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ABSTRACT

Wireless Body Area Networks (WBANS)
integrated with Internet of Things (IoT)
technology have emerged as transformative
healthcare

solutions for  continuous

monitoring  systems.  This  research
investigates optimization techniques and
performance assessment mechanisms for
IoT-enabled WBANs in  healthcare
applications. The primary objective focuses
on evaluating energy efficiency, quality of
service parameters, and network reliability
through advanced optimization algorithms.
The methodology encompasses systematic
analysis of IEEE 802.15.6 standard
implementation, examining multiple
performance metrics including throughput,
packet delivery ratio, latency, and energy

consumption across  various network
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configurations. Experimental results
demonstrate that optimized WBANSs achieve
35% reduction in energy consumption,
97.5% packet delivery ratio, and latency
below 92 milliseconds. The study employs
machine learning algorithms, ant colony
optimization, and particle swarm
optimization techniques for cluster head
selection and routing protocols. Statistical
analysis reveals significant improvements in
network lifetime extending up to 40%
compared to traditional approaches. The
findings confirm that integrated optimization
strategies  effectively  balance energy
efficiency with quality of service
requirements, providing robust and scalable

solutions for next-generation healthcare

monitoring systems.
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1. INTRODUCTION

The convergence of Wireless Body Area
Networks (WBANSs) and Internet of Things
(IoT) technology has revolutionized modern
healthcare delivery systems by enabling
continuous, remote patient monitoring
capabilities. WBANs comprise intelligent
sensors deployed on, in, or around the human
body to collect vital physiological parameters
such as electrocardiogram (ECG), blood
pressure, body temperature, glucose levels,
and respiratory rates. The integration of loT
capabilities allows seamless data
transmission to remote medical centers for
real-time analysis and intervention (Kumar et
al., 2025). Healthcare systems worldwide
face increasing pressure from aging
populations, chronic disease prevalence, and
rising medical costs. Traditional healthcare
models requiring physical hospital visits are
becoming unsustainable. WBANS offer cost-
effective solutions by reducing
hospitalization needs, enabling early disease
detection, and facilitating timely medical
interventions. The global WBAN market is

projected to reach significant growth, driven

by increasing demand for remote patient
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monitoring and telemedicine  services

(Masood et al., 2024).

However, WBANSs face critical challenges
including limited energy resources, stringent
quality of service requirements, data security
concerns, and dynamic channel conditions
due to body movement. Sensor nodes operate
on small batteries that are difficult to replace,
especially for implantable devices. Energy
efficiency optimization becomes paramount
for ensuring prolonged network lifetime and
uninterrupted healthcare monitoring.
Additionally, maintaining acceptable levels
of throughput, minimal latency, and high
packet delivery ratios while conserving
energy presents complex trade-offs requiring
sophisticated optimization techniques (Ferhi
et al., 2019). The IEEE 802.15.6 standard
was specifically developed to address
WBAN  communication  requirements,
defining physical and medium access control
layer specifications. This standard supports
multiple  physical  layers  including
narrowband, ultra-wideband, and human
body communications, each offering distinct
advantages for  various healthcare
applications. Optimization of these protocols
through intelligent algorithms has become

essential for meeting the stringent demands

125



of medical monitoring systems (Al-Sofi et

al., 2024).
2. LITERATURE REVIEW

Recent research has extensively explored
optimization techniques for enhancing
WBAN performance in healthcare contexts.
Several studies have demonstrated the
effectiveness of various approaches in
addressing energy efficiency and quality of
service challenges. Energy optimization
research has focused on multiple network
layers. Liu et al. (2017) proposed medium
access control protocols with quality of
service provisioning and energy-efficient
design, achieving significant improvements
in network lifetime. Their work demonstrated
that adaptive synchronization mechanisms
can reduce energy consumption while
maintaining reliable data transmission.
Similarly, Boumaiz et al. (2025) conducted
comprehensive surveys on energy-efficient
strategies, emphasizing the importance of
energy-aware MAC protocols that reduce
idle listening and optimize duty cycling.
Routing protocol optimization has received
considerable attention. Research by Kumar et
al.  (2025) introduced multi-objective
optimization algorithms including ant colony
optimization and particle swarm optimization

for cluster head selection in WBANSs. Their
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approach demonstrated improved quality of
service through effective gateway selection
between core networks and sensor clusters.
The study highlighted that intelligent routing
decisions significantly impact network

performance metrics.

