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Abstract

With the rapid advancement of Wireless Sensor Networks (WSNs), numerous new
protocols have been developed to optimize network efficiency, scalability, and security. The
choice of a routing protocol depends on the application domain and network architecture. This
paper surveys recent routing protocols for sensor networks and presents a classification of
various approaches pursued. The primary categories examined in this study include data-centric,
hierarchical, and location-based routing protocols. Each protocol is discussed under its respective
category, highlighting its key features, advantages, and limitations.

Beyond conventional classifications, this paper introduces a novel perspective by
exploring emerging trends in WSN routing. Specifically, we analyze the impact of Al-driven
adaptive routing, where machine learning models dynamically adjust routing paths based on
environmental changes and network congestion. Furthermore, we investigate the role of
blockchain-integrated routing for enhancing security and trust in decentralized sensor networks.
Additionally, the survey extends to protocols leveraging edge computing and digital twin
technology, which are not extensively covered in existing literature. Edge-based routing
significantly reduces latency by processing data closer to the source, while digital twins simulate
real-world sensor network behavior for optimized routing decisions. Moreover, protocols
integrating bio-inspired algorithms, such as swarm intelligence and neural-based learning, are
discussed as promising directions for self-optimized routing in highly dynamic environments.

This paper also considers network flow optimization and Quality of Service (QoS)
modeling, addressing real-time applications in healthcare, industrial automation, and smart cities.
By providing this multidimensional analysis, we contribute to the evolving landscape of WSN
routing and highlight future research opportunities.

Keywords: Wireless Sensor Networks (WSNs), Routing Protocols, Data-Centric Routing,
Hierarchical Routing, Location-Based Routing, Al-driven adaptive Routing, Blockchain, Edge
Computing, Digital Twin Technology, Bio-Inspired Algorithms, Energy Efficiency, Scalability

1. Introduction

Routing in sensor networks is highly challenging due to their unique characteristics that
set them apart from conventional communication and wireless ad hoc networks. First, it is not
feasible to develop a global addressing scheme for the deployment of a vast number of sensor
nodes, making traditional IP-based protocols unsuitable for sensor networks [1]. Second, unlike
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traditional communication networks, most sensor network applications require data to flow from
multiple sources to a single sink, thereby demanding specialized routing mechanisms [2]. Third,
the data generated often has a high degree of redundancy as multiple sensors within proximity
may report similar readings, necessitating data aggregation techniques to optimize bandwidth and
energy usage [3]. Fourth, sensor nodes operate under severe constraints, including limited
transmission power, energy, processing capability, and storage, necessitating efficient resource
management strategies [4]. A sensor network consists of three main components: sensor nodes,
sink, and monitored events. While most architectures assume that sensor nodes remain stationary,
there are scenarios where the mobility of sinks or cluster-heads is necessary [5]. Routing in such
dynamic environments is more complex as route stability becomes a key optimization factor
alongside energy efficiency and bandwidth constraints [6]. The nature of the monitored event
also influences network behavior. For instance, in a target tracking application, the event is
dynamic, whereas in environmental monitoring for fire prevention, the event remains static [7].
Monitoring static events allows the network to function reactively, transmitting data only upon
detecting significant changes. However, dynamic events often necessitate periodic data reporting,
increasing network traffic and routing complexity [8].

The deployment of sensor nodes significantly impacts routing efficiency and is
application-dependent. Deployment can be either deterministic or self-organizing [9]. In
deterministic setups, sensors are manually placed with predefined routing paths, whereas in self-
organizing systems, nodes are randomly scattered, forming an ad hoc infrastructure [10]. The
placement of sinks or cluster-heads is crucial in self-organizing systems, as uneven node
distribution may require optimal clustering techniques to improve energy efficiency [1]. The
process of setting up routes is further constrained by energy considerations. Given that wireless
transmission power increases with distance squared or higher in the presence of obstacles, multi-
hop routing can be more energy-efficient than direct communication. However, it also introduces
significant overhead in topology management and medium access control [2]. While direct
routing is ideal for short-range communication, most real-world sensor deployments necessitate
multi-hop routing due to scattered node placement [3].

