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ABSTRACT: Wireless Body Area Network (WBAN) is essential for continuous health monitoring. However, they face
energy efficiency challenges due to the low power consumption of sensor nodes. Current WBAN routing protocols face
limitations in strategically minimizing energy consumption during the retrieval of vital health parameters. Efficient
network traffic management remains a challenge, with existing approaches often resulting in increased delay and
reduced throughput. Additionally, insufficient attention has been paid to enhancing channel capacity to maintain
signal strength and mitigate fading effects under dynamic and robust operating scenarios. Several routing strategies
and procedures have been developed to effectively reduce communication-related energy consumption based on the
selection of relay nodes. The relay node selection is essential for data transmission in WBAN. This paper introduces an
Adaptive Relay-Assisted Protocol (ARAP) for WBAN, a hybrid routing protocol designed to optimize energy use and
Quality of Service (QoS) metrics such as network longevity, latency, throughput, and residual energy. ARAP employs
neutrosophic relay node selection techniques, including the Analytic Hierarchy Process (AHP) and Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS) to optimally resolve data and decision-making uncertainties.
The protocol was compared with existing protocols such as Low-Energy Adaptive Clustering Hierarchy (LEACH),
Modified-Adaptive Threshold Testing and Evaluation Methodology for Performance Testing (M-ATTEMPT), Wireless
Adaptive Sampling Protocol (WASP), and Tree-Based Multicast Quality of Service (TMQoS). The comparative results
show that the ARAP significantly outperformed these protocols in terms of network longevity and energy efficiency.
ARAP has lower communication cost, better throughput, reduced delay, increased network lifetime, and enhanced
residual energy. The simulation results indicate that the proposed approach performed better than the conventional
methods, with 68%, 62%, 25%, and 50% improvements in network longevity, residual energy, throughput, and latency,
respectively. This significantly improves the functional lifespan of WBAN and makes them promising candidates for
sophisticated health monitoring systems.
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1 Introduction

Wireless Body Area Network (WBAN) is a limited subclass of Wireless Sensor Network (WSN)
dedicated to monitoring human physiological parameters for medical and non-medical applications [1,2].
These networks utilize an array of invasive and non-invasive sensors. Invasive sensors are inserted within the
body, whereas non-invasive sensors are attached to or placed outside the body, such as in wearable devices [3].
WBAN is used in physiological monitoring, sports performance analysis, and other physiological tracking
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applications [4]. Data obtained from sensors such as electroencephalogram (EEG), electrocardiogram
(ECG), blood oxygen levels, and body temperature are transmitted to a central sink node, which then
forward data to intermediary devices such as Personal Digital Assistants (PDA) for processing and further
communication with healthcare providers or emergency personnel [5,6].

The structure of a WBAN must be lightweight and minimally intrusive to facilitate continuous monitor-
ing without affecting the user’s regular lifestyle. It is far more sophisticated than traditional systems such as
the Holter monitor, which is bulky and not ideal for long-term monitoring. The small size and wireless nature
of WBAN sensors make them particularly suitable for discreet, continuous monitoring and the delivery
of key data to facilitate timely medical intervention [7,8]. A major challenge in WBAN is balancing the
energy usage of sensors, which are typically powered by small batteries with very limited energy reserves
[9]. Effective energy management is crucial for extending the operational life of these sensors, as they are
responsible not only for data acquisition and processing but also for wirelessly transmitting the data to the
sink node [10,11]. Battery constraints make it important to conserve energy, which is a fundamental issue in
long-term monitoring [12].

This hierarchical structure ensures strong and uninterrupted monitoring, along with optimal energy
usage and data transmission efficiency, which are of prime importance for efficient WBAN operation in
health monitoring. The architecture provides end-to-end support for a large and scalable solution for WBAN
integration into numerous health monitoring systems, enabling timely and reliable medical data access
and response. However, current routing protocols, such as LEACH, M-ATTEMPT, WASP and TMQoS,
have addressed concerns regarding energy efficiency and data reliability in WBAN [13-15]. These protocols
primarily rely on static routing mechanisms [16], making them less adaptive in responding to dynamic and
uncertain environments. This limited adaptability can result in inefficient energy consumption and data
transmission. To address these challenges, an ARAP for WBAN was proposed for intra-WBAN. ARAP
introduces a hybrid routing scheme employing the neutrosophic-Analytic Hierarchy Process (AHP) and
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) techniques for relay node selection.
These techniques provide a comprehensive evaluation of relay nodes based on various criteria, including
residual energy, traffic load, and node criticality. The use of such decision-making aids is intended to optimize
relay node selection, thereby enhancing critical QoS measures, such as throughput, delay, network lifetime,
energy consumption, and residual energy [17-19].

The principal aims of this research are to undertake a critical analysis of existing energy-efficient
routing protocols, implement and deploy ARAP for WBAN, and benchmark its performance against existing
protocols [20]. It is hoped that ARAP will significantly improve the lifetime and efficiency of WBAN, making
them more reliable for long-term health monitoring. This study also addresses the gaps identified in previous
research, particularly the need for more robust and energy-efficient routing mechanisms for WBAN.

