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Abstract—Tiny battery-less Internet of Things (IoT) devices
that depend on the harvested energy from their environment pro-
vide a promising alternative for a sustainable IoT vision. These
devices use small capacitors as energy storage, which together
with the unpredictable and dynamic harvesting environment
results in intermittent on-off behavior of the device. The crucial
issue to effectively use battery-less IoT devices is to find a way of
enabling the successful execution of application tasks in face of
this intermittency. As the conventional computing models cannot
handle this behavior, in this paper we present an energy-aware
task scheduler for battery-less IoT devices based on dependencies
and priorities, which can intelligently schedule the application
tasks avoiding power failures and maintaining forward progress.
With the properly defined voltage thresholds for each application
task, using our energy-aware task scheduler a safer execution
can be ensured. We evaluate our approach based on emulated
and real experiments and validate it using two types of power
management units (Environment Emulator and Intelligent Power
Management Unit based on the AEM10941 chip). Our results
show that the energy-aware task scheduler is able to react and
adapt the execution to environmental changes, avoiding power
failures. Comparing to the state of the art scheduling approaches,
which are mostly not aware of the energy, we show that our
energy-aware task scheduler can keep the device on during
the full time of the experiment, executing more tasks when a
relatively small capacitor of 10mF or less is used at harvesting
currents as low as 404 A.

Index Terms—sustainable IoT, battery-less IoT, intermittent
computing, energy harvesting, BLE, energy-aware task scheduler.

I. INTRODUCTION

HE Internet of Things (IoT) is a concept used to con-

nect objects to the Internet, enabling billions of tiny
devices, from smart-enabled devices to sensors for climate and
agriculture monitoring, to cooperate and communicate with
each other while performing different application tasks such
as sensing (e.g., temperature and humidity), processing and
transmitting data [1]. Due to the low price and maintenance,
as well as easy usage, these devices are involved in a wide
range of 10T applications, such as wildlife tracking, healthcare
[2] [3], autonomous vehicles [4] or building monitoring [5]
[6]]. Typically, most IoT devices consist of a microcontroller
(MCU), a radio chip (i.e., low power radio technologies),
sensors and actuators to interact with the environment, and
a battery that acts as a main power source [[1]] [[7].
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Stable power can be provided by batteries, but even when
rechargeable, they are short-lived, lasting at most a few years.
As the number of devices grows, the short lifetime of batteries
requires maintenance, disposing and replacing, which becomes
expensive and harmful to the environment. These batteries are
bulky, which is not suitable for smaller devices, temperature
sensitive and dangerous when not carefully protected, which
makes their maintenance even more difficult in hard-to-reach
areas. Even with some improvements, rechargeable batteries
in combination with energy harvesting mechanisms, can still
cause capacity degradation due to frequent charge-discharge
cycles, reducing their lifetime [[1]]. Considering all of these,
as well as their toxicity and chemically harmful composition
that is ecologically unacceptable, they are incompatible with
a sustainable IoT vision.

Improvements in processor architectures along with a re-
duction in energy consumption using low-power radio tech-
nologies enable a new type of devices that entirely depend on
harvested environmental energy and do not need batteries for
operating [8] [9]. These devices are powered by harvesting
available energy from different environmental and renewable
sources (e.g., solar, thermal or RF energy) which is stored
in small capacitors. These capacitors are cheap and more
resistant to capacity degradation, which prolongs their lifetime
to more than a decade. Battery-less devices are easy to recycle,
temperature insensitive and almost maintenance free, which
makes them more environmentally friendly and suitable for
operating in large-scale deployments.

Besides all advantages and improvements, there are still
gaps and challenges that these devices face. Harvestable power
sources are usually weak and unreliable with the amount of
generated energy depending on current environmental condi-
tions (e.g., solar energy is unavailable at night) [6]. During
the inactive period (i.e., sleep state) the device replenishes its
stored energy, which is scarce, especially when the capacitor is
small. When sufficient energy accumulates, and the operating
threshold is reached, the device starts executing tasks. A device
works undisturbedly as long as there is enough stored energy.
Once the energy is depleted and the device turns off, the
volatile state (e.g., stack memory and register contents) and
data are lost, and forward progress is interrupted. To ensure
forward progress, the program must save the volatile state
to non-volatile memory (e.g., FRAM or Flash) before the
energy runs out. In the end, all these things cause intermittent
execution, as shown in Figure where the device turns on and
off frequently, as it depletes and replenishes the stored energy
in the capacitor. The charge and discharge cycle intervals
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II. RELATED WORK

The main characteristic of battery-less loT devices is their
intermittent on/off behavior, where they can lose power at any
point of time. As traditional computing models and approaches
cannot handle such behavior, new strategies that can enable
battery-less devices to operate under unstable power supply
are required. Different models and schedulers that can handle
battery-less intermittency have been proposed. They are mostly
based on two main strategies, checkpointing and task-based
models.

Fig. 1: Battery-less intermittent on/off behavior Checkpointing-based models capture a system state peri-
odically and after reboot continue with the execution starting
from the state captured by the checkpoint [12]. Mementos [13],
depend on the considered hardware, capacitor size, and en&r@Pk [14] and. Ratchgt [15] haye tried to preserve the forward
conditions [8]. progress, but increasing the size of checkpoints and volatile
. . . memory, the program's time and energy overhead grows.
~ The crucial issue to effectively use battery-less 10T devicgg, this behavior the possibility of depleting the available
is to nd a way of enabling the successful cycle of tasknerqy increases, which makes these approaches unsuitable
handling with their intermittency and reducing the possibility, pattery-less devices. Even considering the dynamic check-
of power failures. Conventional computing models and Statﬂﬁ)inting approach [16], there is a possibility that the code

sequential applications cannot handle such behavior, as the¥rates with inconsistent values, which makes the memory
lose forward progress assuming a stable power supply du”(%hsistency uncertain.

execution [1]. This problem can be solved with task-based

dels 1101 111 h h task ; tormi On the other side, task-based models split the program
moaels [10] [ l w ere €ach task periorms some aloMjy,, yifferent atomic subtasks, saving the output data in non-
function, and its output is saved in non-volatile memory aft

flolatile memory after each execution. These models are more

I su_cdcestsrl:ully completes. Howe:/ert,h.almost none of theE?JitabIe for battery-less devices showing better performance
consider the energy awareness. n this paper, we presenya reserving forward progress. Alpaca [9] is a low-overhead
energy-aware task scheduler for battery-less IoT devices t

intelligently decide when t : i ¢ task gramming model for intermittent computing on battery-less
can intefiigently decide when 10 €xecule a Speci € 1ask Collgr jeyices, which decomposes the program into a sequence of

ts;de;:ngtthek harvestlei\d anstl ava_lla?tle %ne;rgy, enerr]gy constgruggr_de ned tasks preserving forward progress despite power
y Ihe task, as well as its priority. belore each execuliopy, o Memory consistency is guaranteed through the pri-
the scheduler selects the task with the highest priority to tization of shared data between connected tasks. Another

executgd. To preserve the forward.progress, after the t 3Sk-based scheduling approach, based on task granularity,
execution the output data, together with all dependent succe, s presented by Colin et al. [12]. Similar to Alpaca, Chain

ing tasks will be stored in non-volatile memory. Con5|de_r|n uarantees memory consistency, but with higher overhead due
the energy awareness, our approach can avoid power failu

. . Sits channel-based memory model. The forward progress
improving the overall performance of the scheduler. is ensured as long as the energy demand never exceeds the
The main contributions in this paper are: (i) the main conoptal energy storage capacity of the device. Hester et al.

