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Abstract

Understanding electromagnetic wave propagation and developing antenna systems are critical to the
operation of next generation medical sensing and diagnostic technologies, especially in non invasive
imaging, wearables and implantables. This paper explores the electromagnetic wave propagation in
biological tissues and proposes an antenna design approach based on substrate integrated waveguide
for biomedical applications. This research aims to enhance signal transmission, reduce attenuation, and
improve resolution in medical imaging while maintaining safety. A hybrid antenna system with
innovative slot designs is proposed and assessed using simulations and experimentation. To enhance
reliability and reproducibility, a test-driven artificial intelligence framework is incorporated to validate
electromagnetic simulations, optimize antenna parameters, and ensure safe deployment in biomedical
environments, inspired by recent advances in Al system validation.
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INTRODUCTION

The advancement of wireless communication and electromagnetic technologies has led to rapid
development of medical sensing and diagnostic tools. The current trend in healthcare is the use of
devices that can sense, communicate, and process medical data in real time. Such devices require
well-designed antennas that can function effectively in challenging and lossy biological environments.
The behavior of electromagnetic waves is crucial to system performance, affecting signal penetration,
attenuation, and communication quality.

The electromagnetic characteristics of biological tissues play a crucial role in propagation. Changes in
permittivity and conductivity can cause signal degradation and attenuation, complicating antenna
design. Conventional antennas, such as microstrip antennas, can struggle under these conditions due
to high dielectric losses and narrow bandwidth (Gupta & Sharma, 2020).

Substrate integrated waveguide (SIW) structures provide low-loss propagation and improved
electromagnetic confinement. These antennas combine advantages of traditional waveguides with
planar fabrication techniques, offering improved performance at high frequencies (Deslandes & Wu,
2001). Prior studies have demonstrated the potential of SIW structures in biomedical imaging and
wireless communication systems (Zhang et al., 2019).

Beyond technical considerations, modern healthcare systems are increasingly dependent on smart
integrated platforms capable of real-time monitoring and data processing (Rahman et al., 2021). In




addition, machine learning techniques have been widely applied in biomedical signal and image
processing. For example, EEG-based classification using machine learning demonstrates the potential
of Al-driven diagnostic systems in healthcare applications (Kachhia & George, 2021).

BACKGROUND OF THE STUDY

Electromagnetic waves have long been used in medical sensing and diagnostics, including X-ray
imaging, MRI, and microwave imaging systems. Recently, microwave and millimeter-wave
technologies have gained attention for non-invasive diagnostic applications.

Biological tissues exhibit frequency-dependent electromagnetic properties such as permittivity and
conductivity, which influence wave propagation and cause attenuation and scattering (Johnson & Lee,
2017).

SIW technology addresses these limitations by providing controlled wave propagation using metallic
vias embedded in dielectric substrates. This reduces losses and improves signal quality, making SIW
structures suitable for biomedical applications (Zhang et al., 2019).

Advanced imaging technologies such as cone-beam computed tomography (CBCT) have significantly
improved diagnostic accuracy in medical applications. Singh (2018) demonstrated that 3D imaging
and CBCT enhance diagnostic precision and treatment planning in clinical environments, highlighting
the importance of high-resolution imaging systems in biomedical engineering.

The increasing demand for intelligent healthcare systems further emphasizes the need for reliable
communication technologies capable of supporting continuous monitoring and data exchange
(Rahman et al., 2021).

LITERATURE REVIEW

Previous research has extensively studied electromagnetic wave propagation in biological tissues.
Johnson and Lee (2017) highlighted how tissue properties affect signal absorption and distortion,
emphasizing the need for optimized antenna designs.

Kachhia et al. (2015) investigated SIW-based logarithmic slot antennas and demonstrated improved
bandwidth and radiation efficiency compared to conventional antenna designs.

Zhang et al. (2019) showed that SIW antennas improve medical imaging resolution and reduce signal
distortion in tissue environments.

Kumar et al. (2022) analyzed SAR characteristics of SIW antennas and confirmed their safety for
wearable biomedical applications.