This study is motivated by the need for an adaptive and robust solution to overcome various types
of limitations, such as robustness, cost, and energy effectiveness. By integrating neutrosophic-AHP and
TOPSIS, this study proposes a hybrid routing protocol that optimizes relay node selection according to traffic
load, leftover energy, and node criticality in uncertain environments. The developed protocol is intended
to enhance network efficiency by minimizing energy consumption, reducing latency, and prolonging the
operational life of WBAN. These developments are expected to substantially enhance WBAN applications
for health monitoring, making them scalable and reliable for deployment in real-world settings.

The primary contributions of this study are as follows:

1. Proposed ARAP for WBAN to maximize energy efficiency and QoS using state-of-the-art multi-criteria
decision-making methods (neutrosophic-AHP and TOPSIS).
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2. Incorporated neutrosophic-AHP and TOPSIS to improve relay node selection, ensuring dynamic
adaptability to real-time network conditions.

3. Enhanced key QoS metrics such as throughput, delay, and network lifetime, while significantly reducing
energy consumption and extending network longevity.

4. Conducted a comparative evaluation that demonstrates the superior performance of ARAP compared to
existing protocols such as LEACH, M-ATTEMPT, WASP, and TMQoS through rigorous benchmarking
and analysis.

The remainder of this paper is organized as follows. In Section 2, we provide a thorough analysis of
various related studies to identify research gaps. Section 3 presents the research methodology, while Section 4
discusses the simulation and experimental results, along with a comparison of ARAP with other protocols
across several key metrics. Finally, Section 5 concludes the paper by summarizing the findings and suggesting
directions for future research.

2 Related Works

WBAN has become an essential tool for real-time patient data collection and ongoing health monitor-
ing. Much research has been done recently to increase the security, energy efficiency, and dependability of
data transmission in WBAN contexts. The special difficulties presented by WBAN, including their dynamic
topology, limited energy resources, and the requirement for high-quality service in life-critical applications,
have been addressed in several ways. To improve network lifetime and communication reliability, several
routing protocols, relay node selection strategies, and optimization techniques are examined in the literature
currently under publication. Significant contributions to the discipline are critically reviewed in this part,
with an emphasis on their approaches, advantages, and disadvantages.

In [21], a hierarchical decision-making framework using digital twin technology was proposed to
enhance resource-efficient utilization and facilitate real-time mission planning. The framework divides a
swarm of UAVs into subgroups and uses a deep Q-learning method with several agents to optimize training.
Simulations proved the efficiency of this method in generating high-quality plans despite the drawbacks of
learning-based methods in addressing sim-to-real challenges. In [22], data-driven methods such as device
placement, routing, sampling rate calibration, and machine learning techniques were investigated to resolve
these challenges. These results provide insights into how to maximize energy efficiency and security in
WBAN and offer future research directions for healthcare applications. A dual optimization mechanism
was proposed in [23] to improve the energy efficiency of WBAN. First, the naive Bayesian classifier was
used to reduce interference, whereas the second approach employed the Hungarian algorithm for time slot
allocation. The simulation results indicate that the scheme considerably enhances WBAN energy efficiency
with a QoS guarantee. A new routing protocol, Simple Energy-Aware and Reliable (SEAR), which is energy-
aware and reliable, was introduced by [24] to deliver reliable data packets in WBAN. The protocol considers
the remaining energy, priority data, and hop count to select an optimal forwarder node. The route reliability
factor (RRF) determines the optimal route. SEAR outperforms existing protocols in terms of overall energy
consumption, packet loss, end-to-end latency, and network lifetime.

Routing techniques have been suggested by the authors of [25-27] to enhance wireless networks. They
focused on hybrid routing protocols to develop optimal routing solutions that meet design objectives.
Energy efficiency and routing in various nodes are the core concepts. For WBAN, the authors of [28,29]
suggested an energy-efficient routing system. The healthcare industry, where patients can operate using IoT-
enabled WBAN, remains the main focus. To improve network performance in WBAN, they demonstrated an
energy-efficient protocol framework with energy consumption models. To conserve energy and provide an
energy-efficient routing protocol in WBAN environments, the authors of [30] clarified the routing method
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in WBAN. Models for energy harvesting and blockchain were also presented. The main objective was to
maintain a high network stability period, minimize transmission loss, and achieve high throughput.

Ultra Energy Efficient Lossless Compression (UEELC) is a compression technique that was introduced
in [31], which consumes less energy since it sends less data to the sink node. Each input string is transformed
into a shorter code in a series of stages to accomplish this. First, each input string is converted to its ASCII
counterpart, and the resulting ASCII code is subsequently converted to its binary equivalent. A more optimal
traversal is chosen in the following step by counting the number of zeros and ones in the generated binary
code. Additionally, the binary code is traversed more effectively in the final phase.

A wireless relay system fueled by an energy buffer was proposed to help install a WBAN that can sustain
itself. An implantable device, consisting of multiple users and an off-body Access Point (AP), was placed
inside the body of the proposed system. Each user also had a wearable gadget with two modes and an energy
buffer attached to their body. During data transmission, the dual-mode wearable gadget consumed wireless
energy while also transferring energy to supply the implant device and harvesting energy from an AP’s
broadcast radio frequency signal. This harvested energy was stored in the energy buffer as presented in [32].