cept of our energy-aware task scheduling approach, includipd] presented Mayy, a language and runtime for timely
system design, algorithm and implementation; (ii) accuraggecution of sensing tasks on tiny, intermittently powered,
device proling methodology of different application tasksenergy harvesting sensing devices. Their approach ensures the
and device states, determining the impact of the schedulerfgavard progress and de nes different types of constraints
current draw; (iii) realistic evaluation of our approach baseghich keep the data consistency, freshness and utility across
on a real implementation in a battery-less prototype devig@ultiple power failures. All three mentioned approaches are
and validation using two types of power management uniiased on static task ows and if the task cannot be nished
(PMUs). due to lack of available energy, it will be executed again.
The remainder of this paper is structured as follows. Sethe main problem here is the risk of task starvation because
tion Il reviews the state of the art on battery-less computirijese schedulers do not advance any other task if the previous
and scheduling. In Section lIl, the energy-aware task schedut@e cannot be completed. Also, in the rst two scheduling
for battery-less 10T devices, along with the application impleapproaches the selection of tasks based on their priorities has
mentation, metadata, and scheduling algorithm is describ&ét been included.
Section IV presents the accurate device pro ling methodology Yildirim et al. [10] proposed an event-driven approach
to determine the current consumption and execution tinfier battery-less 10T devices, introducing building blocks and
of different application tasks and device states, as well abstractions that can enable reacting to changes in available
the impact of implemented scheduler. Section V shows tleaergy keeping the sense of time and memory consistency.
evaluation and validation results, together with discussiomK always tries to execute the event/task with the highest
Finally, conclusions are provided in Section VI. priority, without considering energy availability, and if the
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available energy depletes during the execution, the task faBsheduling approach on battery-less LoRaWAN devices with
Considering its dynamic strategy along with the prede nednergy harvesting [19], where we considered two different
task priorities, the issue of task starvation can be avoidesirategies allowing the device to sleep and turn off between the
However, none of aforementioned approaches take enemygecution of application task cycles. We de ned an optimiza-
awareness into account. Compared to them, our study alloties problem that determines the optimal capacitor voltage at
us to schedule tasks in an energy-aware fashion, taking imtbich the device should start performing its tasks avoiding
account energy harvesting budget and current consumptiortled possibility of power failure. In this paper, we extend
the tasks, as well as their priorities. We consider and evaludite previous work in several ways. Our new energy-aware
the real measured energy cost of every speci c state of thesk scheduler is more generic and can be used with dif-
device, including the impact of the scheduler. Based on currdatent applications and technologies, considering the generic
consumption, execution time, harvesting rate, and capacit®pendencies among tasks. Also, after each task execution the
size, we can determine the required starting voltage for evarytput data is saved in non-volatile memory, which was not
speci ¢ task avoiding power failures. considered before. The model validation is performed based
AsSTAR [17] is an energy-aware task scheduler that rapidgn an implementation in a real battery-less prototype device.
identi es optimum task scheduling rates and adapts quickly to
environmental changes ensuring extremely low performance |ll. ENERGY-AWARE BATTERY-LESSIOT DEVICES

overhead in terms of memory, energy and execution time. It is|, ihis section, the brief overview of the energy-aware

fully autonomous and requires no pre-con guration, delivering, .o ch for battery-less loT devices is provided. We start with
sustainable operation on heterogeneous platforms. In thelk gescription of our energy-aware task scheduler for these
work, they considered larger super capacitors (between 1 giices along with the application implementation, metadata,
5 Farad), which may be too large to t into tiny battery-es$,y scheduling algorithm. In the end, we describe different

IoT devices and only considered single-task applications Withages when power failures can occur, and how our energy-
out dependencies or priorities. Instead, we focus on smaller- o task scheduler handles them.

capacitors that are more suitable for tiny battery-less devices,
considering different application tasks that are scheduled based .
on their priorities and dependencies. Majid et al. [8] present@d Energy—aware .tf”lSk scheduling approach based on depen-
an adaptive task scheduler that can adapt its executiondf?)nCIes and priorities
the incoming energy conditions at runtime. It supports a The main characteristic of battery-less 10T devices is their
variety of capacitors and ensures forward progress by groupitigpredictable behavior due to the highly variable energy
tasks together when more energy is available. During tegpply. There are different proposed models and concepts
program execution the task priorities are not de ned. Twihat tried to enable successful task execution on battery-less
scheduling algorithms for intermittent systems that scheduévices, but only by considering the complete energy lifecycle
computational and energy harvesting tasks have been propdé&d, harvesting current, stored energy, task and device energy
by Islam et al. [7]. They de ne the equal priority for allconsumption), it is possible to avoid power failures. Because
considered tasks assuming that computing and harvesting te@kéhat, in this paper, we propose a new energy-aware task
are separate and do not execute simultaneously. For validatiggheduling concept that takes into account the harvesting
only a 680mF super capacitor has been considered, and t@igkent, current consumption for every specic state of the
dependencies were not considered. In contrast, we allow ffvice, and is able to determine the minimum required voltage
harvester and the device to work simultaneously and de riereshold that the device needs to reach in order to perform
different task priorities along with speci ¢ constraints enablinggsks successfully.
power-hungry tasks to be executed for the specic use casel) Application implementation and metadat@ur energy-
Maeng et al. [18] presented an event-driven energy harvestiigare task scheduling concept considers two main inputs:
system, named CatNap, which splits the program into time) The application implementation, which consists of a pre-
critical code, for which energy must be reserved, and time compiled binary that implements each task as a function,
insensitive code. CatNap executes events atomically without as well as other functions relevant for the application,
interruption by a recharge or a power failure. In their work, such as con guring the network interface or low power
they consider only the worst case while charging the capacitor, functionality. The considered application is divided into
and not for every event speci cally, which can cause wasting connected tasks where the output of a predecessor task
time on useless full capacitor charging periods. Delgado et al. acts as the input to its successor task(s). Each task
[1] presented an energy-aware task scheduling algorithm that is characterized by its name, execution time, current
is able to optimally schedule application tasks, avoiding power consumption, deadline, priority, and output. Considering
failures and providing insights on the optimal look-ahead the task parameters, such as execution time and current
time for energy prediction. Their work is complementary to  consumption, as well as the harvesting rate and capacitor
ours, as they focused on the optimal algorithmic design of size, the required voltage threshold for every speci ¢ task
the scheduler, and we focus on the system and software can be calculated and used during the program execution.
that enables the deployment of such energy-aware scheduliiiy The application metadata, which the user can de ne in
algorithms on real I0T devices. JSON format. These JSON les are parsed and compiled
Finally, we have also presented an energy-aware task by the scheduler when a new application is loaded into
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Listing 1: Generic JSON representation of application tasks

Listing 2: Generic JSON representation of task ow

f"Tasks”: f fr

"functionName”: taskname,

"currentConsumption”:f
"value”: measuredvalue ,
"unit”: unit_value

g

”

xecutionTime”: f

TaskFlow”: f

"parentTask”: f task source,
"childTask”: f_task destination ,
"constraint”: f
"variable”: constraintvariable ,
"value”: constraintvalue ,
"type”: constrainttype

"value”: measuredvalue ,
"unit”: unit_value
g, ) g
"deadline”: f
"value”: set value ,
"unit”: unit_value
9,
"priority”: set_value ,

"initialTask”: set_value ,
"requiredVoltage”: f

"value”: measuredvalue ,
"unit”: unit_value

g,

"output”: f
"variable”: output variable ,
"type”: output_type

g

g

the device. The metadata is provided in two main JSON

structured les, the rst le to de ne task parameters
(Listing 1) and the second one to create a task ow
(Listing 2).

Fig. 2: Atomic task order considering constraints

to execute the next task in the ow (e.g., the required

The metadata ensures that the energy-aware task sched-number of temperature samples is 3).

uler is completely independent of the specic applicatioriii)

or application ow. It can be used with a wide range of

different applications and scenarios, de ning different task

parameters and ows for different cases. In this way, changing
the parameter values, order of tasks or even the complete
task ow becomes much faster and easier, saving time arid)

decreasing the burden for programmers.
The task ow description contains the task order and

constraints de nitions. All tasks are characterized by an order,
which is implemented as a parent/child relationship, as illus-
trated in the example in Figure 2. Task A is the start task, and
has two child tasks, Task A and Task B. Due to its periodicity

Data availability, which checks if the needed input for
the succeeding task in the ow is available. In case that
this constraint is satis ed the task will be scheduled, but
not necessarily executed rst, depending on the schedul-
ing algorithm.

