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Abstract

Recognizing the growing prevalence of skeletal health disorders in developing countries, this
study introduces a novel non-invasive radio frequency (RF)-based prototype for evaluating
bone health. Conventional diagnostic methods, such as dual-energy X-ray absorptiometry
(DEXA) scans, are hindered by factors such as limited accessibility, high costs, radiation expo-
sure, necessitating the need of alternative, non invasive technologies. This research highlights
RF technology to address bone health challenges by designing and optimizing a prototype
that operates within the ISM frequency band. High-resolution CT scans were utilized to con-
struct detailed 3D bone model, accurately capturing the anatomical complexities of cortical
and trabecular layers. Two identical microstrip patch antennas were designed specifically for
on-body operation at 2.45 GHz, ensuring performance tailored to this application.

A conceptual framework was developed, employing strategically placed antennas to an-
alyze electromagnetic energy transfer through a bone model. Using both simulation and
experimental methods, the study investigated the variations in transmission coefficients and
scattering parameters (S-parameters). These parameters were used to assess the dielectric
properties of the bone, which were assigned separately to the bone microstructure. Notably,
trends in the s11 (reflection) and s21 (transmission) parameters were observed. Sensitivity
tests based on dielectric properties and distance between antennas were also to check influ-
ence of energy interaction within the bone model. This study is unique in its content to
offer deeper insights into the complex interplay between RF signals and natural structures,
providing an essential foundation for the analysis of bone porosity and structural integrity.

Experimental findings demonstrated that the dielectric properties of the bone significantly
influence the reflection and transmission characteristics of the antennas. Real-time measure-
ments further validated these observations, highlighting the potential of this approach to
provide insights into bone porosity and structure. This research highlights the transforma-
tive potential of RF technology in orthopedic diagnostics, offering a non-invasive, accessible,
and safer alternative for bone health research. This method holds particular promise for
regions where traditional diagnostic techniques are either unavailable or impractical. By pi-
oneering this innovative solution, the study aims to contribute to global efforts in improving
bone health management and reducing the burden of skeletal disorders.

Keywords: On-body matched antennas, Noninvasive assessment, ISM frequency band,
Bone analysis, Early intervention



Chapter 1

Introduction

The rapid evolution of technology in healthcare, particularly with the integration of
artificial intelligence, has made keeping pace with innovations a formidable challenge.
Emerging advancements in mechanical, electrical and mechatronics engineering have
revolutionized problem solving across healthcare domains, raising both opportunities
and complexities.

Within biomedical engineering, biomechanics holds a distinct and critical position.
This specialized discipline focuses on ths study of kinetics and kinematics of the skele-
tal system, offering insights into maintaining and improving bone health. Maintaining
healthy bones is a lifelong pursuit, but it becomes even more crucial in developing na-
tions like Pakistan. This, coupled with limited access to healthcare resources, including
preventative measures and proper nutrition, can significantly compromise bone health.
Bone health refers to the strength and integrity of bones, which is primarily determined
by Bone Mineral Density (BMD) a quantitative measure of the concentration of
minerals, predominantly calcium and phosphorus, within bone tissue. BMD serves a
key indicator of bone strength and is typically measured using techniques like Dual-
Energy X-ray Absorptiometry (DEXA)

Optimal bone health is characterized by a balance between bone resorption and bone
formation, ensuring sufficient mineralization to withstand mechanical loads and resist
fractures. A decline in BMD is associated with conditions like osteopenia and osteo-
porosis, increasing the risk of fractures and structural deformities.

Thus, BMD is not only a clinical marker for diagnosing bone related disorders but
also a critical parameter for evaluating the efficiency of methods and techniques aimed
at improving or maintaining bone health.

These factors contribute to conditions like bone demineralization, a loss of bone min-



erals that weakens bones, and osteonecrosis, a condition characterized by the death
of bone tissue due to inadequate blood supply [3]. Left unchecked, these issues later,
can progress to osteoporosis, a widespread skeletal disorder affecting over 200 mil-
lion people globally [4]. Osteoporosis is characterized by reduced bone density and
increased susceptibility to fractures, particularly in critical areas like the hip, spine,
and wrist. These fractures can be debilitating, causing immense pain, loss of mobility,
and even increased mortality rates. The societal and economic burden of osteoporo-
sis is significant. Fractures often lead to hospitalization, long-term care needs, and
lost productivity, placing a strain on healthcare systems and economies worldwide.
Furthermore, a precursor to osteoporosis called osteopenia often goes undetected due
to its asymptomatic nature [5]. Individuals with osteopenia may not experience any
symptoms until a fracture occurs, highlighting the importance of early detection and
preventative measures for maintaining bone health throughout life. Beyond age and
gender, several other factors contribute to bone health decline. Inadequate intake of
calcium and vitamin D, essential nutrients for bone growth and maintenance, are ma-
jor risk factors. Lack of physical activity, smoking, excessive alcohol consumption, and
certain medications can also weaken bones and increase the risk of osteoporosis.

Traditional methods for bone health assessment, such as Dual-Energy X-ray Absorp-
tiometry (DEXA) scans, have limitations. DEXA scans utilize two different X-ray en-
ergy levels to measure bone mineral density (BMD), a key indicator of bone strength.
By comparing the absorption rates of these X-ray beams by bone and soft tissue, DEXA
scans can estimate the amount of minerals present in the bones being scanned. While
DEXA scans are a widely used and relatively affordable diagnostic tool for osteoporo-
sis, they have several drawbacks. One major concern with DEXA scans is their use
of ionizing radiation. While the radiation dose associated with a single DEXA scan is
relatively low, frequent monitoring can lead to cumulative exposure, raising concerns
for some patients. Additionally, DEXA scans may not be suitable for everyone, such
as pregnant women or individuals with certain medical implants. Another limitation
of DEXA scans is their inability to distinguish between different bone types. Bone is
composed of two main types: cortical bone, which is dense and strong, and trabecular
bone, which is more porous and lightweight. DEXA scans provide a single BMD
value that represents an average for the scanned area, potentially masking underly-
ing issues. For instance, a patient with primarily deteriorating trabecular bone may
have a normal DEXA scan result despite being at an increased risk of fracture. These
limitations of DEXA scans highlight the need for alternative bone health assessment
techniques that are safe, accurate, and can provide a more detailed picture of bone
health.

This study therefore explores the potential of Radio Frequency (RF) technology as
a non-invasive and potentially more comprehensive approach to bone characterization



analysis. RF technology refers to the utilization of electromagnetic waves within a spe-
cific frequency range, typically from around 3 kHz to 300 GHz. These waves consist of
oscillating electric and magnetic fields that can travel through space or various medi-
ums, including air, tissues, and even bone. The interaction of RF waves with matter
depends on the material’s properties, such as its electrical conductivity and permittiv-
ity (ability to store electrical energy). When RF waves encounter bone tissue, some
of the wave’s energy is absorbed by the bone, while the remaining portion transmits
through it. By analyzing the characteristics of the transmitted and absorbed waves,
information can be gathered about the bone’s composition and health. RF technology
has a wide range of applications such as in the field of Wireless Communication, includ-
ing Wi-Fi, Bluetooth and in Radio frequency ldentification (RFID) tags to store and
transmit data about objects, for tracking, and managing access control systems. Some
of the examples of RF technology in the medical field beyond bone health assessment

[6]

1. Radiofrequency ablation (RFA): This technique utilizes RF waves to generate
heat and destroy targeted tissue, commonly used in cancer treatment and pain
management.

2. Magnetic resonance imaging (MRI): Although not directly using RF waves itself,
MRI scanners employ strong magnetic fields and pulsed RF signals to create
detailed images of internal organs and tissues.

3. Diathermy: This therapy uses RF waves to generate deep heat within tissues for
therapeutic purposes, such as pain relief and promoting tissue healing.

The potential benefits of RF technology for bone health assessment lie in its non-
invasive nature and its ability to interact with bone tissue. By analyzing the interac-
tion of RF waves with bone, researchers hope to gain insights into various bone health
parameters, including: Bone mineral density (BMD).

The strength of this study is based on the potential of RF technology to estimate
BMD using fine bone microstructure of a living vertebrate by analyzing the absorption
and transmission of RF waves. The porous structure of bone can be assessed by ana-
lyzing how RF waves interact with the different level of details in the bone, including
the solid mineralized matrix and air-filled spaces. Many studies rely on simplified bone
models that may not fully capture the complexities of real bones, such as the intricate
structures of the femur [7, 8]. However, existing research on RF-based bone health
monitoring offers promise but has limitations. These limitations hinder the develop-
ment of accurate and reliable RF-based diagnostic tools. Additionally, research also
catered antenna design optimization and placement for efficient signal interaction with
bone tissue while ensuring user safety.



1.1 Research Gap

This research integrates RF technology to address the critical gap in traditional meth-
ods such as, DEXA scans and explore its applications in orthopedic engineering. The
study focuses on using RF-technology to assess bone health based on real bone mi-
crostructures, aiming to develop a safe, non-invasive, and portable technology as an
alternative to the hardcore DEXA setup.

1.2 Aims and Objectives

This research aims to develop an innovative RF-based bone health monitoring system
that addresses the limitations of existing methods. The specific objectives are:

1. Device Design and Development: Design and develop a prototype of strate-
gically placed on body-matched antennas for efficient signal transmission through
the human body. Deploy an anatomically realistic 3D bone model from CT scans,
replicating the dielectric properties of the actual femur bone using secondary data.
The recommended model will incorporate intricate microstructure details, unlike
simplified models used in the previous research. Afterwards, designing the system
which allows individuals to easily monitor their bone porosity and bone health
based on bone mineral density (BMD).

2. RF technology in Orthopedics: Integrate RF technology with a low operating
frequency within the allowable ISM band to prioritize user safety by ensuring a
non-invasive and radiation-free technique.

3. Smart & Feasible Monitoring: Developing a portable device for easy moni-
toring of bone porosity and bone health based on bone mineral density (BMD).
This will enable continuous, long-term monitoring of bone health, facilitating
early detection of bone loss and enabling preventative measures to reduce frac-
ture risk.

Impact of research: This research emphasizes the innovative potential of RF tech-
nology for bone health evaluation by utilizing its capacity to estimate bone mineral
desity (BMD) through interactions with detailed bone microstructures. By overcom-
ing current limitations in RF-based diagnostic methods and refining antenna design for
improved signal precision and user safety, this study provides a foundation for devel-
oping non invasive, real-time tools for monitoring bone health. These advancements
could significantly enhance early diagnosis and management of bone-related conditions,
addressing the complexity of living bone architecture with greater scientific accuracy.



1.3 Thesis Outline

Every section and chapter of this thesis has been developed on the optimum detail to
provide an extensive approach toward designing a prototype for bone health evaluation
for early detection and prevention of bone diseases like Osteopenia. The proposition
is divided into numerous highly relevant segments, which focus on separate aspects of
the research methodology and the outcomes.

The previously described Introduction section bring into effect again the study con-
text and establishes the research motives based on the necessity of preventing bone
diseases, minimizing the risk of fractures and injuries among elder women especially.
The following section avails the reader of a clear understanding of what is being dis-
cussed, as well as the motivation for conducting the research.

The second chapter is Literature Review analyses for microstrip patch antenna de-
sign and development for medical applications, such as bone health detection. Thus,
the given text covers the current state of injury prevention using RF technology for bone
health assessment, traditional solutions, and the notion of biomimetic bone design for
evaluation. This review defines the gaps in knowledge that can be discerned from the
past literature, which forms the premise for the novel approaches explored in this thesis.

The third chapter is Methodology section explains the means used to design the
antenna to assess the effectiveness of RF technology for bone health evaluation. The
text tells the flow of how 3D bone model has been developed with the help of CT scans,
and the development of experimental set up for hardware simulations. It is the section
that also explains the software and hardware testing processes for two antennas with
and without the bone model placed in the middle.

The second last chapter Results and Discussion section on the other hand gives
detailed view of the findings gotten from, the software and hardware simulations. To
assess the performance of antennas with, real animal bone model for the hardware
simulations and anatomically realistic 3D bone model for software simulations. We
compare the S11 and S21 parameters of antennas against each simulation, of varying
the distance with the bone model. Such outcomes are discussed in the context of ad-
vantages of RF technology in evaluating the bone health and preventing the risk of
injury.

The last chapter of the thesis is entitled Conclusion and Future Work in which the
leads to the major findings of the thesis, the research contributions to development of
a prototype for non-invasive antenna design for bone health evaluation and mitigation
of risk of injuries, and the outline of the foreseeable future research in field are given.