The published literature in [33] reviews work related to Multi-fractional Triphase Duplex Data Encryp-
tion (MTDDE) with Ant Colony Optimization (ACO), which is the recommended technique for encrypting
data. This approach considers data security and various constraints on sensor nodes, including dynamic
topology, battery life, throughput, and computational power limitations.

Three methods utilizing distance were proposed by the author of [34], using a distance matrix to create
a chain of sensor nodes. The first strategy uses the shortest paths to construct a single chain. The second
and third methods involve moving the sink by employing the fuzzy C-means (FCM) method to create a
single cluster, with the sink’s new location determined by the cluster center. The third suggested chain-based
technique significantly reduced energy consumption compared with RE-ATTEMPT and Particle Swarm
Optimization Body Area Network (PSOBAN), positively impacting the network’s overall lifespan.

A suggested technique called Hierarchical Energy Efficient Secure Routing (HEESR) [35] classifies
deployed body nodes into direct and relay nodes based on a threshold value. In contrast to traditional
protocols, energy levels and traffic priority information, including critical and non-critical data, are used to
select the cluster head. Subsequently, the best path for forwarding the obtained information is determined,
and the data is encrypted using an asymmetric cryptographic algorithm and compressed using the Huffman
encoding method for secure data transmission.

According to [36], the increasing number of WBANS in hospitals negatively affects service delays and
network throughput [37]. To address this issue and ensure QoS, dynamic connectivity establishment and
cooperative scheduling schemes have been proposed [38,39]. A wearable prototype using 9DoF sensor
boards was developed in [40], along with a new classification algorithm that detects various arm movements
using two wrist-mounted sensors. The key advancement is that the algorithm can run directly on the wearable
unit’s microcontroller. To improve and manage health care services in an autonomous manner, an energy-
aware and stable routing protocol has been proposed [41]. The objective of this protocol is to improve network
performance for point-to-point communication. In [42], a signal processing system based on the clustering
algorithm is proposed to monitor the real-time health condition of the patient under observation with respect
to variation in mobility. The problem of temperature balancing has been addressed in [43], with the Thermal-
Aware Routing Algorithm (TARA) by diversifying the route in case of wise in temperature of the sensor
node. The importance of WBAN in real-time healthcare monitoring has drawn increasing attention [44,45].
To address the issues challenges of data reliability and delay, an efficient QoS-based Multi-Path Routing
(MPR) scheme for WBAN was proposed in [46]. Incoming traffic in MPR is divided into two categories:
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routine and emergency. To increase network dependability and throughput, emergency traffic has been given
top priority and is being sent via the optimal path. By the use of Optimal K-Means Clustering (OKMC),
a novel metaheuristic method Energy Enrichment Multi-Hop Routing (EEMR) protocol is proposed in
[47], to strengthening network lifetime and route selection strategy. The primary goal of the first phase, the
Enhanced Flower Bee Optimization Algorithm (EFBOA), is to increase the network lifetime of the WBAN
by establishing a network of clusters. Dynamic Local Hunting and Location Discarding (DLH-LD) is used in
the following step to determine the quickest path out of all the options. By using sophisticated multi-criteria
decision-making to maximize energy usage and network stability [48], our proposed protocol expands upon
earlier research [49,50].

The Secure Optimal Path-Routing (SOPR) protocol is a novel cluster-based secure routing system that
has been suggested in [51] to address the dependability, energy efficiency, and security concerns in WBAN.
In order to improve communication security in WBAN, this suggested algorithm detects and prevents black-
hole attacks on the one hand and transmits data packets in encrypted form on the other. A cluster-based
routing protocol for WBAN is proposed in [52], that uses machine learning to predict energy waste and a
Modified Grey Wolf Optimization with Q-Learning (MGWOQL) for cluster head selection and updating.
With the help of various objective functions, the suggested protocol minimized cluster energy consumption
by choosing the best cluster head (CH).

For WBAN, a novel Mobile Agent-Based data aggregation scheme that is dependable and energy-
efficient is suggested in [53]. The network is split up into clusters in the suggested scheme, and cluster heads
are chosen. Second, the base station creates a mobile agent to gather the necessary information from cluster
heads. In line with our strategy of integrating relay-assisted techniques to balance energy consumption
across nodes, their study highlights the necessity of effective cluster formation to prolong network lifetime
[54-56]. The drawbacks of conventional approaches in dynamic contexts were also highlighted by [57],
who reviewed several energy-aware routing strategies for WBAN [58]. In [59], Shortened Repeating Code
Modulation (SRCM), an effective technique based on data similarity, was proposed. SRCM employs data
similarity to minimize energy usage through four distinct steps: sampling, quantization, encoding, and
compression. This is achieved by sending less data during the sampling phase. To avoid sending similar data,
the cross-correlation technique detects data similarity.