Mathematical comparison on an output(e.g., ¢, i, =),
which checks the output of the preceding task, and based
on the obtained value the energy-aware scheduler can
decide on the next step. In case that this constraint is
satis ed (e.g., the temperature value is lower than 25),
the scheduler will schedule the child task for execution.
If the constraint is not satis ed, the task will be skipped.

that is de ned as a constraint type, Task A can be consideredThese constraints are presented in the application metadata

as a parent and child of itself. Task B has only one child taskat creates a task ow (Listing 2). Each task constraint is
which is Task C. Task C cannot be executed if the constraigiaracterized by its variable, which is associated with the

is not satis ed.
Constraints can take several forms:

output from the parent task (e.g., average temperature is the
output variable from the compute task), value, which de nes

i) Repeat which de nes the periodicity of task execution.a speci ¢ requirement based on the constraint type (e.g., with

Using this constraint, we can de ne how frequentithe availability constraint there is no need for a value, as

the specic task should be executed (e.g., execute thee always want to check if the data is available), and type,

temperature measurements every 1 second). Basedwdrich de nes the constraint type (e.g., available refers to data
this value, the task will always be rescheduled after availability).

prede ned period. If the available energy is low, it may 2) Energy-Aware Task Scheduling AlgorithrThe main

not be executed, or execution may be delayed. goal of our energy-aware task scheduler is to maximize the

Number of samples which de nes the required numbernumber of successful task executions based on their prede-
of output samples that the device has to collect in ordered priorities, child-parent dependencies, and deadlines. The
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Algorithm 1: Initial setup Algorithm 2: Priority-based energy-aware scheduling
1 if task instances stored in memahen algorithm
2 \ I retrieve task instances from memory; 1 while |1 6 ; do
3 else 2 i highest priority task instance froin
4 T parse tasks and task ows from JSON 3 if i:earliest start_time + i: executiontime
metadata; i: deadlinethen
5 storeT in non-volatile memory; 4 sleep untili: earliest start time;
6 [ 5 while capacitor voltage i:required voltage
7 forall t2 T do and current_ time + t, +i:executiontime
8 if t.initialTask==1 then i:deadlinedo
9 i create task instance from 6 \ sleept, seconds;
10 i.earlieststart time  currenttime; 7 end
11 i.deadline currenttime +t.deadline; 8 if capacitor voltage i:required voltageand
12 | I [f ig; current time + i: executiontime  i:deadline
13 end then
14 end 9 executei;
15 storel in non-volatile memory; 10 forall ¢ 2 i:task.childrendo
16 end 11 if constraint ofc is satis ed then
12 ic create task instance from
13 if cis repeat taskhen

ic.earlieststart time

energy-aware task scheduler works with two types of list&* _
currenttime + cirepeatdelay;

(i) the task list T) that refers to the general concept, which
contains a description of all considered tasks and ows bas&t
on the application metadata shown in Listing 1 and 2, arld
(i) the list of task instancesl) that refers to a specic task

else
ic.earlieststart time
current time;

execution, which includes all parameters from the task list with gnd . .

an additional start time parameter. 18 Ic.deadline — current time +
The energy-aware task scheduler will start with the initial c:deadlme;

setup by checking the memory status as shown in Algorithm™4 endl LT ieg;

(Lines 1-6). In case there are already some tasks stored in e

memory, the scheduler will retrieve the list of task instancés end
from the memory and proceed with the next steps. This wifl end
occur if a power failure occurs after the scheduler alrea?ﬁy end .
successfully nished the setup procedure before. Otherwigé, | | I nfig
it will need to read and parse tasks and task ows from t#2 end

JSON metadata, and store them as structures in non-volatile
memory.

The next step is to check the initial parent tasks from thHgghest priority will be selected. Otherwise, the device will
task list (Line 8). The initial tasks are all tasks that haveleep until the earliest start time (Line 4). In case that two
their initialTask parameter set to 1 in the JSON metadat@ask instances have the same priority, the one with the earliest
(cf., Listing 1). Once the initial task is selected, it will bedeadline will be selected rst.
associated with a task instance created from that task (Line 9)As we consider the energy awareness in our scheduling
The earliest start time of the selected task instance is set baapgdroach, the required voltage thresholds for each task must
on the current time (Line 10), and as it presents the initial tadke calculated, using the mathematical model and equations
the value is equal to 0. Therefore, the task instance deadlingissented in our previous work [19]. Based on the obtained
equal to the initial task deadline de ned in the JSON metadatalue, the scheduler is aware when the enough energy is
(Line 11). After this part is completed, task instances of atlollected to execute the task. The device will measure the
initial tasks will be added to the task instance list, and storedpacitor voltage at prede ned intervals (i.e., evergeconds)
in non-volatile memory (Lines 12-15). to check if the required voltage threshold of the selected task

Our energy-aware task scheduler works based on tdsktance is reached. As long as the capacitor voltage is lower
priorities as presented in Algorithm 2. Each task instance tisan required value, the device will go into sleep mode, and
characterized by its priority retrieved from the JSON metadatasait to repeat the measurement task again (Lines 5-7). This
and the one with the highest priority from the task instanceill delay execution, increasing the actual start time of the task
list will be selected (Line 2). If its deadline cannot be satis eéhstance based on the number of repeated voltage measurement
(taking into account also the time needed to charge thbgcles. Once the capacitor voltage is equal or higher than the
capacitor to the task's threshold voltage), the task instance wiquired threshold, the task instance can be executed, if it can
be removed from the list, and the next task instance with tlséll be completed within its deadline (Lines 8-9).
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In addition to task priorities, the energy-aware task sched-
uler also includes dependencies, which are implemented as
child tasks. The relationship between the parent and child
tasks are presented in the JSON metadata (cf. Listing 2)
in the form of an application task ow. Each task instance
can have one or more child tasks, which will be added to
the list of task instances, but only if their constraints are
satis ed, and subsequently, the highest priority task instance
will be executed. If the constraint is satis ed, the new task
instance will be created from the child task of the executed one
(Lines 10-12). The earliest start time of the child task instance
depends on the type of the task. In case it is a repeating
task, its earliest start time will be based on the current time
and required delay after which the task will be rescheduled
(Lines 13-15). Otherwise, the earliest start time is equal to the o . )
current time (Line 16). The deadline in which this task instancEig- 3: 10T application owchart including the de ned tasks
must be executed is based on the current time and deadline

speci ¢ to that task (Line 18), which is de ned in the JSON Time-keeping is also i K K of deadli
metadata (cf. Listing 1). Once this part is nished, the child Ime-keeping Is also Important, to keep track of deadlines

task instances will be added to the list of task instances, a-'0S POWer fa"“r?s- There are different solutions for th.'s
stored in non-volatile memory (Line 19) problem, such as (i) the approach based on a mathematical
It must be noted that the proposed energy-aware task sch%’-del that represents the elapsed time estimated by measuring
uler is modular, and the presented energy-aware priority-bc'iélé:ﬁfV much voltagg decayed across a srlnlal'l capacll(tor upon
algorithm can be replaced by a more elaborate algorithm, th§P°0t [20], and (i) a more accurate multi-tier timekeeping
not only looks ahead a single task execution, but predicts lorfghitecture based on a high-resolution remanence timekeeper,
term task execution success rate (e.g., the recent schedufif§aPle of tracking time across power failures, featuring
algorithm proposed by Delgado et al. [1]). an array of different RC circuits to be used for dynamic
3) Power failures and time-keepingthe important part of {imekeeping requirements [21]. _ _ _
our energy-aware task scheduler is that all the necessary daf2Ur €nergy-aware task scheduler tries to avoid power fail-
is stored in ash, preventing their loss in case of a powdHeS as much as possible. A power failure is expected to only

failure. There are different stages when a power failure cQfcuUr if the harvested energy is insuf cient to keep the device

occur. These are as mentioned below: powered in its lowest power state (i.e., during sleep).
i) After the JSON les are read and parsed - after
reading and parsing JSON les, all the necessary data IV. DEVICE AND APPLICATION PROFILING

related to the de ned application tasks is stored in the |y this section, we describe the implemented IoT sensor
ash as an array of C structs. Then the scheduler selegfsplication, including all de ned tasks and the order of their
the initial tasks and saves them as task instances. In caggcytion. Two types of PMUs used for the validation of
that a power failure occurs immediately after this part isur energy-aware task scheduler, along with different task
nished, the device needs to wait until it collects enougBcheduling approaches used for comparison, are presented. A
energy to turn on again and check if there is any contepfief overview of the used device and application pro ling

in the ash. The ash is not empty, and the scheduler ighethodology to get the current consumption and execution
ready to continue with the next phase, without having t@me of the different states of the devices, as well as the actual
reparse the JSON les. results, is provided. In the end, we explain how the harvesting

ii) Before task execution- the next phase is to select thecyrrent can be estimated, taking into account different possible
highest priority task. When the scheduler selects the taglgses.