Chapter 2

Literature Review

The structure of this thesis is designed to reflect the progressive stages of this research,
aligning with the objectives as guided storyboard to develop a more accurate, non-
invasive and a non-ionizing method for bone health assessment using RF technology.
Initially, the research analyzes the invasive and ionizing current RF technology methods
for bone health evaluation. This foundational analysis is crucial for understanding
the scope of the study. Moving forward, research investigates into the critical stage
of simulation and experiments, examining the various bone models used in previous
studies. The literature review, methodology, and results of each of these parts enable a
more thorough comprehension of the individual contributions to the overall objective
and results.

2.1 Integration of RF Technology in Health-care

Radio Frequency (RF) technology is a widely adopted technology in healthcare due
to its versatility. This technology uses the electromagnetic (EM) waves, and typically
range between (3Khz to 300 GHz). It can penetrate human body as implantable
sensors, and non-invasively which makes it suitable for diagnosis and monitoring.

The integration of RF-based devices with the use of Electromagnetic (EM) waves
sensors are emerging as a revolutionized tool in healthcare, by offering innovative and
cost-effective approaches. RF technology can be applied to human body for sensing,
monitoring, and diagnosis purposes, a wide range of applications include: implantable
devices, wearable devices to be worn on the body, to monitor vital signs, detect dis-
eases, and track patient activity as represented in Figure 2.1 . There are Implantable
antennas and sensors designed to continuously monitor glucose levels, to track bone
healing progress, and even for brain activities, enabling real-time insights into a pa-
tient’s well being. Wearable devices, such as smartwatches exist for personalized health
management, providing continuous monitoring of heart rate, blood oxygen and glucose
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levels. Additionally, these sensors are accustomed to remotely monitor elderly individ-
uals and patients in case of emergencies. Furthermore, electromagnetic sensors find
applications in bio sensing, radar-based sensors. RF technology has vast applications
in healthcare and these sensors hold immense potential for improving patient care,
enabling early disease detection. [1, 9, 10]
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Figure 2.1: Applications of RF Technology using Electromagnetic (EM) waves in
healthcare[1]

2.2 Applications of RF-Based Implantable Devices in
Healthcare

To date, one of the vital components of implantable devices (IMDs) are antennas,
used as the source of signal reception and transmission. Over a period of time these
implantable antennas have been widely used in numerous applications including body-
monitoring, disease diagnosis, and bio-telemetry [1]. In this section, we will discuss
scenarios, how implantable antennas have been used in healthcare and patient moni-
toring.



Glucose monitoring: Today, diabetes is considered as, one of the most serious chronic
and prevalent disease, it has affected over 537 million individuals. Death toll due to
diabetes has crossed a figure of over 6.7 million as reported by The International Di-
abetes Federation (IDF) in 2021, these numbers are increasing significantly [11]. For
monitoring the levels of blood sugar, in human body, continuously implantable devices
have been used. In [12], Implantable antennas operating in dual-band frequency, MICS
(402 MHz) and ISM (2.45 GHz), was considered to be an efficient way to save energy
between the two modes of the patient; sleep and waking-up. In [13], A Silicon Carbide
(SiC) biocompatible material sensor was used for monitoring blood glucose continu-
ously. It used radio frequency (RF) signals for the monitoring purpose and the shift
in resonance frequency of the sensor indicates the changing levels of blood glucose, if
frequency ranges between 40MHz and 26MHz, then the change in blood glucose levels
ranges from 120 mg/dl to 530 mg/dl respectively. In [14], Implantable, compact in size
antenna operating within ISM band (2.40-2.48 GHz) was designed and experimented
as a real-time glucose monitoring application of implantable antennas.

Brain Disease Diagnosis: Implantable antennas, are widely considered for detection
of brain related diseases, for monitoring and early detection in case of anomalies, such as
tumor cells. Wireless brain implants were designed, keeping in mind the convenience of
the patients, as wired devices may cause impairment or restrict their mobility. In [15],
miniature implantable antenna with an operating frequency in MICS band (402405
MHZz), is projected as a portion recording device for brain-machine interference (BMI).
It was for the first time, where authors were investigating consequences of thermal
noise in biomedical by means of absorption analysis.

Bone Health Analysis: Traditional imaging techniques like MRI, X-rays, and CT
scans are commonly used for bone health analysis, but have limitations: they are costly,
not easily accessible and ionizing. Researchers have discovered invasive or implantable
antennas as a valuable tool for assessing bone healing, the analysis is based on varia-
tions in electromagnetic (EM) waves. Implantable antennas for bone health analysis
include applications such as, monitoring the bone healing progress after a surgery is
critical, as recovery time varies for each patient. Multiple factors like age, nutrition,
and underlying health conditions may cause delayed healing, which can then lead to
persistent pain and weakens the muscles. In [16], an antenna was proposed for man-
aging bone fracture recovery, as a part of fixation metal plates. Implanted antenna
embedded; Echidna Pin helps in accurate monitoring, and to assess healing progress
through signal processing. Another study [17] presented monopole antennas using RF
technology for external support to fractured bones with fixation screws. By tracking
power transfer between these antennas, fracture healing progression can be evaluated.
Further provided insights into bone healing progress using dual monopole antennas.
Authors in [7] proposed two different antennas; planar and meander half-wave dipole
antenna operating within the range of 100 MHz to 10 GHz. This study approves that
the propagation of electromagnetic (EM) wave through a multi-layered human tissue



can be used to differentiate between a normal and fractured bone, by measuring the
differences in power densities transmitted over an average. Experimental validation
was performed on animal models to propose the feasibility of this method as a non-
invasive and efficient solution for continuous healthcare monitoring of bone fractures.
Main focus of our research is evaluate the bone health of patients using the RF technol-
ogy. Over the years, implantable antennas have been thoroughly discussed and been
utilized increasingly to address bone health monitoring challenges by enabling continu-
ous and precise monitoring. In this review, we will discuss how various researchers have
employed implantable antenna systems, highlighting their antenna designs, operating
frequencies, and applications for bone health evaluation.

2.3 Implantable RF based technologies for Bone Health
Evaluation

Implantable RF technologies have emerged as groundbreaking solutions for monitoring
and diagnosing bone health. By utilizing advanced antenna designs, these systems en-
able precise and efficient communication within the human body, offering real-time data
on bone conditions such as fractures, healing progress, and even osteoporosis. In [18]
a microstrip patch antenna tailored for healthcare monitoring applications was devel-
oped, specifically operating within the 2.45 GHz ISM band. With a size of 4x5.5x0.254
mm?3, the antenna demonstrated excellent return loss (47 dB) and sufficient bandwidth
(20 MH2z) to enable accurate signal transmission for monitoring bone mineral density
(BMD) and general bone health. Its compact form and low power requirements align
well with stringent safety standards, making it an effective implantable device for long-
term bone health tracking.

In the context of bone fracture recovery, [17] proposed a monopole antenna system
implanted into the fracture site. These antennas, embedded in stabilization hardware
like screws or external fixators, monitored healing by analyzing RF signal variations
across the fractured bone. As the fracture healed, the transmitted power reduced,
correlating with the diminishing hematoma volume. This technique provided doctors
with quantitative feedback on the progress of healing in bones such as the radius,
tibia, and phalanges, as validated through both phantom and ex-vivo lamb femur
experiments.

Implantable antennas, while offering direct interaction with the target tissue, present
several significant challenges and limitations for bone health evaluation. The invasive
nature of these devices inherently involves surgical procedures, which carry risks such
as infections, complications, and discomfort for the patient. Additionally, implantable
systems often require biocompatible materials and energy-efficient designs to minimize
tissue irritation and extend the device’s operational lifespan, adding complexity and

10



cost to the development process. Long-term monitoring using implantable antennas
can also raise concerns about device stability, as bodily movements, bone remodeling,
or inflammatory responses may alter the antenna’s positioning or performance. More-
over, the practicality of widespread deployment is limited by the need for specialized
surgical skills and post-operative care, making these devices less suitable for routine or
large-scale bone health monitoring

In contrast, non-invasive RF technology eliminates these complications by utilizing
externally applied antennas to evaluate bone health. This approach has been critically
reviewed in the following subsection.

2.4 Non-invasive RF based technologies for Bone Health
Evaluation

RF technology leverages the interaction of electromagnetic waves with biological tis-
sues to provide insights into bone structure and composition without ionizing radiation.
This section critically analyzes the advancements in this field by examining the method-
ologies, antenna designs, operating frequencies, and applications of RF-based systems
as presented in the literature.

[19] developed a circularly polarized antenna operating in the 2.25-2.78 GHz range
for real-time bone health monitoring. The antenna, designed with L-shaped slots to
enhance impedance matching and bandwidth, was compact (42 x 1.27 mm¥*), enabling
its application in microsystems. Simulated tissue environments were used to validate
the system, replicating the dielectric properties of cortical and trabecular bone layers.
While the study demonstrated the antenna’s potential for monitoring osteoporosis-
related changes, the exclusive reliance on simulations posed limitations for clinical
translation. The antenna was tested at a negligible distance from the bone model
to mimic a real-world application scenario, ensuring direct interaction with simulated
tissues.

[20] presented a folded dipole RFID tag antenna for continuous osteoporosis man-
agement. Operating in the 2.4-2.48 GHz ISM band, this antenna measured 10 x 15
x 2 mm* and was validated using a human arm phantom. The system demonstrated
the capability to monitor bone density changes by analyzing variations in dielectric
properties over time. The experimental setup ensured close proximity to the body,
with the antenna placed subdermally on the phantom, allowing accurate data cap-
ture. However, despite its non-invasive design, the system exhibited limited gain (-16.3
dBi), necessitating further optimization to enhance signal transmission and reliability
in diverse real-world conditions.

[21] investigated ultra-wideband (UWB) antennas for wireless bone health evalua-
tion. Their antennas, capable of operating across a wide frequency range, were applied
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in fracture assessment, neural monitoring, and bone density analysis. The experimental
setup involved tissue-mimicking phantoms and in-vivo tests to analyze signal propa-
gation and path loss. The antennas were positioned on the skin surface for on-body
applications, ensuring minimal separation from the target site. The broad bandwidth
facilitated the detection of subtle dielectric property changes, although challenges such
as variable tissue composition and path loss required further refinement to ensure con-
sistent performance across different anatomical sites.

[22] developed a wearable RF-based microstrip patch antenna initially designed
for hydration monitoring but later adapted for bone health diagnostics. Operating at
2.4 GHz, the antenna analyzed reflected and transmitted signals to detect changes in
dielectric properties associated with bone porosity and density. The experimental setup
involved simulations and human trials, with the antenna placed directly on the skin to
ensure accurate interaction with underlying tissues. While the study demonstrated the
potential of wearable RF systems, environmental factors like temperature and humidity
were identified as sources of interference, requiring calibration for precise diagnostics.

[23] explored a novel integration of RF signals with photoacoustic temporal profile
analysis to assess bone mineral density. The system used RF energy to generate photoa-
coustic waves, which were analyzed to infer bone porosity. The methodology primarily
relied on simulations, highlighting strong correlations between dielectric properties and
density changes. While this approach demonstrated significant potential for enhancing
diagnostic accuracy, the absence of experimental validation using real bone samples
limited its clinical applicability. The system’s design emphasized direct interaction
with the target tissue, ensuring minimal separation for optimal signal capture.

[24]employed acoustic RF signals to monitor bone healing and differentiate between
healthy and osteoporotic bones. Their system operated at acoustic resonant frequen-
cies and demonstrated sensitivity to structural variations in bone porosity and density.
Simulations and controlled experiments on phantoms were conducted, with the an-
tenna placed in close proximity to the bone model. The reliance on simplified models,
however, posed challenges for replicating in-vivo conditions and necessitated further
validation with realistic anatomical setups.

