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Chapter 6: Conclusion and Future Scope

In Chapter 6, "Conclusion and Future Scope," the culmination of the research is presented
along with insights into potential avenues for future exploration. The chapter begins by
summarizing the key findings and contributions of the thesis. It reflects on the successful
design and development of a dual-band antenna and RF rectifier system for wireless
ingestible capsule endoscopy, emphasizing the significance of each component in
advancing medical telemetry. The section delineates the innovative aspects of the dual
wide-band ingestible antenna, the compact dual-band rectifier, and the dual-band dual-
sense circularly polarized suspended plate antenna for bio-telemetry. Furthermore, the
chapter explores the broader implications of the research and identifies areas for future
investigation, providing a roadmap for scholars and practitioners interested in advancing
the field of wireless capsule endoscopy and implantable medical devices. This concluding
chapter sets the stage for continued advancements and applications in the evolving

landscape of biomedical engineering.
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6.1 Summary

This thesis delved into the critical realm of wireless capsule endoscopy (WCE), a
revolutionary technology transforming the way we visualize the gastrointestinal tract. To
unlock its full potential, this research focused on designing and developing a robust dual-
band antenna and RF rectifier system capable of efficient data transmission and energy

harvesting within the human body.

Chapter 1 set the stage by outlining the evolution and significance of WCE in medical
practice. It highlighted the crucial role of implantable and ingestible antennas in facilitating
communication and data transfer, while simultaneously acknowledging the unique
challenges associated with their design within the complex biological environment. The
chapter further introduced the concept of RF rectifiers as a vital component for powering
these bio-integrated devices, emphasizing the need for efficiency and compatibility with
human tissues. Finally, Chapter 1 laid out the research objectives and roadmap, paving the

way for a detailed exploration of antenna and rectifier design strategies.

Chapter 2 conducted a comprehensive review of the state-of-the-art in WCE antenna and
RF rectifier design, with a specific focus on dual-band and dual-sense circularly polarized
antennas. It critically analysed various antenna configurations, materials, and matching
techniques, identifying both strengths and limitations of current approaches. Similarly, the
chapter examined different rectifier architectures, focusing on factors like efficiency,
compactness, and frequency selectivity. This thorough analysis provided a valuable

foundation for building upon existing knowledge and addressing identified gaps in the field.

Chapter 3 emerged from this foundation, presenting a novel wide-bandwidth dual-band
ingestible antenna specifically tailored for WCE applications. Leveraging the power of

Characteristic Mode Analysis (CMA), this chapter meticulously designed the antenna to
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achieve optimal performance in both the Wireless Medical Telemetry Services (WMTYS)
and Industrial, Scientific, and Medical (ISM) bands. Rigorous investigations explored the
impact of implantation depth and capsule shell thickness on antenna performance,
providing crucial insights for practical implementation within the human body. Measured
results showcased impressive impedance bandwidths exceeding 30% across both bands,
coupled with high peak gain and quasi-isotropic radiation patterns, solidifying the antenna'’s

potential for efficient data transmission in WCE.

Chapter 4 shifted focus to the vital task of energy harvesting within the capsule. It
introduced a compact and efficient dual-band rectifier utilizing a modified T-section
matching network. This innovative design achieved peak conversion efficiencies exceeding
65% across both WMTS and ISM bands, ensuring efficient conversion of RF energy into
usable power for fueling onboard electronics. The chapter meticulously optimized the
rectifier circuit to minimize parasitic effects and achieve consistent performance over a

wide range of input power levels.