it is ready to be executed. If a power failure happens just

before the execution, the relevant data is still safe in the o

ash, because after each task execution, the task instanfes/OT Sensor application

must be updated with new values (dependent child tasks)For evaluation purposes, we implemented an I0T sensor

and stored. After reboot, the scheduler will again pick thapplication composed of ve main tasks: temperature measure-

task, if its deadline has not passed, and continue with theent, store the temperature values, calculate and transmit the

execution. average temperature, and in the end con rm the transmission
iii) During the task execution while some tasks are pend- by brie y turning on a LED.

ing - In case that a power failure occurs during task Figure 3 shows the IoT application owchart, which in-

execution, after the reboot the device checks its ash amtlides all de ned tasks and their relation. The rst task in the

repeats the task, if it can still be completed within theow is temperature measurement, which is a periodic task,

deadline. In order to ensure task deadlines are met, itéed can be repeated every X seconds. In our experiments,

necessary to keep time across power failures. the sensing task was executed every 1 second and its rst
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start time was considered to be 0 seconds. When the dewieel starts harvesting energy at 380mV with an input power of
measures the temperature, the value is put in a temperatoméy 3 A.

array, with a prede ned size Y, and stored. After the store The board can be logically divided into four different modes
task is nished, the scheduler selects the compute task thatlspending on the capacitor voltage:

able to calculate the average temperature based on input valugs\pitage below Viumors  (Discharged), where the PMU
from its predecessor, but only if the constraint is satis ed. In ~ only charges the capacitor without providing supply to
this case, as constraint, we assumed the required number of {he DUT (LVOUT and HVOUT are deactivated).
sampled values to be 3. When the _dgvice collects 3 sar_npqu§ \Voltage betweerVimori  and Viumon , Where there are
and calculates the average value, it is ready to transmit the two possibilities. First, when the capacitor charges from
data to the receiver node. After the successful transmission, v, . (Discharged), then the PMU only charges the
as a con rmation, the LED W|" turn on for 500 mi||iseCOHdS. Capacitor without providing supp'y, and the second one,
when the capacitor already reach&lmon (Ready-
B. Power Management Units Charged), then the PMU provides the output voltage

, , supply and charges the capacitor.
There are different types of Power Management Un|tﬁ1) Voltage betweenVimon and the maximum allowed

(PMUs) available in the market. These boards can have an (Vmax ) (Charged), where in the availability of harvesting

internal mechanism to control charging and power supply current, the PMU charges the capacitor upvtgy and
periods, or some of them just act as a charger for the capacitor yntinues supplying the output voltage.

and alway_s supply power to the external device requiring ag \oltage aboveVimax (Overcharged), where the capacitor
external trigger to stop the supply. The proposed energy-aware charging will be deactivated and the output voltage sup-
task scheduling approach was validated using two PMUs: (i) plying is continued.

Environment Emulator (EE) [22], and (ii) Intelligent-Power
Management Unit based on the AEM10941 chip [23] designed
by e-peas for solar and thermal harvesters. C. Different task scheduling approaches
1) Non-Intelligent PMU (Environment Emulator]:he non- In our work, we have considered and compared four differ-
intelligent PMUs present a power source where the controlesit scheduling strategies:
given to the external entity. As the device is normally poweredy gnergy-aware task scheduling with ash storage

via USB or batteries, the EE was used to emulate the energy (EaS+FLASH) that writes everything to ash, which
harvesting environment and capacitor. The EE board was s safer when the device fails, avoiding data loss and

developed by De Mil et al. [22]. It acts as a virtual capacitor, ensuring forward progress.

and is able to emulate a wide range of energy harvesting) Energy-aware task scheduling without ash storage (EAS-
and energy storage con gurations. The EE is connected to FLASH) that only stores everything in volatile memory,
the device under test (DUT) via expansion connectors. It \hich works better if the device does not fail (e.g., when
measures the current_ con_sumption of th_e DUT and, based ihe amount of harvested energy is high enough). If the
on a con gured capacitor size and harvesting current, the EE  gevyice turns off, the application cycle needs to restart from
provides a variable voltage to the DUT in line with the voltage  g¢ratch.
that would be provided by a real capacitor. i)y Energy-unaware task scheduling with ash storage
2) Intelligent PMU based on the AEM10941 chifhe (EUS+FLASH) that includes the ash operations, but
power management is performed using a single inductor qoes not consider the required voltage thresholds for every
boost/buck regulator. The boost regulator harvests energy from gpeci ¢ task. If a power failure occurs, the device will try
the solar panel to charge the on-board storage using maximum o re-execute the same task again after the reboot, reading
power point tracking. This system uses an RG trigger circuit  the application state from the ash.
which makes the capacitor charge only when its voltage i§) Energy-unaware task scheduling without ash storage
lower than a specic value. The battery-less loT device is (EUS-FLASH) that executes all tasks in a cycle without
turned on when the capacitor voltage reaches the turn-on looking at the energy available, based on the owchart,
threshold Vwmon ) and it is turned off when its capacitor  and without saving anything to the ash. If a power failure

voltage drops below the turn-off threshoMfmort ). occurs, the application cycle will reset after the reboot,
The AEM10941 [24] is an integrated energy management as there is nothing stored in the ash.

circuit designed by e-peas [23], for solar and thermal har-

vesters, which extracts DC power from up to 7-cell solar . L _

panels to simultaneously store energy in a rechargeable R Task_ current consumption and execution time for different

ement (e.g., capacitor). This solution can supply the syst&iff’eduling approaches

with two independent regulated voltages, the low-voltage To perform accurate experiments, the current consumption

output (LVOUT) and high-voltage output (HVOUT). LVOUT (Is) and execution timet{) of the different states of the

generates 1.2V or 1.8V providing a maximum load current dfevice, such as sensing, ashing operations, or transmitting

20mA whereas the HVOUT pin can generate from 1.8V tdata, are required. The real experiments, validation of our

4.1V providing a maximum current of 80mA. The evaluatioenergy-aware task scheduler, as well as a comparison between

board works with an input voltage ranging from 50mV to 5\lifferent task scheduling approaches, were performed using
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TABLE I: Current consumption and time values of nRF52840 DK board used with the EE

Current Consumption Execution Time
EAS EAS EUS EUS EAS EAS EUS EUS
State APP - + - + APP - + - +
FLASH FLASH FLASH FLASH FLASH FLASH FLASH FLASH
Temperature measurement  0.61 mA  0.66 mA 138 mA 0.64 mA 137 mA 1.15 ms 1.96 ms 12.31 ms 1.91 ms 11.76 ms
Store 1 1.31 mA 1.4 mA 1.4 mA 137 mA 137 mA 5.49 ms 7.39 ms 7.39 ms 6.81 ms 6.81 ms
Store 2 1.31 mA 1.4 mA 151 mA 137mA 146 mA 5.49 ms 7.39 ms 11.98 ms 6.81 ms 11.61 ms
Compute 1.33 mA 1.41 mA 1.54 mA 1.37 mA 1.48 mA 6.31 ms 7.64 ms 12.1 ms 7.22 ms 11.81 ms
Transmit 031 mA 034mA 057mA 032mA 055mA 3243 ms 3381lms 3575ms 32.74ms 34.7 ms
Blinking LED 587 mA 597mA 597mA 595mA 595mA 502.6 ms 508 ms 508 ms 504.7 ms  504.7 ms