[25] utilized photothermal radiometry integrated with RF technology to detect
osteoporotic bone loss. The study focused on non-invasive thermal analysis, using
RF-induced modulated luminescence to measure changes in bone properties. Tissue-
mimicking phantoms were used to validate the system, with the antenna positioned
directly on the skin to optimize signal interaction. While the study highlighted the
sensitivity of RF systems in detecting early-stage osteoporosis, the dependency on con-
trolled conditions limited its practicality for broader diagnostic applications. Critically
analyzing these studies reveals several trends and gaps. Most RF-based approaches
rely on microstrip patch antennas operating near the ISM frequency band of 2.4-2.5
GHz, favored for their compactness and compatibility with biological tissues. Appli-
cations range from monitoring bone healing to detecting osteoporosis and evaluating
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bone porosity. However, many studies use simplified models, such as drilled bovine
bones or phantoms, which fail to capture the complexities of human bone structures.
Furthermore, while simulation results often show high accuracy, experimental setups
frequently face challenges in achieving the same level of precision due to variations in
dielectric properties and environmental factors. A rectangular microstrip patch an-
tenna, operating at 2.44 GHz with a fiberglass substrate (- = 4.4) and dimensions
37.4 X 29.2 mm, is specifically designed for measuring bone mineral density (BMD), di-
agnosing osteoporosis, and classifying bone samples using machine learning algorithms.
By evaluating silica, bone powder, and bovine femur samples at a 12 cm distance, simu-
lations confirm its effectiveness in identifying bone density variations and distinguishing
between healthy and osteoporotic states.

The circular microstrip patch antenna in [26], with a frequency range of 2.4-2.48
GHz, employs an FR4 substrate (- = 4.3) and dimensions of 42.46 X 48.46 mm. It
is primarily utilized for detecting breast cancer via breast phantoms modeled using
CST simulations, effectively observing tumor-related changes in radiation parameters
and directivity. Despite its robust simulation results, the absence of a defined source-
to-sample distance poses limitations in clinical reproducibility.Moreover the stubbed
planar monopole antenna, covering the ultra-wideband (UWB) range of 3—7 GHz,
features a Rogers 5880 LZ substrate (¢~ = 1.98) and dimensions of 30 X 40 X 1.016
mm. Its primary application is in osteoporosis diagnosis and fracture prevention, using
a human wrist phantom tested at multiple distances (4 mm to 18 mm). Temporal and
frequency domain analyses validate its ability to detect early bone health anomalies,
making it suitable for dynamic bone condition monitoring.

The dual dipole patch antenna in [27], operating within the 860-960 MHz range
on a PET substrate, is a larger design (110 x 150 mm) focused on fracture monitoring
through s-parameter variations. It uses cylindrical arm phantoms for low-cost, non-
invasive monitoring, presenting a promising solution for regular health assessments.

Finally, the Christmas snowflake monopole antenna in [28], with a wide frequency
range (4.9-12.6 GHz) and a cotton substrate (¢~ = 1.8), offers wearable functionality for
non-invasive osteoporosis detection. Tested on cylindrical wrist models, this compact
antenna (41.9 X 29.2 mm) integrates machine learning to enhance diagnostic accuracy,
particularly for on-the-go health monitoring.

These advancements align with emerging trends in RF-based diagnostics, as demon-
strated in studies like [29], who used a bow-tie antenna and clustering techniques for
osteoporosis detection, and [30], who developed on-body antenna arrays for wrist bone
signature measurements. These studies, along with hydrogel-based RFID sensing [31]
and adaptive RF powering systems [32], reinforce the role of RF systems in non-invasive
and wearable health monitoring technologies. These findings collectively underscore
the transformative potential of RF-based systems in revolutionizing bone health mon-
itoring by integrating cost-effective, non-ionizing, and wearable designs with advanced
diagnostic capabilities.
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This detailed analysis of existing literature contextualizes your work within the
broader field of RF-based bone health evaluation, highlighting its contributions to
addressing key limitations in current methodologies.

2.5 Antenna Design for RF Applications

Antenna design plays a pivotal role in the development of non-invasive RF-based tech-
nologies for bone health evaluation. Various studies have explored the design, opti-
mization, and performance of antennas, focusing on their ability to interact with bio-
logical tissues and deliver reliable diagnostic results. This section critically examines
the principles of microstrip patch antennas, their design challenges, and key perfor-
mance metrics, incorporating findings from recent studies to evaluate their suitability
for biomedical applications.

Microstrip Patch Antennas for Biomedical Applications Microstrip patch an-
tennas are widely regarded as suitable for biomedical applications due to their com-
pact size, ease of fabrication, and ability to operate efficiently within the ISM band
(2.4-2.5 GHz). A study [33] presented a dual-band microstrip antenna designed for
on-body operation. This antenna utilized a low-loss Rogers RT5880 substrate to en-
hance impedance matching and ensure efficient operation near biological tissues. The
results demonstrated a reflection coefficient (s11) of less than -10 dB at 2.4 GHz, indi-
cating minimal energy loss during signal transmission. The study further highlighted
the importance of substrate selection in minimizing dielectric loss caused by proximity
to biological tissues.

Similarly, [34] developed a rectangular microstrip patch antenna specifically for bone
health monitoring. The antenna’s compact design allowed for placement on the skin
surface, ensuring optimal signal penetration into underlying bone tissues. Operating
at 2.45 GHz, the antenna exhibited a gain of 5.2 dBi and a bandwidth of 30 MHz. The
dielectric properties of bone were incorporated into the simulations, revealing signifi-
cant variations in s21 transmission coefficients corresponding to different bone porosity
levels. These findings underscored the antenna’s sensitivity to structural changes in
bone tissue.

Design Challenges in Antenna Development Despite their advantages, microstrip
patch antennas face challenges in miniaturization, impedance matching, and maintain-
ing performance when used on-body.[35] emphasized that the proximity of antennas
to biological tissues introduces additional dielectric losses, which can degrade perfor-
mance. To address this, the study employed a stacked patch design and integrated
electromagnetic bandgap (EBG) structures to improve efficiency. The optimized an-
tenna achieved a reflection coefficient of -18 dB at 2.45 GHz and a gain of 6 dBI,
outperforming conventional designs in terms of on-body performance.

The challenge of impedance matching was also critically analyzed in [36], who inves-
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tigated the impact of different substrate materials on antenna performance. Using
substrates with varying dielectric constants, the study found that high-dielectric sub-
strates reduced antenna size but adversely affected bandwidth and gain. The authors
proposed a trade-off between compactness and efficiency, highlighting the need for tai-
lored designs based on specific biomedical applications.

Antenna Performance Metrics, key metrics such as s11, bandwidth, and gain are
critical for evaluating the performance of antennas in biomedical applications.[37] an-
alyzed the impact of varying dielectric properties on these metrics. Their study re-
vealed that the dielectric properties of bone significantly influenced signal reflection
and transmission, with denser cortical bone exhibiting lower s21 values compared to
porous trabecular bone. The study used a microstrip patch antenna with a rectangular
slot to improve bandwidth, achieving a 50 MHz range at 2.4 GHz. These enhancements
were critical for capturing the subtle variations in dielectric properties associated with
bone health.

The reviewed studies consistently demonstrate the importance of substrate selection,
antenna geometry, and impedance matching in achieving high performance in non-
invasive bone health evaluation. However, many rely on simplified models or homo-
geneous tissue environments, which fail to account for the complexities of real bone
structures. By incorporating anatomically realistic bone models and advanced antenna
designs, future research can bridge this gap and enhance the reliability of RF-based
diagnostics.

2.6 Bone Models for experiment and simulations

The use of non-invasive RF technology for bone health evaluation often necessitates the
development of realistic models to simulate bone tissue’s electromagnetic properties.
In many studies discussed earlier, such as those involving RF antennas for monitoring
bone porosity or density, phantoms were employed as surrogate models for human or
animal bones, as shown in Figure 2.2. These phantoms, whether predefined, software-
based, or derived from natural materials, serve as a critical intermediary to validate
the accuracy and reliability of RF systems. This section explores the diverse types
of phantoms used in RF applications, their development methods, and their roles in
advancing bone health diagnostics.

Predefined Phantom Models in Literature Predefined phantoms are frequently
utilized in RF studies to emulate the dielectric properties of bone and surrounding
tissues. [21] used tissue-mimicking phantoms to test ultra-wideband antennas for bone
density analysis. The phantoms were composed of hydrogel-based materials, which
replicated the dielectric properties of cortical and trabecular bone. These phantoms
were integral to evaluating signal propagation and attenuation, ensuring the antenna’s
performance in realistic conditions. Similarly,[20] employed a human arm phantom for
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Figure 2.2: Multilayer homogeneous layer illustration containing Bone, Muscle, Fat
and Skin of Human Wrist [2]

their RFID antenna experiments. The arm phantom mimicked subcutaneous tissues
and bone structures, allowing precise validation of dielectric property measurements
associated with osteoporosis progression.

Custom Phantoms Using Soil and Natural Materials Some researchers have ex-
plored innovative methods to create phantoms using natural materials. [19] highlighted
the use of soil-mimicking materials to replicate the conductivity and permittivity of
bones. By blending clay and organic matter, researchers developed phantoms that cap-
tured the dielectric variations of trabecular structures. This approach offered a low-cost
alternative to synthetic phantoms while maintaining sufficient accuracy for RF test-
ing. The resulting models were used to assess the interaction of circularly polarized
antennas with varying bone densities, emphasizing the potential of such phantoms for
real-world diagnostic applications.

Software-Defined Phantoms Software simulations play a pivotal role in developing
phantoms for RF analysis.[23] utilized computationally generated phantoms to repli-
cate bone mineral density changes. These phantoms were based on high-resolution CT
scan data, allowing precise modeling of cortical and trabecular layers. By integrating
these software-defined models with photoacoustic RF systems, researchers achieved de-
tailed temporal profiles of bone density. While software phantoms provide unmatched
control over structural parameters, their lack of physical validation highlights the im-
portance of coupling these methods with experimental setups.

Bovine Bone Models The use of bovine bones as natural phantoms has also gained
traction in RF research. In [24], authors conducted experiments on bovine bones to
monitor healing and detect osteoporosis. Bovine bones, being structurally similar to
human bones, provided an ideal platform to study the effects of dielectric property
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changes on RF signal reflection and transmission. These experiments demonstrated
the sensitivity of acoustic RF signals to bone porosity variations. However, the limita-
tions of bovine models include their homogeneity compared to human bones and the
inability to represent complex geometries.

[3] employed bovine bone samples to evaluate the effectiveness of microstrip an-
tennas in characterizing bone tissue. The study aimed to analyze the interaction of
electromagnetic waves with bone to detect structural changes and variations in dielec-
tric properties. The microstrip antennas were designed to operate within the microwave
frequency range, optimizing their sensitivity to the dielectric properties of bone tissue.
These antennas provided accurate measurements of bone conductivity and permittiv-
ity, offering a foundational understanding of how electromagnetic signals interact with
bone.

The experimental setup placed the bovine bone samples in a controlled environment

to ensure consistency in signal propagation and minimize external interference. The
microstrip antennas were positioned in close proximity to the bone samples, mimicking
non-invasive diagnostic scenarios while ensuring the accuracy of signal transmission
and reflection measurements. The study found significant correlations between the
dielectric properties of the bone and the structural characteristics, such as porosity
and density, which are critical indicators of bone health. Authors demonstrated the
potential of RF technology for non-invasive bone health diagnostics and emphasized
the role of natural bone samples in validating theoretical models and antenna designs.
This research underscores the importance of combining such experimental approaches
with more anatomically accurate representations, such as segmented 3D models, to
bridge the gap between experimental validation and clinical applications.
Hybrid Phantoms for Multilayer Modeling Hybrid phantoms that integrate mul-
tiple layers to represent bone, muscle, and fat tissues have also been explored. [22]
developed such a phantom using silicone and polymer composites to emulate the lay-
ered structure of a human arm. These phantoms were crucial in validating wearable
RF devices for bone health diagnostics. By mimicking the heterogeneity of biological
tissues, hybrid phantoms provide a more accurate platform for RF antenna testing and
optimization.

While phantoms have significantly advanced RF-based bone diagnostics, their limi-
tations highlight the need for anatomically accurate representations of bone structures.
Segmented 3D bone models derived from high-resolution CT scans address this gap by
capturing the intricate geometries and dielectric heterogeneity of cortical and trabec-
ular layers. Unlike predefined or natural phantoms, segmented 3D models allow for
patient-specific analysis, ensuring that RF systems are tailored to individual anatom-
ical variations. These models also enable a comprehensive understanding of electro-
magnetic wave interactions with bone tissue, which is critical for optimizing antenna
design and improving diagnostic accuracy. The transition to segmented 3D models
marks a pivotal step in advancing RF technology for clinical applications, bridging the
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gap between experimental setups and real-world scenarios.