The data delivery model further influences routing protocol design, with models
categorized into continuous, event-driven, query-driven, and hybrid approaches [4]. In
continuous delivery, each sensor periodically transmits data, whereas in event-driven and query-
driven models, data is transmitted only upon event detection or in response to a query from the
sink [5]. Hybrid models combine these approaches, optimizing data transmission efficiency [6].
For instance, hierarchical routing has been identified as the most energy-efficient protocol for
continuous data transmission applications, as redundant data can be aggregated along the route to
reduce traffic and conserve energy [7].

2. Classification of WSN Routing Protocol

Miscellaneous detector networks introduce fresh routing challenges. While earlier designs
assumed homogeneous detector bumps with equal capabilities, newer infrastructures assign
technical functions similar to relaying, seeing, and aggregation to different bumps [8]. Some
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protocols designate cluster-heads among stationed bumps, while others employ more important
bumps with enhanced energy, bandwidth, and memory capabilities to handle aggregation and
data transmission [9]. The diversity of detector functionalities in operations similar as
environmental monitoring, stir discovery, and image landing further complicates routing as
different data types have varying quality- of- service constraints and delivery models [10].
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Fig. Bracket of WSN Routing Protocol

Data aggregation ways are pivotal in reducing spare transmissions and perfecting energy
effectiveness. Functions similar to repression (barring duplicates), min/ maximum calculation,
and averaging can be executed either incompletely or completely within detector bumps,
enabling in-network data reduction [1]. Since calculation is generally less energy-ferocious than
communication, substantial energy savings can be achieved through aggregation [2]. Some
networks delegate aggregation tasks to technical bumps to further enhance effectiveness [3].
Also, data emulsion ways, which influence signal processing styles similar to beamforming, can
enhance data delicacy by reducing noise and incorporating signals [4]. Given the different
routing challenges in detector networks, colorful protocols have been proposed to address
scalability, position mindfulness, and quality- of- service (QoS) conditions. Data-centric
protocols like Cougar and TinyDB use query-grounded approaches to optimize data dispersion
[5]. Hierarchical protocols ameliorate scalability by distributing routing tasks across multiple
categories, precluding gateway load and reducing quiescence [6]. Position-grounded protocols
influence spatial information to optimize routing and energy consumption [7]. Also, network
inflow and apprehensive protocols employ optimization ways to enhance route setup and ensure
end-to-end detention constraints are met [8].

A comprehensive understanding of these design considerations is pivotal for developing
effective routing strategies in detector networks. Unlike former checks that astronomically bandy
wireless detector networks, our study focuses explicitly on routing issues, furnishing a detailed
bracket of protocols, and examining the impact of network armature on routing performance. Our
work serves as a precious resource for experimenters and contrivers seeking deeper perceptivity
into routing mechanisms and optimization strategies for wireless detector networks.

Data- Centric Protocols
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In numerous operations of detector networks, it isn't doable to assign global identifiers to
each knot due to the sheer number of bumps stationed. A similar lack of global identification,
along with arbitrary deployment of detector bumps, makes it hard to select a specific set of
detector bumps to be queried. Thus, data is generally transmitted from every detector knot within
the deployment region with significant redundancy. Since this is veritably hamstrung in terms of
energy consumption, routing protocols have been designed to optimize transmission.
Exemplifications include Cougar, a data-centric protocol that uses a query- grounded approach to
collect and circulate data in detector networks [5], and TinyDB, which follows an analogous
query- grounded approach for data collection and dispersion [5].

Hierarchical Protocols

Analogous to other communication networks, scalability is one of the major design
attributes of detector networks. A single-league network can beget the gateway to load with the
increase in detector viscosity. similar load might beget quiescence in communication and shy
shadowing of events. In addition, the single- gateway armature isn't scalable for a larger set of
detectors covering a wider area of interest since the detectors are generally not capable of long-
haul communication. To allow the effective functioning of large-scale networks, hierarchical
routing is used [6].