the nRF52840 DK board [25] on which a Bluetooth meslist and stored, which requires additional ashing operations
application was implemented. The current consumptia) ( (EAS+FLASH and EUS+FLASH). The compute task calcu-
and execution timet{) of the different states of the nRF52840ates the average temperature, which does not consume much
DK board were obtained with a Nordic Power Pro ler Kit Il energy, but it also needs to store that value after the calculation.
[26], a standalone unit that can measure the current level on\lhen this task is nished, its child task(s) will be added
Nordic DKs, in addition to external hardware. The nRF52848nd stored, which again includes the additional ash part
DK board operates in nRF only mode, which tries to isolafer the specic scheduling implementations (EAS+FLASH
the chip on the board as much as possible, decreasing the tatal EUS+FLASH). Before the transmission, the scheduler
current consumption and making the low-power applicatidftAS+FLASH and EUS+FLASH) will again check the ash
more suitable for battery-less IoT devices. status, and select the transmit task as the next one, which
Table | shows the current consumption and duration favill add some additional current consumption. The nal task
different states of the nRF52840 DK board, including aih the cycle is the LED task, and as it does not have any
considered scheduling approaches, as well as the scendgpendent task that must be stored in the ash or added to the
without scheduler, used with the EE. These values wdist, all scheduling approaches show almost the same results.
measured at 3.3V, using a TX power of 8dBm and considerihig this case, compared to the application part, the overhead
three parts, (i) the application part (APP) that only includes tig@n only occur from the scheduler and voltage measurements,
de ned tasks, (ii) scheduler part without the additional astflepending on the implemented scheduling strategy.
operations (EAS-FLASH and EUS-FLASH) that includes the Using the scheduling approaches with additional ash op-
de ned tasks, but also shows the impact of the schedulegsations (EAS+FLASH and EUS+FLASH) ensures a safer
overhead, and (iii) the scheduler part with the additional astask execution, avoiding data loss and preserving forward
operations (EAS+FLASH and EUS+FLASH) that includes thprogress if the device fails, but also increases the current
de ned tasks and scheduler's overhead, but also shows tt@nsumption and execution time of tasks. This overhead can be
impact of the ash's overhead. Compared to the applicatiorerduced by removing the extra ash operations, and based on
part, the measured current consumption and execution tithat we considered the additional version of each scheduling
are higher when the scheduler and ash features are akgoproach (EAS-FLASH and EUS-FLASH). The EUS-FLASH
included. The scheduler adds some extra operations, suctsalsition is the lowest energy cost compared to other considered
(i) selects the task with the highest priority, (i) removes iapproaches, but also with the highest risk of power failures and
from the task list when it is nished, and (iii) occupies newdata loss to occur. On the other side, the energy awareness
places in the list adding all dependent child tasks related daspect of the EAS-FLASH solution that allows it to avoid
the executed one. In case when the energy-aware schedufipgier failures as much as possible, makes this approach a
approaches (EAS+FLASH and EAS-FLASH) are used, befogeod alternative to the EAS+FLASH in terms of the lower
every task execution, the device needs to measure the voltageent consumption.
in order to check if the required voltage threshold is satis ed, The current consumption and execution time for different
which also consumes some energy (around B)0Including states of the nRF52840 DK board used with the Intelligent
the additional ash functions before and after each task witower Management Unit based on the AEM10941 chip are
increase the current consumption, but also the availability pfesented in Table Il. These values were obtained at 1.8V,
data if a power failure occurs. based on the low-voltage output (Section IV-B2), using a
The lowest energy cost task is the temperature measufes power of 8dBm and including all considered scheduling
ment, but adding the scheduler features, the execution timggproaches. In this case, the device is not able to directly
and current consumption will increase, especially when thead the voltage from the power management unit, as is a
additional ash operations are added. There are two differecdase when the EE is used. In order to enable our device to
store states: (i) before the required number of temperatusad the voltage, an additional voltage divider with resistors
samples is collected, the additional ash's overhead is n& added that increases the current consumption of this task
included in any scheduling approach as the store task (eround 1.5mA), which in the end has the impact on the total
this stage does not have any dependent child task(s) to duerent consumption of each task when the energy-aware task
added, and (ii) after the required number of temperatusehedulers are used (EAS+FLASH and EAS-FLASH). This
samples is collected, the compute task will be added tofdl setup will be described in more detail in Section V-B.
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TABLE II: Current consumption and time values of nRF52840 DK board used with the Intelligent Power Management Unit
based on the AEM10941 chip

Current Consumption Execution Time

EAS EAS EUS EUS EAS EAS EUS EUS
State APP - + - + APP - + - +
FLASH FLASH FLASH FLASH FLASH FLASH FLASH FLASH
Temperature measurement  1.12 mA 1.4 mA 2.1 mA 1.2 mA 1.61 mA 1.22 ms 1.73 ms 12.83 ms 1.45 ms 11.81 ms

Store 1 1.9 mA 216 mA 216 mA 197 mA 197 mA 5.84 ms 7.69 ms 7.69 ms 7.26 ms 7.26 ms

Store 2 1.9 mA 216 MA  243mA 197mA 224 mA 5.84 ms 7.69 ms 12.23 ms 7.26 ms 11.2 ms

Compute 194mA 218mA 258mA 2.02mA 23 mA 6.08 ms 7.75 ms 12.4 ms 7.33 ms 11.2 ms

Transmit 047 mA 061mA 084mA 051mA 072mA 2841ms 3431ms 36.5 ms 32.65ms  34.38 ms
Blinking LED 022mA 048 mA 048mA 029mA 029mA 5026ms 506.1ms 506.1ms 5048 ms 504.8 ms

the calculated voltage threshol® will be lower than
required, and a power failure will occur, and (ii) when
the predicted harvesting curreh$ is lower than a real
one, the calculated voltage thresholg will be higher

E. Harvesting current

In addition to the current consumptiohs] and execution
time (ts) of the different states of the device, we also need
to know the harvesting currenty). Using these values, the ; e :
required voltage threshold calculations can be performed accu- than required, which is not optimal.
rately, reducing the possibility of power failures. Considering In this work, we have performed experiments both consid-

these parameters for every speci c task, the energy-aware t&#g a perfectly predictedn, and the worst-case estimate
scheduler knows when to start with the execution. approach. We did not consider a predictive approach, due

There are different ways how to calculate the requird@ the dif culty in accurately predicted harvested energy. We

voltage threshold/, based on Equation 1 presented in [1g];consider this a separate topic, and subject of future work.
The electrical circuit model of a battery-less I0T device

Vmin  In (Is)(1 e(ﬁ)) using a current source energy harvester, which was presented
Vo = () in our previous work [19], is a simplied model of the
et EE, and with it we are able to get a match in terms of

where Vi is replaced withVpin , the minimum voltage the capacitor behavior. On the other side, there are some
on which the task ends, arlg, is the estimated harvestinggifferences between the Intelligent Power Management Unit
current. Based on hoWy, is estimated, we can obtain differentyased on the AEM10941 chip and EE. When the Intelligent
estimates folo, referred to as/g: Power Management unit based on the AEM10941 chip is
i) Worst case estimatd { = 0) - used, (i) the supply voltage to the DUT is constant, and
(ii) there is different charging/discharging behavior of the
( capacitor depending on if the voltage is supplied or not, or
€ in which mode the board operates (Section 1V-B2). Based on
As a baseline for comparison, the harvesting current cgiat, we are not able to get a perfect match comparing with
simply be estimated as 0, resulting in the highest possildér mathematical model, but we can still use it to determine
voltage threshold, but the lowest chance of a powetie approximate value that will be used as the required voltage
failure occurring. However, this approach shows sonifreshold.
disadvantages, especially with higher harvesting currents
when the required amount of energy for task execution V. RESULTS AND DISCUSSION
can be collected much faster. In this case, the device will|n this section, we present results and validation of our
waste time waiting to reach the worst-case threshold, evgRergy-aware task scheduling approach described in Sec-
if a lower value can ensure the successful task executiqin |1l based on real experiments and the task voltage thresh-
affecting the data freshness and missing deadlines.  q|ds derived in Section IV. In our scenarios, we have consid-
Perfect prediction I(, = known) - ered two devices, a battery-less low-power node (nRF52840
Vo= v DK) on which the application along with the energy-aware
= Vo 3 g
task scheduler is implemented, and a constantly powered
Considering the perfect prediction, the harvesting curresérver/receiver node (nRF52840 DK) to receive the sent aver-
is constant and de ned before the experiment starts, whielge temperature values. In order to enable the communication,
makes the calculation of required voltage thresholds mubbth devices are equipped with a Bluetooth Low Energy (BLE)
easier. However, it is not realistic to assume the futuradio supporting the Bluetooth mesh features.
short-term harvesting current is known, as it uctuates Before they can participate in a Bluetooth mesh network,
rapidly over time. both nodes must be provisioned. The provisioning process
Predicted estimatelf) - energy harvesting predictionsis used for adding devices to the mesh network, and it is
can help determine after how long the energy-awaperformed by the provisioner, which can be the same board
scheduler will have the required energy to execute a tasis we mentioned above running the provisioning code, or
However, there are still two possible scenarios: (i) if the smartphone on which the required nRF Mesh application
predicted harvesting currehf is higher than the real one, [27] is installed. In our case, the second option was used,

