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ABSTRACT

GASTROINTESTINAL SEGMENT TRACKING OF
INGESTIBLE CAPSULES USING BIODEGRADABLE
SUPERSTRATES

Ingestible capsules can access parts of the gastrointestinal tract that are oth-
erwise difficult to reach. The real-time and continuous data transfer from inside the
gastrointestinal tract to an external reader becomes even more valuable when the reader
also has spatial information about the received data. Despite valuable advancements
in ingestible microelectronics technology, the tracking and localization of these devices
remain an open area of research. This work aims to present a methodology that can
be easily adapted to any type of ingestible capsule to track its location within the
digestive tract. The novelty of this technique lies in the use of natural biodegradation
as a sensing mechanism and leveraging the intrinsic electrochemical characteristics of
each organ to achieve its mission. Biodegradable pH-sensitive polymers are used as
coating material for an ingestible capsule with an embedded antenna. Three layers of
coatings are applied around the surface of the capsule, each soluble only in one of the
three target organs: the stomach, small intestine, and large intestine. As the capsule
arrives in the stomach, the first layer dissolves in the acidic pH range of this tissue.
This removal of one layer shifts the resonance frequency of the antenna from its initial
state upon entering the digestive tract. This frequency shift indicates the capsule’s
presence in the stomach. The same scenario applies as the capsule transitions from the
stomach to the small intestine, and from there to the large intestine. Electromagnetic
simulations are presented. Based on the numerical results, electromagnetic measure-
ments on electrochemical phantoms mimicking the dielectric properties and pH of each

organ are conducted as proof of concept
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OZET

BIYOBOZUNUR USTTAS KULLANARAK YUTULABILIR
KAPSULLERIN GASTROINTESTINAL SEGMENT
TAKIBI

Yutulabilir kapsiiller, gastrointestinal sistemin erigilmesi zor bolgelerine ulagabilir.
Gastrointestinal sistemin iginden dig okuyucuya gercek zamanl ve stirekli veri ak-
tarimi, okuyucunun ayni zamanda alinan veriler hakkinda mekansal bilgiye sahip ol-
mas1 durumunda daha da degerli hale gelir. Yutulabilir mikroelektronik teknolojisin-
deki onemli ilerlemelere ragmen, bu cihazlarin izlenmesi ve konumlandirilmasi hala
aragtirma alaninda agik bir konudur. Bu caligma, herhangi bir tiir yutulabilir kapsiile
kolayca uygulanabilecek bir konum izleme metodolojisi sunmayi amaclamaktadir. Bu
teknigin yeniligi, dogal biyobozunmay1 bir algilama mekanizmasi olarak kullanmasi ve
her organin igsel elektrokimyasal ozelliklerini kullanarak gorevini gerceklestirmesidir.
Gomiili antene sahip yutulabilir bir kapsiil i¢in kaplama malzemesi olarak biyobozunur
pH-duyarh polimerler kullanilmigtir. Kapsiil yiizeyine her biri sadece ti¢ hedef organ-
dan birinde ¢oziinebilen ii¢ katman kaplama uygulanir: mide, ince bagirsak ve kalin
bagirsak. Kapsil mideye ulastiginda, ilk katman bu dokunun asidik pH araliginda
¢oziliir. Bu katmanin ¢ikarilmasi, sindirim kanalina girerken antenin rezonans frekansini
baglangi¢c durumundan kaydirir. Bu frekans kaymasi, kapsiiliin midede bulundugunu
gosterir.  Aym senaryo, kapsiill mideden ince bagirsaga ve oradan kalin bagirsaga
gectiginde de gecerlidir. Elektromanyetik simiilasyonlar sunulmustur. Sayisal sonuglara
dayanarak, her organin dielektrik ozelliklerini ve pH'1n1 taklit eden elektrokimyasal fan-

tomlar tizerinde elektromanyetik 6l¢iimler kavram kanit1 olarak yapilmistir.
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1. INTRODUCTION

1.1. The Question

By the late 20'" century, advancements in electronics had led to the miniatur-
ization, reduced power consumption, and also cost-efficiency of electronic instruments,
enabling a new era of wireless networks. This evolution enabled the creation of wire-
less networks operating within short distances, including those confined to an indi-
vidual’s immediate vicinity. Addressing the need for information exchange among
devices placed on or near the human body, Thomas Guthrie Zimmerman introduced
the concept of Personal Area Networks in his 1995 thesis titled “Personal Area Net-
works (PAN): Near-Field Intra-Body Communication.” Zimmerman utilized near-field
electrostatic coupling to establish the operation of such networks [1]. PANs laid the
groundwork for Wireless Body Area Networks (WBANS), designed to function on or
within the human body.

In response to the burgeoning research in the WBAN domain, the IEEE Stan-
dards Association established the IEEE 802.15 Task Group 6 in 2007. This task group
is dedicated to developing a communication standard optimized for low-power devices,
designed to operate on, in, or around the human body [2]. A WBAN comprises small,
intelligent devices such as sensors, actuators, and Personal Devices (PDs), function-
ing on or within the human body. These devices facilitate real-time and continuous
monitoring of physiological data, which can be accessed by users or healthcare pro-
fessionals. In-body sensors detect physiological stimuli and wirelessly transmit the
collected data [3]. Actuators, functioning as control units, respond to this sensor data
or user inputs to manipulate environmental interactions [4]. PDs relay information
from sensors and actuators to the user. WBANs enable these interactions and find

extensive applications in medical and non-medical fields.



Non-medical applications of WBANS include real-time streaming, entertainment,
emergency services, motion detection, and secure authentication [5]. However, this
discussion will specifically focus on the medical applications of WBANSs, which are

explored in greater detail.

WBANS hold significant potential to transform healthcare monitoring by enabling
the diagnosis of life-threatening diseases and facilitating real-time patient monitor-
ing [6]. Advancements in micro-electronic miniaturization, sensor technology, the Inter-
net, and wireless networking aim to fundamentally transform and modernize healthcare
services. The implementation of WBANSs is anticipated to enhance healthcare systems
by improving the management and detection of illnesses and facilitating proactive re-
sponses to medical crises beyond mere wellness monitoring [7,8]. The medical applica-
tions of WBANS are broadly categorized into three main types: wearable, implantable,
and remote management of medical instruments [5]. For this study, we focus primarily
on implantable WBANSs, while the discussion of wearable WBANs and remote man-

agement of medical instruments is beyond the scope of this work.

Implantable WBANS play a critical role in managing various health conditions
such as ocular diseases, cochlear damage, tumors, and cardiovascular diseases, as well
as facilitating drug delivery. They also offer particular advantages in diagnosing and
monitoring the gastrointestinal (GI) tract, where restricted access presents unique chal-
lenges for healthcare providers [9]. The GI tract can provide valuable physiological
insights about nearly entire human body [10]. Some medical conditions involving the

GI tract include dysphagia, gastroparesis, and irritable bowel syndrome [11].

Invasive medical interventions, such as endoscopic examination and manometric
evaluation, or approaches that demand frequent exposure to possibly dangerous X-ray
radiation, including computerized tomography (CT) and scintigraphy, are currently
employed for monitoring GI tract [10,12-15]. Ultrasound is another method used for
this purpose [16]. These practices necessitate constant evaluations in a healthcare

facility. This can complicate monitoring due to the limited motility of the patient [17].



Ingestible electronics enable the temporary and noninvasive implantation of sen-
sors within the body. Currently, various ingestible technologies are used to detect
and visualize GI tract anomalies during standard screening procedures. Developing
ingestible electronic sensors as diagnostic tools or drug delivery systems carries the
potential to enhance or decentralize medical services by autonomously collecting data.
This data can then be analyzed and interpreted by secondary data management sys-
tems and transmitted to a medical team. These tools can be configured for use at any
desired time interval [10]. The PillCam series marketed by Medtronic, is an example

of Food and Drug Administration (FDA)-approved ingestible electronics [10].

Wireless motility capsules and video capsule endoscopy (VCE) are instances of
this technology which offer the ability to monitor the GI tract without interfering with
daily activities [18-23]. Wireless motility capsules are designed to be ingested to mon-
itor pH, pressure, and temperature throughout the GI tract, while VCEs are equipped
with video capture functionality. However, these methods do not directly measure the
capsule’s placement within the GI tract; instead, location must be deduced from the
gathered data, allowing for organ mapping at a broad scale [17]. Despite significant ad-
vancements in wirelessly controlled ingestible bioelectronics, a major challenge remains

in accurately determining the capsule’s whereabouts within the GI tract [24].

1.2. Organization of the Thesis

Chapter 1 introduces the concept and objectives of the proposed work. Chapter
2 provides an extensive literature review for this multidisciplinary work and highlights
the novelty of the proposed system. Thesis considerations are explored in Chapter 3.
Chapter 4 presents the numerical models of the proposed sensing system, including both
mechanical and electromagnetic analyses. Chapter 5 describes a measurement setup
using GI tract-mimicking phantoms and discusses the measurement results. Chapter

6 concludes the work, and Chapter 7 explores possible directions for future research.



Figure 1.1. PD tracking an ingestible capsule.



2. LITERATURE REVIEW

Real-time monitoring of wireless microelectronic devices within the GI tract of-
fers significant advantages across medical applications. It enables spatially accurate
anatomical sensing, facilitating targeted drug delivery to specific areas for enhanced
treatment efficacy. This capability also promotes medication adherence monitoring,
ensuring patients follow prescribed regimens accurately. Moreover, real-time tracking
supports selective electrical stimulation for therapeutic purposes and provides pre-
cise disease localization, which is crucial for guiding surgical interventions. A three-
dimensional anatomical map of the GI tract aids in pre-surgical preparation, providing
surgeons with detailed insights and facilitating minimally invasive procedures, which re-
duce risks and enhance recovery times [10,12-14]. Continuous monitoring of GI transit
times is particularly essential for diagnosing and managing GI motility disorders such
as gastroparesis, ileus, and constipation, which are prevalent in conditions like diabetes
mellitus and inflammatory bowel disease [17]. Real-time tracking provides invaluable
insights into these disorders, ultimately advancing patient care and improving quality

of life for affected individuals.

