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Abstract

Narrowband Internet of Things (NB-IoT) is widely used for connecting low-power devices that must
operate for years without maintenance. To design reliable systems, it is essential to understand
how much energy these devices consume under different conditions and which power sources can
support long lifetimes. This study presents a detailed experimental evaluation of NB-IoT power
consumption using a commercial System-on-Module (LMT-SoM). We measured various transmissions
across different payload sizes, signal strengths, and temperatures. The results show that sending
larger packets is far more efficient: a 1280-byte message requires about 7 times less energy per bit than
an 80-byte message. However, standby currents varied widely between devices, from 6.7 pA to 23
A, which has a major impact on battery life. Alongside these experiments, we compared different
power sources for a 5-year deployment. Alkaline and lithium-thionyl chloride batteries were the most
cost-effective solutions for indoor use, while solar panels combined with supercapacitors provided a
sustainable option for outdoor applications. These findings offer practical guidance for engineers and
researchers to design NB-IoT devices that balance energy efficiency, cost, and sustainability.

Keywords: NB-IoT; system-on-module; power sources; power consumption; power consumption
measurements

1. Introduction

Narrowband Internet of Things (NB-1oT) [1] is a cellular communication technology designed
for devices that need low power and wide coverage and low data rate. In comparison with Bluetooth
Low Energy (BLE) [2], which is an IoT technology as well [3], which has a relatively high data rate,
but works at smaller distances, the NB-IoT is focused on long-distance data transmission, hence
the application scope drastically differs from BLE and similar low-power IoT devices. The focus on
long range communication and energy efficiency made NB-IoT one of the main technologies used in
smart cities [4] and buildings [5], agriculture [6], industrial monitoring [7], different emerging edge Al
frameworks [8] and use cases [9], and other applications of IoT that require extended range, low cost,
and long battery life [10-13]. These systems often must operate for many years without maintenance,
making energy efficiency a key design challenge.

The goal of this work is to experimentally measure the power consumption of a commercial NB-
IoT System-on-Module (LMT-SoM [14]) under different environmental and communication conditions,
and to evaluate which energy sources can support multi-year autonomous operation. The study
combines laboratory measurements, statistical analysis, and energy source feasibility evaluation in
one framework. By linking measured data with simple cost and lifetime models, the results provide
practical guidance for selecting efficient configurations and power sources for NB-IoT devices.

The rest of the paper is organized as follows:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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*  Section 2 describes state of the art and related works.

e  Section 3 presents the experimental setup and measurement method, and energy source feasibility
evaluations method.

*  Section 4 summarizes the main results for packet size, temperature, and signal attenuation, and
evaluates energy source feasibility and provides a cost analysis for multi-year operation.

®  Section 5 discusses the results and gives recommendations for designing low-power, cost-effective
IoT systems.

2. State of the Art and Related Works

Cellular LPWA technologies were created by the 3'4 Generation Partnership Project (3GPP) to
meet the needs of IoT and machine-to-machine communications. These technologies aim to provide
better coverage, simpler devices, longer battery life, and support many devices at the same time. The
main cellular LPWA types are LTE-M, NB-IoT, and EC-GSM-IoT. They were standardized with 3GPP
Release 13 [15].

This study concentrates on Narrowband Internet of Things (NB-IoT). This protocol is intended
for devices with infrequent data upload requirements (typically multiple minutes), but where a long
battery life is required. It uses a narrow 180 kHz channel and can send data up to about 250 kbps.
The delay can range from 1.6 to a few seconds. NB-IoT employs orthogonal frequency-division
multiplexing (OFDM) for downlink transmission and single-carrier frequency-division multiple access
(SC-FDMA) for uplink transmission. In general, this technology works well indoors and saves a lot of
battery, making it useful for smart meters and monitoring infrastructure [16].

Several studies have further investigated the energy consumption characteristics of NB-IoT
devices under various operational and environmental conditions.

The article “In-depth Real-World Evaluation of NB-IoT Module Energy Consumption” [17] provides an
evaluation of NB-IoT module energy consumption using a custom measurement platform capable
of capturing fine-grained current traces and protocol states. The study decomposed the uplink
transmission process into distinct phases - synchronization, connection setup, data transfer, and idle
waiting, allowing precise energy attribution. The results showed that post-transmission waiting and
inactivity timers contribute significantly to total energy use, often dominating the pure transmission
cost. The energy per bit decreased with larger payloads (16 - 1024 B), highlighting protocol overhead
as a major factor in small-packet inefficiency. Although the work provides valuable insights into real
deployment behavior, it focuses solely on NB-IoT and evaluates the feasibility of energy sources.

