
Classifying WSNs based on their energy
management and communication synchronization

mechanisms
Pablo Nascimento

Department of Informatics
Pontifical Catholic University of

Rio de Janeiro
Rio de Janeiro, Brazil

pnascimento@inf.puc-rio.br

Adriano Branco
Department of Informatics

Pontifical Catholic University of
Rio de Janeiro

Rio de Janeiro, Brazil
abranco@inf.puc-rio.br

Markus Endler
Department of Informatics

Pontifical Catholic University of
Rio de Janeiro

Rio de Janeiro, Brazil
endler@inf.puc-rio.br

Abstract—Wireless Sensor Networks (WSNs) are increasingly
deployed across diverse applications, from environmental mon-
itoring and healthcare to military and commercial use. These
networks face significant energy challenges, as battery constraints
often limit operational longevity and complicate maintenance
of the WSN nodes, especially in remote areas. While tech-
niques like duty cycling can extend battery life, they do not
eliminate the need for battery replacement or mitigate the
environmental impact of battery use. As a promising alternative,
energy harvesting (EH) allows nodes to gather power from their
surroundings, enabling WSNs to operate autonomously with
reduced maintenance requirements. However, EH presents new
challenges due to the intermittent and unpredictable nature of
energy harvesting, which creates asynchrony in communication
and complicates intra-WSN data transfer.

This study proposes a two-dimensional classification frame-
work to evaluate existing WSN approaches based on energy
management and communication synchronization strategies. By
categorizing current solutions into energy adaptation and syn-
chronization techniques, we aim to determine whether they
address quality of service (QoS) issues directly or indirectly. This
classification also highlights unexplored combinations, offering
insights into potential new paradigms for more efficient and
resilient WSNs. Some studies have been conducted in this
field, and future work will compare them by analyzing their
communication methods related to energy management strategies
in a survey.

Index Terms—WSN, Energy Harvesting, Survey, Communica-
tion Issues, Communication Synchronism, Energy Management.

I. INTRODUCTION

Wireless Sensor Networks (WSNs) are increasingly used in
various sectors of modern society and have demonstrated their
effectiveness in various applications. These include green-
house monitoring, livestock management, underwater sensing,
vehicular ad-hoc networks, wireless body area networks, en-
vironmental monitoring, and the observation of forests and
habitats. Additionally, WSNs are valuable in health monitoring
and military, industrial, and commercial contexts [1].

In a WSN, each node collects and transmits data to neigh-
boring nodes, often routing the information to a base station.

Batteries typically power these networks, simplifying device
design and operation since power is consistently available for
data acquisition and communication. However, battery power
presents limitations, including constraints on device size [2],
maintenance logistics [3], potential chemical contamination
[4], and performance issues under conditions like high hu-
midity [5] and low temperatures [6].

Radio-frequency communication is typically the primary
drain on battery power [7], as transmitting, receiving, or just
simply listening for incoming data demands some energy
consumption. To extend battery life, the duty cycling technique
is commonly employed [8], allowing devices to periodically
switch to idle or low-power modes. Duty cycling decreases
energy consumption [9] and ensures that data is retransmitted
for a period sufficiently long to all neighboring nodes to re-
ceive that message. However, it also increases communication
latency, as when the nodes wake up, the data source, one of
its neighboring nodes, is already transmitting for a while [10].
This technique can be adapted to the specific requirements
of each application, effectively balancing energy savings with
communication needs.

Despite using the duty cycle technique, battery replacement
is still necessary when the charge is depleted [11]. This method
does not resolve batteries’ inherent chemical limitations or
environmental impacts. Harvesting energy from the device’s
environment can solve these challenges. This approach allows
the device to operate in conditions that would otherwise hinder
battery performance to maintain its operation [12]. Harvesting
energy from the environment instead of using batteries is
a design shift that allows the expansion of the potential
applications of Wireless Sensor Networks (WSNs), leading
to a reduced need for frequent maintenance and facilitating
deployment in remote or hard-to-access locations.

Energy Harvesting (EH) presents distinct challenges. The
energy harvested is often transient [13], and its availability can
fluctuate significantly over time and across different locations
[14]. This means that a device may require more power than
it can currently harvest. Consequently, designs for EH devices



must manage energy flow carefully, especially regarding the
architecture of the EH system.

The System Support for Computation can be categorized
into three stages. In the Energy-neutral stage, the energy
harvested is equal to or greater than the energy consumed over
a prolonged period. This stage typically relies on an energy
storage mechanism [15]. In the Power-neutral stage, the power
generated matches the power consumed in real-time and may
not require energy storage [16]. Finally, in the Intermittent
stage, the energy storage no longer provides a continuous
power supply for the system. As a result, the system may
enter idle mode or shut down entirely until enough energy is
harvested to power it on and resume operation.

Several design and intermittency challenges exist in WSNs,
primarily due to the unpredictability of energy harvesting
opportunities and the physical limitations of energy storage.
Intermittency should be viewed as an unavoidable factor
that impacts each device differently. Variations in energy
and charging lead to devices becoming active at different
times [17]. For example, two similar solar-powered energy
harvesting (EH) devices might charge at different rates due to
differences in sunlight exposure, resulting in misaligned active
periods that hinder direct communication between them.

Data transfer presents a significant challenge in wireless
sensor networks (WSNs). Communication requires consider-
able energy, meaning devices must have sufficient power to
complete a data transfer [18]. Additionally, they depend on
another device that meets these same energy requirements
and is active simultaneously [19]. These complexities create
numerous research opportunities, which are being actively
explored worldwide.

A key area of research is improving the network’s quality of
service. This can be accomplished by minimizing asynchrony
between nodes, either through direct synchronization tech-
niques or by increasing the likelihood of nodes being active
simultaneously.

In the next section, we will describe the classification that
will be used in the upcoming survey.

II. CLASSIFICATION

In this section, we will clarify the classification for our
future survey. We will outline the aspects we intend to evaluate
and the scenarios we wish to categorize.

Based on operational data, the energy management dimen-
sion examines how nodes can adjust their power consumption.
In the most basic scenario, nodes operate whenever there is
sufficient energy without intentional power usage manage-
ment. A more advanced approach involves nodes that leverage
insights into both energy consumption and harvesting patterns,
allowing them to activate when conditions are likely to favor
successful operation selectively. The most sophisticated level
is characterized by nodes that optimize their activity phase
based on predefined metrics, such as throughput or latency,
effectively aligning their energy usage with these specific
goals.

In parallel, the communication synchronization dimension
focuses on how nodes align their active phases to communicate
effectively with neighboring nodes. In one scenario, nodes rely
on opportunistic synchronization, attempting communication
during each active period and establishing connections by
chance. In a more structured approach, nodes schedule their
active phases based on knowledge of each other’s activity
patterns, which improves synchronization and reduces commu-
nication failures. The most precise approach involves interrupt-
driven synchronization, where nodes use interruption signals
to directly wake each other directly, ensuring alignment for
timely data transfer.

This classification aims to clarify whether these strategies
enhance network quality of service directly or indirectly.
Additionally, it highlights possible unexplored combinations,
offering valuable insights for future research and innovation
in developing more energy-efficient and reliable WSNs.

We believe that this classification will help identify whether
the solutions address quality of service issues directly or
indirectly. Additionally, we hope it will highlight the potential
for new approaches or paradigms. Some studies have been
conducted in this field, and future work will compare them
by analyzing their communication methods related to energy
management strategies.
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