By leveraging the strengths of phantoms and addressing their limitations through
anatomically realistic models, researchers can ensure that RF-based systems achieve
their full potential in revolutionizing non-invasive bone health diagnostics. This re-
search aims to address these gaps by developing a novel antenna design optimized for
interaction with anatomically realistic bone models, thereby bridging the limitations
of existing methodologies. The following chapter outlines the methodology adopted to
achieve these objectives, detailing the experimental setup, simulation protocols, and
validation techniques employed in this study.
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Chapter 3

Methodology

In this study, for early prognosis of conditions like osteopenia/ osteoporosis has been
targeted to evaluate the strength and density of bones. this is dine by integrating
the RF technology into the bone health assessment process. RF is preferred for its
non-ionizing radiations and potential for accurate and real-time measurements. A sys-
tematic approach is followed to construct a highly detailed 3D bone model from CT
scans data, aiming to accurately represent the complexities of real femur (Thigh) bone
and design body matched antennas that are specifically designed to operate effectively
when in close proximity to the human body. In the end a prototype is developed for
the experimentation of antennas, with the bone placed in the middle.

Briefly, non-ionizing RF technology is utilized for real-time bone health evaluation,
incorporating detailed 3D bone models created from CT scans. The study further in-
toduces body-matched antennas designed for optimal performance, near human tissue,
validated through a working prototype.

3.1 3D Bone Model

To successfully reconstruct a 3D bone model from original CT scan data, the initial step
involved data acquisition. To ensure the creation of a highly detailed and microstruc-
turally accurate bone model, advanced image processing techniques for segmentation
were employed to distinguish between the two distinct layers of the bone. This study
utilizes a pheasant bone. Subsequently, appropriate dielectric properties were assigned
to each segmented layer for accurate representation in the model. For the dielectric
properties of each layer of bone we refer to the e value in the literature.
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3.1.1 Acquisition of Scans

This research involves rigorous data acquisition to develop a highly detailed and mi-
crostructurally accurate 3D bone model. Collaborating with the Great Britain’s Uni-
versity of Manchester, UK; a comprehensive dataset of pheasant bone was accessed
consisting of high-resolution CT scans generated using a 225 kV and 320 kV X-ray
source Figure 3.1. These scans were captured at an exceptional resolution of 5 mi-
crons with the Nikon XCT facility, which provided unparalleled insights into the in-
tricate architecture of the femur (thigh) bone. This precision imaging forms the basis
for constructing an anatomically and structurally faithful model of Pheasant’s femur
bone. A staggering compilation of 1900 projections, where a single projection is shown
in Figure 3.2, precisely encapsulates the femoral (Thigh) structure, providing a rich
reservoir of data for our endeavors in bone health monitoring. Each scan provided
a detailed voxel-based representation of bone morphology, hence creating critical in-
sights into the density, mineral composition, and microstructural organization of bone.
This high-resolution data enabled precise quantification of trabecular and cortical bone
properties, to investigate an in-depth understanding of load-bearing capability, mate-
rial heterogeneity, and the biomechanical implications of microstructural variations.
Such data is pivotal for advancing the fields of bone health assessment, biomaterials
research, and orthopedic applications using an interface of engineering and mathemat-
ical methods.

Figure 3.1: CT scan of Pheasant Bone Figure 3.2: Single Projection
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3.1.2 Image Processing

From raw scans to a refined 3D bone model, a meticulous process of data segmenta-
tion was employed. The imaging data acquired is stored in DICOM (Digital Imaging
and Communications in Medicine) format, which is the standard format for medical
imaging data. Each image slice is saved as a .dcm file, containing metadata that in-
cludes patient information, scan settings, and the actual image data. The .dcm files
are imported into 3D Slicer, an open-source software platform for the analysis and
visualization of medical images.

The DICOM Patcher module is used to ensure that all DICOM files are correctly
formatted and compatible with 3D Slicer, facilitating a smooth import process. Uti-
lizing the advanced capabilities of 3D Slicer Figure 3.3, a state-of-the-art segmenta-
tion platform known for its precision, the acquired CT data was carefully processed
to segment distinct layers of bone. Each projection underwent a rigorous segmenta-
tion process, incorporating manual refinement to ensure accurate representation of the
bone’s microarchitecture. This methodical approach enabled the detailed characteri-
zation of cortical and trabecular structures, preserving critical morphological features
essential for biomechanical and structural analyses. The Cortical layer, representing
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Figure 3.3: 3D Slicer Tool

the dense outer surface of the bone and the trabecular layer, comprising the spongy
inner structure, were identified as key components during the segmentation process
Figure 3.4. Each Layer was carefully segmented to accurately reflect the anatomical
complexities of pheasant bone. This precise segmentation prcoess, forms the foundation
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of our methodology, ensuring that the resulting 3D bone model faithfully represents
the intricate geometery and microarchitecture of the scanned bone.

Figure 3.4: Segmented Layers

3.1.3 Image based modeling-A Smart Approach

Image-based modeling plays a key role in improving the efficiency and accuracy of
data segmentation. In this particular approach, modern imaging techniques were com-
bined with traditional methods to create a more effective method. The main focus
of our method is the combination of thresholding and cropping techniques, which are
designed to streamline the segmentation process. This combination enabled high accu-
racy and allowed a better reconstruction of detailed 3D models that closely represent
the complexity of the selected bone. The Scissors tool in the Segment Editor is used to
isolate a specific region of interest (ROI) within the bone Figure 3.5. By drawing a box
around the desired area, typically the epiphysis (the rounded end of the bone), both
the cortical and trabecular layers within this ROl was selected for further analysis.
This ensured that the segmentation focused on the relevant anatomical features.

For segmenting two layers based on the source volume intensity range, a masking
option was used from Threshold as it gives Editable intensity range and gives the paint
effect that is required to trace the layers for segmentation. The Threshold tool Figure
3.6 was used to refine the segmentation by setting intensity ranges which corresponds
to the different tissue types. By adjusting the editable intensity range, the tool high-
lights the areas that fall within these ranges, effectively "painting" the segments. This
allowed for precise differentiation between the cortical and trabecular layers based on
their density and intensity values in the imaging data.
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Figure 3.5: Scissors Tool

Segmenting them includes segmenting each projection of the selected ROI in all 3
dimensions separately. The segmentation process involved examining and refining the

5 —» Threshold
o

Fill segment based on source volume intensity range... Show details.
Threshold Range:

63.75 255.00 -

<O

» Automatic threshold

* Local histogram

Use for masking
Apply
¥ Masking
Editable area: Everywhere S
Editable intensity range: v/
63.75 % 255.00

Modify other segments: | Overwrite all v

Figure 3.6: Thresholding Tool

segmentation in all three anatomical planes (axial, sagittal, and coronal). This en-
sured a comprehensive and accurate segmentation of the cortical and trabecular layers
throughout the entire volume of the ROI , providing a detailed 3D representation of
the bone structure. This innovative approach enhances the ability to extract critical
bone segments with precision, going beyond the limitations of traditional segmentation
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methods. By effectively navigating the complex microstructural terrain of bone, it en-
ables a deeper understanding of bone composition and density, opening new avenues for
advanced analysis and modeling. The final cropped and segmented 3D bone mode is
shown in the Figure 3.7 below, where the yellow segmented part represents Trabecular
bone (spongy/porous) and the green segmented part is the cortical bone part.

(@ (b)
Figure 3.7: Reconstructed 3D Bone Model

3.1.4 Volume Rendering

Once the bone model was cropped and segmented in 3D Slicer software, the final model
had to be in the solid form to perform simulations on it. In order to convert the seg-
mented bone model to a solid model. Cortical and trabecular were exported into two
separate files from 3D slicer in stl ( stereo lithography ) format Figure 3.8. A file format
commonly used for 3D printing and computer-aided design (CAD).

Figure 3.8: Exporting Trabecular Bone model from 3D Slicer
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Later on, the bone model was exported into Autodesk Meshmixer. Meshmixer is a
versatile 3D mesh editing software used for sculpting, refining, and preparing models
for 3D printing, offering tools for mesh optimization, repair, and custom support gen-
eration.This software was used to convert the 3D bone model into a solid Figure 3.9(a),
which helped in meshing and with the experiments later. Both the layers Cortical and
Trabecular layer were converted into solids separately and exported in STL format as
shown in Figure 3.9(b) to be then imported in to CST software.

(a) Making Solid bone model (b) Exporting solid bone model

Figure 3.9: Converting the segmented bone into a solid in Blender software

3.1.5 Assigning Material Properties

After creating the 3D bone model and converting it into a solid structure, the next
step involves assigning properties to ensure it closely matches real bone.

=
T

Figure 3.10: Bone Model in CST Software
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Specific dielectric properties e are assigned to each segmented bone layer, which helps
the virtual model accurately represent the bone’s material. These dielectric values
are selected based on data from scientific studies, ensuring the model reflects the true
characteristics of bone. The electromagnetic properties of the reconstructed model
now mirror those of real bone tissue. For assigning properties , model was imported
in (Computer Simulation Technology) CST Software Figure 3.10, the same software
in which antennas were designed. When the model was imported into CST software,
its size was very small as compared to the size of the antennas. The model was from
the Transforming module, scaling option was selected to improve the size of bone in
comparison to the antennas.

To edit the material property, select the component and from drop down menu
select "edit the material property"”. From the literature acquired values were Epsilon
er and Electrical Conductivity. For the Cortical bone e- = 12.4 and El. conductivity
= 0.145[S/m] as shown in fig 3.11.

Material Properties: default_1 X

Generd Conductivy Dispersion Themal Mechanics Densty General Conductivly Dispersion Themal Mechanics Densty
General properties Bectric conductivity Magnetic conductivty
Material name: © B. conductivity: © Mag. conductivity:
- 0145 S/m 0 1/5m
Material folder = =
Advanced ([0 Advanced
Type: ) Tangent deka el. Tangent delta mag.
Nommal
Epsion: Mu
124 1
Color
0%  Transparency 100
i} Frequency range [Hz]
(0 Draw as wireframe 8 Alow outline display Fmin: 28409 fnasc [2.85008
() Draw reflective suface (L) Draw outfine for transparent shapes
[ Add to material ibrary
| o | cancel Apply Help oK Cancel Apply Help

Figure 3.11: Assigning Properties to Cortical Bone

For Trabecular bone €- = 20.8 and El. conductivity = 0.344[S/m] as shown in fig
3.12. This process of property assignment served as the key player of our methodology,
facilitating the simulation of realistic interactions between RF signals and bone tissue.
As each layer assumes its unique electromagnetic signature, 3D bone model emerges
as a beacon of fidelity, to revolutionize the field of bone health monitoring.
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Figure 3.12: Assigning Properties to Trabecular Bone

After assigning the material properties, density values were assigned to the seg-
mented Cortical bone and trabecular bone. Density is an intrinsic property, repre-
sented as (Rho) that links the geometric model to mass, enabling calculations of stress
distribution, and SAR (specific Absorption Rate) analysis. For our 3D bone model

Cortical:Cortical
Material def:

Figure 3.13: Cortical Bone

with distinct cortical and trabecular layers, we define separate density values in light
of work done in [38], reflecting the physiological differences between both the regions,
enhancing the model’s fidelity. The cortical layer, being denser and mechanically ro-
bust, requires a higher density value of 2000 kg/m? to represent its structural function
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effectively Figure 3.13.

Conversely, the trabecular layer, characterized by its spongy, porous architecture, has a
lower density of 1000 kg/m? as shown in Figure 3.14, consistent with its role in absorb-
ing shocks and supporting metabolic activities. By assigning accurate density values to
each layer, the model not only achieves a realistic mass representation but also becomes
capable of yielding precise outcomes in simulations, whether for research, diagnostics,
or therapeutic SAR analysis.

Figure 3.14: Trabecular Bone

3.2 Antenna Design

One of the primary objectives of this research was to design on-body matched antennas
suitable for operation in close proximity to the human body. Antenna is intended for
medical applications, specifically for RF-based bone health analysis, operating within
the Industrial, Scientific, and Medical (ISM) band specifically at 2.45 GHz. At higher
frequencies, penetration depth decreases, making them better suited for thinner bones
or peripheral regions like the wrist or fingers, as indicated in previous research. The
2.45 GHz frequency, commonly employed in medical applications due to its presence in
the ISM band, has been shown to produce reliable results in bone tissue analysis. This
is supported by numerous studies, including those that validated microwave sensing
prototypes for evaluating bone health [39, 40].The design of this antenna involves sev-
eral key considerations to ensure optimal performance and integration with the human
body.