Section 2.1, provides a literature review of tracking methods for ingestible devices.
Section 2.2 reviews available work on ingestible pH sensors, and finally, Section 2.3
offers a literature review of biodegradable sensors, focusing on the material aspects of

their design.
2.1. Tracking Ingestible Devices
In recent years, numerous studies have focused on developing precise localization
systems for ingestible capsules. These studies can be categorized in four general groups

[25]:

e Radio Frequency (RF)-based



e Magnetic-based
e Video-based
e Other techniques

RF localization techniques aim to use an RF signal to communicate information
with an external reader [25] and consider measuring one or more parameters of the
received signal, such as Received Signal Strength (RSS), Time of Arrival (ToA), and
Direction of Arrival (DoA) [26]. One major challenge in RF-based localization is the
significant attenuation of RF signals within the human body [27].

The RSS method is the most commonly utilized technique. It involves convert-
ing the received signal into a distance measurement between the capsule and sensors
located on the body surface. The position of the capsule can then be estimated using

approximation or estimation algorithms [28].

The localization and tracking of Wireless Capsule Endoscopy (WCE) within the
intestines are explored in [29]. Localization is achieved using the RSS method through
electromagnetic simulations on a human model, with Kalman and particle filters used
for tracking. The study found that narrowband (NB) signals reduce estimation errors in
the RSS technique compared to ultra-wideband (UWB) signals. Due to dissatisfaction
with localization accuracy, datasets were used instead of relying solely on RSS-based
position measurements. The Kalman filter demonstrated a minimal error of just a few
millimeters in detecting traveled distances, even amidst significant noise. However,
the validity of this model is questioned due to the limited availability of realistic data.

Additionally, the analysis did not consider the stomach.

[30] explores RSS-based localization techniques in the UWB frequency range
through laboratory measurements with customized multilayer phantoms and in vivo
experiments using data from a recent living pig study. The research highlights the
critical role of the path loss model in accurately localizing ingestible capsules. The

study notes that the model becomes invalid if the distance between the capsule and



the receiver antenna outside the body exceeds 8 cm. Additionally, the model assumes a
constant orientation for the capsule, which can significantly impact accuracy in realistic
scenarios since the capsule’s orientation changes during its travel within the GI tract

due to peristaltic movements.

In [31], both RSS and TOA methods were used to localize a WCE. The RSS
method resulted in a localization error of 5 cm, while the TOA method achieved an
error of 1.5 cm. However, achieving this level of accuracy required the placement of 32

sensors on the body, which significantly hinders patient mobility in practical scenarios.

Although RF-based localization techniques within the Medical Implant Commu-
nication Service (MICS) band have been extensively researched [24,28,32], there is
still limited research on techniques using the UWB frequency band; in-body to on-
body telemetry requires a standardized channel model at the operating frequency to
accurately calculate signal attenuation for localization. This absence of standardized
models poses a significant challenge for RF-based localization techniques. For exam-
ple, UWB signals, which are beneficial for in-body microelectronic devices due to their
low power consumption, necessitate further research to establish a standard channel

model [25].

Magnetic localization approaches involves locating a magnet as it travels through
the GI tract with an external set of magnetic sensors [33-37]. The advantage of mag-
netic field-based localization lies in its minimal interaction with the human body. Static
and quasi-static magnetic fields can penetrate body tissue without any significant at-
tenuation. Moreover, magnetic tracking is non-line-of-sight, enabling capsules to be
detected without requiring direct visibility to magnetic sensors. Literature consis-
tently reports that magnetic-based localization generally achieves superior accuracy
compared to video and RF-based methods, highlighting its efficacy in navigating the
complexities of the GI tract [24].



[17] presents a novel system for real-time, millimeter-scale localization and track-
ing of ingestible microdevices within the GI tract. The technology utilizes three-
dimensional magnetic field gradients generated by planar electromagnetic coils to en-
code spatial locations, allowing wireless devices to transmit their position with high
accuracy. This system aims to improve the diagnosis and treatment of GI disorders, of-
fering non-invasive, continuous monitoring in real-world settings without harmful radia-
tion. Key advantages include high spatial resolution, wireless operation, and the ability
to track multiple devices simultaneously, promising applications in GI motility analysis,
targeted drug delivery, and surgical planning. [35] presents a five-dimensional localiza-
tion technique for a meso-scale magnetic robot controlled via a computer-operated
electromagnetic system. The method uses a two-dimensional array of mono-axial Hall-
effect sensors to measure perpendicular magnetic fields, enhancing the accuracy of robot
localization. Two key steps are involved: first, the magnetic field of the electromagnet
is subtracted from the measured data to isolate the robot’s magnetic field. Then, this
subtracted field undergoes second-order differentiation in the perpendicular direction to
minimize the electromagnetic field’s impact on localization. Through optimization, the
robot’s position and orientation are determined with a positional error of 2.14+0.8 mm
and an angular error of 6.74+4.3° within a 5 cm range at 200 Hz. [38] introduces IM6D,
a magnetic motion-tracking system with small, wireless, 6-DOF markers, suitable for
dexterous 3D interactions. Utilizing electromagnetic induction and an external pickup
coil array, the system resolves issues like dead-angles, providing reliable tracking at
reasonable speeds. Through experiments, it demonstrated its utility in complex envi-
ronments like finger-tracking in occluded spaces, promising advances in virtual reality

and interaction sensing.

CE, with built-in cameras, leverages image processing and machine vision tech-
niques to track the ingestible’s movement within the GI tract, as discussed in ref-
erences [39-41]. A significant advantage of video-based localization is its ability to
operate without additional hardware, providing a cost-effective solution. Furthermore,
tracking is independent of on-body sensors typically worn around the abdomen, ensur-

ing that patient activities do not disrupt the localization process.



Body-SLAM is a simultaneous localization and mapping technique designed for
WCE within the human GI tract. This technique aims to enhance the positioning ac-
curacy of endoscopic capsules by fusing data from visual and RF signals. The approach
involves analyzing feature points between consecutive images captured by the capsule
to estimate speed and orientation, integrating this data with RF measurements using a
Kalman filter. The proposed method achieves an average tracking error of less than 2.3
cm, providing a reliable map of the small intestine to aid in the precise identification of
intestinal diseases. This research addresses significant challenges in localizing WCEs,
including the complex anatomy of the small intestine and the RF signal’s behavior in

non-homogeneous body tissue, as outlined in [42].

A detailed study in [43] explores methods for 3D motion estimation in WCE,
a non-invasive procedure used for gastrointestinal tract inspection. The main chal-
lenge is to accurately track the capsule’s movement through the GI tract using image
registration between consecutive frames. The study compares several image registra-
tion techniques, including pixel-based, feature-based, and Al-based methods, using a
dataset from a robotic setup with an ex-vivo porcine colon. The research finds that
conventional feature-based methods like SIFT, SURF, MSER, and LIOP are inade-
quate for robust matching due to the GI tract’s complex nature. The study concludes
that a deep-learning approach, PWC-Net, yields the most accurate results, offering a

promising solution for real-time 3D motion estimation in WCE.

In most video-based localization methods for CE, both simulation and experi-
mental studies often fail to account for the peristalsis. These studies typically assume
that the capsule follows a unbending path at a constant rate, which inaccurately repre-
sents the complex and periodic contractions characteristic of the GI tract. Significant
limitations that affect the precision of localization with video-based techniques include
the constrained image resolution and frame rate of capsule endoscopes. These limita-
tions arise from low battery capacity and the necessity for the device to operate at low

frequencies.
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Currently, research into video-based localization of CE is still in its early stages.
Future studies need to incorporate in vivo measurements to validate the reliability of
these methods under real-world conditions and to address the dynamic and complex

environment of the GI tract.

Other methods involve utilizing physical environmental parameters that vary
across different regions of the gut, such as variations in oxygen and pH. By embedding
oxygen and pH sensors in capsules, and analyzing their output profiles, these variations

can be detected to accurately identify transitions from one organ to another [44].

2.2. Ingestible pH Sensors

[45] features ion-sensing thread-based electrochemical sensors, which are inte-
grated onto the surface of a 3D-printed cap, along with essential readout electronics.
It utilizes a polyaniline-based potentiometric pH sensing thread that generates a volt-

age output proportional to the detected pH level.

Very similar in principle to the [45], When ingested, the capsule system in [46]
encounters hydrogen ions (H") from GI biofluids, which infiltrate the sensor cavity
through a grid on its top. An embedded pH sensor based on iridium oxide within the
capsule responds to these pH levels by generating a corresponding potential signal.
This signal is captured by a potentiostat within the capsule’s detection unit, which
is connected to the pH sensor. The potentiostat relays this potential signal to an

Analog-to-Digital Converter (ADC), transforming it into a digital voltage signal.
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Figure 2.1. A comparison of the proposed study with related in-body sensors in the

literature.

2.3. Biodegradable Sensors

The medical necessity to temporarily monitor changes in pressure, temperature,
and pH in specific locations of various tissues for disease and therapy monitoring has
driven the development of implantable sensors. However, these sensors often require a
second operation for removal, posing a risk of tissue damage. To address this issue, the
literature suggests using biodegradable implant and ingestible sensors. Biodegradable
implant sensors are particularly valuable for real-time monitoring of physiological data,
as they eliminate the need for complex removal procedures once the monitoring period
concludes. Ingestible sensors provide a non-invasive approach and do not cause com-
plications or foreign-body responses. Despite the promising results presented in the
literature, there are no commercially available biodegradable sensors yet. Research in
this area needs to expand further in a multidisciplinary manner to reach its potential

for commercialization. [61].

