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Abstract

The Internet of Things is nowadays available everywhere, collecting data that can be used for different purposes. These end-devices
are available in different formats, and depending on the use case, they need different features in order to function properly. Due
to their specific requirements, some of these devices need to be portable, so a battery is an important component. Additionally,
choosing the right communication protocol for these particular use cases is essential for establishing a network connection while
minimising energy consumption. This will ensure that the collected data is transmitted for further analysis. This paper aims to
provide an overview of LoRa, LoRaWAN, and Duty Cycling, along with their advantages and disadvantages in terms of energy
efficiency on Internet of Things devices. Lastly, a suggested architectural design is proposed based on an energy-efficiency strategy,
and some scenarios are assessed and compared in order to determine which could be preferred when it comes to an energy efficient
solution.
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1. Introduction

The Internet of Things (IoT) has arisen as a disruptive technology that has grown through time, reshaping the way we
interact with the world around us. The IoT ecosystem has generated multiple advantages, such as collecting but also
providing data for further analysis and making decisions based on that shared data [1]. IoT devices are available in a
variety of forms and types, and depending on the use case, they need different features in order to function properly.
These devices need requirements such as a battery or a direct power supply, can be stationary or portable, and have
attached different types of components to gather information. Also, having a network connection is a critical feature
in order to communicate all the data they collect [2].

There are some challenges, one of which is that in order to run an IoT device and exchange data, power supply
efficiency must be maximised, especially in places where there is no possibility of having a direct source of energy.
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One particularly valid use case is the role of IoT in waste management, which may improve trash collection systems
in areas where obtaining a direct power source is difficult and requires optimisation [3].

Energy management is an interesting area because charging the batteries frequently is not a productive task and
can increase maintenance costs. There is also a potential gain from an economic perspective, where energy costs are
a significant factor in households or in company budgets. Improving the energy efficiency of IoT solutions can result
in substantial cost savings, making them economically viable and increasing interest in implementing further IoT
projects.

Although several studies have been conducted regarding this subject [4], this paper aims to revisit and analyse this
topic for potential opportunities to improve the current state of the art to address power efficiency challenges in IoT.

This research will be structured into the following chapters. Chapter 1 includes a brief overview of the topic and
the goal of this research. Chapter 2 provides a detailed description of the methodological approach that was selected,
outlining each step that was taken in compliance with the chosen methodology for this study. The chapter 3 assesses
the relevant content that has already been published in the field of IoT energy efficiency research and shares the main
findings. Next, in chapter 4 the current state is presented and compared with the proposed solution in order to assess
if energy efficiency is improved on IoT devices. Finally, chapter 5, outlines the main findings, limitations of the work,
and suggested future work for further investigation.

2. Methodology

This research follows the Design Science Research (DSR) Methodology commonly used in fields such as Information
Systems (IS), which aims to produce and present solutions to identified organisational problems [5]. The authors
define six steps that should be taken into consideration.

Identification of the problem, describing the research issue, and demonstrating the worth of a potential solution.

Define Objectives of a Solution, based on the nature of the problem, defines the objectives of a solution.

Design and Development of Artefacts, activity in which a research contribution is embedded and the product is
made (constructs, models, methods). Additionally, a Systematic Literature Review (SLR) will be used in this step,
where it will be possible to collect data related to the purpose of this research. After gathering and resuming all the
information, it can be used to compare with the outputs of this work. The extracted outputs may add knowledge to the
current studies, progress must be built on prior existing work [6].

Demonstration, consists of using the artefact capacity to solve the problem.

Evaluation, evaluate the solution, comparing the objectives and the actual observed results from the use of the
artifact.

Communication, communicating the problem, the artefact, its utility, and its effectiveness to other researchers and
practicing professionals.

2.1. Research Question

As previously referred, Design and Development of Artefacts will be carried out an SLR. This will gather relevant
information about the research questions and help into the next sections of this research.

RQ1: How can communication protocols in IoT be leveraged to optimise energy efficiency?

RQ2: How can the lifetime of batteries in IoT devices be extended?

2.2. Hypotheses

The hypotheses proposed to be tested for this research are the following.

H1-RQ1: Energy efficiency on IoT devices can be increased by taking advantage of LoORaWAN communication.

H2-RQ1: Reduced energy consumption during data transmission.

H1-RQ2: Dynamically optimising [oT device behaviours based on the current state of the equipment will extend
his battery life.

H2-RQ2: Implement duty cycling techniques, where IoT devices periodically wake up, perform tasks, and then
switch to a low-power sleep mode in order to save energy.
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3. State of the Art

This section reviews the relevant content that has already been published in the field of IoT energy efficiency and
shares the main findings. An SLR was conducted to find and select articles discussing about IoT energy efficiency
LoRa, LoRaWAN and duty cycle. Below there is a list of the the main benefits and challenges of LoRa and LoRaWAN.
Moreover, there is also a summary of the main benefits and challenges of using Duty Cycling approach on IoT devices.