3.2.1 Design Considerations

1. Compact Size and Low Praofile: The antenna to be designed had to be com-
pact and with a low profile to facilitate on-body placement. A small, lightweight
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design ensured that the antenna can be comfortably worn without interfering
with the user’s daily activities or movements. This was crucial for continuous
health monitoring applications, where user comfort and ease of use was the top
priority. There are studies that collectively underscore the critical role of compact
antenna design in the advancement of wearable devices for non-invasive health
monitoring, as in [18, 41]

2. Efficient Radiation Characteristics: The antenna must exhibit efficient ra-
diation characteristics, specifically in the near-field region. Effective transmission
and reception of electromagnetic signals are critical for accurate bone health anal-
ysis. Hence, near-field performance of this antenna was particularly important
as the signals need to penetrate the body tissues and interact with the bones to
provide reliable diagnostic information.

3. Matched Impedance: To maximize power transfer and minimize signal reflec-
tion, impedance matching was an essential step. Especially when the antenna
had to operate in close proximity to the human body. The human bone is ge-
ometrically complex, therefore it is a lossy medium that can significantly affect
the antenna’s performance. The antenna’s performance is highly influenced by
impedance mismatches. Consequently, precise impedance matching was neces-
sary to optimize the antenna’s efficiency, minimizing signal loss and reflection.

3.2.2 Technical Specifications

1. Operating Frequency: The antenna was designed to operate within the ISM
band at 2.45 GHz. As highlighted by authors in [42, 43], this frequency is widely
used in osteoporosis detection due to its optimal balance of tissue penetration and
resolution, enabling non-invasive assessment of bone mineral density (BMD). Its
inclusion in the ISM band allows for cost-effective, portable applications.

2. Substrate Selection: The choice of substrate for the antenna was taken into
account, considering loss tangent, dielectrical properties, and flexibililty. In [44]
Rogers RT/duroid 5880 substrate, was selected due to its low dielectric con-
stant and low loss tangent. Number of research works have explored their use
in biomedical applications within the 2.4-2.5 GHz ISM band. As from [45] find-
ings reveal that the antenna made with Rogers 5880 delivers superior gain and
efficiency. Such features are especially valuable for antennas operating near hu-
man bone tissue, as they help minimize signal degradation and ensure consistent
performance.

3. Simulation and Testing: Advanced simulation tools, such as CST Microwave
Studio, HFSS are mostly used to model and optimize the antenna design. Simu-
lations help in predicting the antenna’s performance in the presence of the human
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body and in various usage scenarios. Prototype testing was conducted to validate
the simulation results.

By addressing these design considerations and technical specifications,various antenna
designs were considered and the best two antennas were designed and developed for
an on-body matched RF-based bone health evaluation application, with optimized
parameters. Aiming to achieve a balance between performance, user comfort, and
practical application in medical diagnostics.

3.2.3 Proposed Design and Dimension

Two identical rectangular microstrip patch antennas were designed using CST software,
which were compact in size and easy to manufacture, making them suitable for body
applications. A Rogers RT/Duroid 5880 substrate with a thickness h of 1.57 mm was
used. The substrate has a dielectric constant - = 2.2. The patch itself was made
of copper with a thickness t = 0.035 mm. One of the antennas was operating as a
transmitter and the other as a receiver. The structure of the antennas was chosen to
resonate in ISM band. The design of antenna is shown in Figure 3.15 and dimensions
of the antenna are shown in Figure 3.16 and given in Table 3.1 respectively.

= 1]

L[]

Substrate Ground

@ (b)
Figure 3.15: Antenna Design

Width of the feedline (Wf) of an antenna is carefully chosen to match the characteris-
tic impedance of the system, which is commonly 50 ohms. Impedance matching is an
important step while designing an antenna in order to minimize reflections of electro-
magnetic waves back to the source, which then results into reduced efficiency. Efficiency
is the measure of how effectively antenna radiates the power supplied in form of elec-
tromagnetic waves, compared to any losses caused due to factors like dielectric losses,
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Figure 3.16: Dimensions of the Antenna

Table 3.1. Design Parameters for Microstrip Patch Antenna

Parameter Parameter Name ‘23:::}?;31)
Wg Width of ground 50
Lg Length of ground 59.64
w Width of patch 45.40
L Length of patch 37.28
hs Height of substrate 1.57
hc Height of copper clad 0.035
wf Width of feed 4.88
Lf Length of feed 16

and mismatching. CST provides tool “Macros” to calculate the exact feedline width to
ensure proper impedance line matching as shown in Figure 3.17 below. From the drop
down menu "Calculate analytical Line Impedance™" was selected Figure 3.18. Thin
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Figure 3.17: Macros Tool

microstrip was chosen and values were entered, such as operating frequency 2.45GHz,
dielectric constant e- = 2.2 of substrate, and thickness h of 1.57. By changing the
width, the input impedance Zo at 50 Ohms was achieved. After adjusting the width

E Impedance Calculation X
Setup
Thin Microstrip ~ Length unit (D

Frequency: 245 GHz

Geometry Data

C [ e [4678
- . 0.1
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Impedance static

Zg= [A000 Ohm eps_eff= [187 Phase shift = |4-02542+00
Caloulate Build 30 Exit Help

Figure 3.18: Impedance Calculation

of feedline, a waveguide port is assigned to excite the antenna structure as a source
of electromagnetic waves through the transmission lines. It is often placed at the end
of a microstrip feed line in planar antenna designs. The dimensions of the port are
typically set according to the size of the feedline and boundary conditions are defined
to excite the specific fields for propagation. Using the "Pick" tool,shown in Figure 3.19
select the face, width of feedline

When the face is selected, next step is to assign waveguide port. From the simulation
menu we select the "Waveguide port™ option. A window appears in which we assign
the values Xmin, Xmax, Zmin, and Zmax as shown in Figure 3.20
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Figure 3.19: Pick Tool
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Figure 3.20: Waveguide Port Assignment

Once the width of feedline is set and waveguide port assigned, a red box indicating the
input port (1) is visible at the bottom of the antenna as shown in the Figure 3.21.

3.2.4 Antenna Geometry Specifications

In order to evaluate the bone model, two identical antennas are strategically posi-
tioned on opposite sides. Face-to-face alignment ensures maximum interaction of the
electromagnetic waves with the bone model reducing the probability of scattering and
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Figure 3.21: Port 1 Assigned

dispersion of signals. One antenna functions as the transmitter, while the other antenna
serves as the receiver. To construct this arrangement, first duplicate the geometry of
the antenna 1 using the transformation tool in CST as shown in Figure 3.22.

Transform Selected Object X
o [ o ]
[ copy Unite oK
O Translate
- Transform until touch Cancel
() 5cale B
~ Precaloulate collision: Solve Apply
(Rotate _
~ |__| Parametric Details... Preview
{_) Mirrar
- Interactive
Reset
Repetitions
Help
Repetition factor: 1 =
Less <<
Translation vector
[ Use picked points Invert
X0 Y: 0 Z 0
Origin
Shape center
X0: Y0: Z0:

Change destination

Component: Material:

Antenna 1 Copper (annealed)

Figure 3.22: Transform Tool

The duplicate antenna was shifted along x-axis to ensure the correct distance be-
tween the two antennas. After adjusting the orientation, Antenna 1 was rotated 90
degrees along the y-axis, while Antenna 2 wwas rotated at -90 degrees along the same
axis. Both antennas were positioned to face each other with an initial distance of
50mm along the x-axis. Once the alignment was set, Antenna 1 was assigned port 1
(transmitter) and Antenna 2 was assigned port 2 (receiver). The geometry is shown in
Figure 3.23 shows the geometry.
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Figure 3.23: Geometry of 2 Antennas

3.2.5 Simulation Setup & Configuration

Following the antenna configuration, the bone model was imported into the system.
Using the import/export option from the modeling tool, 3D files in .stl format were
successfully imported, as shown in Figure 3.24. The study aimed to investigate the
influence of distinct dielectric properties on the propagation of electromagnetic waves
through the bone model. The attenuation, phase shift, and reflection of the waves were
analyzed to differentiate between healthy and unhealthy bone tissues.
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Figure 3.24: Importing 3D Files

As the transmitted signal from Antenna 1 interacted with the bone model, which
included both the cortical and trabecular layers, it underwent changes. These variations
were detected at the receiving end, providing key insights into the bone’s composition
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through the evaluation of attenuation, reflection, and transmission losses. The bone
configuration with antennas is illustrated in Figure 3.25

y

- Lo

Figure 3.25: Antennas with Bone Configuration

3.2.6 Antenna Fabrication Process

Once the antenna design has been optimized and simukated in CST, with all paramters
such as dimensions, substrate material, and performance characteristics thoroughly re-
fined, the design finalized for fabrication. Initial step in thus process involves exporting
the layout as Gerber files, a widely accepted standard for printed circuit board (PCB)
production. These files contain critical information, including the antennas’s shape and
the precise locations of the slots within the PCB layout. These gerber files are then
correctly formatted and uploaded to the LPKF machine. This machine selects the
appropriate tools for the fabrication of antenna while configuring the parameters
for etching. At the end, fabricated antenna undergoes soldering and testing

Simulations
LPKF Machine

Design Results —r(wf?\ &9 Soldering and Testing
| \ \ 4 P —
S/

N

Export Gerber Files
B ®

Figure 3.26: Antenna Fabrication Cycle

where SMA (coaxial RF) connector with an impedance of 50 Ohms is soldered to the
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end the antenna’s feedline. SMA connector then helps to connect the VNA cable to
the antenna; to evaluate the performance parameters such as return loss (S11), gain,
and radiation patterns to ensure the antenna functions as expected. The design cycle
for fabrication is shown in the Figure 3.26.

Upon finalizing the antenna design in CST software, Gerber files for the ground and
patch were exported to the LPKF machine, adhering to the previously outlined design
cycle. This facilitated the successful fabrication of the antennas, as depicted in Figure
3.27. The subsequent phase involves testing , with the results presented in the "Result
& Discussion” chapter.

Figure 3.27: Fabricated Antennas from LPKF Machine, with soldered SMA connec-
tor
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3.3 CAD Modeling

As previously discussed, Dual-Energy X-ray Absorptiometry (DEXA) scans are widely
utilized medical imaging technique for assessing bone density and diagnosing conditions
such as osteoporosis. Before the scanning process, CAD modeling is often employed
to simulate and optimize the bone structure in order to improve diagnostic accuracy.
The DEXA process involves emitting two X-ray beams at different energy levels, which
pass through the body and are absorbed differently by bone and soft tissues. Then a
detector measures the amount of each X-ray beam that passes through the body, and
the machine calculates the bone mineral density (BMD) by comparing the absorption
levels of the two beams. This difference in absorption then allows the machine to
determine the density of the bone. Despite its effectiveness, there are limitations in
these traditional methods, including exposure to ionizing radiations, and potential
shortcomings in capturing true bone health. Additionally, the presence of soft tissue,
and machine calibration can also affect the accuracy of DEXA scans. In this situation
Radio Frequency (RF) technology offers a ray of hope, a non-invasive approach that
could provide a more comprehensive picture of bone health.

3.3.1 Conceptual Model

Initially study was focused on a conceptual model for bone health monitoring in a non-
invasive manner using RF technology, that had been designed for a visual representation
of the idea. Where, two antennas were strategically placed on either side, with a cork
model nestled in the middle as shown in Figure 3.28.

Vector Network Analyzer

PC for Results Display

de

Antenna 1 Antenna 2

Figure 3.28: Conceptual Model

This figure illustrates: Patch Antennas (1 and 2): Two antennas were positioned
on either side of the bone model to emit and receive RF signals. The bone was placed
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between these antennas to evaluate its health within the targeted area by capturing
the signals that interacted with the bone. Vector Network Analyzer: This device
measured RF signal parameters, such as the reflection coefficient and transmission
coefficient, as the signals passed through the bone. It analyzed changes in the RF
signals caused by their interaction with the bone tissue, providing valuable data for
assessing bone health. PC for Results Display: A computer was used to process
and display the results obtained from the vector network analyzer. It provided a user-
friendly interface for visualizing the bone health data and analyzing the outcomes of
the RF-based evaluation Cork: A cork model was used as a substitute for the bone
because it is also a composite porous material similar to the bone. The cork model is
placed between the two patch antennas to analyze the results during testing.

This conceptual model was the testing ground for the innovative RF-based approach
to bone health assessment. On the basis of this conceptual model a prototype system
was developed.