Chapter 5 elegantly bridged the gap, introducing a dual-band dual-sense circularly
polarized high-gain suspended plate antenna designed for bio-telemetry. Operating within
WMTS and ISM bands, this antenna showcased ground-breaking techniques, achieving
exceptional performance. The antenna featured a 98 mm diameter circular metallic radiator
(0.23 A at 1.4 GHz) with an L-probe feed, exhibiting an 11.42% impedance bandwidth for
the WMTS band and a 37.55% bandwidth for the ISM band. Integrated with the Chapter 3
antenna, it demonstrated remarkable effectiveness in reducing polarization mismatch, a

critical factor for reliable communication in Wireless Capsule Endoscopy (WCE).
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6.2 Key Contributions

In this research endeavour, significant contributions have been made across three key
domains, marking notable advancements in the field of wireless capsule endoscopy and RF

energy harvesting. The following key contributions encapsulate the essence of the research:
1. Design of a Dual-Band Ingestible Antenna with Enhanced Performance:

This study unveils a meticulously crafted dual-band ingestible antenna, strategically
engineered for wireless capsule endoscopy applications. Leveraging the power of
Characteristic Mode Analysis (CMA), the antenna design stands out with optimized
wideband performance. The noteworthy achievements include impressive impedance
bandwidths in both the Wireless Medical Telemetry Services (WMTS) and Industrial,
Scientific, and Medical (ISM) bands—36% and 22%, respectively. The antenna's compact
footprint (78.5 mm?2) harmonizes with commendable radiation patterns and peak gain levels
(-22.9 dBi in WMTS, -25.3 dBi in ISM). Rigorous exploration of implantation depth and
capsule thickness effects has provided valuable insights for practical implementation, while
low Specific Absorption Rate (SAR) values demonstrate safety compliance and favourable
comparison to state-of-the-art alternatives. Furthermore, a comprehensive Link Budget

analysis reinforces the antenna's practical utility in wireless capsule endoscopy.
2. Development of a Compact and Efficient Dual-Band Rectifier:

A novel dual-band rectifier takes center stage, introducing an innovative design
incorporating a modified T-section matching network for efficient Radio Frequency (RF)
energy harvesting. This design achieves high peak conversion efficiencies (>50%) across
a broad input power range in both WMTS and ISM bands, optimizing energy harvesting
for capsule electronics. With a compact footprint and a smaller frequency ratio compared

to existing counterparts, this rectifier is tailored for seamless integration into miniaturized

[122]



Conclusion and Future Scope

medical devices. Rigorous validation through simulations and measurements ensures its

accuracy and reliability in diverse operational scenarios.

3. Introduction of a High-Gain Dual-Sense Circularly Polarized Antenna for Bio-

Telemetry:

This research presents a novel dual-band, dual-sense (DBDS) high-gain circularly
polarized suspended plate antenna, specifically designed for bio-telemetry applications.
The antenna achieves broad impedance bandwidths in both WMTS and ISM bands (12.85%
and 34.6% measured, respectively), ensuring robust communication links. Demonstrating
exceptional circular polarization characteristics with 3-dB axial ratio bandwidths of 5.7%
(WMTS) and 11% (ISM), the antenna guarantees reliable data transmission. With high
peak realized gains of 8.9 dBi (WMTS) and 10.15 dBi (ISM), this antenna establishes itself
as an efficient solution for signal transmission and reception. Successful validation in
reducing polarization mismatch when integrated with a dual-band ingestible antenna

highlights its potential for dual-band bio-telemetry systems.
6.3 Scope of Future Work

1. Final Integration and Power Management Optimization:

Achieve the conclusive integration of the dual-band antenna, rectifier, and DC-DC boost

converter, focusing on fine-tuning power management for efficient RF energy harvesting.
2. In Vivo Testing for Realistic Performance Evaluation:

Conduct rigorous "In Vivo" testing to assess system performance in authentic scenarios,
simulating the complexities within the human body. This step ensures the robustness and

reliability of the developed technology.
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3. SAR Measurements for Safety Compliance:

Conduct Specific Absorption Rate (SAR) measurements to validate compliance with safety
regulations, affirming adherence to established safety standards in medical device

development.
4. Development of an Optimized Transceiver Module:

Investigate and develop an optimized transceiver module to enhance wireless
communication efficiency. This module aims to facilitate seamless data transfer and

communication within medical environments.
5. Collaboration with Medical Professionals:

Establish a collaborative partnership with medical professionals for iterative system
optimization and conduct clinical evaluations. This collaborative effort ensures the
technology's alignment with practical medical requirements and enhances its clinical

applicability.
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