LoRa and LoRaWAN technology offer some benefits, such as long-range communication, low power consump-
tion, scalability, and flexible deployment. The modulation scheme of LoRa enables communication over extended
distances, making it ideal for connecting remote sensors and devices[7, 8, 9, 10]. LoRaWAN energy-efficient proto-
cols and duty cycling mechanisms ensure minimal power consumption, facilitating long-term deployments without
frequent battery replacements. The scalability and flexibility of LoRaWAN allow for seamless integration of multi-
ple devices within a single network, enabling diverse IoT implementations across different contexts and businesses
[7,11,12,8,9, 10, 13]. Although LoRa and LoRaWAN provide many benefits, applications that require transmitting
large amounts of data may not work properly due to limited bandwidth, which can limit data rates and throughput. In
industrial or dense areas, communication reliability may be affected by interference and noise from multiple devices
trying to communicate simultaneously or from external factors. Also, installing several devices in a small area may
result in a congested network, which will have an impact on data loss and increased latency[8, 14, 15, 12].

Lastly, because LoRaWAN has a limited capacity for bidirectional communication, applications that require fre-
quent data interaction may experience complications. Challenges such as limited bandwidth, interference and noise,
network congestion, and limited bi-directional communication must be taken into consideration, depending on the use
case requirements.

Regarding duty cycling, it offers benefits such as extended battery lifespan, reduced radio activity, and mitigation
of network congestion. It allows devices to save energy during idle times by controlling the timing when a device is
allowed to transmit, this extends the battery life and reduces the maintenance of the equipment. Also, duty cycling,
by controlling radio activity, contributes to mitigating network congestion and reducing radio interference by coordi-
nating communication schedules and preventing simultaneous device transmissions. Despite its benefits, duty cycling
also have several challenges that need to be considered. Because transmission schedules are cyclical, latency could
be added into the network, which could lead into real-time or time-sensitive applications issues. Another scenario
would be that if multiple devices need to transfer data simultaneously and duty cycling is not somehow under control,
throughput limitations may also arise, leading to high traffic demand and consequently latency. Moreover, devices
that are in sleep mode during important events may also miss events, which could result in delays or data loss. Duty
cycling puts energy efficiency ahead of throughput, therefore, it might not be appropriate for applications that need
continuous or high-rate data transmission[16, 17].

LoRa, LoRaWAN and Duty Cycling have benefits and challenges, choosing these technologies will always depend
on the use case requirements.

It is important to acknowledge that this SLR may have limitations, including data extraction flaws and classification
errors. While the study offers valuable insights, further research is needed to confirm the findings. Expanding the
research with additional keywords and related investigations would provide a more comprehensive understanding of
the subject.

In the meantime, the recommendations for future work should concentrate on overcoming on the challenges iden-
tified in this work. To get started, this study found that Limited Bandwidth & Interference and Noise were the two
main challenges of LoRa and LoRaWAN. Also, looking at the second challenge interference and noise, one possibility
could be finding ways to reduce interference and noise by exploring the adaptive frequency and how to shift when
issues are found, this could enhance communication reliability in areas with radio frequency issues.

The study identified Latency & Missed Events as the main challenges in duty cycling. To address latency, opti-
mizing duty cycle parameters based on external sensor data and prioritization could reduce delays. For missed events,
implementing event buffering and developing algorithms to dynamically adjust transmission schedules based on con-
ditions and application requirements.

These are merely a few recommendations for future research that can be investigated to evaluate whether it could
improve some of the challenges associated with the technologies mentioned in this work. Nevertheless, this falls out
of the scope of this research but will be addressed as a future work lead.
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4. Current State vs. Proposed Solution

The proposed solution focuses on reducing the energy consumption of IoT devices that gather sensor information
without compromising the loss of critical data. This will involve integrating optimised wireless and software tech-
nologies to reduce power consumption. To achieve this proposal, it combines different types of technology, such as
duty cycling, LoORaWAN and LoRa communications. Also, other technologies, such as The Things Network (TTN)
and Node Red are used to receive and integrate the data that comes from the IoT sensors.

Duty cycling is used to switch between active and sleep modes to save energy. It is optimised with an algorithm that
was designed to avoid the transmission of unnecessary data, which lowers the number of communications and con-
tributes to reducing energy consumption. LoRa is a physical layer technology that defines the modulation technique
used for transmitting and receiving data, is focused on long-range, low-power communication using chirp spread
spectrum modulation. LoRaWAN is a network protocol that uses LoRa to create a wide-area network, managing
communication between end devices and gateway, with features for scalability, security, and bi-directional communi-
cation. This proposed solution aims for use cases that need long-term operation, reduced maintenance, and the ability
to scale multiple IoT devices gathering a large amount of sensor data.