3.3.2 CAD Design & Prototype

The prototype system was designed and modeled within SolidWorks, a 3D computer-
aided design (CAD) software. This prototype prioritizes functionality to facilitate
precise experimentation. It features two antenna holders and a dedicated holder for
the bone model. The platform base incorporates a crucial element, a scale of 100 cm
for precise back-and-forth movement of the antennas. This adjustability allows for
thorough control over antenna positioning during experiments, ensuring optimal signal
interaction with the bone model for data collection. The CAD models are shown in
the Figure 3.29. The initial prototype design prioritized simplicity for efficient devel-

(a) Antenna Holder (b) Bone Holder (c) Platform
Figure 3.29: CAD Models
opment and testing. To minimize potential signal interference from the bone holder
itself, its length was reduced, ensuring only the bone specimen is directly in front

of the antennas. For adjustable antenna positioning, the antenna holders utilize a
zip-tie mechanism, allowing for variations in antenna height during experimentation.
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The bone holder itself incorporates a versatile design with a diameter wide enough
to accommodate bones of varying thicknesses. The prototype was printed using a 3D
printer, Ultimaker installed in Makers Lab at SINES. It was employed for the fabri-
cation of the prototype components, such as bone holder and antenna holder. Tough
PLA filament with a diameter of 2.85 mm was chosen as the printing material due to
its durability and suitability for functional prototypes. Approximately 150 grams of
filament were used to print the entire setup. The platform base, featuring rails on the
sides to facilitate smooth movement of the antenna holders, was sourced from a local
vendor. Final experimental setup in CAD vs the actual setup are shown in the Figure
3.30.

(a) Solidworks CAD Model (b) 3D Printed Prototype

Figure 3.30: Experimental Setup

The CAD modeling process played a crucial role in visualizing and refining the pro-
totype design. SolidWorks allowed for detailed planning and simulation of the com-
ponents, ensuring that each part fit together seamlessly. This pre-fabrication step
helped identify potential design flaws and provided an opportunity to make necessary
adjustments before printing. The CAD models were carefully constructed with ac-
curate dimensions and features, ensuring that the physical prototype would function
as intended. Detailed renderings and animations of the model facilitated a clear un-
derstanding of the design concepts. The successful creation of the prototype allowed
for the progression to experimental testing and data collection. In conclusion, the
integration of SolidWorks for CAD modeling was crucial to the development of the
RF-based bone health evaluation prototype, culminating in a functional and effective
system ready for validation through experimentation.
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Chapter 4

RESULTS & DISCUSSION

4.1 CST Simulations for Antenna

4.1.1 Performance Characteristics

The antenna design was simulated using electromagnetic simulation software (e.g.,
CST Studio Suite) to analyze its performance characteristics. Parameters such as re-
turn loss, radiation pattern, and efficiency are evaluated to assess antenna performance
and suitability for on-body operation. Where, Return Loss is a measure of the re-
flected power from the antenna compared to the incident power. It indicates how well
the antenna is matched to the transmission line, with lower values signifying better
impedance matching and minimal signal reflection. Radiation Pattern describes the
distribution of radiated power from the antenna in space. It provides insight into the
directionality and coverage area of the antenna, which is crucial for ensuring effective
signal transmission and reception in on-body applications. And Efficiency refers to
the ratio of the power radiated by the antenna to the total input power. It accounts for
losses due to impedance mismatch, material absorption, and other factors, indicating
the effectiveness of the antenna in converting input power into radiated electromag-
netic waves. lIterative optimization techniques were employed to fine-tune the antenna
design to meet the specified requirements. S-parameters or the scattering parameters
provide a convenient and comprehensive way to characterize the relation between the
input and output signals. S11 is the reflection coefficient. It can be seen that S11 of

-20.9704 dB has been achieved at 2.45 GHz which is below the standard -10 dB line,

fig 4.1 shows the S11 parameter of the simulated antenna. The gain of the antenna at
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Figure 4.1: s11 parameter of the simulated antenna

2.45 GHz is 3.051dB as shown in fig 4.2. The choice of antenna gain depends on the
specific requirements of the communication system or application, as it involves trade-
offs between directional performance and coverage. In order to achieve high radiation
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Figure 4.2: Gain of Antenna
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and total efficiency substrate of low dielectric constant €- = 2.2 was used, so there can
be minimum number of losses. Other than that slots were introduced in the geometry.
The total efficiency achieved was 91.6 % at 2.45GHz as shown in Figure 4.3 .It can
vary after optimizing the antenna. High radiation efficiency indicates minimal power
loss within the antenna itself. This means that most of the electrical power delivered
to the antenna gets converted into radiating electromagnetic waves. Conversely, a low
radiation efficiency suggests significant power loss.
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Figure 4.3: Radiation and Total Efficiency of Antenna

The parameter VVoltage Standing Wave Ratio (VSWR) is the measure of how efficiently
electromagnetic power is transmitted from a power source (VNA), through a transmis-
sion line, into the antenna. It indicates the quality of the impedance matching between
the antenna and the transmission line.

Mathematically,

VSWR = /mx
Vi

Ideal ratio is 1 : 1, indicating perfect impedance matching, e.g., a 50 Q transmission
line to a 50 Q antenna. A higher value of VSWR indicates mismatching, where more
power is reflected back, leading to lower efficiency. An acceptable value is VSWR < 2,
and the proposed antenna achieved VSWR = 1.19, as shown in Fig.4.4 below.
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Figure 4.4: VSWR of Antenna

4.1.2 Antenna Model

The initial phase of testing involves observing the performance of the microstrip patch
antennas placed in a face-to-face configuration at a distance of 50mm without any
intervening medium in between, as shown in Fig 4.5. The measured S-parameters
helped in understanding the baseline performance of the antennas in free space. The

50.00 mm

1]

g

ﬂF B e

Figure 4.5: Configuration of microstrip patch antennas with a separation distance of
50mm, demonstrating a free-space interaction without bone model

results of the reflection coefficient (S11) and transmission coefficient (S21) as shown
in Fig. 4.6, indicate that the interaction between the two antennas in their current
configuration has shifted the operating frequency from 2.45GHz to 2.59GHz and altered
the performance parameters, when placed at a distance of 50mm. The frequency shift
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Figure 4.6: Without bone model

observed is likely caused by enhanced mutual coupling of electromagnetic fields between
the two antennas, as a result of operating in proximity and their orientation. At
2.59GHz value of the reflection coefficient S11 = -15dB, indicates reduced impedance
matching because of the near-field interactions between the antennas. On the other
hand, the value of S21 = -4dB indicates strong transmission from antenna 1 to antenna
2, which implies that most of the transmitted power of the antenna is reaching the
receiver end with minimal losses.

4.1.3 Antenna Simulation with Bone Model

Subsequent simulations involved placing a segmented 3D bone model, as shown in
Figure 4.7.

This configuration of both antennas bone model is representative of the human
wrist, as a dielectric medium between the antennas to evaluate changes in operating
frequency and s-parameters in the CST software. After placing the bone model in
the center between the antennas, the s parameters s11 and s21 were analyzed again,
considering that s22 and s12 have the same value in case of identical antennas, to
evaluate the difference caused by placing a complex bone model as a dielectric medium.
Figure 4.8 illustrates these parameters as a function of frequency. This indicates how
much power is reflected back to antenna 1 due to impedance mismatch. In the presented
graph, two data markers are used to identify key parameters, where marker 1 represents
the s21 or s12 parameter, which indicates the transmission coefficient, while marker
2 corresponds to the s11 or s22 parameter, reflecting the reflection coefficient. The
graph highlights the impact of placing the bone model at a distance of 50mm from the
antennas. When compared to the baseline measurements of antennas without the bone
model, the placement of the bone caused significant deviations in the s-parameters.
Initially, s11 was measured at -15 dB, and s21 was -4 dB at 2.59 GHz. With bone
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Figure 4.7: Bone model positioned at the center, 50 mm from each antenna, with a
total separation of 100 mm between Antenna 1 and Antenna 2
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Figure 4.8: s11 and s21 parameters for the setup with the bone model placed cen-
trally between the two antennas, highlighting the reflection and transmission charac-
teristics of the system

placed at 50 mm, sl11 increased to -12 dB, and s21 reduced to -8.6 dB, indicating
increased reflection and reduced transmission.

4.1.4 Sensitivity Analysis based on Varying Distances

For sensitivity analysis, bone model was placed at different distances from both anten-
nas, for example 100 mm, and 150 mm to clearly indicate distinct changes in the
values of s21 and s11, illustrating the influence of the bone model on signal propagation
and reflection. To demonstrate, in Figure 4.9 bone model was placed at a distance of
10o0mm from both antennas, creating a total distance of 200mm between antenna 1
and antenna 2
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Figure 4.9: Bone model positioned at the center, 100 mm from each antenna, with a
total separation of 200 mm between Antenna 1 and Antenna 2

After simulation, the influence of varied distance in scattering parameters was com-
pared to the baseline measurements without the bone model, the increase in distance
caused significant deviations in the s-parameters. At a distance of 5omm bewtween
both the antennas and without bone model, s11 was measured at -15 dB, and s21 was
-4 dB at 2.59 GHz. With the bone placed at 100 mm as shown in Figure 4.10, dis-
tance from both antennas, s11 decreased to -14.16 dB, and s21 reduced to -14.42 dB,
indicating decreased reflection and reduced transmission. A dip of -6dB is measured in
s21 parameter at 100 mm, Whereas both the s-parameters are at the same frequency
of 2.60GHz only a minimal frequency shift is observed in s21 parameter.
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Figure 4.10: s11 and s21 parameters for the setup with the bone model placed cen-
trally between the two antennas, highlighting the reflection and transmission charac-
teristics of the system
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Lastly, for the simulation of both the antennas segmented 3D bone model, the
distance was set at a total distance of 300mm and 150mm at each side from the
bone model, as shown in Fig. 4.11.

300 mm

150 mm

B ﬂ

Figure 4.11: Bone model positioned at the center, 150 mm from each antenna, with a
total separation of 300 mm between Antenna 1 and Antenna 2

As a result for this configuration, graph in Figure 4.12 highlights the effect of distance
on the measurement by placing the bone model at a distance of 150mm. Bone’s
proximity can detune the antenna’s performance. However, as the distance increases,
electromagnetic waves interact with bone and the surrounding environment, causing
losses leading to additional losses. In comparison to the basic simulation , where there
was no dielectric medium in between the antennas, s11 was measured at -15 dB, and

s21 was -4 dB at 2.59 GHz.
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Figure 4.12: s11 and s21 parameters for the setup with the bone model placed cen-
trally between the two antennas, highlighting the reflection and transmission charac-
teristics of the system

With the bone placed at 150 mm, distance from both antennas, s11 decreased to
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-14.45 dB, indicating no change in reflection. While s21 dropped significantly to -17.18
dB, reduced transmission. These changes demonstrate how the bone model introduces
additional losses and modifies signal behaviour at varying distances.

4.2 SAR Analysis

Specific Absorption Rate (SAR) is a measure of the rate at which the body absorbs
electromagnetic energy when exposed to a radiofrequency (RF) electromagnetic field.
It quantifies the power deposited per unit mass of tissue, typically expressed in watts
per kilogram (W/kg). SAR is critical in ensuring the safety of RF devices, as excessive
absorption of energy can cause tissue heating and potential harm. The SAR formula
is given as:

Where, o is the electrical conductivity of the tissue (in S/m), E is the electric field
strength (in V/m), and p is the density of the tissue (in kg/m?3). In this equation, o
determines the rate at which the tissue conducts electrical current, £2 represents the
local intensity of the electric field, and p ensures normalization by the tissue’s mass
density.

Label
SAR (f=2.45) [1] (1g)

Calculate

Close
automatic labeling

Powerloss density Spedals...

Monitor:
loss (f=2.45) [1] e

View Results...

Frequency: 2.45 Help

Averaging mass [ Point SAR.
(D1g ©@1g  (CPointSAR

() Custom: 50 g

Figure 4.13: SAR calculation settings in CST Studio, showing the selection of the 1 g
averaging mass for SAR analysis at a frequency of 2.45 GHz

For the current model, the values for o (electric conductivity), p (density), and
dielectric permittivity () were explicitly defined. These values govern the propagation
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of the electromagnetic wave within the modeled bone layers and directly influence the
energy absorption and resultant SAR. In Figure 4.13 At 50 W power input and 2.45
GHz, the FCC regulatory standard for localized SAR is 1.6 W/kg, averaged overa 1 g
volume of tissue [46]. This standard ensures safety by limiting the energy deposition
to levels that do not induce harmful thermal effects.