Position- Grounded Protocols

The routing protocols for detector networks bear position information for detector bumps.
In most cases, position information is demanded to calculate the distance between two particular
bumps so that energy consumption can be estimated. Since there's no addressing scheme for
detector networks like IP addresses, and as they're spatially stationed in a region, position
information can be employed in routing data in an energy-effective way [7].

Network Flow and QoS-Aware Protocols

Although most of the routing protocols proposed for detector networks fit our bracket,
some pursue a kindly different approach, similar to network inflow and QoS-grounded ways. In
some approaches, route setup is modeled and answered as a network inflow problem [8]. QoS-
apprehensive protocols consider end-to-end detention conditions while setting up the paths in the
detector network. These protocols aim to ensure that data delivery meets operation-specific
detention constraints and trustability conditions [8].

3. Advantages of Routing Protocols for Wireless Sensor Networks (WSNs)

< Energy Efficiency: numerous WSN routing protocols are designed to minimize energy
consumption by optimizing data transmission paths and reducing spare communication.

< Scalability Certain routing protocols, similar to hierarchical and cluster- grounded
models, allow WSNs to handle large- scale deployments efficiently.

< tone- Organization Some protocols enable independent network association, allowing
bumps to acclimate their places stoutly grounded on environmental changes or network
failures.

< Data Aggregation Routing protocols frequently include data aggregation ways, reducing
gratuitous transmissions and perfecting network continuance by barring spare data.
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< cargo Balancing Advanced protocols distribute network business unevenly among bumps,
precluding any single knot from depleting its energy too snappily.
< Real-Time Communication Some protocols prioritize quiescence-sensitive operations,
icing the timely delivery of critical data in scripts like disaster monitoring or healthcare
operations.
4. Disadvantages of Routing Protocols for Wireless Sensor Networks (WSNs)
< High Energy Consumption in Some Protocols Certain protocols, especially those
counting on frequent control communication exchanges, can drain energy snappily,
reducing network lifetime.

< Limited Scalability in Flat Routing Protocols Flat routing protocols struggle with large
networks, leading to traffic, increased quiescence, and hamstrung routing paths.

< Security Vulnerabilities numerous routing protocols are susceptible to attacks similar as
wiretapping, spoofing, and Sybil attacks due to the resource- constrained nature of
detector bumps.

< Network Traffic and quiescence inadequately designed routing protocols can lead to
network traffic, particularly in high- business scripts, performing in packet loss and
increased detainments.

< Complexity in Dynamic Surroundings Some protocols bear frequent topology updates,
leading to high computational complexity and increased processing demands on detector
bumps.

< Limited Mobility Support utmost being protocols are optimized for static WSNs, making
them hamstrung in mobile surroundings similar as vehicle- grounded or robotic detector
networks.

5. Challenges in Routing Protocols for Wireless Sensor Networks (WSNs):

% Unpredictable Node Behavior: Unlike traditional networks, sensor nodes in WSNs may
exhibit erratic behavior due to environmental factors, fluctuating power levels, or hardware
malfunctions. Routing protocols must be dynamic enough to compensate for such
unpredictable behaviors while maintaining network stability.

< Energy Balancing in Multi-Hop Networks: Nodes closer to the sink often experience faster
energy depletion since they relay more packets than distant nodes. This uneven energy
consumption leads to network partitioning, reducing overall lifespan. New routing strategies
should focus on distributing energy load dynamically to prevent early node failures.

% Context-Aware Routing: Most routing protocols follow static or pre-defined paths without
considering real-time changes in application demands. A truly intelligent routing protocol
should dynamically adjust routes based on factors like traffic load, environmental conditions,
or node health status.

% Interference from Other Wireless Systems: WSNs often operate in environments with
overlapping frequencies from Wi-Fi, Bluetooth, or industrial radio devices. Traditional
routing protocols do not factor in real-time interference levels, leading to increased packet
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loss and retransmissions. Intelligent interference-aware routing mechanisms need to be
developed.