The article Energy Consumption Analysis of LPWAN Technologies and Lifetime Estimation for IoT
Application [18] presents an empirical comparison of LoRaWAN, DASH?, Sigfox, and NB-IoT using
measured current traces. The authors report per-technology energy states and derive battery lifetime
under uniform test conditions. Results show that protocol overheads and connection procedures
drive large energy differences across LPWANSs. The work provides measurement-based guidance for
selecting LPWAN settings and battery capacity in long-life deployments

The article Energy Consumption Analytical Modeling of NB-IoT Devices for Diverse IoT Applications [19]
presents an analytical approach to estimate the energy use and battery lifetime of NB-IoT devices. The
model is based on the standard power states of user equipment and includes transmission patterns,
coverage levels, and device modes to calculate total consumption. Results show that predicted values
stay within about 5% of real measurements, proving that the model can be used for planning and
optimization in IoT networks. However, the study assumes fixed network parameters and does not
include hybrid power sources or real environmental changes. Compared to this model-based work,
our study provides experimental validation using SoM hardware under controlled conditions, linking
energy performance with practical power source feasibility.

The paper Dissecting Energy Consumption of NB-IoT Devices Empirically [20] presents a detailed
experimental study on NB-IoT energy usage with two commercial modules and multiple network
operators. It shows that network configuration, particularly paging interval and inactivity timers, has
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the largest effect on power consumption, while packet size and signal quality have a limited impact.
Using the Release Assistance Indicator (RAI) significantly reduces transmission energy from 0.82] to
0.12]. Most of the device’s lifetime is spent in Power Saving Mode, consuming about 10pW. The study
concludes that NB-IoT performance is not fully automatic and depends strongly on correct parameter
tuning and operator configuration.

3. Materials and Methodology

The paper combines NB-IoT system in controlled laboratory experiments, statistical analysis,
lifecycle cost evaluation and comprehensive methodology in one unified framework built upon
previous works [3,21-23].

The main goal is to describe how energy usage changes with communication settings and envi-
ronmental conditions. The study evaluates how temperature, signal strength, and packet size affect
the total energy budget for NB-IoT transmissions. It also identifies which conditions allow the best
energy efficiency and how much of the total energy is used during active transmission and during the
low-power standby mode. In addition, the results are used to check which battery or hybrid power
options can supply the required energy for several years of operation at the lowest cost.

3.1. Power Source Feasibility Calculation Framework
3.1.1. Required Energy

Ereq =P avg X Toperation [W h] (1)
,where

Ereq Energy required for device to opperate for T, yeration time [Wh]
Toperation  Device operation time on single charge [h]

Pavg average power consumption of a device [W]

3.1.2. Number of Cells Needed
Given specific energy e; [Wh/kg] and cell mass m:

E
N = [m] )
,where
N number of cells
e cell mass [g]
es energy density of a cell [Wh/kg]
Ereq Energy required for device (Equation 1) [W]

3.1.3. Constraint Checks

VolumeOK : N V; < Vpax ®3)
MassOK : N m, < mmax 4)
PowerOK : Ppeak < Imax Veell (G))
EnvOK : Power source is suitable for sellected environmental conditions? (6)

,where

Ve cell volume [cm?]
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me cell mass [g]
Lyar  cell maximum continuous current [A]
N number of cells (Equation 2)
3.1.4. Estimated Lifetime (Unconstrained)
N es (m./1000
fest = M (7)

Pavg

,where

tost single charge device lifetime estimation
N number of cells (Equation 2)
me cell mass [g]

es energy density of a cell [Wh/kg]

3.1.5. Boolean Decision

Feasible = VolumeOK A MassOK A PowerOK A EnvOK.

3.2. Experimental Setup

The evaluation of power consumption is a critical aspect in the design of NB-IoT-based systems.
Therefore, it is necessary to select an appropriate methodology for measuring current consumption
during communication performance testing.

The previous work [22,24] describes two primary approaches for current consumption measure-
ment:

¢ Shunt ammeter method is best suited for high current range.
¢ Feedback ammeter method is best suited for low current range.

The shunt ammeter method measures current by detecting the voltage drop across a small-value
shunt resistor placed in series with the device under test. It is suitable for measuring higher current
levels that occur during active operations such as wireless transmission or sensor activity.