The SAR averaging volume is a crucial aspect of the analysis. Regulatory bodies
typically define SAR as an average over a specified mass of tissue, such as 1 g (FCC)
or 10 g (ICNIRP). In CST, the averaging process calculates the absorbed power within
the tissue volume corresponding to the chosen mass and normalizes it by the tissue
density. For the given model, where the total mass is 3.5 g, a 1 g averaging volume
was selected to align with FCC standards. From CST, SAR value of 0.294 W/kg, ob-
tained from the 1 g analysis, as shown in fig4.14, is well below the FCC safety limit of
1.6 W/kg. The color map of SAR analysis highlights the localized energy absorption
across the tissue model, with the highest absorption regions indicated by red. This
value indicates that the energy absorbed by the tissue at a frequency of 2.45 GHz, even
with an input power of 50 W, remains within safe exposure limits.

W/kg

Figure 4.14: Visualization of SAR distribution for 1 g averaging mass at a frequency
of 2.45 GHz, showing a maximum SAR value of 0.296 W/kg

The result confirms that the electromagnetic energy is distributed effectively within
the model, ensuring compliance with regulatory standards. This approach ensures
that the SAR computation is both localized and compliant with regulatory require-
ments.

One critique, however, lies in the simplification of tissue characteristics, as the model

assumes constant values for conductivity, density, and permittivity, potentially over-
looking the complex variability and heterogeneity in these properties across different

50



individuals or tissue types. Moreover, while the 1g averaging volume adheres to the
FCC standard, the model does not account for potential variations in tissue compo-
sition or localized effects that may arise in other tissue volumes (e.g., 10g averaging,
as per ICNIRP standards). A more comprehensive study, incorporating these factors,
could yield more robust safety assurances for varied clinical scenarios. Nonetheless, the
results from this SAR analysis affirm that, under the specified conditions, the RF-based
system remains within safety limits for bone health evaluation.

4.3 Experimental Testing

For the experimental setup, two identical antennas were fabricated and positioned in
a face-to-face configuration to evaluate their real time performance by using a vector
network analyzer (VNA).

4.3.1 Autonomous Antenna Testing

Initially, the experiment was conducted without the bone model to assess the individ-
ual performance of each antenna. The primary focus was to measure the gain values
of the fabricated standalone antenna in an anechoic chamber, at both the design fre-
quency of 2.45 GHz and the observed operating frequency of 2.6 GHz. Measurements
were performed in two distinct planes— the co-plane and the cross-plane— to thor-
oughly evaluate the antenna’s radiation characteristics and performance across various
orientations. Whereas, the co-plane and cross-plane measurements represent the po-
larization characteristics of the antenna’s radiated field. The co-plane refers to the
gain in the plane of the desired polarization of the antenna (typically the plane of
maximum radiation). In contrast, the cross-plane refers to the gain in the orthogonal
plane, representing the unwanted or undesired polarization component.

Whereas, the co-plane and cross-plane measurements represent the polarization char-
acteristics of the antenna’s radiated field. The co-plane refers to the gain in the plane
of the desired polarization of the antenna (typically the plane of maximum radiation).
In contrast, the cross-plane refers to the gain in the orthogonal plane, representing the
unwanted or undesired polarization component.

Experimental testing at 2.45 GHz revealed that the gain in the co-plane was mea-
sured at 2.363 dB, while in the cross-plane, the gain was marginally higher at 2.923
dB. At 2.6 GHz, a significant increase in gain was observed in both planes, with the
co-plane gain reaching 5.847 dB and the cross-plane gain at 4.787 dB. These findings,
presented in Table 4.1, highlight a noticeable improvement in gain as the frequency
increased from 2.45 GHz to 2.6 GHz. This enhancement in gain can be attributed to
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potential variations in the antenna’s resonant characteristics, influenced by the fabri-
cation process or material properties, which may have altered the antenna’s resonant
frequency and radiation efficiency. Such frequency-dependent variations are typical in
antenna behavior, where resonance and impedance matching are sensitive to subtle
changes in the physical dimensions and dielectric properties of the antenna.

Table 4.1. Gain in dB of the Standalone Antenna at 2.45 GHz and 2.6 GHz
Measured in Co-Plane and Cross-Plane

Frequency Gain (dB) Gain (dB)

(GH2z) Co-Plane Cross-Plane
2.45 2.363 2.923
2.6 5.847 4.787

When compared to the simulation setup, which predicted a gain of 3.051dB at
2.45 GHz, the experimental results show a slight discrepancy. The co-plane gain in
the anechoic chamber was observed to be lower than the simulated value, while the
cross-plane gain slightly exceeded the simulation. These differences can be attributed
to various factors, including fabrication tolerances, connector losses, and the real-world
imperfections that differ from idealized simulation conditions.

Overall, the experimental testing in the anechoic chamber provide valuable insight
into the actual performance of the fabricated antenna. This shift in operating fre-
quency to 2.6 GHz was also reflected in all the other parameters as well. The radiation
patterns for the antenna were measured at 2.45 and 2.60 GHz for both the E-plane
and H-plane configurations, as shown,

In Figure 4.15, the azimuthal plane exhibits a relatively uniform and omnidirectional
radiation pattern. Maximum radiation occurs along certain directions, with minor
variations and lobes in intensity. The amplitude shows consistency across most of the
360°range, indicative of a stable performance in this plane. Whereas, the elevation
plane shows a less uniform pattern compared to the azimuthal plane. The amplitude
of the radiation is lower in several regions compared to the azimuthal plane.

In Figure 4.16, the plots provide insights into the azimuthal (red curve) and ele-
vation (blue curve) radiation characteristics in each orientation. The azimuthal plane
exhibits a stable radiation pattern with the main lobe directed prominently along
0°. Radiation is relatively consistent across the surrounding angles, indicating good
directivity along the desired axis. Elevation Radiation (Blue Curve), shows a more
irregular distribution, with smaller lobes present in different directions. The E-plane
demonstrates strong directivity, making it suitable for applications requiring a focused
beam along a specific direction.
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Figure 4.15: Measured Radiation pattern for (a) the patch antenna operating at 2.45
GHz in Plane 1 and (b) the patch antenna operating at 2.45 GHz in Plane 2, during
experimental testing in the anechoic chamber, is plotted with azimuthal (blue) and
elevation (red) planes.
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oriented in standard upright position at 90° position

Figure 4.16: Measured Radiation pattern for (a) the patch antenna operating at 2.60
GHz in Plane 1 and (b) the patch antenna operating at 2.60 GHz in Plane 2, during
experimental testing in the anechoic chamber, is plotted with azimuthal (red) and
elevation (blue) planes.

The comparison of radiation patterns at 2.45 GHz and 2.60 GHz highlights notable
variations due to the antenna’s resonant frequency shift. At 2.45 GHz, the radiation
pattern shows moderate stability but exhibits less directivity, with evident nulls and
sidelobes, especially in the elevation plane. However, at 2.60 GHz, the radiation pat-
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tern becomes more focused and directional in the azimuthal plane, with increased gain
and reduced sidelobe levels.

Frequency shift from 2.45 GHz to 2.6 GHz after fabrication is a well-known occur-
rence in antenna design, typically resulting from variations in fabrication processes
and material properties. This phenomenon has been extensively explored in several
research studies. [47] discusses how deviations in geometry parameters from their
nominal values can lead to frequency shifts, particularly in narrowband and multiband
antennas. [48] analyzes the impact of material and fabrication tolerances on antenna
performance, highlighting the challenges in maintaining desired resonant frequencies
due to manufacturing variations. [49] examines how manufacturing tolerances affect
the resonance frequency, emphasizing the need for precise fabrication to achieve in-
tended performance.

The measured s11 parameter for one antenna was observed to be -15.54 dB at a res-
onance frequency of 2.63 GHz, while the s22 parameter for the second antenna was
recorded as -21.99 dB at 2.61 GHz as shown in Figure 4.17. These values were ob-
tained from experimental data processed and plotted using MATLAB. ldeally, both
parameters s11 and s22 should exhibit identical values, but discrepancies arose due
to minor variations introduced during the fabrication process. Such variations are at-
tributed to slight imperfections in the material properties, manufacturing tolerances, or
assembly alignment, which are challenging to control precisely. These findings provide
an essential comparison point against the simulated parameters to validate the design’s
real-world performance.
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(a) Fabricated antenna 1 (b) Fabricated antenna 2

Figure 4.17: S-parameters of the fabricated antennas where, (a) s11 of -15.54dB at
2.63GHz, (b) s22 of -21.99dB at 2.61GHz

54



The other parameter that was visualized with the help of s-parameters was the Volt-
age Standing Wave Ratio (VSWR) of the fabricated antennas was analyzed through
MATLAB-generated graphs. The measured VSWR value was 1.40 at 2.63Ghz as shown
in Figure 4.18. This demonstrates acceptable matching at the operating frequencies,
further confirming the operational efficiency of the fabricated antennas. However, if we

Voltage Standing Wave Ratio (VSWR)

VSWR (2.63, 1.40)

D k. | : e
2.2 2.4 2.6 2.8 3
Frequency / GHz

Figure 4.18: VSWR of fabricated antenna 1.40 at 2.63GHz

draw a comparison of the simulated VSWR value of 1.196 at 2.45GHz with the mea-
sured value of 1.40 at 2.63GHz. The observed deviation can primarily be attributed
to a shift in both frequency and magnitude. While the simulation model was set to
operate at 2.45 GHz, the fabricated antennas exhibited a new operational frequency
at 2.6 GHz. This discrepancy is a result of inherent limitations in the fabrication pro-
cess, including material inconsistencies, alignment errors, and the absence of idealized
conditions found in the simulation model. Additionally, environmental factors such as
connector losses and variations in the experimental setup further contribute to these
discrepancies. Despite these deviations, the measured Voltage Standing Wave Ratio
(VSWR) remains within acceptable limits, indicating minimal reflection and ensuring
efficient power transmission within the system. These detailed observations provide
crucial insights for understanding the antenna’s performance and will be instrumental
in validating the system’s robustness under real-world conditions.

4.3.2 Antenna Testing with Bone Model

In this subsection, the experimental results obtained from testing the fabricated an-
tenna setup using a Vector Network Analyzer (VNA) are presented. The experiment
was conducted with two face-to-face antennas, with a cork material placed equidistant
between them, simulating a bone model. The cork was chosen as a proxy for bone
tissue due to its comparable dielectric properties, allowing for an approximation of the
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electromagnetic interactions between the antennas and bone.

Cork is often used as a surrogate material in experiments simulating bone due to
its similar dielectric properties with bone. While it is not an exact replica of bone
tissue, cork’s structure and composition allow it to mimic certain key characteristics,
such as its relative permittivity (dielectric constant) and attenuation behavior.

Cork has a relatively low dielectric constant, somewhat similar to that of bone, par-
ticularly in the frequency range used for many RF-based measurements. This makes
it suitable for studying electromagnetic interactions and wave propagation in a con-
trolled, replicable way. Additionally, cork has a porous structure that can mimic bone’s
cellular pattern, influencing how electromagnetic waves interact with it. While bones
exhibit varying densities in their cortical and trabecular regions, cork offers a material
with low density and a comparable structural pattern.

Moreover, cork is a readily available, non-toxic material, making it practical for use
in experiments where cost and safety are considerations. Although not identical to
bone, cork’s electromagnetic wave attenuation and absorption characteristics provide a
reasonable approximation of how waves might propagate through bone tissue, particu-
larly in low-frequency RF studies. In this way, cork therefore serves as an appropriate
surrogate for bone in initial studies and proof-of-concept experiments, offering an effec-
tive approximation for bone-like behavior in terms of electromagnetic wave interactions.

As shown in Figure 4.19 measurements were taken for three different separation dis-
tances between the antennas: 100 mm, 200 mm, and 300 mm, the same as in the
software simulations so we can easily compare the software results with the experimen-
tal results. The primary focus of this analysis was on the S parameters, specifically

/
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Figure 4.19: Experimental setup showing the placement of two fabricated antennas,
with a 100 mm separation distance. A cork material in center, representing a bone
model
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s11 (reflection coefficient) and s21 (transmission coefficient), to evaluate the interaction
of the electromagnetic waves with the cork model in the experimental setup. Results
provided a comprehensive understanding of the impact of varying distances on signal
attenuation and energy absorption by the porous bone model. We have already dis-
cussed the results of the parameters s11 and s22 for fabricated antennas without the
cork (bone model), the next measured value as in Figure 4.20, was when we placed
the cork at a distance of 50mm from the antennas and an overall distance of 100mm
between the antennas. In the presented graph, s11 paramters are represented with a
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Figure 4.20: s11 and s21 parameters for the setup with the bone model placed cen-
trally between the two antennas, highlighting the reflection and transmission charac-
teristics of the system

blue line, and marker indicates the value of -13.30 dB at 2.63 GHz frequency. This
finding is significant for bone health applications, as it suggests that electromagnetic
wave transmission through bone-like materials can be efficiently achieved, minimizing
reflection losses that could impact the accuracy of diagnostic or therapeutic applica-
tions.

