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Abstract—Battery lifetime is a critical design constraint in IoT
embedded systems, particularly in applications using cellular
communication technologies such as NB-IoT. While external
power profiling tools provide accurate measurements, they are
often intrusive and difficult to use during field deployments.
This work presents a lightweight state-based energy estimation
framework for Zephyr-based embedded systems. The proposed
approach models the system as a set of independent subsystems
with associated operating states and runtime activity tracking.
A configurable implementation integrated with Zephyr RTOS
and nRF Connect SDK is presented without requiring modifi-
cations to existing application components. The framework was
experimentally validated using an NB-IoT livestock monitoring
platform based on the nRF9160 SoC. Experimental results
obtained using Nordic Power Profiler Kit II measurements show
low estimation error across different operating conditions and
hardware instances, demonstrating the practicality and robust-
ness of the proposed approach.

Index Terms—Energy consumption, NB-IoT, Zephyr, Internet
of Things.

I. INTRODUCTION

Battery lifetime is a critical design constraint in Internet of
Things (IoT) embedded systems, particularly in applications
involving wireless communications and remote field deploy-
ments.

In battery-powered or energy-harvesting systems, accurate
characterization and minimization of energy consumption are
essential not only to extend system autonomy, but also to sup-
port device configuration, deployment planning, and energy-
aware runtime operation [1].

Energy characterization and power profiling are fundamen-
tal during the design and deployment of low-power wireless
embedded systems [2], [3]. External measurement instruments
such as the Nordic Power Profiler Kit II (PPK2), OTII Arc
Pro, or high-precision DC power analyzers provide accurate
measurements, but they are impractical for continuous use in
field deployments.

Other estimation approaches based on probabilistic models
or machine learning have also been proposed [4], [5], but they
may require additional computational or memory resources,
which can limit their use in constrained embedded devices.

Software-based energy estimation approaches address these
limitations by modeling system consumption using runtime
information gathered directly from the firmware. One repre-
sentative example is Energest [6], included in the Contiki-
NG operating system, which estimates energy consumption

by tracking the time spent in predefined operating states. This
approach enables lightweight consumption estimation while
avoiding the need for external instrumentation.

Despite the increasing adoption of the Zephyr Real-Time
Operating System (RTOS) and the nRF Connect Software De-
velopment Kit (SDK) in modern IoT applications, Zephyr cur-
rently lacks a lightweight and configurable built-in framework
equivalent to Energest for subsystem-level runtime energy
estimation. This limitation is particularly relevant in NB-IoT
applications, where cellular communication activity strongly
impacts battery lifetime and where additional operations, such
as local data storage, may also contribute significant energy
consumption. Continuous power profiling under these condi-
tions may be difficult to perform during real deployments.

This work presents a lightweight state-based energy esti-
mation framework for Zephyr-based embedded systems. The
proposed approach models the system as a set of independent
subsystems. Each subsystem is represented by operating states
associated with characterized current consumption levels. Run-
time tracking of subsystem activity allows estimating the total
consumed charge without requiring physical access to the
device.

The framework was implemented as a configurable Zephyr
module that can be easily integrated into existing applica-
tions without requiring significant modifications. The pro-
posed framework was experimentally validated using OVIS,
an NB-IoT livestock monitoring platform based on the Nordic
nRF9160 System-on-Chip (SoC) [7]. Experimental validation
was performed using PPK2 measurements under different
operating conditions and across multiple hardware instances.

The main contributions of this work are summarized as
follows:

• A lightweight and non-invasive state-based energy esti-
mation framework for Zephyr-based embedded systems.

• A configurable Zephyr/nRF Connect SDK implemen-
tation supporting subsystem-level characterization and
runtime tracking.

• Experimental validation on a real NB-IoT livestock mon-
itoring platform, including a practical method for es-
timating modem TX/RX activity from runtime modem
statistics.



II. ENERGY ESTIMATION APPROACH

A. State-Based Energy Estimation

The proposed approach estimates the consumed charge of
an embedded system by tracking the time spent in predefined
operating states associated with different subsystems. Each
subsystem is modeled independently and represented by a
set of mutually exclusive operating states, each associated
with a characterized average current consumption. States are
defined independently for each subsystem and only apply to
the corresponding subsystem model.

The total consumed charge is estimated as:

Qtotal =

N∑
i=1

Mi∑
j=1

Iijtij (1)

where Iij represents the average current consumption asso-
ciated with state j of subsystem i, and tij corresponds to the
accumulated time spent in that state during system operation.

The proposed model assumes that subsystem contributions
can be approximated independently and combined additively.
This abstraction allows defining reusable subsystem-specific
estimators while keeping the implementation lightweight and
portable across applications. States with negligible contribu-
tion can also be explicitly represented, simplifying subsystem
integration and improving model readability.

For the evaluated NB-IoT application, the estimator includes
operating states associated with the NB-IoT radio and the
microSD storage subsystems, as these were identified as
the dominant contributors to the device energy consumption
during normal operation. The framework is extensible and can
readily incorporate additional subsystems when required.