VOO: Vmiltz)

(Is)C

Vo> Vo 2

i)

ii)
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TABLE lII: Experimental setup with the EE time of the experiment, and (ii) we de ned different harvesting

currents and switched between them every 35 seconds during

Parameter Symbol Value

Turn-off Voltage YA RY, the experiment in order to see if our scheduler is able to
Min Voltage Vimin 2V dynamically react to environmental changes. Also, it must be
Max Voltage E 35V . . .
Capacitance o (4.7, 10, 20) mF noted that using the EE, experiments start at the maximum
Harvesting Current Ih 17.09 - 85.47 A allowed voltage with a fully charged capacitor, and the har-
TX Power TP 8 dBm . .
Duration Texs 160 - 250 s vester starts to provide energy after 5 seconds, which can affect
Sensing periodicity tiemp 1s the number of executed cycles at the start of the experiment
Reﬁ?ggiﬂ?ﬁ ff,:;g(_j'ggﬁ]mes N:;ﬂ";e 135 before the voltage drops to the steady state (around 2.05V) in

all considered cases.
2) Constant harvesting currentin this approach, the

TABLE IV: Application task priorities . . .
PP P known harvesting current for calculating the required voltage

Task Prioriy thresholds of the tasks is considered, which means that the
Temperature measurement 3 perfect prediction case is used. This value is constant and
Comote > de ned before the experiment starts. Figure 4 shows the
BliIL?:gSTED io capacitor voltage changes when the device executes different

tasks described in Section 1V, considering different capacitor
sizes and harvesting currents. The most power-hungry task is

) . the LED task, which consumes the highest amount of energy
where devices have been provisioned before the progray takes much more time to complete compared to other

started. During the provisioning task, loading and parsing {sks that we considered in this work. As the capacitor size
the metadata (JSON les) can be done. increases, lower harvesting currents can be used. It is expected
) ) that using a smaller capacitor will lead to a reduction charging
A. Non-Intelligent PMU (Environment Emulator) time, resulting in more application cycles to be completed.
1) Experimental setupBased on the de ned loT sensorHowever, this is not the case, as can be clearly seen when
application and manually set con guration of the environmertomparing Figure 4a and 4c or 4b and 4d. This is because
emulator, we de ned and performed different experiments & smaller capacitor requires a much higher voltage threshold
validate our energy-aware task scheduling approach. Tablewihich in turn results in longer charging times.
lists the general parameters used in our EE experiments. Th&hen using a smaller capacitor (cf. Figure 4a) with a lower
minimum operating voltagé/min is equal to 2V, and the harvesting current, such as 17.09\, the device needs to
maximum allowed voltage based on EE constraints is 3.58/eep for a long time in order to reach the required threshold
The device collects a new temperature value every 1 secofahove 2.9V) to perform the LED task, which is the highest
and after 3 measurements the next task can be executtkergy consumer. This task will deplete almost all the available
Using the mathematical model described in our previous woekergy, and force our device to sleep again in order to reach the
[19], the required voltage threshold for each de ned taskireshold of the sensing task and start a new cycle. The impact
can be calculated exactly considering the set capacitor siaé this behavior can be seen in a total nhumber of successful
harvesting current, as well as measured current consumptayeles (7 cycles in 250 seconds) at the end of the experiment.
and execution time. The device needs to wait until the voltageAs the harvesting current increases (cf. Figure 4b), the
threshold is satis ed to avoid a power failure from occurringrequired thresholds are still high (all above 2.4V), but the
In case that the measured voltage is below the threshold, thanber of successful cycles increases (22 cycles in 250
device sleeps for a prede ned time, which is in our case sgtconds). In this case, the device needs less time to collect
to 1 second, and checks the voltage again. Our energy-awaneugh energy for performing the LED task, and meet the
task scheduler was con gured to stay above 2V, with a safetext task constraints after nishing it.
margin, as the turn off voltage is equal to 1.8V. This can be As the capacitor size increases (cf. Figure 4c, 4d), the
done by calculating the voltage threshold for each task witequired voltage threshold for each task will decrease. It can
Vmin Set to 2V. As mentioned before, all tasks are selectstlll be observed that the LED task consumes the most energy
based on their priorities, which are summarized in Table I¥ompared to the other tasks, but now the threshold is much
The priority has been set based on the type of applicatitower (below 2.15V) and the device can reach it faster. Even
task; measuring the temperature is not as critical as computimen the voltage drops below 2V, the capacitor charges fast,
the average value when the required number of samplesaigl the device needs less time to reach the next threshold.
collected. After each sensing task, the temperature value mimgtreasing the capacitor size and harvesting current, the device
be stored in the ash, which makes this task higher prioritizedill show better performance, until it reaches the point when
than the periodic measurement. The transmit task is the tdbkre is enough energy to perform all tasks without voltage
with the highest priority and will be executed rst whenevewariations.
an average temperature is available. In the end, the applicatiofrigure 4b, 4c, and 4d show some unexpected behavior
cycle is nished by blinking the LED. where huge voltage drops occurred. This can be explained
For the EE experiments, we have considered two madonsidering the added scheduler features which are mostly
strategies: (i) the constant harvesting current during the fuéllated to the ash erase and write functions. In our case, the
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(@) C=4.7 mFl, = 17.09 A (b) C = 4.7 mFl, = 85.47 A

(c) C =20 mFl, =17.09 A (d) C =20 mFl, = 8547 A

Fig. 4: Capacitor voltage behavior when executing different tasks considering different capacitor sizes and constant harvesting
currents

starting voltage at which this behaviour occurs affecting the
total number of executed application cycles. To ensure that the
device will not turn off when this behavior occurs, the higher
current consumption and execution time are considered for
calculating the required voltage threshold, taking into account
this worst case energy consumption which occurs sporadically.
The average time needed to complete a full application cycle
(cf. Figure 5), which starts with temperature measurements
and ends with the LED task if all constraints are satis ed,
as described in Section IV (cf. Figure 3), depends on the
capacitor size and harvesting current, as well as the calculated
required voltage for every considered application task. We
considered different capacitor sizes, and tested their behavior
with different harvesting currents.
Considering smaller capacitors such as 4.7mF, the needed
average time to complete a full application cycle is longer
Fig. 5. Average time to complete a full application cycleompared to the other two. The reason for that is because the
considering different capacitor sizes and harvesting current®quired voltage thresholds that the device needs to reach in
order to execute every task are higher, which takes more time
and affects the nal number of performed cycles. The same

device needs to execute the ash operations more frequenfighavior as with the other two capacitor sizes is observed,
before and after each task execution in order to prevent détereasing the harvesting current the average needed time for
loss, which can occasionally take more time than expect@fie cycle decreases and the device shows better performance.
preventing the chip from going to sleep mode and increasing3) Non-constant harvesting currenttn the second ex-

the total current consumption. This behavior causes delgyariment, the harvesting current was varied throughout the
in ash operations and holds the device in the ON stagxperiment. We switched the harvesting currents every 35
discharging the capacitor very fast. The voltage drop deperstsconds, considering the values presented in Table Ill, to check
on the provided harvesting current, capacitor size, and tlfi@ur energy-aware task scheduler can react to environmental
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(@) C=4.7 mF (b) C = 20 mF

Fig. 6: Capacitor voltage behavior when executing different tasks considering different harvesting currents during the
experimental time

TABLE V: Experimental setup with the Intelligent PMU based
on the AEM10941 chip

Parameter Symbol Value
Turn-off Voltage Viurnoft 28V
Turn-on Voltage Viurnon 3.67V

Max Voltage Vmax 45V

Capacitance C (4.7, 10) mF

Harvesting Current I'h (20, 40) A
TX Power TP 8 dBm
Duration Texp 5400 s
Sensing periodicity ttemp 1s
\oltage check periodicity tyvol 1,10 s
Required num. of temp. samples N sample 3

required threshold that can be reached faster compared to when
a smaller capacitor is used (cf. Figure 6a).
The nal comparison between different capacitor sizes re-

] o ) lated to the total number of a full application cycles is shown
Fig. 7: Number of executed application cycles for differen, Figure 7. Again, the larger capacitor of 20mF shows the

capacitor sizes considering variable harvesting current oygts;: herformance allowing our device to execute the highest

time number of application cycles due to the behavior and reasons
mentioned above. As the capacitor size decreases, the required
voltage threshold for each task will increase taking more time

changes. Figure 6 shows the capacitor voltage changes dugfiGharge and allowing our device to execute the tasks less
the task executions for different capacitor sizes and harvestipgquently.

currents, which were changed during the experimental time,
starting with the highest value of 85.4&. _ .