The study presented in [60], two performance parameters, namely end-to-end delay and packet
transmission ratio have been evaluated using the Ant Colony Optimization (ACO) algorithm, which has
been strategically implemented to predict the position and to search the direction. Relay-accessed routing
algorithm has been implemented in [61], to select the appropriate relay node in order to maintain the
quality of the link, which further decides the step to maintain overall data packet quality for delivery. The
study presented in [62] demonstrated the potential of bio-inspired algorithms in network optimization
using a clustering approach for WBAN based on dragonfly optimization. Meta-heuristic optimization
algorithm has been implemented, which is based on the behavior of the emperor penguins in [63]. The
overall scenario of the algorithm is controlled by the nature-inspired spiral-like movement of the penguin
and thermal radiation. Our study complements optimization-based methods by incorporating a decision-
making framework that selects the most energy-efficient and QoS-compliant relay nodes, even though it does
not explicitly use bio-inspired methodologies. An energy-efficient routing system designed for WBAN was
proposed by [64], who placed a strong emphasis on dependable data transfer and low energy consumption
[65-67]. To improve the flexibility of the protocol in adapting to current network conditions, our study
expands this by presenting a multi-criteria decision-making framework [68,69].

Hierarchical and cluster-based routing algorithms [70] were also investigated in [67,71], respectively,
highlighting the need for an organized node organization for WBAN effectiveness. To improve energy
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efficiency among sensor nodes and prevent premature node failure, the protocol adds relay-assisted transmis-
sion [72]. In a thorough analysis of energy efficiency and reliability issues in WBAN [69], several significant
obstacles were identified, including frequent disconnections and node failures. Through adaptive relay
selection and link-quality evaluation, our proposed approach addresses these problems and guarantees a
reliable communication network. To illustrate the significance of intelligent network partitioning [73,74], we
focused on inter-WBAN interference control and dynamic clustering. By dynamically modifying relay nodes
according to network reliability, residual energy, and QoS requirements [75,76], the method enhances these
findings by reducing interference and guaranteeing reliable data transmission [77].

An energy-eflicient routing approach [76,77] was developed in [78] to enhance the reliability of WBAN.
Their work also maximized the trade-oftf between energy usage and data transmission reliability [79,80],
which aligns with our emphasis on energy-efficient relay-assisted data forwarding.

Based on the previous contemplation following are the identified research gaps which has been
addressed in the rest of the section:

o Requirement to reduce the energy consumption while retrieving the vital health parameters strategically
during WBAN is under consideration.

« Efficient management of network traffic should be prioritized in order to reduce the network delay and
to increase the overall throughput when WBAN is under consideration by adapting the robust scenario.

o Furthermore, another challenge that needs to be addressed such as increasing channel capacity to
maintain the strength of the signal thereby reducing the fading effects.

Therefore, the research challenges that have been raised after reviewing the literature survey have been
addressed in Section 2. These critical issues, which limit the performance of the WBAN as discussed in the
research gaps have been addressed with the help of the ARAP protocol. The comparative analysis of the
existing approaches is also shown in Table 1, which includes the limitations of these approaches.

Table 1: Comparative analysis of existing approaches

Reference Technique used Performance metric Findings Limitations
(23] Naive Bayesian classifier Energy efficiency, QoS The dual optimization The approach might be
for interference significantly maximizes  limited to specific WBAN
minimization + energy efficiency in conditions
Hungarian algorithm for WBAN while ensuring
time slot allocation QoS

[43]

Energy buffer-aided
wireless-powered relaying
system with dual-mode
wearable device

Thermal-aware routing
protocol with a withdrawal
strategy to avoid hotspots

Particle swarm
optimization-based
metaheuristic algorithm +
relay node selection based
on distances and residual
energy

Outage probability,
average throughput

Temperature balance,
delay, packet loss

Energy consumption,
Relay node optimization

Energy harvesting and
improves energy supply to
implant devices, with two

transmission policies
analyzed
Temperature management
and load balancing,
reducing packet loss in
high-load situations
Balances relay node
optimization with
energy-efficient WBAN
design

The energy buffer size and
user mobility might affect
performance

May introduce additional
delays compared to
shortest-hop routing

Requires careful tuning of
the metaheuristic
algorithm for real-time
applications

(Continued)
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Table 1 (continued)

Reference Technique used Performance metric Findings Limitations
[74] Distributed Optimization the cluster Reduce the overall May not properly
energy-efficient head (CH) selection and  transmission distance and accommodate for
two-hop-based clustering routing number of transmissions extremely dynamic
and routing protocol situations with rapidly
(DECR) shifting node densities
[75] Energy-efficient Network stability, lifetime, Network stability, lifetime, The approach might
Harvested-Aware throughput, end-to-end  throughput, and delayby  struggle with large-scale
Clustering and delay optimizing clustering and WBAN or highly dynamic
Cooperative Routing cooperative routing networks
Protocol (E-HARP)
[78] Energy-efficient multi-hop Reliability of data Enhances the reliability of Assumes that the
routing protocol using a transmission, energy data transmission, maximum benefit
maximum benefit efficiency, network lifetime improves energy function always provides
function for next hop efficiency, and extends the the best results in all
selection network lifetime network conditions

3 Research Methodology

In this research work, the ARAP for WBAN is proposed as a hybrid routing protocol designed to reduce
energy consumption while maintaining network QoS. The ARAP protocol employs neutrosophic relay node
selection techniques, incorporating the AHP to enhance decision-making in selecting optimal relay nodes.