The radio subsystem is divided into three states: connected
idle (RADIO_ON), power saving mode (RADIO_PSM), and
transmission/reception activity (RADIO_TXRX). The microSD
storage subsystem includes states associated with microSD
write activity (SD_WRITE) and idle operation (SD_IDLE).

B. Zephyr Module Implementation

The proposed estimator was implemented as an independent
module compatible with Zephyr RTOS and nRF Connect SDK.
The implementation is lightweight: in the evaluated platform,
the module occupies 1.65 kB of flash memory, corresponding
to 0.56% of the 294 kB firmware footprint, and 232 bytes of
RAM, corresponding to 0.13% of the 181 kB RAM usage.
It mainly performs timestamp updates and periodic charge
accumulation calculations.

The framework is composed of two main files,
energy_estimator.c and energy_estimator.h,
together with a dedicated Kconfig configuration
file. Runtime state transitions are managed by the
energy_state_set() function, which updates the
accumulated time associated with each operating state.

The module supports configuration through the application
prj.conf file, including reporting interval selection and
board-specific current characterization values. This allows

adapting the estimator to different hardware platforms without
modifying the framework implementation.

To simplify experimental characterization and validation,
the framework also supports optional GPIO instrumentation.
Dedicated digital outputs indicate active operating states.
These signals can be monitored simultaneously with exter-
nal current measurements. This feature facilitated subsystem
identification during the calibration measurements.

The estimated consumption is periodically reported through
Message Queuing Telemetry Transport (MQTT) using the
device International Mobile Equipment Identity (IMEI) as
topic identifier. Additionally, the same information can be
retrieved locally through Universal Asynchronous Receiver-
Transmitter (UART) protocol for debugging and laboratory
measurements.

C. OVIS Platform and Measurement Methodology

The proposed framework was experimentally validated
using OVIS, a battery-powered NB-IoT livestock monitor-
ing platform based on the Nordic nRF9160 System-on-Chip
(SoC). The device was configured to acquire accelerometer
samples at 25 Hz and GPS measurements every 10 minutes.
Sensor data is locally stored on a microSD card and transmit-
ted to a cloud server through NB-IoT periodically [7].

The evaluated platform uses Power Saving Mode (PSM) to
reduce the modem energy consumption between transmission
events. In the evaluated configuration, data are transmitted
every 50 seconds, followed by a network-defined inactivity
timer. During this interval, the radio remains connected despite
the absence of data transmission or reception and subsequently
transitions to a low-power state. The modem then remains in
low-power operation until the next transmission event.

A practical limitation of the evaluated platform is that
the nRF9160 modem firmware executes on a separate non-
programmable core. Consequently, the application firmware
cannot directly access low-level modem activity transitions.

To estimate the time spent in transmission and reception
activity, the proposed framework uses the %XCONNSTAT
AT command, which reports the number of transmitted
and received bytes since the modem reset. The transmis-
sion/reception activity time was estimated as:

t_RADIO_TXRX =
btotal − bprevious

R
(2)

where btotal corresponds to the current modem byte
counter obtained from the %XCONNSTAT AT command, while
bprevious stores the counter value retrieved during the previous
estimator update. Therefore, the difference (btotal− bprevious)
represents the number of transmitted and received bytes since
the last estimation interval. After each estimation step, the
current counter value is stored and later used as the new
bprevious value for the next update cycle.

The parameter R represents the experimentally character-
ized transmission data rate. It was estimated from 20 trans-
mission cycles by measuring the transmission duration using
PPK2 current traces and dividing the transmitted payload size
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Fig. 1. Current measurement setup used for calibration and validation of the
implemented module.

by the measured transmission time. The resulting average data
rate was 27.3 kB/s with a standard deviation of 1.2 kB/s. The
relatively low variability observed during the characterization
suggests that the fixed-rate approximation is reasonable under
the evaluated operating conditions.

The experimental characterization was performed under
stable network conditions with good NB-IoT coverage. No
significant connectivity interruptions were observed during the
measurements. Therefore, the reported TX/RX data rate should
be interpreted as representative of the evaluated deployment
conditions.

For each telemetry transmission cycle, the estimation mod-
ule measures the time the radio stays connected (tconnected)
using the energy_state_set() function, and then esti-
mates the time corresponding to each radio state. The transmis-
sion/reception time (RADIO_TXRX) is estimated using Eq. (2)
based on the number of transmitted and received bytes. Then,
a fixed interval corresponding to the modem connected idle
activity (RADIO_ON) is accumulated using Eq. (3).

t_RADIO_ON = tconnected − t_RADIO_TXRX (3)

III. EXPERIMENTAL SETUP

The energy estimation module was calibrated using ex-
perimental current measurements. The measurements were
performed on an OVIS collar and using PPK2 in source mode,
providing a supply voltage of 3.7 V as shown in Fig. 1.
To simplify state identification, General-Purpose Input/Output
(GPIO) digital outputs were monitored simultaneously with
the current measurements.

First, the radio subsystem states were characterized. The
microSD card was removed to avoid interfering with the
measurements. Fig. 2 shows the obtained consumption profile,
where the radio transmits for about 3 seconds followed by
RADIO_ON state. This interval is associated with the inac-
tivity timer imposed by the NB-IoT PSM operation and was
experimentally observed to last approximately 5 seconds.