4.1. Solution Architecture

The figure 1 shows the proposed architecture design, the Micro Controller Unit (MCU) and sensor layer is where all
relevant data is gathered by the sensors and the MCU determines if data is relevant or not to be sent. Next, the LoRa
wireless gateway is used in the communication layer to receive the data that comes from the sensors. Positioned within
the middleware layer, the gateway establishes an internet connection, enabling data flow towards the application layer.
Finally, the application layer is where the data is received, used, and visualised to support business decisions.
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Fig. 1. Proposed Architecture.

The proposed architecture makes use of a variety of hardware and software, such as in the sensor layer, an arduino
MK1310 [18] with three sensors attached is used. The sensors are a temperature and humidity sensor DHT22 Velleman
VMA345 [19], a light sensor version 1.2 [20], and a distance sensor ultrasonic ranger version 2.0 [21] both from grove
manufacturing. On the communication layer, the gateway is configured to use the frequency 868 MHz [6], and the
model used is a SenseCAP M2 SX1302 [22]. The middleware allows to connect the gateway to the internet and sent
the data to TTN, that it is received at the application layer via Message Queuing Telemetry Transport (MQTT) and
then integrated into the Node Red programming tool, where it can be used according to the business requirements.

Lastly, the device is powered by an external battery, and a USB UM25C multimeter is used to measure the amperage
(A) and voltage (V), it supports measures from 4V to 24V and 0A to 5A with a minimum measurement of 0.001V
and 0.0001A [23].

4.2. Pre-Solution State

4.2.1. State

The objective of this research is to enhance the energy efficiency of IoT devices by making use of communication
protocols such as LoRa, LoRaWAN and improved duty cycling. A few metrics and key performance indicators (KPIs)
are proposed below to compare the outcomes and determine whether the objectives were fulfilled.
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Battery Lifetime:

o Measure the duration of time an IoT device can operate on a 1000 mAh battery.
o KPI: Increase battery lifetime by 30%, measure in hours.

Equation 1 is used to determine the battery lifespan KPI value, where Bl be battery lifetime in hours, Bc be the
battery capacity in mAh, and A/ be Ah converted to mAh once being multiplied by 1000.

Bl = Bc + (Ah x 1000) (D

Total Energy Consumption:

e Quantify the amount of total energy consumed by the IoT device for each different approach.
e KPI: Decrease energy consumption by 30%, measure in watt-hour (Wh).

This KPI will be obtained by using the equation 2 where Wh be Wh, V as V and Ah as Ah.

Wh =V x Ah ()

Duty Cycle Efficiency:

o Evaluate how effectively duty cycling is to conserve energy.
o KPI: Duty cycling optimised to balance energy savings and communication needs.

This qualitative KPI is obtained by observing the first two KPIs checking if both are improved. Also, all significant
data collected by the sensors continues to be sent to the gateway.

4.2.2. Current State

To assess the possible enhancements proposed in this research, the IoT device consumption will first be recorded
when data is collected but is not being communicated to the gateway, the device will continuously collect data from
all three sensors once every minute. Also, a second benchmark will consist of gathering every minute all the data from
the three sensors in the same way as previously detailed, but the collected data is sent to the gateway.

All test scenarios that were previously detailed were carried out in the same office and distance from the gateway
for about 5 hours, starting at 9:00 and finishing around 14:00.

4.2.3. Current State Results
The results of the scenarios one and two are shown in figure 2.
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Fig. 2. Scenario one without communications (left) and scenario two with communications (right), readings of V (green) and A (red).

On scenario one it can be observed that there are no peaks, and the energy consumption is stable on both V and A.
In scenario two, where data collection and transmission are taking place, it shows that there are some peaks because
of the additional energy required to transmit the data.

Despite the additional energy required to transmit the data, comparing with scenario one, table 1, reveals that the
average (AVG) results of V and A collected are similar. This outcome of low energy transmission consumption might
be the result of the IoT device being near the gateway and inside the office where weather conditions do not have any
interference or negative impact, it is under optimal test conditions, as also referred in previous studies [12].
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4.3. Proposal Solution

Similar with the previous scenarios, the proposed solution will gather data once every minute, however, it will only
send the data if there is a significant predetermined change in the data gathered from the sensors. All changes in
temperature, humidity, and light with a difference of 2 or more units were considered relevant. For distance, changes
with a difference of 5 or more units were taken into account. By doing this, it may decrease the number of transmissions
to the gateway, but it continues to provide information by comparing it with the latest measured data that was saved
and sent.