Material candidates for biodegradable in-body sensors need to satisfy several
properties, including biocompatibility, cytocompatibility, and stability over time in

both structure and function. These properties ensure that the sensors can safely in-
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teract with biological tissues without causing adverse reactions and maintain their
integrity and performance throughout the monitoring period [62]. The ability of a ma-
terial to perform with an appropriate host response in a specific situation is regarded
as biocompatibility [63]. The materials should enable the device to function properly
throughout its selected operational lifetime without causing any harmful reactions in
the ambient tissues or any other regions of the body. This requirement ensures the safe

and effective use of the sensors for their intended purpose.

A biodegradable sensor is supposed to be fully composed of biodegradable ma-
terials. These materials are typically studied under three main categories: metals,
polymers, and silicon-based materials. Each category offers different properties and
advantages for biodegradable sensor applications, depending on the specific require-
ments of the sensor and the intended use case [61]. However, to date, only a few fully

biodegradable implant sensors have been presented [52].

2.3.1. Metals

The most prevalent metals used in fabrication of biodegradable sensors are mag-
nesium (Mg), iron (Fe), tungsten (W), molybdenum (Mo), and zinc (Zn). Mg is the
most popular metal for the development of implantable devices. Mg is preferred due
to its high electrical conductivity, ease of processing, and rapid degradation character-
istics [54]. For instance, Mg has been proposed for creating implantable temperature
sensors by leveraging its temperature-dependent electrical resistance [51]. Leveraging
its high energy density, Mg has been incorporated into the composition of biocom-
patible and biodegradable batteries [64]. These batteries offer a sustainable power
source for implantable medical devices, with the added benefit of being environmen-
tally friendly and safe for use within the body. Despite its advantageous properties,
Mg has limiting characteristics as well. The accumulation of degradation byproducts,
such as hydrogen gas and hydroxyl groups (OH™), can cause toxicity effects. In vivo,
these byproducts are typically eliminated through homeostasis and fluid circulation in

the body, making tissues less vulnerable to toxic effects compared to cells in culture.
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However, degradation byproducts need to be considered in all sensor designs, which
limits the amount of Mg that can be used in a sensor. Controlling the lifespan of a
sensor can help control the amount of Hy and OH™ released at any time. One ap-
proach to overcoming some of the limitations of Mg is through the creation of alloys
and nanostructured forms, which can enhance the material’s properties and potentially

reduce the amount of harmful byproducts released during degradation [65].

The mechanical properties of Fe make it well-suited for use in medical implants
[66]. These properties include high strength and ductility, which make it suitable for
applications requiring durability and structural integrity. Additionally, iron’s degra-
dation products, primarily iron ions, are naturally present in the body and can be
managed by physiological processes. However, the corrosion rate of iron is generally
slower compared to magnesium, which can be advantageous for long-term applications
but require careful design to avoid prolonged exposure and potential accumulation of
degradation products. To address the need for controlling the degradation rate of
iron, researchers are exploring ways to alloy it with other elements or apply surface
treatments to achieve the desired balance between longevity and biocompatibility. For
example, by carefully designing a galvanic pair, researchers can fine-tune the degra-
dation timeline, optimizing the sensor’s functionality and biocompatibility for specific

medical applications.

In applications where a short lifespan for the implant sensor is required, the ap-
proach of accelerating biodegradation is also applied to Zn implants. For instance,
researchers have added a Zn layer to an Fe transducer of a pressure sensor to acceler-
ate material degradation through galvanic corrosion [67]. This technique exploits the
difference in electrochemical potential between zinc and iron, causing the Zn to corrode
preferentially. The accelerated degradation process helps to control the lifespan of the
sensor, ensuring it breaks down at a predictable rate. This approach is particularly
beneficial in applications where timely sensor degradation is critical to avoid long-term

tissue exposure and potential complications from accumulated degradation products.
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2.3.2. Polymers

Another type of material with significant importance in biodegradable in-body
sensors is biodegradable polymers. These polymers typically allow for straightforward
processing [61] and offer a high degree of adjustability with regard to their chemical
structure, shape, and dissolution kinetics. This tunability is achieved by adjusting in-
herent polymer characteristics, including molecular weight, crystal structure, chemical

composition, hydrophilic or hydrophobic attributes, and erosion behaviour [68-70].

Polymeric materials exhibit promising characteristics for customizable and biodegrad-
able microelectronics. These materials can be tailored to meet specific requirements
which makes them ideal candidates for in-body devices [71]. Additionally, their biodegrad-
ability ensures that they break down harmlessly in the body, minimizing the risk of

long-term adverse effects.

Protein polymers such as collagen, chitosan, silk, and gelatin, along with plant-
based polymers like alginate, cellulose, and starch, are increasingly being noticed by
biodegradable device manufacturers. Some of these materials are bioactive, which can
produce an immunogenic response if used in certain implantable healthcare devices.

However, their mechanical strength and complex structure make them challenging to

use [70,72,73].

On the other hand, synthetic biodegradable polymers offer more precise control
over the physical and chemical properties of temporary components and the devices
they create. This is because these polymers are manufactured under controlled and

repeatable conditions [72].

Since the introduction of the first biodegradable suture, polyglycolide (PGA),
in the 1960s, there have been numerous advancements in the synthesis of biodegrad-
able polymers. Numerous biodegradable poly(a-esters) cross-linked elastomers, such

as poly(1,8-octanediol-co-citric acid) and poly(glycerol sebacate) (PGS), as well as
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polycarbonates, polyphosphazenes, polyurethanes (PU), polydioxanones, and polyhy-
droxyalkanoates (PHA), have since been introduced [70,74-78].

Polylactide (PLA) and its copolymers, such as poly(lactic-co-glycolic acid) (PLGA),
are the most frequently seen polymeric materials in medical applications [61]. Me-
chanical properties of polymers can be adjusted by varying the ratio of lactic acid to
glycolic acid, allowing for customization to meet specific requirements. For example,
researchers have developed an encapsulation using PLA [47] or PLGA [79], where the
polymer serves as the substrate [48] for the transducer. PLGA has also been utilized
to secure the implantation area of the sensor [68] and electrical insulator [50] or optical
fibers [68]. Additionally, Poly(L-lactic acid) (PLLA) has been used to create the trans-
ducer’s packaging and as electrical insulators for metallic sensor components [52, 54].
In addition, PLLA has been combined with polypyrrole (PPy) to create conductive
polymer composites for building biodegradable coil antennas [49]. A glue made from
a mixture of PLLA, acetone, and chloroform has been used to seal the encapsulating
layers of sensor devices. Both PLGA [80] and PLLA [54] have the FDA approval for

use in biodegradable medical devices.

Based on the findings from using PLA and its copolymers, researchers have stud-
ied various biodegradable polymers as sensor encapsulants. For instance, the polyanhy-
dride poly(buthanedithiol 1,3 5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione pentenoic
anhydride) has been utilized as an organic encapsulation material [50]. Similarly, the
soft polymer poly[octamethylene maleate (anhydride) citrate] (POMaC), combined
with octanediol at a molar feed ratio of 3:2:5, has been proposed for sensor encap-
sulation [52]. POMaC has been reported as the encapsulation layer of an arterial
pressure sensor [54], where its elasticity improves transmission of arterial pressure vari-
ations to the transducer. On the sensor side facing tissues, a stiffer material, polyhy-
droxybutyrate/polyhydroxyvalerate (PHB/PHYV), was used to block interferences from

surrounding tissues.
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Another case of a polymeric encapsulant involves poly(1,8-octanediol-co-citrate)
(POC) in a stretchable pressure sensor [81], with silk fibroin sheets used as the sensor
substrate [82]. Additionally, a polymer blend based on 1,4-butanediol, adipic acid,
and terephthalic acid has been used for sensor encapsulation [51]. Being optically
transparent in the visible spectrum, this material allows for visual inspections while
absorbing UV light to protect the transducer. Furthermore, it has a Young’s modulus
similar to that of muscle and cartilage tissues, making it ideal for encapsulating sensors

used in these tissues.

These polymers are excellent encapsulants due to their ease of deposition on
surfaces. However, their hydrophilicity makes them prone to swelling and water in-
filtration, which can lead to premature sensor failure due to the early degradation of
internal components [68]. For instance, complete sensor encapsulation was achieved
by leveraging the low melting temperature of polycaprolactone (PCL) [67]. Similarly,
polyvinyl alcohol (PVA) was employed as an adhesive layer between the polymer sub-
strate and various metals [53]. Additionally, PGS was utilized as the dielectric layer of

the transducer in a capacitive pressure sensor [52-54].

All the polymers mentioned above have dielectric properties that make them
suitable for electrical insulation. In addition to these, conductive polymers are also
employed in biodegradable implantable devices [83]. These polymers offer several ad-
vantages for medical applications, including biocompatibility, biodegradability, and
flexibility [83]. They can facilitate both electronic and ionic conduction, be tailored
to exhibit specific chemical tendencies and sensing qualities, and be processed at low
temperatures [84]. The van der Waals bonding in these materials enables precise and
intimate interfaces with the body’s electrolytes, eliminating the presence of dangling

bonds or oxides [85, 86].

For example, PLLA can be customized for its crystalline structure and molecular
orientation through thermal annealing and mechanical stretching, imparting piezoelec-

tric characteristics suitable for sensors. Piezoelectric PLLA can be used in self-powered
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sensors, is easily stackable into multilayers, and has a low relative perittivity [47].
By using a conductive ink made of poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) and sericin protein photoresist, researchers developed an electro-
chemical transducer [82]. Although PEDOT:PSS is biocompatible, it is not intrinsically

biodegradable, embedding it in sericin allows for controlled degradation.