The feedback ammeter method uses an operational amplifier in a feedback configuration to
convert very small input currents into a measurable output voltage. It is designed for high sensitivity
and is used to accurately capture very low current levels typical of sleep or idle modes in IoT devices.

For this experiment, the shunt ammeter method was chosen to detect SoM current consumption
pattern while UDP packet transmission due to high current consumption at the data transmission
routine. As a current measurement unit, the JouleScope JS110 was chosen [25]. It samples current
and voltage synchronously at 2 MS/s with a 250 kHz bandwidth. Rapid auto-ranging switches shunt
resistors in about 1 ps. Shunt resistor values vary from 0.01 Q) to 1111 (), which determines the
maximum resolution up to 1.5 nA with 32-bits of dynamic range. The voltage range is from -1V to
+15V, and the current measurement range is from -1A to 3A.

As the device under the test (DUT) was chosen a commercial System-on-Module LMT-SoM [14].

The DUT is equipped with:
¢ A low-power mobile module NRF9160 System-in-Package (SiP) with integrated LTE-M /NB-IoT
modem [26],

. MFF2 embedded SIM chip,
e 4MB FLASH.

The device is reprogrammable with a software development kit (LMT-SDK), which is working under
the Zephyr RTOS.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The experimental setup was designed to characterize the energy consumption of an NB-IoT
System on a Module under controlled laboratory conditions. The overall objective was to quantify
the energy cost per transmitted UDP packet while varying three key factors: payload size, RF path
loss, and operating temperature. To achieve this, the study employed a combination of precision
measurement equipment, programmable RF components, and an environmental chamber, allowing
repeatable and statistically valid measurements across a wide range of conditions.

The measurement system was assembled using the components listed in Table 1. The device
under test was the LMT SoM that supports NB-IoT Cat-NB1/Cat-M1 operation. The module was
powered and monitored by the Joulescope JS110 [25], which recorded current and voltage in real time
during each transmission. A GPIO/SPI controller managed both the HMC624A digital step attenuator
and the data logging process. This ensured synchronization between attenuation changes and power

measurements.
Table 1. Hardware used in the measurement campaigns.
Component Purpose Notes
LMT-SoM Device-under-test 3.3 V rail, NB-IoT Cat-NB1/Cat-M1 stack

0-31.5dB in 0.5 dB steps; kept at ambient temperature
outside the chamber
< 10 cm for baseline; 1 m PTFE for chamber feed-

HMC624A 6-bit digital step attenuator ~ Programmable path loss

50 O UFL coax jumpers RF interconnect through ; 5m to get antenna through the window
NB-IoT antenna Over-the-air link Mounted outside chamber; fixed orientation
JouleScope Current & voltage logging —

GPIO/SPI controller Attenuator programming  LatePanda for automation and logging

Climate chamber Temperature stimulus —

The programmable attenuator was used to emulate different radio channel conditions. It could
introduce a path loss between 0 and —31.5 dB in fine 0.5 dB steps. RF connections were made using
50Q) coaxial jumpers for the baseline setup and PTFE coaxial cables for feed-through when the SoM
was placed inside the climate chamber. The NB-IoT antenna was positioned outside the chamber in a
fixed direction to the base station to keep the link conditions constant.

Temperature control was provided by the climate chamber, which allowed testing from -10 °C to
+30 °C. This setup made it possible to perform repeatable measurements under combined variations of
payload size, signal attenuation, and temperature. All conditions were kept stable long enough for
accurate data collection and comparison.

The firmware on the SoM was configured to cycle through UDP transmissions of different
payload sizes: 80, 160, 320, 640, and 1280 bytes. Each payload configuration was tested across the full
attenuation range at different temperatures.

Temperature control was provided by a programmable climate chamber, which cycled through
setpoints of —10 °C, 0 °C, +10 °C, 420 °C, and +30 °C. At each setpoint, sufficient time was allowed
for thermal stabilization before commencing measurements. For every attenuation—-temperature
combination, 150 seconds of continuous data were recorded. Each dataset contained timestamped
power traces, the applied attenuation, and chamber temperature.