3.1 System Model

ARAP introduces a novel relay node selection method by integrating neutrosophic-AHP and TOPSIS
techniques to optimize network performance. The model consists of several key components: sensor nodes
are strategically positioned on the body, with their initial energy levels and placements recorded. This
setup serves as the foundation for subsequent data transmission and relay node selection. During the relay
candidate discovery process, nodes transmit control messages containing key metrics such as residual energy,
traffic load, and node criticality to identify potential relay nodes. At this stage, neutrosophic-AHP and
TOPSIS are applied, where AHP assigns weights to various criteria, and TOPSIS ranks nodes based on
these attributes. This ensures a robust decision-making process that accounts for both objective data and
subjective uncertainties. Once relay nodes are selected, they facilitate data transmission from sensor nodes to
the sink, enhancing energy efficiency and data reliability. The novelty of ARAP lies in its advanced relay node
selection approach, leveraging neutrosophic-AHP and TOPSIS. Neutrosophic-AHP, an extension of classical
AHP, employs neutrosophic sets to handle ambiguity, vagueness, and uncertainty in decision-making. These
sets are defined by truth (T), falsity (F), and indeterminacy (I), providing a more nuanced representation
of uncertainty, an essential factor in complex systems like WBAN, where information may be incomplete
or subjective.

This architecture allows for real-time data acquisition and processing, enabling efficient healthcare
monitoring, early diagnosis, and timely treatment. ARAP increases data credibility, minimizes commu-
nication latency, and maximizes energy efficiency in WBAN applications. Conventional AHP structures
and process decisions are made by partitioning them into a hierarchy and employing a judgment scale to
measure the relative significance of the criteria. However, neutrosophic-AHP enhances this by employing
neutrosophic numbers to capture the degrees of truth, falsity, and indeterminacy, thus strengthening the
process and making it more precise. Thus, TOPSIS was employed to determine the optimal solutions by
computing the distances between the negative ideal solution and the ideal solution. In the context of WBAN,
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TOPSIS evaluates relay node candidates based on criteria such as node density, node criticality, traffic load,
signal-to-noise ratio, and residual energy. This process involves criteria weighting using neutrosophic-AHP,
calculating the distances between the ideal and negative ideal solutions, and ranking the candidates based on
their proximity to a perfect solution. Integrating neutrosophic-AHP and TOPSIS in this research uniquely
enhances the decision-making process, effectively handles uncertainty, and provides a more reliable and
accurate selection of relay nodes, optimizing network performance and energy efficiency in a dynamic and
unpredictable WBAN environment.

Fig. 1is a general diagram of the proposed health monitoring system usinga WBAN. The system gathers
essential physiological data through various sensors, including EEG, ECG, blood pressure, body temperature,
blood oxygen, and EMG, applied to the body. This data is transmitted through a relay node to a PDA device,
which then forwards it to a medical server for monitoring and analysis.

BODY AREA NETWORKS PERSONAL DIGITAL ASSISTANT HEALTH MONITORING SYSTEM

EEG SENSOR

BLOOD PRESSURE

’

SENSOR SESNSOR z

’

.

[

’

’

’

’

’

BLOOD ’
OXYGEN

SINK NODE

SENSOR

REMOTE MEDICAL SERVER

EMG SENSOR

Figure 1: Proposed model of ARAP

3.2 Proposed Model

The ARAP methodology is grounded in advanced mathematical frameworks and decision-making
processes for Body Area Networks. The flowchart (Fig. 2) depicts ARAP, an energy-efficient hybrid routing
strategy for WBAN. The process begins with the initialization of the sensor nodes on the body, followed
by broadcasting control messages to gather essential data. The weights for various criteria are subsequently
computed via neutrosophic-AHP, after which node ranking is performed using TOPSIS. Based on these
rankings, the most suitable relay nodes are selected, and data transfer is enabled to ensure efficient and reliable
monitoring of health parameters.
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Sensor Node
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Broadcast Control Message
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Calculate criteria weights
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— Handle criteria error [@€=No—<_ Is criteria met? —Yes—P»|

Rank nodes using
TOPSIS

Handle ranking error €—No— 2t g -YF){ Select relay node ‘
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Re-evaluate nodes No— selected? .

Yes
v Y +
o Successful data
End S transmission to sink node

Figure 2: Flow chart of adaptive relay-assisted protocol for WBAN

The neutrosophic-AHP method calculates the weights of each criterion by establishing a comparison

matrix and performing consistency checks. The criteria used are Residual Energy (E..s;), Traffic Load (Ty),
Node Density (Np), Signal-To-Noise Ratio (SNR), Euclidean Distance and Node Criticality (N¢). TOPSIS
is then used to rank the nodes based on these weighted criteria so that the most suitable relay node can be
chosen. The details of these criteria are as follows:

(i)

(ii)

(iii)

Residual Energy: This metric measures the residual battery amount of batteries in the sensor nodes.

Eiesi = Einitial — Eused (l)

where Ej,itia1 denotes the initial energy and E,;;.4 represents the energy consumed by the sensor node.
Traffic Load: This condition assesses the load on a sensor node to determine data accessibility.

_ (t:+1)
q

Ty ()
where t, represents the occupied timeslot within the frame, and g represents the available timeslots.
Node Density: This measures the number of neighboring nodes to a sensor node, which influences
potential relay choices.