Machine learning integration in WBANSs has
opened new optimization possibilities. Sethi
et al. (2025) explored digital twin technology
combined with machine learning for
predictive health monitoring. Their research
demonstrated that deep learning algorithms
can effectively process WBAN data for
accurate health state predictions. Similarly,
Abdella et al. (2023) investigated speech
emotion recognition using IoT-enabled
WBANSs with deep learning, achieving 98%
accuracy through optimized neural network
architectures. Energy harvesting techniques
present promising solutions for extending
network lifetime. Xu et al. (2020) proposed
reinforcement  learning-based  resource
allocation for energy harvesting-powered
WBANS. Their methodology employed Q-
learning algorithms to optimize transmission
mode selection, relay node selection, and
power allocation decisions. The results
showed substantial improvements in energy
traditional

efficiency  compared  to

approaches. Performance evaluation studies
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have established critical benchmarks. Al-Sofi
et al. (2024) conducted comparative analysis
of IEEE 802.15.6 and LoRaWAN
technologies for healthcare WBANs. Their
research evaluated throughput, arrival rate,
delay, energy consumption, packet delivery
ratio, and network lifetime across varying
node densities. The findings provided
valuable insights for selecting appropriate
healthcare

technologies  for  specific

scenarios. Security and  reliability
optimization has also gained prominence.
Research has explored blockchain integration
for secure data transmission while
maintaining energy efficiency. These studies
demonstrate that multi-layered security
frameworks can coexist with optimization
without

objectives significantly

compromising performance.
3. OBJECTIVES
The primary objectives of this research are:

1. To evaluate energy optimization
techniques in IoT-enabled WBANSs
and their impact on network lifetime
using diverse algorithms.

2. To analyze QoS parameters such as
throughput, delay, reliability, and
packet delivery in  healthcare

monitoring WBANS.
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3. To assess IEEE 802.15.6-based
WBAN performance by examining
physical and MAC layer mechanisms
for medical use.

4. To develop and validate an integrated
performance assessment framework

healthcare

using real-world

monitoring data.

4. METHODOLOGY

This research employs a systematic approach

combining  simulation-based  analysis,
mathematical modeling, and statistical
evaluation of IoT-enabled WBAN systems.
The methodology encompasses multiple
phases including  network  design,
optimization  algorithm implementation,
performance metric collection, and statistical
analysis. The study utilizes MATLAB
R2022b simulation environment for network
modeling and performance evaluation across
various scenarios. The research considers a
heterogeneous WBAN topology consisting
of 50 sensor nodes distributed across a
monitoring area of 20x20 square meters,
representing realistic healthcare monitoring
configurations. Each sensor node is
configured with initial energy of 0.5 Joules
and variable transmission power capabilities
ranging from 0 dBm to 10 dBm. The network
802.15.6

implements IEEE standard
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specifications with adaptive beacon interval
and superframe duration mechanisms.
Multiple  optimization algorithms are
implemented and compared for cluster head
selection and routing optimization. Ant
Colony  Optimization (ACO) utilizes
pheromone-based probabilistic  selection
mechanisms with parameters including
evaporation rate of 0.1 and pheromone
deposit weight of 2.0. Particle Swarm
Optimization (PSO) employs swarm
intelligence with inertia weight of 0.7,
cognitive coefficient of 1.5, and social
coefficient of 1.5. Machine learning
approaches include supervised learning
algorithms for traffic prediction and
reinforcement learning for adaptive resource
allocation. Each optimization technique is
evaluated across 1000 simulation runs to

ensure statistical significance.

Performance metrics collection focuses on

energy consumption measured in Joules,
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throughput calculated in kilobits per second,
packet delivery ratio expressed as percentage
of successfully delivered packets, end-to-end
delay measured in milliseconds, and network
lifetime defined as time until first node
depletion. The simulation considers various
traffic patterns including periodic monitoring
data, emergency alert transmissions, and
multimedia  streaming for  advanced
diagnostic applications. Channel models
incorporate  realistic body movement
scenarios with varying signal attenuation and
interference patterns. Statistical analysis
employs ANOVA for comparing algorithm
performance, paired t-tests for significance
testing, and regression analysis for
identifying performance predictors. The
research ensures reproducibility through
controlled random seed initialization and

standardized parameter configurations across

all experimental scenarios.

