which

reason about energy without considering voltage. As a remedy,

we present Culpeo, a hardware/software interface that enables

intermittent system designers to reason about power system

effects like ESR. Culpeo’s evaluation shows that disregarding

ESR results in unexpected system failures and missed events,

which can be alleviated by integrating Culpeo into intermittent

system schedulers. Future work should explore uses of Culpeo

beyond scheduling:

Language Constructs. Disregarding voltage can break energy-

aware language constructs. Energy-Types [26] provides a

type system to enable energy-aware programming. A well-

typed program preserves an invariant that program elements

associated with high energy availability (e.g. battery full) may

interact with elements associated with low availability (e.g.

battery nearly empty), but not vice-versa. This invariant is

insufficient for intermittent systems. A program element could

take little energy but have a high ESR drop. Calling this

element with little energy respects the invariant but could

cause the system to fail. To enable sophisticated resource-

aware programming on intermittent systems, languages must
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have abstractions for voltage-awareness.

Probabilistic Resource Reasoning. To make forward progress,

a task must be able to complete when starting execution with

a full capacitor. Compile-time tools use probabilistic energy

models [29] to give bounds on completion probability and to

aid the programmer in sizing tasks. As we have shown, energy

modelling is not enough as a task could with all likelihood

have enough energy to run and still fail. Future efforts in

probabilistic reasoning must model voltage as a resource.
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