Additionally, this enhanced duty cycling algorithm will manage the microprocessor and all the sensors energy, for
better visualisation, the figure 3 illustrates a flowchart with the implemented algorithm.
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Fig. 3. Duty Cycling flowchart to improve energy efficiency.
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4.4. Results

This proposed solution was tested on the same conditions of the current state scenarios previously detailed. Figure 4
illustrates the proposed solution that only transmits data when there is a significant difference from the last collected
information and also implements additional duty cycling code focused on energy efficiency. There is a noticeable
oscillation in the energy consumption when data is being collected, and when the IoT device is in deep sleep, this has
a positive impact on the total energy consumption of the IoT device.

There are also a few visible high peaks that can be observed, this could be due to the need for extra energy when
the device is sending data to the gateway. This observation does not have a significant impact on energy consumption,
it can also be observed from the previous scenarios, which showed that sending data to the gateway has a reduced
impact on energy consumption.
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Fig. 4. Measures data obtained from the proposed solution, enhanced duty cycling.

With all the data collected from the three scenarios, the proposed KPIs can now be evaluated and visualised on
table 1. Looking at the AVG values, the current state scenarios do not have any significant variations. This suggests
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that in this test scenario, having an IoT device collect and send the data to the gateway once a minute does not have
a significant impact on energy consumption in comparison to when it just collects data without sending it. But, as
expected, the proposed solution scenario with enhanced duty cycling has noticeably decreased energy consumption
where we can also determine if the last KPI regarding duty cycling efficiency is achieved.

Table 1. Measures and KPIs analysis from the two scenarios and the proposed solution.

Battery Total Energy

Scenario Measures Lifetime  Consumption gf%tzfi;};cle
(hours)  (Wh) y
Once a minute without communication (AVG) 5.111V -0.0313A 31.97 0.1599 Baseline
Once a minute with communication (AVG) 5.111V -0.0316A  31.69 0.1613 Baseline
Enhanced duty cycling with communication (AVG)  5.115V - 0.0191A 5245 0.0975 Improved

Based on AVG values of the conducted tests, the proposed solution scenario with enhanced duty cycling managed
to increase energy efficiency without missing any significant changed events from the data collected by the sensors.
The battery lifetime was increased by almost 62% when comparing the enhanced duty cycle scenario to the current
state testing scenarios.

Furthermore, as compared to the current scenarios, enhanced duty cycling was able to reduce the overall energy
consumption by 39%. Depending on how many daily data readings the particular use case scenario requires, this
improvement might be greater.

5. Conclusions

Finding ways to improve energy efficiency on IoT solutions was the main goal of this paper. With all the information
gathered from previous studies, it was possible to work on an architecture solution and also develop a duty cycling
algorithm that combined was able to enhance the energy efficiency of an IoT device with several sensors gathering
and sending the data for further analysis. Based on the provided current state scenarios and the proposed solution,
there were some interesting findings, such as on the technology used for communication, LoRa and LoRaWAN, it
was observed that under optimal conditions, the energy consumption was minimal. By comparing both current state
tests, the results revealed that there was no significant difference between sending and not sending data in terms of
total overall energy consumption. This observation is beneficial when it comes to choosing the technology for devices
that have limited energy resources that still needs to send data, but, the technology has also some drawbacks such as
limited bandwidth and daily data transmission restrictions per device depending on the country that is operating.

Another identified IoT energy optimisation based on the results of the current scenarios, and the proposed solution
was enhanced duty cycling. It makes use of the deep sleep state to switch the IoT device to low power mode. Although
this output is a relevant contribution to lowering the power consumption of the IoT device, it should be carefully eval-
uated where missed events are critical. Additionally, it was also observed that the duty cycling algorithm could reduce
the number of data transmissions, and it may be adjusted depending on the use case. It can determine whether there
have been significant changes from earlier gathered data and decide if the data should be transmitted or not. Although
communication has a low impact on energy consumption due to the optimal test conditions, it minimises potential data
transfer restrictions due to specific country legislation and the transmission of unnecessary data, reducing radio activ-
ity and network congestion if used in environments where a high density of IoT devices are connected. The proposed
solution focuses on energy efficiency that may be implemented in several use cases, such as agricultural environments,
smart cities solutions, and many other scenarios where energy efficiency is critical, and it could result in additional
positive impacts such as operational efficiency, cost savings, and environmental sustainability.

Despite all the knowledge that was previously acquired on this subject from the SLR that was conducted and the
tests that were carried out to gather and evaluate the results, it may still have certain limitations. To increase confidence
in the findings of this research, it would need more testing involving several IoT devices connected simultaneously
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and including tests outside the office. As a proposal for future work, the shared limitations may serve as a starting
point for further investigation to strengthen this specific area of energy efficiency on IoT technology.
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