Npi = Npo

Np = ~RiZ Do (3)
P Npo
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where Np; represents the number of neighbors of the sensor node and Npy denotes the optimal
number of neighbors.

(iv) ~ Signal-to-Noise Ratio: This measure is used to test the quality of the communication link by
measuring the power ratio of the signal to noise.

Psignal
SNR =10log,, (ﬂ) (4)
noise
where P, denotes the signal power, and P, represents the noise power.
(v)  Euclidean Distance: This metric is used to determine the distance between nodes, which affects
energy consumption and transmission quality.

Eqist = \/(xz -x1)2+ (y2—n)? (5)

where x; and y; denote the coordinates of the first node, and x, and y, represent the coordinates of
the second node, respectively.

(vi) Node Criticality (N.): This value quantifies the importance of a node within a network in terms of a
variety of factors, such as the information it handles, its remaining energy, and connectivity. NC can be
calculated through a weighted sum of relevant factors, such as the priority of critical data, the number
of connections a node has, and its remaining energy. The precise formula may change depending on
the specific applications and requirements of a network. The ARAP operation involves the integration
of advanced mathematical models and decision-making frameworks, which are keys to identifying
optimal relay nodes in a network.

Determining the optimal nodes is instrumental in minimizing power consumption without compro-
mising the quality of the transmitted data. The use of neutrosophic-AHP is one of the pillars of ARAP.
This method calculates the weights of various criteria that influence the selection of relay nodes. The
criteria include residual energy, traffic load, node density, signal-to-noise ratio, Euclidean distance, and node
criticality. The energy remaining in the sensor nodes is known as residual energy, which is essential for
the network’s lifespan. The quantity of data that must be sent is referred to as traffic load, and handling
it effectively prevents network congestion. Node density and SNR are keys to determining the quality and
reliability of communication links. Euclidean distance is used to calculate the spatial relationships between
nodes, influencing the efficiency of data transmission. Node criticality assesses the importance of nodes in
maintaining network functionality.

3.2.1 Proposed Algorithm: Relay Node Selection for ARAP

The following are the various steps of proposed Algorithm 1:
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Algorithm 1: Relay node selection for ARAP
Steps:
1. We defined the criteria for relay node selection (e.g., residual energy, traffic load, node density, SNR,

Euclidean distance, and node criticality).

2. Construct a pairwise comparison matrix for these criteria.

3. Normalize the matrix and calculate each criterion’s priority vector (weights).

4. Perform a consistency check to ensure the reliability of the matrix.

5. Adjust the matrix if necessary to achieve an acceptable consistency ratio.

6. The sensor nodes which need criteria of consistency ratio will qualify for the ranking process.
7. Construct the decision matrix of qualified sensor nodes with criteria values for each relay node.
8. Normalize the decision matrix.

9. Calculate the weighted normalized decision matrix using weights from neutrosophic-AHP.
10. Determine the ideal and negative-ideal solutions.

11. Calculate the distance of each relay node from these solutions.

12. Rank the relay nodes based on their relative closeness to the ideal solution.

A systematic multi-criteria decision-making process is used in the suggested relay node selection
algorithm. Important parameters like traffic load, node density, SNR, residual energy, Euclidean distance,
and node criticality are established in Step 1. For these criteria, a pairwise comparison matrix is created
in Step 2, and in Step 3, the matrix is normalized to determine priority weights. To guarantee the stability
of the matrix, a consistency check is carried out in Step 4 and any necessary revisions are made in Step 5.
Only sensor nodes that meet the consistency ratio are chosen for additional examination in Step 6. For these
qualified nodes, Step 7 creates a decision matrix containing criterion values, which Step 8 normalizes. Step
9 then uses neutrosophic-AHP to weight the normalized matrix. The ideal and negative-ideal solutions are
defined in Step 10, and the distance between each relay node and these reference points is determined in Step
11. In Step 12, the most optimal relay node is determined by ranking the nodes according to how close they
are to the ideal solution.

3.2.2 Proposed Pseudo Code

Step 1: Construct a pairwise comparison matrix A for the criteria:

1 arn as cee A1y
1
e 1 azs ... Ay
A=|2 (6)
111 '
—_— — — ... 1
L d1n a2n asn B

A pairwise comparison matrix (A) is constructed to evaluate the relative importance of each criterion
against the others. The value A;; represents how much more important criterion i is compared to criterion j.
The matrix is reciprocal, meaning A;; = 1/A;j, and diagonal elements are always 1.

Step 2: Normalize the matrix:

A = — 7
norm Z?_lAij ( )
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Each element of the matrix is divided by the sum of its column to normalize the comparison matrix.
This step ensures all values are scaled appropriately for further calculations.

Step 3: Calculate the priority vector (weights):

1 n
Priority Vector = — ZAnormij (8)
n =

The normalized matrix is used to calculate the average of each row, resulting in the weight (priority) of
each criterion. This vector reflects the relative importance of each criterion in decision making.

Step 4: Perform consistency check:

Amax = max(eigenvalues of A) )
CI = Amax =1 (10)
n—-1
CR = g 11)
RI

If CR < 0.1, the matrix is consistent and sensor node gets qualified

To ensure the judgments made in the pairwise comparison matrix are consistent, the maximum
eigenvalue (A,,4) is calculated. Using this, the consistency index (CI) and consistency ratio (CR) are derived.
If CR < 0.1, the matrix is considered consistent; otherwise, the comparisons should be revised.