Whereas, s21 paramters are represented with a red line and the marker indicates its
value of -12.71dB at 2.60 GHz. The s11 parameter exhibits good impedance matching
at this frequency, indicating that minimal energy is reflected back to the antenna, en-
suring efficient coupling at the operating frequency of 2.6GHz for fabricated antennas.
The s21 parameter, on the other hand, reflected the amount of energy transmitted
through the cork material. This value indicates moderate signal attenuation, as about
6.3% of the input power was transmitted through the system, with the remaining energy
either absorbed or lost due to the interaction with the cork model and the propagation
path. An ideal system with minimal signal loss should have an s21 closer to -10 dB or
better.
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Figure 4.21: In experimental setup, cork model positioned at the center, 100 mm
from each antenna, with a total separation of 200 mm between Antenna 1 and An-
tenna 2

To demonstrate the next experiment of varying distance, in Figure 4.21 (cork) bone
model was placed at a distance of 100mm from both antennas, creating a total distance
of 200mm between the antennas.

Reflecting on the impact of S21, specially for applications in bone health, this atten-
uation is crucial, as it directly correlates with the tissue’s electromagnetic properties,
which can be used to assess bone density and structure. Bone mineral density, a key
factor in bone health, influences how electromagnetic waves are absorbed or transmit-
ted, as denser bone tissues typically lead to greater signal attenuation. The observed
moderate signal loss in this experiment provides insights into how bone health could af-
fect RF signal propagation, where diseased or osteoporotic bone may show even higher
attenuation, offering potential for early diagnosis through electromagnetic wave-based
techniques.

After simulation, it was evident that the increase in distance caused significant de-
viations in the s-parameters. At a distance of 100mm bewtween both the antennas,
s11 was measured at -13 dB, and s21 was -12 dB at 2.63 and 2.60 GHz respectively.
With the cork model in center and antennas at 200 mm distance from eachother as
shown in Figure 4.22, s11 decreased to -14.56 dB, and s21 reduced to -17.36 dB at
2.63GHz. This trend indicates a slight frequency shift in s21, improved impedance
matching for s11 parameter, meaning the antenna is coupling more energy into the
system instead of reflecting it back. For our experiment as the distance increases, the
transmitted signal has to travel through a larger portion of the medium (air and cork).
The cork material, representing a lossy porous bone, may absorb more energy, which
could lead to less reflection(s11) and higher values of transmission loss(s21 further de-
creases).
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Figure 4.22: s11 and s21 parameters for the overall distance of 200mm

Lastly, the distance was set at a total distance of 300mm and 150mm at each side
from the cork, as shown in Figure 4.23. As a result for this last configuration, graph

Figure 4.23: In experimental setup, cork model positioned at the center, 150 mm
from each antenna, with a total separation of 300 mm between Antenna 1 and An-
tenna 2

in Figure 4.24 highlights the effect of distance on the measurement by placing the cork
model at a distance of 150mm. At a frequency of 2.63 GHz s11 has a value -15.54dB.
While, a slight frequency shift towards left has been observed in s21, it has a vakue of
-21.01dB at 2.61GHz. The distance has a direct effect on the values of transmission
coefficient (s21), as the distance increases signal attenuation further increases, causing
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a drop in the values of s21.

At shorter distances, such as 100 mm, the s21 values are relatively higher because
the path loss and material absorption are minimal. However, as the distance increases
to 200 mm and 300 mm, the s21 values decrease, reflecting the increased losses in
transmission. This relationship highlights the combined effects of propagation losses
and material properties, with the porous nature of the cork model playing a significant
role in attenuating the signal as it passes through.
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Figure 4.24: s11 and s21 parameters for the experimental setup at a total distance of
300mm

4.4 Correlation of Experimental Testing and Simula-
tion

The comparison between CST software simulations using segmented 3D bone model
and experimental measurements for the fabricated antenna setup, with a bone model
represented by a cork, reveals several critical insights into the differences and simi-
larities in system behavior. Initially, the microstrip patch antenna design in software
simulations was targeted to operate at the standard frequency of 2.45 GHz, which cor-
responds to the ISM band. However, after fabrication and experimental testing, the
operating frequency shifted to approximately 2.60 GHz. This shift can be attributed
to several factors. During fabrication, minor deviations in material properties (e.g., the
available dielectric constant of the substrate) and dimensional tolerances (e.g., slight
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variations in antenna dimensions) can cause changes in the antenna’s resonant behav-
ior. Additionally, environmental factors, such as imperfections in the soldering process
or coupling effects in the experimental setup, could further contribute to this frequency
shift. This highlights the inherent differences between idealized software simulations
and real-world physical implementations.

When the antennas were placed in a face-to-face configuration during testing, the
s11 (input reflection coefficient) and s22 (output reflection coefficient) responses were
observed to be similar in both software simulations and experimental measurements.
Both simulations and experiments showed these parameters to resonate around the
shifted operating frequency of 2.60 GHz. Software simulations typically provide ideal
results due to the absence of physical imperfections or environmental interferences. In
simulations, the response of s11 and s22 was symmetric, and the transmission coeffi-
cients s21(forward transmission) and s12 (reverse transmission) also showed identical
behavior due to the idealized conditions. However, during experimental testing of
the fabricated antennas, slight variations were observed between these parameters, es-
pecially in s21 and s12 These variations can be attributed to real-world effects such
as material losses, fabrication tolerances, and minor asymmetries in the experimental
setup.

In software simulations, s11 exhibited a deep resonance dip, reflecting excellent impedance
matching and minimal reflection at the operating frequency. Similarly, s21 showed
higher transmission values, indicating minimal attenuation as shown in a combined
graph in Figure 4.25. In comparison, the measured experimental results showed a
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Figure 4.25: Simulated magnitude plot of s11 and s21 for antenna distances of 100
mm, 200 mm, and 300 mm. Markers indicate key resonance points

similar trend for s11 but with a slightly less pronounced dip, likely due to real-world
imperfections and additional reflection at the antenna interfaces. For s21, the experi-
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mental results showed lower transmission values compared to simulations, highlighting
the influence of material absorption and dielectric losses introduced by the cork model
and other setup components.

A combined graph for experimental values is as shown in Figure 4.26. The com-
parison underscores that while software simulations provide an idealized prediction
of antenna behavior, experimental measurements reveal the impact of real-world im-
perfections and environmental factors. Despite these differences, the trends observed
in both approaches align, offering valuable insights in bone health evaluation, as an
application of wearable antennas.
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Chapter 5

CONCLUSIONS

This research successfully developed a non-invasive RF-based prototype for assessing
bone health, addressing critical limitations in traditional diagnostic techniques such as
DEXA scans. The primary goal was to create an innovative solution that leverages
radio frequency (RF) technology, offering a safer, more accessible, and cost-effective al-
ternative. Through the integration of detailed 3D modeling, microstrip patch antenna
design, and experimental validation, the study demonstrated the feasibility of using
RF technology for bone health assessment. The findings of this research not only show
the potential for RF-based solutions in monitoring bone density and composition but
also pave the way for future advancements in non-invasive diagnostics for conditions
like osteoporosis and osteopenia.

A novel approach was introduced to perform analysis on an anatomically realistic bone
model, comprising two distinct bone layers: cortical and trabecular. This approach dif-
fers significantly from existing literature, where simplified human phantoms or bovine
bones are often used, with porosity artificially introduced by drilling. By constructing
a detailed 3D model from high-resolution CT scans and assigning accurate dielectric
properties to each bone layer, this study achieved a more precise representation of bone
anatomy. This allowed for more realistic evaluations of electromagnetic wave interac-
tions with bone structures, offering new insights into how RF signals respond to bone
porosity and dielectric variations.

The design and optimization of two identical microstrip patch antennas operating at
2.45 GHz within the ISM band formed the core of this study. These antennas were
tailored for on-body applications and demonstrated their ability to analyze electromag-
netic energy transfer. Through simulations and experimental setups, variations in s11
(reflection) and s21 (transmission) parameters were observed. These trends highlighted
the influence of dielectric properties and antenna positioning on signal behavior, pro-
viding critical insights into bone porosity and structure.
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The integration of simulation and experimental validation reinforced the reliability of
this approach. Despite challenges such as frequency shifts in fabricated antennas and
the use of cork as a bone model, the overall correspondence between simulation predic-
tions and experimental results supported the viability of this RF-based methodology.
Furthermore, the study demonstrated how distance and dielectric properties influenced
antenna performance, providing a robust foundation for understanding these parame-
ters in biological contexts.

This research represents a significant advancement in orthopedic diagnostics, with im-
plications for the development of portable and wearable diagnostic tools. Such devices
could enable early intervention for bone health issues, particularly in regions where
conventional diagnostic technologies are unavailable or impractical. While the limita-
tions and recommendations for future work are discussed in next chapter, this study
establishes a strong basis for further exploration of RF-based medical diagnostics.

In conclusion, this research highlights the transformative potential of RF technology in
bone health assessment. By introducing a non-invasive, anatomically realistic alterna-
tive, this study contributes to the broader efforts to improve skeletal health diagnostics
and enhance global healthcare. The findings underscore the promise of RF-based meth-
ods in addressing critical gaps in bone health management, early detection of diseases
like osteopenia and real-world applications.
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Chapter 6

LIMITATIONS AND FUTURE
RECOMMENDATION

The current study, while effectively demonstrating the interaction of electromagnetic
waves with a bone model using custom-designed antennas, reveals several limitations
that must be addressed to realize its full potential for practical applications. One no-
table limitation is the use of cork material as a bone substitute. While cork serves as an
initial prototype, it does not accurately replicate the complex dielectric and structural
properties of human or bird bones.

Future work should focus on utilizing physical testing of actual bird bones to more
closely emulate the physical characteristics of bone tissue. This adjustment will refine
the accuracy of wave propagation studies, providing a more reliable foundation for fu-
ture diagnostic applications in bone health.

Another area for enhancement is the antenna design. Although the fabricated antenna
operates efficiently within the ISM band at 2.60 GHz, exploring alternative antenna
shapes and targeting different frequencies within the ISM band could optimize the sys-
tem for various medical applications. These modifications could further improve the
system’s precision and adaptability, ensuring its relevance across a broader range of
clinical contexts.

Additionally, reducing the frequency shift between simulations and experimental results
through improvements in antenna fabrication would enhance the alignment between
theoretical models and real-world performance, making the technology more reliable.

Moreover, integrating a substrate with a higher dielectric constant than the currently

used Rogers 5880 substrate would allow for a smaller antenna design, facilitating a
more compact and portable system without compromising performance.
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The current prototype remains a lab-scale configuration, presenting a key challenge
for its practical application. A critical next step involves miniaturizing the system into
a wearable device, such as a wristwatch, which would make bone density measurement
more accessible and user-friendly. This wearable device could seamlessly integrate with
existing medical technologies, offering a non-invasive alternative to current bone health
diagnostics like DEXA scans. However, the transition from prototype to practical tool
requires comprehensive validation through clinical trials and collaboration with health-
care professionals. This collaboration will be vital for refining the device’s accuracy
and usability, ensuring that it meets the clinical standards required for routine medical
applications.

Moreover, the study highlights a limitation in performance as the distance between
antennas increases, particularly concerning signal attenuation in the s21 values. This
suggests that the current system may face challenges in patients with larger anatomi-
cal dimensions or in cases requiring measurements over greater distances. Future work
should focus on optimizing the antenna design and transmission system to mitigate
these losses, expanding the potential applicability of the device. Additionally, envi-
ronmental factors such as external interference and surrounding dielectric materials
were not fully considered in this study, yet these variables could substantially impact
real-world performance. Future studies should incorporate more complex experimental
environments to account for such factors.

In conclusion, while the present study lays a robust foundation for a novel approach to
bone health evaluation, substantial room exists for enhancement. Key advancements
include refining the prototype design, employing anatomically realistic bone models,
integrating high-dielectric substrates to reduce antenna size, collaborating with med-
ical experts, and addressing practical limitations to enable the system’s translation
into a viable medical device. These efforts will not only enhance the reliability and
accuracy of the RF-based bone health assessment system but will also pioneer new
possibilities for the integration of RF technology into healthcare diagnostics, position-
ing it as a valuable tool in the future of non-invasive medical imaging and bone health
monitoring.
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