In both shown examples (cf. Figure 6a, 6b) it can be seEh Intelligent PMU based on the AEM10941 chip
that our scheduler is able to react to environmental changesl) Experimental SetupBased on the de ned loT sensor
and adapt the execution to the new situation. The capacipplication (cf. Figure 3) and manually set con guration of the
acts based on the provided harvesting current and set voltageeas evaluation board, we performed different experiments
threshold, and as the harvesting current increases more cyttesalidate our energy-aware task scheduler and compare it
will be executed. For the larger capacitor (cf. Figure 6byyith different scheduling approaches. Table V lists the general
the device shows better performance executing more cyclparameters de ned in our experimental setup with the e-peas
which are presented as black dots on the graph, in almbstard. The turn-off voltage, below which the device cannot
all cases except when the harvesting current is the lowest.dpperate, is set to 2.8V, and the maximum allowed voltage,
this case, the device executed only one task cycle for bdthay , is equal to 4.5V. The battery-less IoT device will turn on
capacitor sizes due to the higher required voltage thresheWtien the voltage threshold of 3.67V is reached. These voltage
which requires almost all available time to be reached. thresholds can be set in different operating modes from a
all other cases, the device with the larger capacitor performenge that covers most application requirements through three
better and executes more application cycles, due to the loveen guration pins, without any dedicated component [24].
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(a) Energy-unaware (b) Energy-aware

Fig. 8: Experimental setup using the e-peas evaluation board

Compared to the approach where the environment emulator is be left oating.

used, for these experiments we have considered the real eneigySRC pin that is the connection to the harvested energy
harvesting environment with solar panels. The Panasonic AM- source, which is in our case the solar panel.

5608 [28] outdoor solar panel consisting of 6 amorphous) LVOUT pin that presents the output of the low voltage
silicon solar cells was used. As the sunlight intensity is LDO regulator. This pin is used as the connection to our
unpredictable, and the harvesting current can change at any nRF52840 DK board.

moment, the controllable setup with arti cial light which is 2) Comparison between ApproachesVe compare our
placed at some distance above the solar panel was desig@@rgy_aware task scheduling approach with the energy-
in order to fairly compare different scheduling approaches. Wegyaware scheduling strategies using the de ned IoT appli-
have used the Philips 5.5W White LED lamp (470Im) as a ligi#ation, and the e-peas evaluation board setup that considers
source. The experiments are performed in a completely daffe real energy harvesting environment. In our experiments,
room where the light is only produced by the bulb. All taskge have followed the behavior of the device under different
are selected based on their priorities, which were summariqqdmememed scheduling strategies (cf. Figure 9) in terms of
in Table IV. the time the device is turned on and the number of power
For the Intelligent PMU based on the AEM10941 chigailures (cf. Figure 10), and the total number of full application
experiments, we have considered four different scheduliggcles (cf. Figure 11).
strategies presented in Section IV-C. In both energy-unawareConsidering the energy-aware task schedulers, with
scheduling approaches, the device tries to execute the next tgsks+FLASH) and without additional ash operations (EAS-
immediately after the previous one, which does not guarantegASH), when a smaller capacitor such as 4.7mF (cf. Fig-
that the task will be nished before a power failure occurs, agre 9a and 9b) is used, power failures can be avoided com-
the required voltage thresholds on which the task executiofigtely. In both cases, de ning the required voltage thresholds
should start are not taken into account. The hardware setdp each application task, the device knows when the needed
for the energy-unaware scheduling approaches is shownaiount of energy is stored and the task can be successfully
Figure 8a. In contrast, using the energy-aware scheduliggecuted. If the required voltage is not reached, the device goes
approach, the battery-less loT device needs to be able to ob{gigleep mode, consuming a very low power (around A
the current voltage on the capacitor, in order to compare it 9d checks the voltage again after the prede ned tigge (1
the calculated voltage threshold of each task. In Figure 8nxd 10 seconds).
the energy-aware experimental setup with the e-peas board igor a larger capacitor such as 10mF, considering our energy-
shown, where an additional VOltage divider is added to enamﬁ/are task Schedu“ng approaches (Cf Figure 9¢c and gd)’ we
our device to read the voltage on the capacitor, and basediRiye noticed the same behavior as in the case the capacitor
the permitted range of Nordic GPIO act accordingly. As thgf 4. 7mF is used. Using both of our energy-aware task sched-
voltage measurement circuit contains additional resistors, tfigrs, the device stays on for the entire experiment duration
current consumption will increase. To reduce this, MOSFET@f. Figure 10a and Figure 10b), avoiding power failures in all
are used as a circuit switch. In this way, the harvested enehsidered cases (cf. Figure 10c and Figure 10d). However,
can be used better by determining the usable energy capagif% is possible only if we perfectly determine the value of
stored in the capacitor, and the loT application can be modi @fle harvesting current, which is the case in our controllable

to act in an energy-aware fashion. _ setup. In reality if this knowledge is not perfect, power failures
In both cases, we have used three power pins on the e-pgggid occur if the harvesting currenty| is overestimated
evaluation board: (Section IV-E).

i) BATT pin that is the connection to the energy storage In contrast, both energy-unaware approaches (EUS+FLASH
element, which is in our case the capacitor, and canremid EUS-FLASH) will try to execute tasks every time there
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(@ C=47mFl, =20 A (b) C=47 mFl, =40 A

(c)C=20mFl, =20 A (d)C=20mFl, =40 A

Fig. 9: Capacitor voltage behavior when executing different tasks considering different capacitor sizes and harvesting currents

@ln =20 A (b)1n =40 A

©1n =20 A (d)1n =40 A

Fig. 10: Total time the device is on and number of power failures for different task scheduling approaches considering different
capacitor sizes and harvesting currents
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@1y =20 A (b)1n =40 A

Fig. 11: Number of executed application cycles considering different capacitor sizes, harvesting currents, and voltage check
periods