2.3.3. Silicon-Based Materials

Silicon-based materials have a pivotal role in the development of biodegradable
implant sensors. Silicon nanomembranes (Si-NMs) [81], including porous [50,87] and
nanostructured forms [88], thin films [89], and SiOy [90], are widely used examples.
Although inherently stiff, these materials can be utilized as soft and flexible thin films.
Thin films often necessitate a substrate, such as elastomers, with similar mechanical

properties.

Si-NMs are used in various sensors, such as those measuring intracranial pressure
(ICP), temperature, and pH [50]. Here, piezoelectric Si-NMs, for example, generate
electrical signals to encode parameter values. Si nanoribbons replace Si-NMs for pH
sensing, while nanoporous Si is added to serve as a backing substrate for pressure
sensors and accelerometers. Piezoresistive Si-NMs are also employed in pressure and

temperature sensors. [68,91].

Porous silicon (pSi) is another attractive material for implantable systems. Its
porosity accelerates material degradation, allowing the use of thicker substrates without
changing the device’s degradation time. While pSi is commonly used in nanoparticle
form for drug delivery and medical imaging [92], it also shows promise in subcutaneous
optical sensors [87,93]. Surface treatments like silanization, hydrosilytation or hydro-
carbonization can adjust the degradation rate to make pSi suitable for desired sensor

lifespans.
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Silicon dioxide (SiO,) is often used as an encapsulation layer in biodegradable
in-body sensors, providing protection from biofluids and electrical passivation due to
its slow degradation rate and dielectric behaviour [91]. Unlike polymers, SiO is not
hydrophilic, offering a stable protection layer [50] from biofluids [91]. It can encapsulate
transducer’s active components [48], electrodes [81], or the whole electronic device,

ensuring defect-free, fluid-resistant layers.

Silicon nitride (SigNy) films and amorphous silica, are used in transducers as
dielectric layers [51] and bonding layers [68], respectively. Trilayers of SiOs/SigNy/SiOq

are employed in encapsulation and interlayer dielectrics for active neural interfaces [48].
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3. PROPOSED WORK

Designing antennas for ingestible capsules presents unique challenges, particu-
larly regarding the communication path. One major challenge is the detuning of the
antenna’s input impedance caused by the varying surrounding environment as the cap-
sule progresses across the GI tract. The capsule encounters diverse EM and chemical
properties in the stomach, small intestine, and large intestine. While some studies
propose antenna designs resilient to EM changes throughout the GI tract, Erdem et al.
proposed leveraging these variations for localization purposes. They demonstrated that
differences in tissue EM properties alter the antenna’s reflection coefficient, correlating
with the capsule’s location [94]. Building upon this concept, an enhanced technique is
proposed, utilizing variations in both EM and chemical properties. Previous research
has utilized biodegradation of resonating structures under different pH conditions for
wireless pH sensing [55]. In this proposed improvement, the frequency shift of the
antenna aims to be controlled by coating the capsule with three rings of pH-sensitive

biodegradable superstrate.

The biodegradable superstrate is used to load the communication antenna of the
capsule which is a meandered dipole antenna working within the 434 MHz Industrial,
Scientific, and Medical (ISM) band. Considering the difference in pH levels along the
GI tract, biodegradation of the superstrate can link the location data to the input
parameters of the capsule antenna. The state of biodegradation of the superstrate in
each segment causes a change in the reflection coefficient of the antenna, indicating
the change of the segment. It is shown that a shift of at least 5 MHz can be created
in the center frequency as the capsule advances along each segment in the tract while

the capsule antenna is kept operational over the 434 MHz ISM band throughout.

As part of our work, we focused on optimizing a conformal meandered dipole
antenna suited to our application and selecting a pH-dependent polymer for coating

our capsule. The antenna is discussed in Section 3.1. Section 3.2 explores the use of
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Eudragit polymer in our sensing mechanism.

3.1. Antenna

3.1.1. Choice of Antenna

The antenna utilized in this study is a conformal meandered dipole antenna,
which is extensively examined in this section. The fundamental principles of dipole

antennas are detailed in Appendix A.

In [96], our collaborators at the Université de Rennes conducted an investigation
into how the impedance responses of ingestible capsule antennas are affected as they
traverse different parts of the GI tract. The research focuses on two types of anten-
nas—meandered dipole and meandered loop—designed to operate at 434 MHz, 1.4
GHz, and 2.4 GHz, which were integrated into capsules optimized for these frequencies

within spherical homogeneous time-averaged GI phantoms.

Simulations were performed in three distinct phantoms representing the stomach,
small intestine, and large intestine to evaluate how the varying EM properties of these
tissues impact antenna performance. The results indicate that the encapsulation layer
of the antennas minimizes detuning effects. This finding suggests that proper encapsu-
lation effectively manages antenna robustness against environmental changes, allowing
designers to focus more on improving antenna efficiency rather than robustness against

detuning.

The study concludes that, while the encapsulation layer significantly reduces de-
tuning, further research with more realistic models is necessary to confirm these find-
ings. Additionally, the paper demonstrates that, compared to other scenarios studied,

the meandered dipole antenna operating at 434 MHz exhibits higher efficiency.
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This line of research is extended in [95], where the authors explore the feasibil-
ity of using impedance detuning of the previously designed meandered dipole antenna
to track the location of ingestible capsules as they move through the GI tract. The
meandered dipole antenna was selected for this study due to its well-established ra-
diation mechanisms and near-field characteristics, which are more clearly understood
than those of more complex antennas. The study focuses on detecting the capsule’s
location in different segments of the GI tract—such as the stomach, small intestine,

and large intestine—based on changes in the surrounding EM properties.

Our work is built upon this study.

3.1.2. Dielectric Loading

Dielectric loading of a planar dipole antenna as shown in Figure 3.1 involves
integrating dielectric materials near or within the antenna structure to modify its
electromagnetic properties. This technique is frequently used to reduce the antenna’s
physical size while maintaining its resonance frequency as the resonance frequency

decreases with increased effective permittivity [95].

Figure 3.1. Loaded planar dipole antenna.

The determination of dipole length will then depend on the guided wavelength,
as follows [96],

Ay = (3.1)
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where,

cepf =6 [f+eo- (1= ff). (3.2)
Where e.5¢ is called effective permittivity and represents the equivalent permittivity
experienced by the electromagnetic waves propagating through both the substrate and
the surrounding air. In this equation, ff represents the filling factor, quantifying the
percentage of the electric fields that penetrate through the substrate. It is important to
note that Equation (3.2) applies specifically when the radiating element is surrounded
by only two media. In cases involving multiple complex media, the calculation becomes
more complicated. Furthermore, the filling factor, ff, is likely to vary with each type
of antenna and can be estimated through multiple simulations. Additionally, in a mul-
tilayered environment, where an antenna is surrounded by multiple layers of materials
with different permittivities, the effective permittivity e.¢ can be approximated based
on the distribution of the electromagnetic fields and the relative permittivities ¢, of
the different layers. The exact calculation of effective permittivity can be complex and
may require numerical methods, especially when the antenna operates near the inter-
face of two media or when the media have non-uniform permittivity distributions. In
such cases, techniques like the finite element method (FEM) or finite-difference time-
domain (FDTD) simulations are often employed to accurately compute the effective

permittivity.

This effective permittivity is crucial because it directly affects the wavelength of
the waves propagating in the media, which in turn influences the antenna’s resonance,

impedance matching, and radiation characteristics.

The numerical and analytical data related to the dielectric loading of our antenna
is discussed in Subsection 3.1.5. Prior to this, we will explore the impact of meander-
ing and conformal designs on antenna performance, supported by examples from the

literature.
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3.1.3. Meandering

A difficult trade-off between frequency of operation and size specially for low-
frequency applications is one of the challenges of antenna design. Due to the inverse
relationship between frequency and wavelength, antennas operating in the low frequen-
cies, can extend to several meters in length. Consequently, adapting such antennas for
applications that require small dimensions is often impractical. Additionally, radiation
efficiency is a concern [97]. A straight-line dipole antenna (SLDA) operates most ef-
ficiently when the imaginary part of its complex input impedance is zero, a condition
met when the electrical length of each dipole leg is slightly shorter than the A/4 at
the operating frequency [98], also see Figure 3.2. As a result, practical low-frequency
antennas are mostly electrically small. This means a narrow bandwidth and small

radiation resistance.
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Figure 3.2. Reactance of a cylindrical dipole referred to the driving point for
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In [99] a design is used to reduce the size of linear dipole antennas by bending the
radiating elements into a meander shape. A formula is derived to relate the resonant

frequency to the geometric parameters of the MLDA, treating the meander portion
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as an inductive load. The study also introduces a formula for calculating radiation
efficiency based on the antenna’s structural parameters and resonant frequency. The
research demonstrates that optimal MLDA parameters can be determined to maintain
desired resonant frequency and radiation efficiency, offering a practical design method
for compact antennas used in portable devices. [100] proposes a new method for cal-
culating the resonant frequency of MLDAs using a full transmission line model (TLM)
approach. This method offers a straightforward way to estimate the self-resonance fre-
quency of MLDASs by considering the antenna as a series of transmission lines, taking
into account the current distribution, meander spacing, and geometrical parameters.
The proposed model is compared with simulations and prototype measurements across
three MLDA families, showing an error below 7.8% in all cases. The study concludes
that the TLM model can effectively predict the resonant frequency and optimize me-
ander parameters for miniaturization, making it suitable for applications in compact
and low-profile wireless devices. The validity of the TLM confirms that, for a given
electrical length, the length and width of bends in a meandered structure are critical
in determining the resonance frequency, as they directly influence the inductance and
capacitance in the equivalent TLM model. We will see this through simulations in

Subsection 3.1.5.