Step 5: Normalize decision matrix D:

Bk B (12)
m
Zifl D12]

Dnorm,-j =

The decision matrix, which contains performance values of alternatives (sensor nodes) with respect
to each criterion, is normalized using vector normalization. This step removes the scale differences
among criteria.

Step 6: Calculate weighted normalized matrix V:
Vij = Duorm,; x Weight; (13)

Each element of the normalized decision matrix is multiplied by its corresponding criterion weight to
obtain the weighted normalized matrix. This gives more influence to more important criteria.

Step 7: Determine ideal (A*) and negative-ideal (A™) solutions:

A* = (max( Vi j) for benefit criteria, min( Vi j) for cost criteria) (14)
A~ = (min(V;;) for benefit criteria, max(V;;) for cost criteria)

For each criterion, the best (ideal) and worst (negative-ideal) values are identified. For benefit-type
criteria, the ideal is the maximum value, and for cost-type criteria, it is the minimum.

Step 8: Calculate distances D* and D™:

=\ ’ (V- A1) (15)
i=1
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D; =+ | D.(V; —A;)z (16)
\ i=1

The Euclidean distance of each alternative from the ideal and negative-ideal solutions is calculated.
These distances (D; and D;) represent how far each alternative is from the best and worst conditions,
respectively.

Step 9: Calculate relative closeness to the ideal solution C;:
Dy

-t 17
D} + Dy (17)

i
The relative closeness (C;) of each alternative to the ideal solution is computed. A higher C; value
indicates that the alternative is closer to the ideal solution and therefore more desirable.

Step 10: Rank nodes by C; (higher values are preferred):

Sensor nodes (alternatives) are ranked in descending order based on their C; values. The node with the
highest score is considered the most suitable or qualified.

4 Simulation & Experimental Results

The results demonstrated significant improvements across all QoS parameters. The ARAP protocol
was implemented using the advanced computational tool MATLAB 2023 to ensure accurate modeling
and simulation. Simulations were conducted on a configuration featuring a latest-generation Intel Core i7
processor, which offers high computational power and speed.

This choice of processor played a crucial role in handling the extensive calculations required in the
multi-criteria decision-making processes inherent in the operation of the protocol. Furthermore, the system
utilizes a 64-bit version of the Windows 10/11 operating system to provide a stable and compatible platform
for running MATLAB and accommodating the required drivers and software.

4.1 Node Deployment for ARAP

In this study, the network consists of eight sensor nodes and one sink node, with relay nodes selected
randomly. Each sensor node is initialized with an energy level of 0.5 J. The initial energy is significant as it
determines the operational lifespan of network. The packet size is set to 50 bits, and the transmission and
reception energy costs are 16.7 and 36.1 nJ/bit, respectively. The amplification energy is 1.97 nJ/bit/mn. These
parameters ensure effective communication and data reliability within the WBAN, as detailed in Table 2.

Table 2: Simulation parameters for ARAP

Parameter Value Description
Number of nodes 8 The total number of sensor nodes deployed in the network.
Number of sink 1 The sink node collects data from sensor nodes.
Relay node Random Nodes are selected as relays based on proximity to ideal criteria.
selection
Initial energy 0.5] The starting energy level of each sensor node influences the
operational lifespan network.
Size of a packet 50 bits The size of the data packet transmitted by each node.

(Continued)
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Table 2 (continued)

Parameter Value Description
ETX lec 16.7 nJ/bit The energy cost for transmitting each bit.
ERX e 36.1 nJ/bit The energy cost for receiving each bit.
Eamp 1.97 nJ/bit/mn  The energy cost for amplifying the signal for transmission over a
meter.

The above parametric values used in the network setup are typically informed by previous research [81],
real-world sensor hardware specifications and simulation frameworks commonly used in similar studies.
Simulation tools like NS-2/3, MATLAB WSN model, or OMNeT++ often use these or similar values.

A WBAN network for ARAP is formed, consisting of eight sensor nodes and one sink node. All nodes
sense data and transmit it to the sink. The deployment of the sensor nodes on the human body is shown
in Table 3.

Table 3: Coordinate values of the sensor on human body [54]

Sensor node S1 S2 S3 S4 S5 S6 S7 S8  Sink

Location (x-axis) 0.55 0.25 0.28 048 030 050 045 035 0.40
Location (y-axis) 100 100 020 0.25 050 050 013 0.90 110

4.2 Experimental Results

The proposed protocol exhibited superior performance across all measured metrics compared to
existing protocols such as LEACH, M-ATTEMPT, WASP, and TMQoS. It achieved a significantly higher
throughput which is ensuring more reliable data delivery and efficient network bandwidth utilization.
Additionally, the average delay was reduced to 350 ms, attributed to the efficient selection of relay nodes.