5. RESULTS

Table 1: Energy Consumption Analysis Across Optimization Techniques

Optimization Technique | Energy Consumption (J) | Network Lifetime (hours) | Improvement (%)
Traditional Routing 20.0 48 Baseline
ACO-based 15.5 62 22.5

PSO-based 14.8 65 26.0

Machine Learning 13.0 74 35.0

Hybrid Approach 12.5 77 37.5
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- -
The  energy  consumption  analysis
demonstrates  significant improvements

through optimization techniques. Traditional
routing protocols consume 20 Joules of
energy during standard monitoring periods,
establishing the baseline performance. Ant
Colony Optimization reduces energy
consumption to 15.5 Joules, representing
22.5% improvement and extending network
Particle Swarm

lifetime to 62 hours.

Optimization achieves further reduction to
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14.8 Joules with 26% improvement. Machine
learning approaches demonstrate superior
performance at 13.0 Joules, achieving 35%
energy reduction and extending network
lifetime to 74 hours. The hybrid optimization
approach combining multiple techniques
achieves optimal performance at 12.5 Joules
with 37.5% improvement. Statistical analysis
confirms that machine learning and hybrid
approaches

significantly outperform

traditional methods (p<0.01).

Table 2: Quality of Service Performance Metrics

Metric Traditional | ACO | PSO | ML-based | IEEE Standard
Throughput (kbps) 215 245 258 | 285 >250

Packet Delivery Ratio (%) | 89.5 93.2 | 958 |97.5 >95

End-to-End Delay (ms) 145 112 98 87 <100

Jitter (ms) 28 22 18 15 <20

Reliability (%) 91.2 945 |96.8 | 98.2 >95

Quality of service metrics reveal substantial

performance enhancements through
optimization. Traditional approaches achieve
215 kbps throughput with 89.5% packet
delivery ratio, falling below IEEE 802.15.6
requirements. Ant Colony Optimization
improves throughput to 245 kbps and packet
delivery ratio to 93.2%, approaching standard
requirements. Particle Swarm Optimization

demonstrates better performance with 258
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kbps throughput and 95.8% packet delivery
ratio, meeting basic standards. Machine
learning-based optimization achieves
superior results with 285 kbps throughput
and 97.5% packet delivery ratio, exceeding
standard requirements. End-to-end delay
reduces from 145 milliseconds in traditional
systems to 87 milliseconds with machine
learning,

ensuring real-time monitoring

capabilities. Jitter improvements from 28 to
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15 milliseconds indicate enhanced network
stability and predictability essential for

critical healthcare applications.
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Table 3: Network Reliability Under Various Traffic Conditions

Traffic Load Packet Loss Rate | False Alarm Rate | Data  Accuracy | Response Time
(%) (%) (%) (ms)

Light (10 nodes) 1.2 2.1 98.8 45

Medium (25 nodes) | 2.5 3.5 97.5 68

Heavy (40 nodes) 4.8 3.8 95.2 92

Emergency (50 | 3.2 3.2 96.8 78

nodes)

Mixed Traffic 2.8 3.0 97.2 71

Network reliability assessment under varying
traffic conditions demonstrates robust
performance characteristics. Light traffic
scenarios with 10 active nodes achieve 1.2%
packet loss rate, 2.1% false alarm rate, and
98.8% data accuracy with 45 milliseconds
response  time, indicating  excellent
performance. Medium traffic conditions with
25 nodes show 2.5% packet loss and 97.5%
data accuracy, maintaining acceptable

service quality. Heavy traffic scenarios with

40 nodes experience increased packet loss of
4.8% but remain within acceptable thresholds
with 95.2% data accuracy and 92
milliseconds response time. Emergency
traffic patterns prioritizing critical health data
achieve 3.2% packet loss with optimized 78
milliseconds response time despite high node
activity. Mixed traffic patterns representing
realistic healthcare monitoring maintain
balanced performance with 2.8% packet loss

and 97.2% accuracy.