3.1.4. Conformal Design

Conformal antennas offer several benefits for in-body applications. By adapting
to the shape of the host structure, these antennas efficiently utilize available space,
which is crucial in compact or densely packed environments. This capability can also
be beneficial in low frequencies where there is a need to increase the antenna’s elec-
trical size. They can be integrated into the surface material, maintaining the struc-
tural integrity of the host without requiring significant modifications or reinforcements.
Additionally, the conformal design helps minimize electromagnetic interference by op-
timally positioning the antenna relative to other electronic components. Conformal
designs offer all these advantages while keeping all the benefits of antennas on rigid

PCBs [101]. [102] explores the development of a specialized antenna for ingestible cap-



25

sule systems that transmit biological data from within the human body. The authors
introduce a novel design called the Conformal Chandelier Meandered Dipole Antenna
(CCMDA), which is tailored to fit the capsule’s geometry and offers improved po-
larization diversity. The CCMDA design process begins with a planar meandered
dipole, which is later adapted into a conformal structure to overcome challenges like
size constraints, impedance matching, and detuning effects caused by the body’s di-
electric properties. Simulations and measurements demonstrate the CCMDA’s ability
to maintain effective radiation patterns and impedance matching at the 1.4 GHz fre-
quency used for medical telemetry, even within the lossy environment of the human

body.

[103] studied meandered loop and meandered dipole antennas for operation

within the GI tract. Our work builds on the dipole design introduced in this study.

3.1.5. Conformal Meandered Dipole Antenna

The antenna is made on a 100-pm-thick Rogers CLTE-MW (g, = 2.97 ) substrate,
conforming to the inner surface of the PLA (e, = 2.7, § = 0.003 ) capsule. The
capsule has a shell thickness (encapsulation thickness) of 0.4 mm. The antenna design
includes an offset feed to match the in-body dipole antenna to 50 {2, accommodating
the miniaturization required for in-body applications. The trace length is optimized

with respect to the shell thicknesses and is equal to 14.5 mm.
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Feeding point

Trace length

Figure 3.3. Trace length and feeding point of the original antenna.

To find the dipole length, we can start by assuming the e.¢; is equal to the
relative permittivity of the antenna substrate, Rogers CLTE-MW, 2.97. This results

in a guided wavelength that is calculated as follows,

Ag = =412 mm, (3.3)

where ¢ is the speed of light in free space (¢ & 3 x 10® meters per second), and f is the

frequency in hertz.

For f = 434 MHz (434 x 10% Hz), )\ is calculated as follows,
3% 10°m/s
7 434 x 105 Hz

Taking \,/2 as dipole length in order for the antenna to operate in the GI time-averaged

~ 0.691 meters. (3.5)

tissue results in a resonance frequency that is higher than our desired 434 MHz due to
the meandering effect. Therefore, we need to numerically tune our antenna length to

reach this frequency as you can see in Figure 3.4.
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Figure 3.4. Tuning of the dipole length; PLA thickness = 0.4 mm.

Changing the PLA encapsulation thickness directly changes the e.;¢. In order to

observe this through simulations, we changed the PLA thickness to 0.6 mm and rerun

the same simulations again.

0 \
Q:
5\ A
o)
=
2}
—15+ N
\

—20
400 425 450 475 500 525 550 575 600
Frequency (MHz)

— Ay = 412 mm — )\, = 488 mm — )\, = 568 mm

Figure 3.5. Tuning of the dipole length; PLA thickness = 0.6 mm.
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Based on our numerical iterations, the optimal guided wavelength (\,) for 0.4
mm-thick PLA was determined to be 490 mm, with an effective dielectric constant
(er) of approximately 2, as calculated using Equation 3.3. For 0.6 mm-thick PLA, A,
was found to be 568 mm, with eff approximately 1.5. These results indicate that as
the thickness of PLA increases, the effective dielectric constant decreases, owing to the
lower dielectric constant of PLA compared to Rogers CLT-MW. Figure 3.6 illustrates

the planar model used for our simulations.

Figure 3.6. Multi dielectric loading, e¢: air, €1: Rogers CLTE-MW, e5: PLA| €3: time

averaged GI tract tissue.

As discussed before, meandering reduces the overall length of the antenna without
affecting its resonance frequency. This is achieved by making the current path longer
through the meanders, thereby keeping the electrical length similar to a straight dipole.
The number of bends depends on the available physical length and in this design it is

numerically set to be 7.
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Frequency (MHz)

— Ay =488 mm, N = 7—); = 488 mm, N = 6

(b)
Figure 3.7. Impact of meandering (the straight unbent length is unchanged);

a: X, = 1.76, y, = 16.2, x, = 2.55, y, = 18.8, b: Resonance frequency variation as a

result of changing meandering size.

Another design consideration here is offset feeding which refers to a method of
feeding or supplying the signal to an antenna where the feed point is not located at
the center or another symmetrical point of the antenna. In the context of a dipole
antenna, this means that the feed point is positioned away from the center, typically

along one of the arms of the dipole. By moving the feed point away from the center,
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the impedance at the feed point changes. This can be used to match the antenna’s
impedance with the transmission line or the feeding network, which is often desirable

in practical antenna designs to achieve better power transfer and minimize reflection.

—15
200 250 300 350 400 450 500 550 600
Frequency (MHz)

— Ay = 488 mm, Offset-fed — A\, = 488 mm, Center-fed

(b)
Figure 3.8. Impact of feeding; a: (Left): center-fed, (Right): offset-fed, b: Resonance

frequency variation as a result of applying different feeding.
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N=1 176 0.5

16.2

Figure 3.9. Offset-fed planar antenna (Unit: mm).

3.1.6. Optimized Design

Figure 3.11 shows the planar version of the conformal antenna used in our sim-
ulations. Coating the capsule caused a shift in the operating frequency, necessitating
antenna tuning to remain within the 434 MHz ISM band. This tuning involved sym-
metrically extending the physical length of the dipole by 14 mm from the center. The
operation of this antenna is going to be detailed in Section 4.1. Note that this sub-
section includes the coax-fed antenna. To feed the built-in antenna from outside the
capsule, the dipole legs needed to be lengthened. This resulted in a variation of trace
length between the offset-fed (16.2 mm) and coax-fed (14.5 mm) antennas to maintain

the same total length.
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1.7

14.5

Figure 3.10. Original antenna (Unit: mm) [94].

T o0 0.5

Figure 3.11. Optimized antenna (Unit: mm).
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3.2. Eudragit as the Biodegradable Superstrate

In recent years, Eudragit has become a highly attractive area of research be-
cause of its significance in advanced drug delivery systems. Initially introduced by
Rohm Haas GmbH, Darmstadt, in 1953, FEudragit serves as a drug coating that
withstands acidic exposure while being soluble in alkaline environments. Today, it
is marketed under the brand name Fudragit by Evonik Technologies Germany. Eu-
dragit comprises a diverse range of neutral, cationic, and anionic copolymers derived
from methacrylic acid and methacrylic or acrylic esters, as well as their derivatives.
These copolymers are synthesized through various polymerization methods including
reversible addition-fragmentation chain transfer (RAFT), atom transfer radical poly-
merization (ATRP), and group transfer polymerization. They have different levels
of pH-dependent or independent solubility based on their physicochemical properties.
Different types of Eudragit polymers are employed to selectively target various sec-
tions of the GI tract, including the small intestine, colon, and large intestine. Eudragit
polymers are synthetic polyionic copolymers composed of varying concentrations of
methacrylic acid esters, alkyl methacrylates, and 2-(dimethylamino)ethyl methacry-
late. The specific properties and behavior of these copolymers are primarily determined
by the concentrations of nonionized and ionized groups within their structure. Eudragit
polymer grades are predominantly utilized for coating pharmaceutical formulations and

developing advanced drug delivery systems [104].

Eudragit E100 is a positively charged copolymer made up of methyl methacry-
late, dimethylaminoethyl methacrylate, and butyl methacrylate. Its chemical name is
poly(butyl methacrylate-co-(2-dimethylaminoethyl) methacrylate-co-methyl methacry-
late). It has an alkali value of 180 mg KOH/g, a molecular weight of approximately
47,000 g/mol, and shows low viscosity solubility at a gastric pH of 5.

Eudragit L100 is a negatively charged copolymer derived from methacrylic acid.
It has a molecular weight of 125,000 g/mol, a glass transition temperature above 150°C,

an acid value of 315 mg KOH/g, and is soluble at pH levels above 6.



34

Eudragit S100 is a negatively charged copolymer derived from methacrylic acid.
It has a glass transition temperature above 150°C, an acid value of 190 mg KOH/g, a
molecular weight of 125,000 g/mol, and is soluble in basic conditions at pH 7.0.

The pH sensitivity of the aforementioned Eudragit grades makes them ideal can-
didates for targeted drug delivery. Since different segments of the human GI tract
exhibit varying pH levels, Eudragit polymers can effectively deliver drugs to specific
regions of the digestive tract.The concept of targeted release inspired the idea of coat-
ing an ingestible capsule with three grades of Eudragit, each designed to dissolve at
specific pH levels corresponding to the stomach, small intestine, and large intestine.
This dissolution alters the near-field characteristics of the capsule’s embedded antenna
as it transitions through each organ. Finally, by monitoring the changes in the reflec-
tion coefficient of the antenna within each organ, we can identify the specific organ

that contains the capsule [104].

Stomach
pH I-5
Eudragit E100

Small intestine

(Jejunum) Large intestine
pH 6-7 (Colon)
Eudragit L100 pH >7
Eudragit S100

Figure 3.12. Fudragit grades for targeted drug delivery.
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4. NUMERICAL RESULTS

Throughout this chapter, Ansys HF'SS [105] simulations and their results are pre-
sented and explained. The section detailing the original ingestible capsule can be found
in Section 4.1. Section 4.2 describes the operation of the optimized antenna embed-
ded inside the coated capsule and explains how the degradation of the biodegradable
superstrate while passing the stomach, small intestine, and large intestine affects the
input response of the antenna. This biodegradation, which results in a shift in the

center frequency of the antenna, forms the basis of our sensing mechanism.

