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Abstract
Intracerebral hemorrhage (ICH) is a life-threatening form of stroke, responsible for
approximately 3.3 million deaths annually worldwide and contributing to a global
economic burden exceeding $890 billion per year. Clinical evidence shows that early
detection and rapid intervention significantly reduce mortality, underscoring the
need for fast and reliable diagnostic techniques.
In this study, we propose a low-cost, portable microwave-based system for early de-
tection of intracerebral hemorrhage. The system integrates a wearable circumferen-
tial antenna array for signal transmission and reception with an image reconstruction
algorithm for recovering internal brain structures, enabling rapid and non-invasive
detection of hemorrhagic regions.
A major challenge in such systems is that microwave signals radiated by the anten-
nas propagate in multiple directions, causing neighboring antennas to receive not
only signals transmitted through brain tissues but also unwanted components trav-
eling outside the region of interest. These undesired signals do not contain useful
intracranial information and can degrade imaging accuracy. To mitigate this issue,
dielectric gel is applied to the lateral and posterior sides of the antennas to suppress
these unwanted signal components.
To achieve this, we focus on the dielectric properties of the gel, specifically its
relative permittivity and conductivity. Through controlled comparative evaluations,
the effects of permittivity and conductivity are systematically investigated, and
optimal values are identified at approximately 40 and above 5 S/m, respectively.
Based on these target properties, a material is synthesized using silicone rubber
as the base matrix and carbon black (CB) as a conductive filler. The fabricated
material exhibits a relative permittivity of approximately 15 and a conductivity
around 15 S/m, approaching the target values while remaining practically realizable.
The proposed material is incorporated into the antenna configuration within a sim-
plified head model in electromagnetic simulations. The antennas placed along the
lateral and posterior sides are loaded with the synthesized material, and the resulting
S-parameters are collected for image reconstruction using the Delay-Multiply-and-
Sum (DMAS) algorithm. The reconstructed images demonstrate improved localiza-
tion of hemorrhage regions compared to the case without gel, showing clearer and
more focused imaging results.

Keywords—Microwave imaging, Brain hemorrhage, Multipath wave, Dielectric prop-
erties, S-parameters, Gel.
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1
Introduction

Stroke is a major global health issue, causing approximately 6.5 million deaths
annually and remaining a leading cause of long-term disability worldwide [1, 2].
Rapid diagnosis and timely treatment are critical, as delays can significantly reduce
the effectiveness of time-sensitive interventions and worsen clinical outcomes.
Current stroke assessment relies on clinical evaluation and brain imaging, with non-
contrast CT used to exclude intracranial hemorrhage and MRI providing higher
sensitivity for detecting acute ischemia [5]. However, access to imaging facilities
and clinical workflow constraints often introduce delays in diagnosis, particularly
in pre-hospital settings. These limitations motivate the development of rapid and
accessible diagnostic approaches for earlier stroke detection.
Microwave imaging (MWI) has emerged as a promising modality for stroke detection
by exploiting dielectric-property contrast between healthy brain tissue, blood, and
ischemic regions [7, 13]. Its potential for fast, non-ionizing, and portable operation
makes it particularly suitable for pre-hospital triage [14].
However, despite these advantages, several practical challenges hinder its clinical
translation, particularly in scenarios requiring rapid and low-maintenance operation.
Many existing systems rely on liquid coupling media to facilitate signal propagation
and suppress multipath interference [15, 16]. However, such media may exhibit
changes in physical properties over time, compromising electromagnetic stability
and limiting durability in repeated use.
These limitations motivate the exploration of alternative lossy materials that can
provide effective multipath suppression while offering improved robustness, stability,
and ease of handling. In this work, we explore the use of a durable and stable
coupling material for microwave-based brain imaging, aiming to suppress multipath
interference.

1.1 Stroke Background
Stroke is a time-critical neurological emergency that requires rapid diagnosis and
intervention. It is defined as an acute neurological deficit of vascular origin and
can lead to irreversible brain injury within minutes if untreated, often presenting
with symptoms such as focal weakness, visual impairment, or speech disturbance
[8]. Clinically, stroke is broadly classified into two major types: ischemic stroke,
caused by arterial occlusion, and hemorrhagic stroke, caused by intracranial bleed-
ing. Among these, ischemic stroke accounts for the majority of cases, while hemor-
rhagic stroke, although less common, is associated with more severe early neurolog-
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1. Introduction