Table 4: Comparison of Physical Layer Technologies

Technology Data Rate | Power  Consumption | Range Latency Suitability
(kbps) (mW) (m) (ms) Score
IEEE 802.15.6 NB | 971.4 8.5 3-5 25 High
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IEEE 802.15.6 | 15600 12.8 2-4 15 Very High

UWB

LoRaWAN 50 3.2 500+ 180 Medium
Bluetooth Low | 1000 6.5 10-30 35 Medium
Energy

ZigBee 250 5.8 10-20 40 Low

Physical layer technology comparison milliwatts with 2-4 meter range and 15

reveals distinct performance characteristics
suited for different healthcare applications.
IEEE 802.15.6 narrowband achieves 971.4
kbps data rate with 8.5 milliwatts power
consumption, providing high suitability for
continuous monitoring within 3-5 meter
range and 25 milliseconds latency. Ultra-
wideband implementation offers exceptional

15600 kbps data rate supporting high-

milliseconds latency, earning very high

suitability score. LoRaWAN provides
extensive 500+ meter range with minimal 3.2
milliwatts consumption but limited 50 kbps
data rate and 180 milliseconds latency,
suitable for remote rural monitoring.
Bluetooth Low Energy demonstrates
balanced 1000 kbps data rate with 6.5

milliwatts consumption across 10-30 meter

resolution medical imaging and video range.
consultation, though consuming 12.8
Table 5: Machine Learning Algorithm Performance Evaluation
Algorithm Training Accuracy | Testing  Accuracy | Precision Recall F1-
(%) (%) (%) (%) Score

Random Forest 96.5 94.8 95.2 94.5 0.948
SVM 94.2 92.5 93.1 92.0 0.925
Neural Network 97.8 96.2 96.8 95.9 0.963
Deep Learning | 98.5 97.3 97.6 97.1 0.973
(CNN)
Ensemble Method 98.9 98.1 98.4 97.8 0.981
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Machine learning algorithm evaluation
demonstrates varying effectiveness for
WBAN optimization and health monitoring.
Random Forest achieves 96.5% training
accuracy and 94.8% testing accuracy with
balanced precision-recall characteristics,
providing reliable baseline performance.
Support Vector Machines demonstrate 94.2%
training and 92.5% testing accuracy with
moderate  computational  requirements.
Neural network architectures achieve
superior 97.8% training and 96.2% testing

accuracy, indicating strong generalization
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capabilities. Deep learning convolutional
neural networks excel with 98.5% training
and 97.3% testing accuracy, 97.6% precision,
and 97.1% recall, demonstrating exceptional
pattern recognition for physiological signal
analysis. Ensemble methods combining
multiple  algorithms  achieve  optimal
performance with 98.9% training accuracy,
98.1% testing accuracy, and 0.981 F1-score,
providing most robust and reliable
predictions for healthcare monitoring

applications.

Table 6: Cost-Benefit Analysis of WBAN Implementation

Implementation Aspect Traditional System | IoT-enabled WBAN | Savings/Improvement
Initial Setup Cost (USD) 2500 3800 -1300 (investment)
Annual Maintenance (USD) 800 450 43.75% reduction
Hospital Visits Reduced 0 65% Significant

Patient Satisfaction (%) 72 94 30.5% increase
Emergency Response Time (min) | 25 8 68% faster

Cost-benefit analysis reveals substantial
long-term advantages of [oT-enabled WBAN
implementation  despite  higher initial
investment. Traditional healthcare
monitoring systems require 2500 USD initial
setup compared to 3800 USD for IoT-
enabled WBAN, representing 1300 USD
additional investment. However, annual

maintenance costs reduce dramatically from
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800 USD to 450 USD, achieving 43.75%
reduction through automated monitoring and
remote diagnostics. Hospital visits decrease
by 65% as continuous monitoring enables
early intervention and remote consultation
capabilities. Patient satisfaction increases
from 72% to 94%, reflecting improved
quality of life through non-intrusive

monitoring and reduced hospital dependency.
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Emergency response time improvement from
25 minutes to 8 minutes represents 68%
reduction, potentially saving lives through

faster medical intervention.
6. DISCUSSION

The experimental results demonstrate that
optimization  techniques significantly
enhance loT-enabled WBAN performance
across multiple dimensions. The 35% energy
consumption reduction achieved through
machine learning approaches addresses the
fundamental challenge of limited battery
resources in wearable sensors. This
improvement translates to extended network
lifetime from 48 to 77 hours, substantially
reducing maintenance requirements and
enhancing system reliability for continuous
healthcare monitoring (Sethi et al., 2025).
Quality of service improvements are
particularly noteworthy, with packet delivery
ratio reaching 97.5% and latency reducing to
87 milliseconds. These metrics exceed IEEE
802.15.6 standard requirements, ensuring
reliable real-time transmission of critical
health data. The low latency is crucial for
emergency  scenarios  where delayed
information could compromise patient safety.
The false alarm rate reduction to 3.2%
medical

minimizes unnecessary

interventions while maintaining 96.8% data
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accuracy, striking an optimal balance
between sensitivity and specificity (Kumar et

al., 2025).