These results were used to compare how different conditions influence power use and to estimate
the expected operating lifetime of the system with various energy sources. By combining the experi-
mental data with a simple cost model, the research design provides practical guidance for developing
energy-efficient NB-IoT devices that can operate for several years without battery replacement. Data
post-processing was performed offline. Raw traces were downsampled to 200 kS/s to reduce process-
ing complexity while retaining sufficient temporal resolution. Energy per packet was then extracted
by aligning transmission bursts with logged metadata. To quantify the role of different parameters,
statistical analysis was applied. Analysis of variance (ANOVA) [27] was used to evaluate the relative
significance of payload size, attenuation, and temperature. Also, the following radio-quality metadata
were logged for every current trace:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Reference Signal Received Power(RSRP) — the average received power of downlink reference
signals from the serving cell, in dBm.

*  Reference Signal Received Quality (RSRQ) — a quality metric that combines RSRP with wideband
received signal strength (RSSI), in dB.

*  Signal to Noise Ratio (SNR) — The ratio between useful signal and noise on the downlink, in dB.

These metrics were logged alongside each trace to identify and filter out anomalous runs caused by
network variability.
The measured data are going to be interpreted as:

¢  Energy per packet, |

¢ Energy per bit, ] /bit

¢ Idle current in Power Saving Mode (PSM), nA
¢ Total energy consumption over time, |

3.3. Energy Source Evaluation

Paralel with the measurements of NB-IoT power consumption, a separate evaluation was carried
out to study different energy sources and their suitability for long-term IoT devices. The goal was to
identify which power options can support autonomous operation for at least five years and remain
both technically reliable and economically practical. The evaluation included primary batteries,
rechargeable batteries, and hybrid systems that combine batteries with solar energy harvesting.

The analysis started by estimating the total energy required for a typical NB-IoT node. This was
done using the measured data from the experiments, which included the average transmission energy
per packet, the idle current in Power Saving Mode, and the observed variation between devices. A
five-year lifetime was used as the reference, since battery replacement in many industrial and urban
applications is expensive or not feasible. Each energy source was then compared in three ways.

1.  Technical suitability
2. Physical constraints
3. Economic feasibility

Technical suitability was evaluated by comparing the calculated energy demand with the rated
capacity of different technologies such as alkaline [28], lithium-thionyl chloride (Li-SOCl,) [29-31],
lithium-ion (Li-ion) [32], zinc-air [33], supercapacitors [31,34], and photovoltaic systems. This step also
considered self-discharge, temperature limits, and the ability to provide low idle currents for long
periods. Physical constraints were evaluated by checking the size and weight of the energy source to
ensure it can fit into a compact sensor device. Economic feasibility was evaluated by estimating the
total cost of ownership over five years, including initial price and possible replacements.

For all comparisons, the total required energy for one device was calculated as

Ereq = (Etx + Epsm) X Neycles X 1.5,

where:

®  Ey is the average transmission energy per packet,
*  Epgy is the standby energy during one communication cycle,
*  Ngydes is the number of hourly transmissions over five years.

The factor of 1.5 provides a 50% safety margin for environmental changes, component tolerances, and
battery aging. This value resulted in a total energy demand of about 1.586 Wh for the reference device
transmitting one 1 kB packet every hour.

Each battery technology was then checked to see if it can provide this energy without replacement.
Nominal energy capacity, self-discharge rate, and operational temperature range were used from
manufacturer datasheets. For rechargeable technologies such as Li-ion, capacity reduction with cycle
aging was taken into account. Hybrid solar systems were analyzed using daily irradiance data and
efficiency assumptions for small photovoltaic panels and supercapacitor storage.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For the economic evaluation, the total cost of ownership was calculated as

Ciotal = Neelis X Ceen + Nreplacements X Craintenance

where:

® N is the number of battery cells required to meet the energy demand,
®  Cee is the cost per cell,

®  Cmaintenance is the estimated service cost for replacement.

®  Nieplacements 1S the number of replacements

If the calculated capacity was sufficient for five years, Nieplacements = 0. For sources with shorter
lifetimes, such as Li-ion or Zn-Air batteries, multiple replacements were assumed, and both material
and service costs were included.

Physical feasibility was evaluated by comparing the total volume and mass of each power option
against a maximum allowed size of 100 cm® and a total mass of 150 g, which are typical for compact IoT
sensor enclosures. Technologies exceeding these limits were marked as impractical for small devices.

By combining these technical, physical, and economic evaluations, the method allows fair com-
parison of different energy sources under the same operational profile. This provides a practical
framework for selecting the most suitable power supply option for NB-IoT nodes that must work
autonomously for several years.