The states associated with the microSD memory subsystem
were then characterized. Fig. 3 shows the current profile of the
device during simultaneous telemetry reporting and microSD
write activity. A digital output generated by the framework
indicates the interval during which data are being written to
the microSD card.

During the write operation, the device continues transmit-
ting data through the NB-IoT modem, and communication
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Fig. 2. States defined for the NB-IoT radio subsystem.

Fig. 3. MicroSD write characterization.

activity remains active after the write process finishes. Conse-
quently, the first interval in the current profile corresponds
to the combined consumption of both the modem and the
microSD card, while the second interval corresponds only to
modem activity. The current contribution associated with the
SD_WRITE state was therefore estimated as the difference
between the average current measured during both intervals.

The same procedure was used to estimate the memory
idle consumption. However, measurements did not reveal any
significant increase in current consumption due to the presence
of the microSD card while no write operation was taking
place. Therefore, the mean current for the SD_IDLE state was
assumed to be 0 mA.

For each operating state, the average current consumption
was obtained from the PPK2 current traces by calculating the
mean current over the corresponding time interval identified
during subsystem activity. Measurements were repeated over
20 operating cycles, and the reported values correspond to the
average and standard deviation obtained across all repetitions.
Table I summarizes the average current values obtained during
subsystem characterization.

TABLE I
CHARACTERIZED CURRENT CONSUMPTION PER STATE

State Mean current (mA) Std. Dev. (mA)
Radio ON 35.8 0.1
Radio PSM 0.85 0.015
Radio TX/RX 62.4 1.9
SD Write 13.3 1.0

IV. RESULTS

The proposed framework was validated experimentally by
comparing the estimated consumed charge against direct mea-



Fig. 4. Radio consumption profile for the new collar.

surements obtained using the PPK2 under different operating
conditions.

Initially, the radio subsystem characterization was validated
without enabling microSD storage activity. The framework
was executed continuously for 20 minutes while current
consumption traces were simultaneously acquired using the
external profiler. Table II summarizes the obtained results.

The estimated total consumed charge differed from the
measured value by 1.6%, while the estimated distribution
of time among radio operating states remained consistent
with the measured current profile. These results indicate that
the proposed runtime state tracking approach can accurately
represent the dominant modem operating modes during NB-
IoT communication cycles.

A second experiment was performed enabling periodic
microSD write operations together with normal NB-IoT ac-
tivity. In this case, the total estimation error decreased to
0.8%, showing that the framework remained accurate even
when additional subsystem activity was incorporated into the
estimation model.

Finally, the framework was evaluated using a different OVIS
collar instance with the same hardware configuration. During
this experiment, the modem activity presented a different
transmission profile, splitting the communication burst into
multiple shorter events separated by intermediate connected
idle periods as shown in Fig. 4. Despite this behavioral varia-
tion, the proposed framework maintained low estimation error,
demonstrating robustness against device-to-device variability
and network-dependent modem behavior.

TABLE II
ESTIMATED AND MEASURED CONSUMED CHARGE ACROSS THE

EVALUATED EXPERIMENT

Experiment Estimated (mAs) Measured (mAs) Error
Radio only 9.7 9.6 1.6%
With SD activity 10.5 10.6 0.8%
Different collar 14.9 14.8 0.5%

The obtained results show that the proposed framework can
provide accurate runtime energy estimation while requiring
minimal system integration effort and no permanent external
instrumentation. Additionally, the modular state-based abstrac-
tion allows extending the estimator to additional subsystems
and operating states without modifying the framework archi-
tecture.

V. CONCLUSIONS

This work presented a lightweight state-based energy esti-
mation framework for Zephyr-based embedded systems and
experimentally validated it using an NB-IoT livestock mon-
itoring platform based on the nRF9160 SoC. The proposed
approach estimates consumed charge by tracking subsystem
operating states during runtime, avoiding the need for contin-
uous invasive power measurements.

The implemented framework was integrated into Zephyr
RTOS and nRF Connect SDK applications without requiring
modifications to the operating system or modem firmware.
Additionally, the proposed subsystem abstraction allows ex-
tending the estimator to different hardware platforms and
operating states using configurable current characterization
parameters.

Experimental validation performed using PPK2 measure-
ments showed estimation errors below 2% across different
operating conditions and hardware instances, demonstrating
the practicality and robustness of the proposed approach for
embedded IoT applications.

The current implementation assumes a fixed average TX/RX
data rate obtained through experimental characterization.
While this approximation produced low estimation errors
under the evaluated conditions, estimation accuracy may be
affected under poor coverage conditions due to retransmissions
and variations in effective throughput. Nevertheless, the pro-
posed framework remains applicable since it relies on modem
runtime statistics available during normal operation.

Future work includes incorporating additional subsystem
models, evaluating adaptive radio models for varying network
conditions, assessing estimator performance under degraded
coverage scenarios, evaluating dynamic current characteri-
zation strategies, and extending the framework to support
additional wireless communication technologies and Zephyr-
based platforms.
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