4.1. Original Ingestible Capsule

The original capsule is depicted in Figures 4.1 and 4.2. Both offset-fed and coax-

fed configurations are presented for comparative analysis.

The embedded antenna is designed to operate in the 433 MHz ISM band in a
cylindrical homogeneous phantom (h = 120 mm, @ = 100 mm). The phantom has the

time-averaged electromagnetic properties of the GI tissues (¢, = 63, 0 = 1.02 S/m at

434 MHz, see [103)).

Figure 4.1. Offset-fed.
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Figure 4.2. Coax-fed.

The magnitude and phase of the reflection coefficient of the embedded antenna

can be seen in Figure 4.3 and Figure 4.4, respectively. The antenna operation in 434

MHz ISM band is shown.

0
_—10
m
=
N
— —20 -
—30 R

400 410 420 430 440 450 460 470
Frequency (MHz)

— Coax-fed - - - Offset-fed

Figure 4.3. Simulated magnitude of the reflection coefficient of the original antenna.
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Figure 4.4. Simulated phase of the reflection coefficient of the original antenna.

However, addition of the 150 pm-thick (¢, = 5, ¢ = 1 S/m) biodegradable su-

perstrate results in detuning of the antenna as depicted in Figures 4.5 and 4.6. This

clearly requires retuning of antenna parameters.

—10

|S11] (dB)

1 | | il |

-30 ,
400 410 420 430 440 450 460 470
Frequency (MHz)

Figure 4.5. Simulated magnitude of the reflection coefficient of the original antenna

after coating.
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Figure 4.6. Simulated phase of the reflection coefficient of the original antenna after

coating.

4.2. Tuning for desired operation

Coating the capsule decreases the effective permittivity, shifting the antenna’s
resonance frequency to a higher band by reducing the loading. To restore the antenna
to the target 434 MHz ISM band, the dipole length was extended. This adjustment
ensures continuous communication with the external reader throughout the GI tract,
while the sensing coating undergoes biodegradation during transit. A detailed visual-

ization of the optimized and coated capsule is provided in Figure 4.7.
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Figure 4.7. Capsule parts from the innermost to the outermost (unit: mm); a: air, b:

Rogers CLTE-MW, c: Dipole, d: PLA, e: Biodegradable superstrate.
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Figure 4.8. Simulated magnitude of the reflection coefficient of the optimized antenna

with coated capsule.
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Figure 4.9. Simulated phase of the reflection coefficient of the optimized antenna with

coated capsule.

The frequency-dependent dielectric properties of the stomach, small intestine,
and large intestine are presented next. The subsequent three steps of our simulations
involve solving for the input response of the antenna in these three environments, taking

into account the biodegradation of the designated region.



Large intestine |

0=0.87
£,=62

Small intestine

0=192
€=65.3

Figure 4.10. Dielectric properties of human GI tract at = 433 MHz, (o is in S/m

unit).
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Figure 4.11. Frequency-dependent dielectric properties of human stomach [106].
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Figure 4.12. Frequency-dependent dielectric properties of human small intestine [106].
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Figure 4.13. Frequency-dependent dielectric properties of human large intestine [106].
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Figure 4.14. Capsule model and three consecutive degradation steps (unit: mm); a:

Initial, b: Stomach, c¢: Small intestine, d: Large intestine.

Figure 4.15 and 4.16 show the simulated magnitude and phase response of the
antenna, respectively, in the initial state and in three GI tissues. The center frequency
of the antenna for each case and the magnitude and the phase of the reflection at these
center frequencies are tabulated in Table 4.1. Furthermore, the magnitude and the
phase values at 434 MHz for all cases are tabulated in Table 4.2. As can be seen from
Table 4.1, a shift of at least 5 MHz in the center frequency of the antenna is observed
at each degradation step. A similar trend is visible in the phase of the reflection
coefficient. Finally, the magnitude and phase at 434 MHz change notably at each step
allowing for segment tracking. Note that at each step, the antenna is operational for
the whole band. This demonstrates that the proposed technique does not intercept the

normal operation of the capsule.
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Figure 4.15. Simulated magnitude of the reflection coefficient for different

degradation steps.
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Figure 4.16. Simulated phase of the reflection coefficient for different degradation

steps.
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Table 4.1. Center frequency of the antenna for different degradation steps and

magnitude and phase of the reflection coefficient at corresponding center frequencies.

Degradation Step fe (MHz) [S11] (dB) £S11 (deg)
Initial 446 -16.7 156.5
Stomach 440 -13.9 158
Small Intestine 430 -15.4 155.5
Large Intestine 425 -17.8 153

the different degradation steps.

Degradation Step |S11] (dB) Z511 (deg)
Initial -10.8 -128.4
Stomach -12.4 -163
Small Intestine -14.6 125.5
Large Intestine -13.1 87.1

Table 4.2. Simulated magnitude and phase of the reflection coefficient at 434 MHz for
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5. MEASUREMENTS

The experimental results will be presented and discussed in this chapter. The
experimental setup is introduced in Section 5.1. Subsequently, the capsule coating is
explained in Section 5.2. Next, the liquid electrochemical phantoms mimicking the
GI tract organs are presented in Section 5.3. Section 5.4 explains the experimental
procedures and provides the measurement results. Finally, Section 5.5 discusses the

observations from the experiments.

5.1. Measurement Setup

Figure 5.10 shows the experimental setup used in our work.

Figure 5.1. 1: RHODE & SCHWARZ ZNLEG6 Vector Network Analyzer, 2: Qualwave
QT50P-18-3N-1 Test Cable Assembly, 3: ISOLAB 025.01.905 Glass Beaker, 4:
Capsule Under Test
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5.2. Capsule Coating

The capsule was coated using polymer solutions prepared with a solvent mixture
of 60% acetone and 40% isopropyl alcohol. Specifically, S 100 and L 100 polymers
were prepared at a concentration of 25 wt.%, while E 100 was prepared at 50 wt.%.
To protect areas not intended for coating, the ends of the capsule were covered with
parafilm, and a 2.5 mm section of the capsule was masked with label paper as seen
in Figure 5.2(b) and Figure 5.2(c). The S 100 polymer was then applied using a dip
coating device at a speed of 150 mm/min, with manual control over the process, See
Figures 5.2(d) - Figure 5.2(h). After the coating dried as in Figure 5.2(i), a snap blade
knife was used to cut the coating at the mask level, making it easier to remove the

mask.

Next, a 2 mm section of the capsule was re-masked as shown in Figure 5.2(j) and
Figure 5.2(k), covering the previously coated S 100 section, and the L 100 polymer
was applied as in Figure 5.2(1). Once the dip-coated L 100 had dried as can be seen in
Figure 5.2(m), the coating was cut again with a snap blade knife to facilitate removal.
Finally, the sections coated with S 100 and L. 100 were covered, and a final coating of

E 100 was applied to the capsule, see Figure 5.2(n) - Figure 5.2(r) for this.
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(p) (a) (r)
Figure 5.2. Coating procedure; a: Bare capsule, b-i: S 100 coating, j-m: L 100

coating, n-r: E 100 coating.

5.3. Phantom Production

Electrochemical phantoms replicating the dielectric properties at 434 MHz and
pH of the human stomach, small intestine, and large intestine were developed under

ambient temperatures of 20°C - 21°C.
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Water Sugar Salt

Figure 5.3. Phantom content

After mixing the necessary amounts of each component, the mixture will be
stirred on the hot plate long enough to achieve a clear phantom. Table 5.1 shows
the concentrations for each phantom and each phantom’s dielectric properties. These

dielectric properties were measured using SPEAG DAK-3.5, as shown in Figure 5.4.

Figure 5.4. SPEAG DAK-3.5.



Table 5.1. Electrochemical properties and concentrations (in grams) per 100 grams

for the fabrication of phantoms mimicking the EM characteristics of the GI tract.

GI Segment Water Salt Sugar Er o pH
Stomach 68.5 1.1 30.4 67.42 1.01 6.8
Small Intestine 67 2.5 30.5 65.38 2 6.8
Large Intestine 71 1.5 27.5 62.4 0.89 6.8
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69 N 41.2
68 |- 1L =
~ ~
w a2
67 [ 11 ©
66 |- 10.9
Er o
6 . : : 8
300 300 400 500 608

Figure 5.5. Frequency-dependent dielectric properties of human stomach phantom.
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Figure 5.6. Frequency-dependent dielectric properties of human small intestine

phantom.
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Figure 5.7. Frequency-dependent dielectric properties of human large intestine

phantom.

o1

After validating the electromagnetic properties, chemical mimicking was per-

formed using citric acid and sodium hydroxide to adjust the pH to the desired levels.

Table 5.2 summarizes the required quantities for achieving the target pH values and

presents the corresponding electromagnetic properties after pH adjustment. Notably,

pH mimicking had no impact on the EM properties of the phantoms.

Table 5.2. pH and concentrations (in milligrams) per 1000 grams for the fabrication

of phantoms mimicking the EM properties of the GI tract.

GI Segment Citric Acid Sodium Hydroxide pH Er o
Stomach 1200 0 3 67.42 1.01

Small Intestine 0 0 6.8 65.38 2
Large Intestine 0 1 8.4 62.4 0.89

Finally, for every 1000 grams of phantom, 0.3 grams of sodium azide was added

to inhibit bacterial growth.
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Table 5.3. Dielectric properties of stomach, small intestine and large intestine
phantoms at 434 MHz, reference values provided by [106] for these tissues are also

given for comparative purposes.