4. Results

This section reports energy measurements for the NB-IoT SoM under the realistic duty cycles.
Power Saving Mode (PSM) dominates the total energy when the transmission interval is on the order
of hours. At 3.6V, the idle current in PSM varies across units between 6.7 pnA and 23.1 pA. For a device
that sends one 1280-bit packet per hour, PSM accounts for >99% of the 5-year energy budget. After this
overview, we present transmission energy versus payload, and then analyze how standby variation
drives the overall battery requirements.

4.1. Packet Size Impact

The influence of packet size on energy consumption was evaluated using 1,683 UDP transmissions
with payloads of 80 B, 160 B, 320 B, 640 B, and 1280 B. Figure 1 shows the average energy per packet for
each payload size; larger packets require more total energy per transmission, but the increase doesn’t
have a one-to-one proportion to the payload size. For example, the smallest packet consumed on
average 39.5 pJ, while the largest required 78.7 1], which is only about twice as much energy despite
being 16 times larger.

To compare efficiency, the energy data was normalised to the number of transmitted bits. The
results in” Figure 2 show a strong decrease in energy per bit as the payload increases. The mean value
dropped from 480 nJ /bit for the 80-bit payload to 61.2 nJ /bit for the 1280-bit payload. So, efficiency
increased approximately 7.6 times.

This trend is consistent across all measurements, with smaller packets exhibiting higher variation
due to the larger impact of NB-IoT protocol overhead.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Energy vs Packet Size
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Figure 1. energy vs packet size.
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Figure 2. Energy per bit.

These results show that a large part of the NB-IoT transmission energy is used by fixed protocol
actions such as synchronization and control signaling. When the packet is small, this fixed part takes
most of the total energy, which makes the energy cost per bit high. For larger packets, the same

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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overhead is shared between more data bits, so the energy per bit becomes much lower. This means
that sending fewer, but larger packets can save energy and increase device lifetime without any change
in hardware design. Figure 2 can be used by developers to make an educated decision about the
compromise between the data reporting frequency and battery lifespan.

4.1.1. Temperature Impact

Temperature tests were performed in the range from -10 °C to +30°C using a climate chamber.
The module was allowed to stabilize at each temperature before measurement. Figure 3 presents the
measured energy per packet for the temperature sweep. The results show that temperature in this
range has only a small effect on NB-IoT power consumption. The variation of energy per packet is
within the measurement uncertainty, and the average PSM current also stays constant.

Energy vs Temperature

100 A
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o 80 1
kY,
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GLJ — — ——
Q
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S 60 A -1

40 A

-10.0 0.0 10.0 20.0 30.0
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Figure 3. Energy consumption versus operating temperature analysis. The scatter plot shows the relationship
between ambient temperature and transmission energy requirements, indicating temperature-independent perfor-
mance characteristics of the LMT-SoM device.

The stability of the energy data indicates that the tested SoM and its radio subsystem are not
sensitive to normal ambient temperature changes. This means that NB-IoT devices can operate reliably
in typical indoor and outdoor environments without the need for temperature compensation in the
energy model.

4.2. Environmental Factors

Environmental conditions such as signal attenuation and temperature have a strong influence on
the operation and energy use of NB-IoT devices. To study these effects, the SoM module was tested
under controlled laboratory conditions using a programmable attenuator and a climate chamber.

4.2.1. Signal Attenuation

As seen on the Figure 4, the reliable data transmition were achieved only starting from -23dB.
During data transmission at additional channel attenuations from -31dB to -23dB, the DUT were
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https://doi.org/10.20944/preprints202511.0254.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 November 2025 d0i:10.20944/preprints202511.0254.v1

10 of 13

continuously seeking for the connection with the base station, and packet transmission was unstable
or wasn't detectable at all.

Energy vs Channel Attenuation
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Figure 4. Impact of channel attenuation on power consumption for different packet sizes. The analysis covers the
full test range from 0 dB to -31 dB attenuation in 0.5 dB steps.

4.3. Energy Source Feasibility

The measured energy consumption data were used to estimate the total power needs of a typical
NB-IoT device and to check which energy sources can support five years of operation. The estimation
included both transmission and standby energy. For a use case with one 1kB packet sent every hour,
the total energy demand was calculated as 1.586 Wh, including a 50% safety margin. Most of this
energy is consumed in Power Saving Mode (PSM), while only a small part is used for transmission.