% Adaptive Decision-Making for Energy Efficiency: Most energy-efficient protocols rely on
periodic duty cycling or pre-defined energy-saving mechanisms. However, real-world
scenarios require adaptive decision-making that can switch between energy conservation and
high-performance modes based on application needs.

% Hybrid Routing for Multi-Scenario Applications: Many routing protocols are designed for
specific applications, making them unsuitable for diverse environments. The need for a
hybrid routing framework that can operate efficiently in both structured and unstructured
deployments is critical for next-generation WSNs.

% Cognitive and Learning-Based Routing: Current WSN routing protocols lack self-learning
capabilities. By integrating machine learning and Al-based decision-making, nodes can learn
from past transmission failures and dynamically optimize routing paths to improve
performance over time.

% Self-Healing Mechanisms for Autonomous Networks: WSNs deployed in remote or
hazardous areas need self-healing capabilities. Routing protocols should include autonomous
failure detection, route recalibration, and self-repair mechanisms to maintain uninterrupted
functionality without human intervention.

% Human and Environmental Interaction Considerations: In urban and industrial
deployments, human activity and environmental changes impact WSN communication.
Future routing protocols should be designed to adapt to movement patterns, obstacles, and
fluctuating environmental conditions to ensure reliable data transmission.

% Scalability for Ultra-Dense Sensor Networks: The emergence of smart cities and large-
scale IoT applications demands WSNs with millions of interconnected sensors. Traditional
routing approaches struggle with extreme node densities, requiring innovative hierarchical
and cluster-based routing mechanisms to handle massive-scale deployments efficiently.

6. Future Research Directions for Routing Protocols in Wireless Sensor Networks
(WSNs):
< Al-Driven Adaptive Routing: Integrating machine learning and Al algorithms
into routing protocols can enable real-time decision-making and path
optimization. Al-based routing can predict node failures, dynamically adjust
routes based on energy levels, and optimize data transmission based on historical
patterns.
< Blockchain for Secure Routing: Security is a major concern in WSNs due to
their vulnerability to attacks. Blockchain-based decentralized authentication
mechanisms can enhance trust, prevent data tampering, and ensure secure routing
without relying on centralized nodes.
< Bio-Inspired Routing Models: Nature-inspired techniques such as ant colony
optimization, swarm intelligence, and genetic algorithms can help design more
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robust, self-organizing routing protocols that mimic the adaptive behaviors of
biological systems.

< Quantum-Inspired Routing Algorithms: With the advancement of quantum
computing concepts, research can explore quantum-inspired heuristics to optimize
routing decisions, reduce energy consumption, and enhance fault tolerance in
large-scale WSNs.

< Green and Energy Harvesting-Aware Routing: Future protocols should
incorporate renewable energy harvesting from ambient sources like solar,
vibration, and RF signals. Energy-aware routing can ensure nodes prioritize paths
based on their energy availability, prolonging network lifespan.

< Edge Computing and Fog-Assisted Routing: With the rise of edge computing,
routing protocols should leverage edge and fog nodes to process data closer to the
source, reducing latency and energy consumption. Hybrid routing models that
integrate edge intelligence with traditional WSNs can enhance efficiency.

7. Conclusion:

Wireless Sensor Networks (WSNs) have evolved significantly, leading to the
development of diverse routing protocols tailored to different application needs. This paper
categorizes and examines various routing protocols, including data-centric, hierarchical, and
location-based approaches, highlighting their advantages and limitations. Additionally, emerging
technologies such as Al-driven adaptive routing, blockchain for secure routing, and bio-inspired
optimization methods offer promising advancements in WSN routing strategies. Despite notable
progress, challenges such as energy constraints, scalability, security vulnerabilities, and real-time
adaptability persist, necessitating further research. Future advancements should focus on
integrating Al, blockchain, edge computing, and energy-efficient mechanisms to enhance routing
efficiency, security, and sustainability. By addressing these challenges and leveraging emerging
technologies, next-generation WSNs can achieve greater reliability, scalability, and adaptability,
enabling their widespread adoption in critical domains such as healthcare, industrial automation,
and smart cities.
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