Er o [S/m]
Stomach phantom 66.3 1.1
Measured stomach 67.2 1.01
Small intestine phantom 65.66 2.02
measured small intestine 65.3 1.92
Large intestine phantom 62.22 0.93
measured large intestine 62 0.87

5.4. Measurements and Results

Our ingestible capsule was coated with three grades of Eudragit polymer, as
depicted in Figure 5.10. The coating length for each grade was determined based on
numerical simulations. Figures 5.8 and 5.9 illustrate the magnitude and phase of the
reflection coefficient of the embedded antenna, respectively. As shown in the plots,
the capsule-embedded antenna is detuned and now operates at 344 MHz. Two key
points should be noted: first, the fabrication of the ingestible capsule was performed
by our collaborators and falls outside the scope of this work. Second, the antenna
detuning does not compromise the validity of our method, as the proof of concept

remains independent of the antenna type or operating frequency.
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Figure 5.8. Measured magnitude of the reflection coefficient of the capsule embedded

antenna.
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Figure 5.9. Measured phase of the reflection coefficient of the capsule embedded

antenna.

Our prepared phantoms accurately mimic the electromagnetic properties at 344
MHz, and thus, we continued using the same phantoms. Table 5.4 presents the EM

properties of these phantoms at 344 MHz.



Table 5.4. Dielectric properties of stomach, small intestine and large intestine
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phantoms at 344 MHz, values provided by [106] for these tissues are also given for

comparative purposes.

Er o [S/m]
Stomach phantom 67.3 1.06
Measured stomach 68.1 0.98
Small intestine phantom 67.05 1.97
measured small intestine 67.9 1.87
Large intestine phantom 63.57 0.87
measured large intestine 63.8 0.83

Figure 5.10. Coated capsule.



Figure 5.11. In stomach.
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Figure 5.12. Leaving stomach.
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Figure 5.15. Measured magnitude of the reflection coefficient of the capsule

embedded antenna for different degradation steps.
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Figure 5.16. Measured phase of the reflection coefficient of the capsule-embedded

antenna for different degradation steps.

Table 5.5. Measured center frequency of the antenna for different degradation steps

and reflection coefficient plots at corresponding center frequencies.

Degradation Step fe (MHz) [S11] (dB) £S11 (deg)
Initial 384 -19.3 137.2
Stomach 384 -19 138.5
Small Intestine 384 -19.4 140
Large Intestine 344 -15.3 -84

5.5. Discussion

As discussed in Chapter 4, simulations clearly demonstrated the capsule’s tran-
sition from the stomach to the small intestine, and subsequently to the large intestine.
However, these simulations were conducted using an approximate dielectric constant,
and our coating thicknesses were not precisely controlled. These approximations were
expected to cause discrepancies between our measurements and the simulations. As

shown, we were only able to detect the capsule’s location in the large intestine.
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We anticipate that precise measurements of the dielectric constant of Eudragit
grades and better control over coating thickness would enhance the correlation between
measurements and simulations. However, at this stage, we lacked access to the required

infrastructure, such as the SPEAG DAK-TL2, which is used for measuring thin films.
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6. CONCLUSION

Gastrointestinal tract health is a critical factor in an individual’s overall well-
being, making its monitoring highly valuable. Ingestible capsules can collect and
transmit data from various regions of the digestive tract, providing access to areas
that were previously difficult to reach. However, these valuable tools still lack a cru-
cial element that impacts the validity of interpretation of the received data: location

information.

This work introduces a technique that leverages the intrinsic electrochemical char-
acteristics of the stomach, small intestine, and large intestine to determine the location
of an ingestible capsule. Eudragit, a commercially available family of polymers used
for targeted drug delivery, is employed in this method. Three grades of Eudragit—E
100, L 100, and S 100—are coated around the capsule to form three superstrate re-
gions, each soluble only in one of the three targeted organs. Simulations on a 150 pm

superstrate with approximate electromagnetic values were conducted.

Once the capsule is ingested, it remains intact in terms of its coating until it
reaches the acidic environment of the stomach. Here, E 100 dissolves, causing the
ingestible antenna embedded within the capsule to lose one superstrate region and
shift its resonance frequency. This transition from an initial intact state to a shifted
center frequency is shown to be 6 MHz. The same scenario applies for L 100 when the
capsule travels from the stomach to the small intestine, and for S 100 when it moves
from the small intestine to the large intestine. The frequency shift for the second
transition is 10 MHz, and the last transition results in a 5 MHz resonance shift. This

variation in center frequency indicates the capsule’s location.

Based on the simulations, electromagnetic measurements were conducted to ob-
serve the variations in electrochemical phantoms that mimic both the dielectric prop-

erties and pH of each of the three organs. The resonance shift is observed to be 40
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MHz when the capsule moves from the small intestine to the large intestine. However,
due to uncontrolled coating thickness and approximate dielectric properties, we were

unable to observe a variation in resonance in the first two location transitions.

The novelty of this method lies primarily in its integrability with any ingestible
capsule. To the author’s best knowledge, this is the first instance of pH sensing along

the GI tract using a biodegradable sensor introduced in the literature.

In the future, we plan to obtain the exact dielectric properties of the Eudragit
grades and perform more controlled coatings to better align our simulations with the

measurements.
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7. FUTURE WORK

By employing more advanced coating techniques, we plan to further advance our
application. Our goal is to develop the addition of a passive resonator and control
its biodegradation using pH-dependent polymers, thereby bringing this concept into

practical implementation.

mpm
(L

(a)

(b)

Figure 7.1. Coated capsule with resonator from two different views; a: Top view, b:

Custom view (¥ = 90, § = 30, ¢ = —90).
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Figure 7.2. Degradation flow (unit: mm); a: The origin and direction of degradation,

b-e: degradation steps.
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Figure 7.3. Simulated magnitude of the reflection coefficient for different degradation

steps.
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Figure 7.4. Simulated magnitude of the reflection coefficient for different degradation

Figure 7.5.

steps; magnified for better observation.
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Simulated phase of the reflection coefficient for different degradation steps.
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APPENDIX A: DIPOLE ANTENNA

Wire antennas are among the oldest, simplest, and most cost-effective types of
antennas, providing considerable versatility across a wide range of applications [107].

The dipole equations will be given for a finite length dipole as in [107].
For a very thin dipole (a < A\/50 ), the current distribution can be approximated

a.lysin [k (%—z’)} , 0< 2 <12, (A1)
a.losin [k (L +2)], —1/2<72 <0.

This current distribution assumes an infinitesimal dipole, with the current diminishing

to zero at the two ends (2/ = £[/2). It has been experimentally confirmed that in a

centrally fed wire antenna the current distribution is sinusoidal. The null points stand

at the ends. For [ = /2, the current distribution described by Equation (A.1) is

illustrated in Figure A.1. The antenna’s geometry is illustrated in Figure A.2.

+ 0\
— |
-k Jemta
' i /'/
//

Figure A.1. Current distribution for a center-fed dipole antenna with length [ = \/2.
Reproduced with licensed permission from “John Wiley and Sons”, publisher of [107].
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P(ro,¢)

Figure A.2. Center-fed dipole antenna with length [ = A\/2; a: Finite dipole geometry,

b: Far-field approximations. Reproduced with licensed permission from the “John

Wiley and Sons”, publisher of [107].

The antenna in Figure A.2 can be divided into many tiny segments, each with

a length of Az’. As we increase the number of these subdivisions, each tiny segment

becomes an infinitesimal dipole with a length of dz’. For an infinitesimal dipole with

length dz’ that is located along the z-axis at z’, we can determine the far-field electric

and magnetic field components using Equation (A.2), as follows,

kIgle=3kr
Ey ~ jn% sin 6,

E,~E;=H,=Hy=0,
klgle ik

H, QJW sin 6,

kI (z',y, 2" )e Ik
4T R
dET ~ dE¢ = ng = 0,

k‘]e oo N\ ,—jkR
dH, =~ j @”i’;)e sin 6 dz’.
™

Where R is given by (A.6) and (A.7), as also depicted in Figure A.2,

dEy ~ jn sinf dz',

R=y(z =22+ ({y—y)2+(z—2)2= Va2 +y?+ (2 = ),

or

R= /(22 +y2 4 22) + (=222 + 22) = \/r2 + (=212 cos O + 22).
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Using the far-field approximations given by (A.8), (A.3) turns into (A.9) as folllows,

R~7r— 2% cosb, (for phase terms),
(A.8)

R~ (for amplitude terms),

kIe 1o N —jkr _y
dEg ~ jn (@4, e sin felF= 50 . (A9)
4dmr
After integration over all the infinitesimal elements, we have,

+1/2 ke—ikr +1/2 y

Ey = / dEy = jn sin 6 / L'y, 2)elF es0 g/ | (A.10)
—1/2 4qr —1/2

We know that the overall field of the antenna is equivalent to the product of the element

and space factors, as follows,
total field = (element factor) x (space factor). (A.11)

For the current distribution of (A.1), (A.10) is,

ke k" 0 l .
Ey ~ jnL sin 6 {/ sin {k (_ + z')} ks cost 1
Ay e 9

2 l Ny (A.12)
+/ sin [k (— — %)} eikzcost gl %
0 2
Each integral in (A.12) is integrated utilizing,
/eaﬂc sin(fz + ) dx = m[a sin(fz + ) — Beos(Szx + )], (A.13)
where,
o = tjkcosd,
8= +k, (A.14)
v =kl/2.