Five power source technologies were evaluated: Alkaline AA, Li-SOCly, Li-ion 18650, Zn-Air 675,
and a Solar+Supercapacitor hybrid. Each source was checked for energy capacity, weight, volume, and
total cost over a five-year period. The limits for integration were set to a maximum mass of 150 g and a
maximum volume of 100 cm®.

Data for energy capacity, weight, volume, and unit cost were collected for the year 2024 (European
market) and are combined in Table 2 as single power cells or in cell packs that would exceed or at least
reach the minimum voltage level for the system.

Table 2. Comparison of Power Sources.

Power Source Capacity Mass Volume Cost Rechargeable Notes
(Wh) (g) (m®)  (EUR)

Li-SOCI2 (LS33600) 61.2 90 62 28.50 No 17Ah @ 3.6V

Li-ion 18650 12.95 48 16.5 8.50 Yes 500 cycles

Alkaline AA (3-pack) 13.5 69 243 3.60 No 3 x 4.5Wh

Zn-Air 675 (3-pack) 2.73 6.9 1.95 2.55 No 4 weeks open

Taking into account data from Table 2 and assuming that the technician cost per maintenance visit
would cost about 45 EUR, the Power source maintenance cost analysis results are presented in Table 3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0254.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 November 2025 d0i:10.20944/preprints202511.0254.v1

11 of 13

Table 3. Power source maintenance cost analysis results for 5-year autonomous operation.

Power Source Initial Cost Replacement Cost Maintanence Cost Total Cost (EUR)

Alkaline AA 3.60 0.00 0.00 3.60
Li-SOCl, 28.50 0.00 0.00 28.50
Solar 76.29 0.00 0.00 76.29
Li-ion 18650 8.50 25.50 273.00 307.00
Zn-Air 675 2.55 163.20 5824.00 5,989.75

Combining information from Tables 2 and 3 and the feasibility analysis described before the final
results are obtained and presented in Table 4.

The results in Table 4 show that Alkaline and Li-SOCI, batteries meet both energy and cost
requirements. Alkaline AA cells provide the lowest price and are suitable for stationary indoor devices,
as well as for outdoor solutions with proper IP rating. Li-SOCl, cells have higher energy density
and work well in low-temperature or industrial conditions. Rechargeable Li-ion batteries are not
cost-effective for long lifetime applications because of capacity fading and the need for replacement.
Zn-Air batteries also do not meet lifetime targets due to short service life after activation.

Table 4. Power source feasibility analysis results for 5-year autonomous operation.

Power Source Feasible Mass (g) Volume (cm?®) Replacements Total Cost (EUR)

Alkaline AA Yes 69 24 0 3.60
Li-SOClI, Yes 90 62 0 28.50
Solar Yes — — 0 76.29
Li-ion 18650 Yes 48 17 3 307.00
Zn-Air 675 No 7 2 64 5,989.75

Li-ion and Zn-Air options are not recommended for five-year maintenance-free operation. These
findings confirm that power source selection must consider both technical performance and total
ownership cost for each IoT use case.

5. Discussion and Conclusions

Payload size has a strong effect on energy efficiency, as expected and this study provides precise
data on the ratio between payload size and energy consumption for developers to make an educated
choice when selecting data transmission frequencies. Each uplink has an overhead from control
signaling and radio setup that does not depend on the payload. In our setup, this overhead was
constant, with minimal margin of error, across payload sizes. Therefore, energy per bit decreases as
payload increases. In our measurements, the mean energy per packet rose from 39.5 pJ at 80 B to
78.7 1] at 1280 B, which is a sub-linear increase relative to payload size.

Temperature from -10 °C to +30 °C shows little effect on per-packet energy and Power saving
mod current consumption in this range also shows little change.

Coverage affects total energy over time, as a weak signal causes more access retries and access
failures. Retries raise total energy consumption even when the energy of one successful packet is
similar. When the link is established, a packet needs nearly the same energy across the measured
attenuation steps.

Over multi-year duty cycles, idle time dominates the energy budget, as measured Power saving
mode current consumption differs between units from 6.7 pA to 23.1 pA at 3.6 V. Low standby current
and reliable entry into Power saving mode after each uplink are critical for long battery life.

The study is limited by the usage of single module family and operator setup tested in a laboratory
environment and prices reflect the EU market in year 2024.

These findings give a clear path from current traces to configuration and energy source choices
for long-life NB-IoT deployments.
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