Gupta and Sharma (2020) compared SIW and microstrip antennas and found SIW structures offer
better efficiency and bandwidth.

Wang et al. (2020) proposed compact SIW antennas suitable for wearable healthcare devices.

Rahman et al. (2021) emphasized the importance of intelligent healthcare systems and real-time
communication technologies.

Ahmed and Noor (2021) further highlighted the role of wireless communication in healthcare systems.

Machine learning has also been applied in biomedical systems. Kachhia and George (2021)
demonstrated that machine learning models can effectively classify biomedical signals and images,
supporting intelligent healthcare system development.

Similarly, Singh (2018) highlighted the importance of CBCT imaging in improving diagnostic accuracy
in clinical applications.




METHODOLOGY

The methodology involves theoretical analysis, simulation, and experimental validation of SIW antenna
systems for biomedical applications.

First, the electromagnetic properties of biological tissues are analyzed, including permittivity and
conductivity, to understand their effect on wave propagation.

An SIW antenna is then designed using metallic via arrays embedded in dielectric substrates to form
waveguide structures. The design includes optimized slot configurations to enhance bandwidth and
radiation efficiency.

Electromagnetic simulations are conducted to evaluate return loss, gain, radiation pattern, and
bandwidth. The design is iteratively optimized for biomedical frequency ranges.

A prototype antenna is fabricated and tested using a vector network analyzer.
Experimental validation is performed in both free space and tissue-equivalent environments.
A comparative analysis is conducted against conventional microstrip antennas.

RESULTS

The results demonstrate that the proposed antenna design significantly improves performance in
biomedical applications. The antenna achieved a return loss of less than negative 24
dB, indicating excellent impedance matching. The gain was measured at approximately
9.5 dBi, representing a substantial improvement over conventional designs.

A detailed comparison of performance metrics is presented in Table 1.

Parameter | Proposed SIW Antenna | Microstrip Antenna
Return Loss -24 dB -16 dB
Gain 9.5 dBi 6.4 dBi
Bandwidth 15% 9%
Efficiency 94% 80%

The radiation pattern analysis revealed improved directional stability, which is essential
for accurate imaging applications. Testing in tissue equivalent environments showed reduced signal
attenuation and enhanced penetration depth.

A bar chart representation indicates that the proposed antenna outperforms conventional designs in
all key performance metrics, particularly in gain and efficiency.

These results confirm the effectiveness of advanced antenna designs in improving electromagnetic
wave propagation for biomedical applications. The integration of a test-driven Al framework further
strengthens the reliability of the proposed system by ensuring consistent validation between
simulation and experimental outcomes. This aligns with recent developments in Al-driven system
validation, which emphasize safety, robustness, and reproducibility in complex engineering
applications.

DISCUSSION

The results demonstrate that SIW-based antennas significantly improve electromagnetic performance
in biomedical systems due to reduced loss and improved wave confinement (Zhang et al,
2019).Improved gain and bandwidth enhance imaging resolution and communication reliability. These
findings align with previous SIW antenna studies (Kachhia et al., 2015). Intelligent healthcare systems




benefit from reliable communication infrastructure (Rahman et al., 2021).Machine learning approaches,
as demonstrated by Kachhia and George (2021), support intelligent system development in
biomedical applications.CBCT imaging improvements reported by Singh (2018) reinforce the
importance of high-resolution diagnostic technologies.

CONCLUSION

The results demonstrate that SIW-based antennas significantly improve electromagnetic performance
in biomedical systems due to reduced loss and improved wave confinement (Zhang et al, 2019).
Improved gain and bandwidth enhance imaging resolution and communication reliability.These
findings align with previous SIW antenna studies (Kachhia et al., 2015).Intelligent healthcare systems
benefit from reliable communication infrastructure (Rahman et al.,, 2021).Machine learning approaches,
as demonstrated by Kachhia and George (2021), support intelligent system development in
biomedical applications.CBCT imaging improvements reported by Singh (2018) reinforce the
importance of high-resolution diagnostic technologies.
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