At this point, some mathematical manipulations are required, but they are omitted as
they fall beyond the scope of this work. After that, (A.12) becomes,

B~ jnjoefjkr cos (& cos «9) — cos (&)
2mr sin 6

(A.15)

Using a similar approach, or by considering the relationship between the Ey and H in
the far field as given by (A.16) or (A.17), the total H, component is calculated.
The ratio of Ey to Hy is equal to,

Ly = — 1), (A.16)

where,

Z,, = wave impedance,
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n = intrinsic impedance (377 ~ 1207 ohms for free-space).
H, ~0,
E
Hy=—=2, (A.17)
Ui
FEyq
Hy ~+—.
’ n
E Tye 3 | cos (B cos0) — cos (&
H¢:—6:j0 [ (5 ) (%) : (A.18)
n 2mr sin 0
In our case, the average Poynting vector is,
1 1 a, b
Wau = 2%[E X H*] = [agEg X a¢H¢] = —§R |:a9E9 X ¢ 1 0:| s (A19)
N i [cos( ost) Gl
Iy cos (5 cost) —cos (%
Wav = ArWav E 2= r ! . A.20
Thus the radiation intensﬂ;y is, )
Io|? | cos (& cos ) — cos (&)
U = 12 Wy, = i 2 27\ A21
" n87T2 [ sin 6 ( )

120 60

150 30

180

150 30

120 60

cem A3\ /4 NJ2— N4 /50

Figure A.3. The normalized elevation power patterns, for [ = \/50, \/4,\/2,3\/4,
and .
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The normalized power patterns in the elevation plane, as given by (A.21) for | =
A4, 0/2,30/4, X and A\/50 are shown plotted in Figure A.3. Increasing the length of
the antenna results in a narrower beam. Due to this fact, the directivity also increases

with length.

When the length of a dipole exceeds one wavelength (I > \), the number of lobes
in the radiation pattern increases. Figure A.4 shows the normalized power pattern
for a dipole with [ = 1.25\. To highlight variations in the elevation plane directional

pattern, a 90° angular section has been omitted.

0.9

0.8

SRR
R
SR
S
SR

0.3

0.2

0.1

Y X 0
Figure A.4. Normalized power pattern for a dipole antenna with length [ = 1.25X; a

90° angular section has been omitted.

The average Poynting vector of (A.20) is integrated over a sphere with radius r.

Thus,

2 ™ 2 ™
Proa= // W, -ds = / / a, Wy - a,7°sinfdf dp = / / Woor? sin 6 d do.
S 0 0 0 0

(A.22)
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Using (A.20), (A.22) becomes,

2
2 pmw I, 12 ™ kL g) — Kl
Pmd:/o /OWavrQSinQdeqS:n%/o [COS(?COS) s (G) | gp. (A.23)

sin 8

As a result of some mathematical manipulations, (A.23) becomes,

Prog = n% {(J +In(kl) — Cy(kl) + %sin(k;l)[Si(le) — 28, (kl)]

, (A.24)
+5 cos(kl)[C + In(kl/2) + C;(2kl) — QCi(k:l)]} :
where C' = 0.5772 (Euler’s constant) and C;(z) and S;(x) are the cosine and sine

integrals [107] given by,

Cila) == [ lay = [ g, (A.25)
z Y -~ Y
Si(x):/ Suylydy. (A.26)
0
We can obtain the radiation resistance using (A.27) and (A.24) can be written as
(A.28),
N ™ [Ol 2 . 1 2
Paa =1 (g) N7 §|Io| R,. (A.27)
2Pqq 1 1 .
R, = = 0= C +In(kl) — Ci(kl) + = sin(kl) x [S;(2kl) — 25;(kl)]
| Io|? 2m 2

1 (A.28)
+5 cos(kl) x [C + In(kl/2) + Ci(2ki) - 2Oz~(k:l>]} :

Using the EMF method [107], the imaginary portion of the impedance, with respect to

the current peak, is given by,

X,, = % (28:(kl) + cos(kl) [2S;(kl) — Si(2k1)]

—sin(kl) |2C;(kl) — Ci(2kl) — C; (%@2)} } | (A.29)

In theory, the wire radius does not impact the input resistance, as shown by Equation
(A.28). However, in practice, the wire radius does influence the input resistance, though

its impact is less significant compared to its effect on the input reactance.
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— 107°X=-- 107%\ 1073\ 102X

Figure A.5. Reactance of a thin dipole with sinusoidal current distribution for

a=107%X, a =107\, a = 1073\ and a = 1072\, a is the wire radius.

As shown in Figure 3.3, a dipole antenna’s radiation pattern becomes more di-
rectional With an increase in length. When the length exceeds one wavelength, the
pattern develops additional lobes, which results in decreased directivity. Directivity, a

measure of the antenna’s directional performance, is defined as follows:

[F'(0, ¢)Jmax

Dy = 47— : , (A.30)
o Jo F(0,¢)sin6dodo
where
From (A.21), the dipole antenna of length [ has
2
cOS (% oS 9) — Cos (%)
p— pu— A- 2
F(6,6) = F(0) ™ : (A.32)
and,
| To|?
By = n 2 A.33
0 872 ( )
Since the pattern does not depend on ¢, (A.30) reduces to
2[F(0)]max
= . A.34
" [TF(0)sin6db (A-34)
Equation (A.34) can be written, using (A.23), (A.24), and (A.33), as
2|F
Dy = AEO)Imax (A.35)

Q Y
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where

Q- {c +n(kl) — Ci(kl) + % sin(k1)[S: (2k1) — 28,(kl)

+% cos(kl)[C + In(kl/2) + Cy(2kl) — 2C;(kl)] } . (A.36)
4 T T T
35| .

w

Directivity [Dy]
[\
(\] ot

1.5

0 0.5 1 1.5 2 2.5 3
Dipole Lengh (\)

Figure A.6. Directivity.

The input impedance of an antenna is defined as “the ratio of voltage to current
at a pair of terminals or the ratio of the relevant components of the electric to magnetic
fields at a specific point.” The real part of this impedance, known as the input resis-
tance, corresponds to the radiation resistance for a lossless antenna. This radiation

resistance represents the power radiated as real power [107].

For a dipole with a length [ and a sinusoidal current distribution as defined in
(A.1), the radiation resistance is given by (A.28). Notably, this radiation resistance
is measured at the current peak, which, for certain lengths (I = A/4,3\/4, A\, etc.),
does not coincide with the input terminals of the antenna. To align the radiation
resistance with the input terminals, the antenna is first considered lossless (R, =
0). Subsequently, the input terminal power is equated to the power at the point of

maximum current.

| Lin|? | 1o|?
in — o Al A.
5 R; 5 R (A.37)

or
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2
Ry = (_) R, (A.38)
Iin
where,
R;, = radiation resistance at input (feed) terminals,
R, = radiation resistance at current maximum,
Iy = current maximum,
I;, = current at input terminals.
For a dipole of length I, the current at the input terminals (I;,,) is related to the current

maximum (Ip). Also, referring to Figure A.7 by,

Figure A.7. The distribution of current in a linear wire antenna when the maximum

current is not at the input terminals. Reproduced with licensed permission from

“John Wiley and Sons”, publisher of [107].

Thus the input radiation resistance of (A.38) can be written as
R,
sin” (&)
Values of R;, for 0 <[ < 3\ are shown in Figure A.8.

Rin = (A.40)
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Figure A.8. Radiation resistance and input resistance of a thin dipole with sinusoidal

current distribution.

When the full length of the antenna is a multiple of A (i.e., Il =nA\,n=1,2,3,...),
it is apparent from (A.16) that I;, = 0. That is,

l kl
Iin = IO sin |:I€ <§ + Z/):| = Io sin <§) = O, n = 1, 2, 3, RPN <A41)
2/=0

which reveals that the radiation resistance at the input terminals, as specified by (A.38)
or (A.40), is theoretically infinite. In practical terms, this doesn’t hold true because the
current distribution deviates from a purely sinusoidal form, particularly at the feeding
location. However, it still exhibits very high values. Two major factors contributing
to the non-sinusoidal current distribution on an actual wire antenna are the nonzero

radius of the wire and the finite gap spacing at the terminals.

According to equations (A.28) and (A.40), the radiation resistance and input
resistance are calculated using the ideal current distribution from equation (A.1) and
do not take into account the finite radius of the wire or the gap spacing at the feed.
Although the radius of the wire has a negligible effect on the resistances, the feed gap
spacing plays a crucial role, especially when the current is minimal at or near the feed

point.
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To analytically address the presence of nonzero current at the feed point in an-
tennas with a finite gap at their terminals, Schelkunoff and Friis [107] modified the
current distribution of (A.1) by factoring in a quadrature term. This additional term
accounts for the impact of radiation on the distribution of current in the antenna. To
put it another way, once the antenna is stimulated by the ‘ideal’ current distribution of
(A.1), the generated electric and magnetic fields disturb this ideal distribution. This

interaction is included by modifying (A.1) to,

a, {Iosin [k (§ — 2)] + jplo [cos(k2') — cos (2)]}, 0< 2 <1/2,

L2y, ) =
a, {losin [k ({ +2)] + jplo [cos(k2') —cos ()]}, —1/2< 2 <.

(A.42)
When [ = \/2,
I.(2',y,2") = a.Ip(1 + jp) cos(kz’), 0<z2 < \/4, (A.43)
and for [ = A,
a.ly[sin(kz’) + jp (1 + cos(kz'))], 0< 2 <)\/2,
Ly ) = o [sin(kz") ( (k2'))] / (A.44)

a,lo[—sin(kz') + jp (1 + cos(kz))], —A/2<2 <0.
Hence, for | = \/2 the shape of the current distribution remains unchanged while for
[ = X\ it is altered by the second term which is the dominant term for small values of

2.
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APPENDIX B: COPYRIGHT PERMISSION

Figure A.1, Figure A.2 and Figure A.7 have been sourced from [107]. Licensed
permission for their inclusion has been granted by “John Wiley and Sons”, the publisher

of [107] under the licence number 5853220494431.
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APPENDIX C: USE OF PRODUCTIVE ARTIFICIAL
INTELLIGENCE

In this thesis, ChatGPT developed by OpenAl was used for language refinement,

text editing and image generation.