is energy available, without checking if that amount of energgeconds to check if the required threshold is reached in case
is enough for the successful execution. After some time, thigat it does not have enough energy to perform the specic
energy in the capacitor will drain and the device will turnask. Between these two checks the device goes in sleep mode
off. After a power failure occurs, the device needs to wagonsuming around 1QA. This parameter is only relevant for
until the turn-on voltage threshold is reached to repeat tlige energy-aware solutions, as they consider the energy aspect
task execution or reset the full application cycle dependivghen selecting and scheduling tasks, and different voltage
on the selected energy-unaware approach. This can affect ¢heck periodicity will not affect the total time the device is on
data freshness and cause missed deadlines, or even complethe number of power failures. Therefore, we do not show
data loss if the solution without ash is used. The totalesults for different voltage check periods in Figure 10.
number of power failures depends on the capacitor size and=or a lower harvesting current such as 20(cf. Fig-
harvesting current. As the capacitor grows smaller, it is ablee 11a), the energy-unaware approaches, especially the so-
to perform more charge/discharge cycles, especially whkrion without the additional ash operations, show the better
the higher harvesting current is used (cf. Figure 9b), whigierformance compared to the energy-aware approaches. Using
increases the number of power failures (cf. Figure 10d). the EUS-FLASH solution the device consumes the lowest
A larger capacitor such as 10mF will take longer to chargeergy, as there are no ash operations, and voltage checking,
and reach the turn-on voltage threshold, especially when tivhich enables faster task execution until the turn-off voltage
lower harvesting current is considered (cf. Figure 9c). Hovis reached and a power failure occurs. Since the implemented
ever, since both energy-unaware solutions do not worry abaplication is not too power-hungry, starting at turn-on voltage,
the task energy cost, power failures are not avoided in this cagleich is in our case equals 3.67V, until it reaches the turn-
either. The energy-unaware solution where the additional asfff voltage threshold the device can execute a high number
operations are added consumes energy very fast, due to dheycles. This behavior leads the energy-unaware solutions
ash's overhead, causing the highest number of power failurés show the better results with this con guration compared
(cf. Figure 10c and 10d). Even if the energy-unaware solutido our energy-aware task schedulers. In contrast, considering
without the ash storing reduces this overhead and enablesr energy-aware approaches, power failures can be avoided,
the device to be awake for a longer period (cf. Figure 10a abdt the device operates around lower voltages (cf. Figure 9a,
10b), it is still not enough to manage and avoid power failure8c). It needs to wait until the calculated voltage threshold is
Finally, Figure 11 shows the number of full applicationmeached for each task in the cycle, which reduces the frequency
cycles executed during the experiments, considering differafttask execution, especially in case when lower harvesting
capacitor sizes, harvesting currents, and voltage check periodsrents are considered. When more frequently voltage checks
(1 and 10 seconds), which are used in the energy-aware task implemented (i.e., every 1 instead of 10 seconds), both
scheduling approaches. Based on the obtained results, emergy-aware approaches show better performance, especially
have concluded that the capacitor size, harvesting current,ttas EAS-FLASH solution where the additional ash operations
well as a period between two voltage checks, will determireverhead is reduced.
the number of performed application cycles. If the period As the harvesting current increases (cf. Figure 11b), our
between two voltage checks is too long, the device will reagmergy-aware task schedulers start to show better performance
the required voltage threshold before the next measuremeardmpared to the energy-unaware solutions. The needed time
wasting the rest of the time in sleep mode. Otherwise, if thfer reaching the voltage thresholds decreases, which results
period is too short, the device will check the voltage too ofteim more frequent task executions. In contrast, the number
consuming extra power, which can cause the task executiwifull application cycles using the energy-unaware solutions
to be postponed. Therefore, we tested two different voltagéso increases, but as they are not capable of avoiding power
check periods. The device measures the voltage every 1 orfaillures, the device still needs to wait for charging periods.
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The best results for both cases (4.7mF and 10mF) are shaB@MBAT (Time-Sensitive Computing on Battery-Less loT
by the EAS-FLASH solution, in case when the voltage chedBevices) and the CERCA Programme, by the Generalitat de
period is set to 1 second. As it reduces the ash's overhead, tBatalunya.
current consumption is lowered, power failures are avoided,

and the device does not waste time in sleep mode if the
required threshold is already reached. When the voltage check

period is .Set to 10 seconds, the qu'Ce ;Ieeps mor? missing t[hLF C. Delgado and J. Famaey, “Optimal energy-aware task scheduling
opportunity to execute tasks earlier, which results in a smaller for batteryless iot devicesJEEE Transactions on Emerging Topics in
number of performed cycles. Similar behavior can be observed Computing pp. 1-1, 2021.

. [2] S. Bose, B. Shen, and M. L. Johnston, “A batteryless motion-adaptive
with the EAS+FLASH approach, where the number of per heartbeat detection system-on-chip powered by human body HegE’

formed cycles is reduced due to additional ash's overhead. Journal of Solid-State Circuitssol. 55, no. 11, pp. 2902—2913, 2020.
With the voltage check period of 1 second, the EAS+FLASHS3] P. Escobedo, M. Bhattacharjee, F. Nikbakhtnasrabadi, and R. Dahiya,

: . “Smart bandage with wireless strain and temperature sensors and bat-
solution shows better performance compared to the similar teryless nfc tag/IEEE Internet of Things Journalol. 8, no. 6, pp.

energy-unaware implementation (i.e., EUS+FLASH). 5093-5100, 2021.
[4] S. Sachdev, J. Macwan, C. Patel, and N. Doshi, “Voice-controlled
autonomous vehicle using iot,Procedia Computer Sciencevol.
VI. CONCLUSION 160, pp. 712-717, 2019, the 10th International Conference on

; ; _ _ Emerging Ubiquitous Systems and Pervasive Networks (EUSPN-
In this article, we presented an energy-aware task sched 2019) / The 9th International Conference on Current and Future

uler for battery-less loT devices based on dependencies and Trends of Information and Communication Technologies in Healthcare
priorities, which intelligently schedules the application tasks (ICTH-2019) / Afliated Workshops. [Online]. Available: https:

i ; ; Ilwww.sciencedirect.com/science/article/pii/S1877050919317223
avoiding power failures. All tasks are characterized by al | A Coates, M. Hammoudeh and K. G. Holmes, Internet of

order, which is implemented as a parent/child relationship,” things for buildings monitoring: Experiences and challenges;” in
and the task with the highest priority will be executed rst,  Proceedings of the International Conference on Future Networks

; ; Pt and Distributed Systemsser. ICFNDS '17. New York, NY, USA:
start_lng with the mltla.l (parent) ta.Sk' E_aCh task can ha\{e Association for Computing Machinery, 2017. [Online]. Available:
multiple dependent (child) tasks, which will be selected only if  hitps://doi.org/10.1145/3102304.3102342

their execution constraint is satis ed. As we considered energjg] J. Hester and J. Sorber, “The future of sensing is batteryless,

awareness, calculating the required voltage thresholds for intermittent, and awesome,’ inProceedings of the 15th ACM
9 q 9 Conference on Embedded Network Sensor Systeers SenSys '17.

every speci ¢ application task will ensure safe task execution New York, NY, USA: Association for Computing Machinery, 2017.
without power failures. [Online]. Available: https:/doi.org/10.1145/3131672.3131699
First using an environment emulator and a Nordid?] B. Islam and S. Nirjon, “Scheduling computational and energy harvest-

. . ing tasks in deadline-aware intermittent systems,2@20 IEEE Real-
nRF52840 board, we validated our schedullng approach, CON- Time and Embedded Technology and Applications Symposium (RTAS)

sidering two main strategies. Our results showed that with 2020, pp. 95-109.
properly de ned task voltage thresholds, power failures caffl A- Y. Majid, C. D. Donne, K. Maeng, A. Colin, K. S. Yildirim,

. B. Lucia, and P. Pawe czak, “Dynamic task-based intermittent execution
be avoided and more tasks can be successfully executed. AlSO, {5 anergy-harvesting devicesfCM Trans. Sen. Netwol. 16, no. 1.

we have shown that our energy-aware task scheduler is able February 2020. [Online]. Available: https://doi.org/10.1145/3360285
to react to changes in the harvested current. [9] K. Maeng, A. Colin, and B. Lucia, “Alpaca: Intermittent execution

R without checkpoints,Proc. ACM Program. Langvol. 1, no. OOPSLA,
Second, based on the de ned IoT sensor application and o qner 2017, [Online]. Available: https://doi.org/10.1145/3133920
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: : : T : Proceedings of the 16th ACM Conference on Embedded Networked
with solar panels. As the sunlight intensity is unpredictable, Sensor Systemser. SenSys 18. New York, NY, USA: Association

and the harvesting current can change at any moment, a for Computing Machinery, 2018, p. 41-53. [Online]. Available:
controllable setup with arti cial light was used. We validated  https://doi.org/10.1145/3274783.3274837

; ; J. Hester, K. Storer, and J. Sorber, “Timely execution on intermittentl
our energy-aware task schedullng approach against an eneﬁw' powered batteryless sensors,” iﬁroceed)i/ngs of the 15th ACM g

unaware scheduling strategy in terms of the total number of conference on Embedded Network Sensor Systeens SenSys ‘'17.
full application cycles, the time the device is awake, and New York, NY, USA: Association for Computing Machinery, 2017.
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