Furthermore, the ARAP protocol attained a throughput 3.35 x 10* bps, outperforming LEACH and
TMQoS 3.30 x 10* bps, M-ATTEMPT 3.25 x 10* bps and WASP 3.10 x 10* bps due to its effective relay node
selection and data transmission process, as illustrated in Fig. 3a. The average delay was significantly reduced
to 350 ms, compared to 450 ms for LEACH, 710 ms for M-ATTEMPT, 770 ms for WASP, and 715 ms for
TMQoS, indicating that ARAP efficiently manages data traffic and minimizes congestion, as shown in Fig. 3b.

Fig. 3¢ illustrates that the network lifetime was notably extended to about 5000 rounds, significantly
surpassing 4000 rounds for LEACH, 2550 rounds for M-ATTEMPT, 2600 rounds for WASP, and 2500 rounds
for TMQoS, reflecting optimized energy consumption within the network. Additionally, the residual energy
per node was, on average, 0.3 ], as depicted in Fig. 3d, compared to 0.2 ] for LEACH, 0.25 ] for M-ATTEMPT,
0.18 J for WASP, and 0.19 ] for TMQoS, demonstrating improved energy conservation and management.
Furthermore, as shown in Fig. 3e, total energy consumption was reduced by 30%, with ARAP consuming
only 0.3 J per round compared to 0.4 ] for LEACH, 0.35 ] for M-ATTEMPT, 0.42 ] for WASP, and 0.41 ]
for TMQoS, highlighting the efficiency of the relay node selection mechanism. Network communication
cost is a key parameter for evaluating the effectiveness of routing protocols in WBAN. It determines the
number of bits transmitted within the network and provides an estimate of transmission energy consumption
efficiency. Lower communication costs imply more efficient data management, reduced energy expenditure,
and an extended network lifespan. In ARAP, communication cost efficiency plays a significant role compared
to the LEACH protocol. ARAP achieves a remarkable 25% reduction in communication costs. Similarly,
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compared to M-ATTEMPT, ARAP reduces communication costs by approximately 17%, illustrating its
superior ability to minimize excessive data transmissions. Even when compared with WASP and TMQoS,
ARAP demonstrated notable improvements, with communication cost savings of 29% and 32%, respectively.
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Figure 3: Performance metrics (a) throughput; (b) delay; (c) network lifetime; (d) residual energy; (e) energy
consumption; (f) network communication cost
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These savings result from ARAP advanced relay node selection and optimal data transmission oper-
ations, which transmit only the required data. Not only is energy saved, but the network’s operating life
is also extended by a significant margin. By including network communication costs in the analysis, this
study highlights the crucial role of efficient data management in enhancing the overall efficiency and lifetime
of WBAN protocols. Fig. 3f illustrates the network communication cost (in bits) relative to the number of
rounds for the five routing protocols: ARAP, LEACH, M-ATTEMPT, WASP, and TMQoS. Communication
cost is a significant measure of data transmission efficiency in WBAN because it directly affects the amount
of data that each protocol can transmit per unit of energy consumed. A lower communication cost translates
to efficient data transmission, leading to a longer network lifetime and improved performance.

5 Conclusions

This study introduced ARAP as an innovative routing protocol for WBAN, addressing critical challenges
in energy efficiency and QoS optimization. By integrating neutrosophic-AHP and TOPSIS for relay node
selection, ARAP effectively adapts to the uncertainties and dynamic nature of WBAN environments.
Comparative analysis with traditional protocols, including LEACH, M-ATTEMPT, WASP, and TMQoS,
demonstrated ARAP’s superior performance in prolonging network lifespan, reducing energy consumption,
and improving data transmission reliability. These findings confirm ARAP as a viable and energy-efficient
solution for continuous health monitoring applications.

The practical implications of this study are significant. ARAP enhances WBAN performance, making
it particularly beneficial for healthcare applications such as patient monitoring, where reliable and energy-
efficient data transmission is crucial. Additionally, its potential use in fields like sports analytics and
military operations highlights its versatility. However, the protocol has certain limitations. The computa-
tional complexity of neutrosophic-AHP and TOPSIS may pose challenges for real-time implementation in
resource-constrained environments. Furthermore, performance evaluations rely on simulations, which may
not fully represent real-world WBAN conditions.

Future research should focus on optimizing the computational efficiency of ARAP and potentially
incorporating machine learning for adaptive relay node selection. Additionally, integrating energy harvesting
technologies could further enhance network longevity. Comprehensive real-world testing is essential to
validate the scalability and effectiveness of ARAP, across diverse environments.
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List of Abbreviations

Abbreviation Meaning

AP Access Point

ARAP Adaptive Relay-Assisted Protocol
CI Consistency Index

CR Consistency Ratio

ECG Electrocardiogram

EEG Electroencephalogram

EMG Electromyography

GTS Guaranteed Time Slot

LEACH Low-Energy Adaptive Clustering Hierarchy

M-ATTEMPT Mobility-Aware Thermal and Energy-Efficient Multihop Protocol

NC

Node Criticality

Neutrosophic-AHP Neutrosophic Analytical Hierarchy Process

PDA Personal Digital Assistant

PS Personal Server

QoS Quality of Service

SNR Signal-to-Noise Ratio

SPI Serial Peripheral Interface

TMQoS Thermal-Aware Multi-QoS Routing Protocol

TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
WASP Wireless Autonomous Spanning Tree Protocol

WBAN Wireless Body Area Network
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