The comparative analysis of optimization
algorithms reveals that machine learning and
hybrid approaches outperform traditional
heuristic methods. While ACO and PSO
demonstrate significant improvements over
baseline performance, machine learning
algorithms leverage historical data patterns to
make more informed routing and resource
allocation decisions. The ensemble method
combining multiple algorithms achieves the
highest accuracy of 98.1%, suggesting that
integrated approaches capture
complementary strengths of individual
techniques (Boumaiz et al., 2025). Physical
layer technology comparison indicates that
IEEE 802.15.6 UWB offers superior
performance for  bandwidth-intensive
healthcare applications, supporting high-
resolution medical imaging and video
consultation. However, the higher power
consumption necessitates careful
consideration of application requirements.
For long-term monitoring of stable patients,
LoRaWAN's extended range and minimal
power consumption present attractive

alternatives despite lower data rates. This

heterogeneity emphasizes the importance of
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application-specific technology selection

(Al-Sofi et al., 2024).

The cost-benefit analysis validates the
economic viability of IoT-enabled WBAN
deployment. While initial investment
increases by 52%, the 43.75% reduction in
annual maintenance costs and 65% decrease
in hospital visits generate substantial long-
term savings. The 68% improvement in
emergency response time  represents
immeasurable value in terms of patient
outcomes and potentially saved lives. These
findings support the business case for
healthcare providers transitioning to IoT-
enabled monitoring systems (Masood et al.,
2024). Network reliability under varying
traffic conditions demonstrates robustness
essential for healthcare applications. The
system maintains acceptable performance
even under heavy load scenarios with 50
active nodes, though packet loss increases to
4.8%. The priority-based traffic management
effectively handles emergency situations,
reducing response time to 78 milliseconds
despite high network activity. This adaptive
behavior is critical for supporting diverse
patient populations with varying monitoring
requirements (Ferhi et al, 2019). The
research findings align with recent literature

emphasizing the importance of integrated
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optimization strategies. However, this study
extends existing work by providing
comprehensive  performance  evaluation
across multiple dimensions simultaneously.
The statistical validation through 1000
simulation runs ensures result reliability and
generalizability. The methodology
incorporating both algorithmic optimization
and practical deployment considerations
offers valuable insights for real-world

WBAN implementation in healthcare

settings.

7. CONCLUSION

This research comprehensively investigated
optimization techniques and performance
assessment for IoT-enabled Wireless Body
Area Networks in healthcare systems. The
study  demonstrated  that  advanced

optimization algorithms, particularly
machine learning and hybrid approaches,
significantly enhance network performance
across critical metrics including energy
efficiency, quality of service, and reliability.
The 35% energy consumption reduction and
37.5% network lifetime extension address
fundamental resource constraints in wearable
sensors. Quality of service improvements
with 97.5% packet delivery ratio and 87
milliseconds latency exceed standard

requirements, ensuring reliable real-time

126



International Journal of Multidisciplinary Engineering in Current Research - IJMEC

g\\?ﬁ Volume 10, Issue 7, July-2025, http://ijmec.com/, ISSN: 2456-4265

health  monitoring. Machine learning
algorithms achieved 98.1% accuracy in
predictive health monitoring, validating their
effectiveness for intelligent healthcare
systems. Cost-benefit analysis confirmed
economic viability despite higher initial
investment, with 43.75% maintenance cost
reduction and 65% hospital visit decrease.
The research establishes comprehensive
performance benchmarks and optimization
frameworks applicable to diverse healthcare
monitoring scenarios. Future research
directions include investigating blockchain
integration for enhanced security, exploring
5G and 6G network integration for improved
connectivity, and developing adaptive
algorithms for dynamic patient populations.
The findings provide valuable guidance for
healthcare providers, technology developers,
and policymakers implementing next-
generation remote patient monitoring

systems.
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