ical deterioration and higher early mortality [8, 9].
Hemorrhagic stroke, particularly intracerebral hemorrhage, is characterized by bleed-
ing within brain tissue that leads to rapid neurological decline. Extravasated blood
can directly damage surrounding brain structures and increase intracranial pressure,
contributing to high case fatality and severe clinical outcomes [8, 9]. Due to its rapid
progression and high mortality risk, accurate and timely detection of intracranial
hemorrhage is essential in both pre-hospital and in-hospital settings.
Stroke outcomes vary widely depending on lesion size, location, and the timeliness
of medical intervention. Clinical severity can range from transient ischemic attacks
with fully reversible symptoms to large infarctions or hemorrhages causing perma-
nent disability or death [8]. Case fatality is influenced by multiple factors, including
delays in symptom recognition, severity of the vascular event, and involvement of
critical brain regions such as the brainstem [9]. Although timely treatment—such
as reperfusion therapy for ischemic stroke and surgical or medical management for
hemorrhagic stroke—can improve outcomes, a substantial proportion of patients
still experience long-term functional impairment [8, 9]. These challenges highlight
the critical importance of rapid and reliable diagnostic approaches for early stroke
detection.

1.2 Microwave Imaging
Microwave imaging (MWI) is a non-ionizing imaging modality with strong potential
for rapid and portable brain diagnostics. It operates using electromagnetic waves in
the microwave frequency band, typically in the sub- to low-gigahertz range, where
wavelengths are sufficiently long to penetrate the head while still maintaining useful
spatial resolution [10, 11], although some studies extend to higher frequencies up
to around 10 GHz. Compared with conventional imaging techniques such as X-ray
computed tomography (CT) and magnetic resonance imaging (MRI), MWI offers
several advantages, including low-cost hardware implementation, compact system
design, and fast data acquisition. These features make it particularly attractive for
pre-hospital triage and bedside monitoring in time-critical conditions such as stroke
and intracranial hemorrhage [7, 13, 14].
The fundamental imaging mechanism of MWI relies on dielectric-property contrast
between different biological tissues. The electromagnetic response of biological tissue
at microwave frequencies is commonly described by the complex relative permittivity
ε∗

r(ω),

ε∗
r(ω) = ε′

r(ω) − j
σ(ω)
ωε0

, (1.1)

where ε′
r(ω) is the relative permittivity, σ(ω) is the effective conductivity, ω is the

angular frequency, ε0 is the permittivity of free space, and j is the imaginary unit
[69]. Different tissues exhibit distinct dielectric properties; for example, water-rich
tissues and blood typically have higher permittivity and conductivity than bone
or fat, and pathological changes can further modify these properties [69]. This
contrast enables MWI to distinguish between normal and abnormal regions, such as
hemorrhagic lesions.
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1. Introduction

A typical MWI system for brain imaging consists of a multistatic antenna array and
an image reconstruction process. Multiple wideband antennas are arranged around
the head, where each antenna sequentially transmits microwave signals while the
others measure the scattered fields. This procedure is repeated across different
transmit–receive combinations to collect scattering data associated with the inter-
nal dielectric distribution [7, 10]. The acquired data are then processed through an
inverse problem, commonly formulated as electromagnetic inverse scattering or to-
mographic reconstruction, to recover images of the spatial variations in permittivity
and conductivity. Such approaches have been applied to detect intracranial abnor-
malities, including hemorrhagic stroke, by exploiting the higher dielectric properties
of blood relative to surrounding brain tissue [13].

1.3 Coupling Media
In microwave imaging, the coupling medium between the antenna array and the body
plays a key role in improving power transfer, reducing surface-wave–dominated mul-
tipath components, and enhancing the robustness of image reconstruction. Although
air-coupled systems provide greater operational convenience and enable non-contact
bedside measurements, they suffer from a strong impedance mismatch between air
(ϵr ≈ 1) and high-permittivity biological tissues. This mismatch leads to substantial
reflection at the skin interface, thereby reducing the electromagnetic energy coupled
into deeper regions and increasing multipath interference[56]. For this reason, phys-
ical coupling media are commonly introduced to improve impedance matching and
to attenuate surface-wave propagation.
From the perspective of mechanical form factor and maintenance requirements, cou-
pling materials can be broadly grouped into three classes: liquid gels, semi-solid gels,
and solid layers. This section reviews representative work in each category and sum-
marizes the design constraints for durable, solid-state matching layers.
The key challenge in designing coupling media lies in achieving appropriate dielectric
properties. In particular, permittivity and conductivity must be carefully selected,
as they influence different aspects of electromagnetic wave propagation. Materials
that deviate from suitable ranges may either reflect excessive energy at interfaces or
fail to sufficiently attenuate unwanted scattered signals.
This behavior can be understood through the relative contributions of conduction
and displacement currents in time-harmonic electromagnetic fields. The total cur-
rent density is given by

Jtot = σE + jωεE, (1.2)

where σ represents electrical conductivity, ω is the angular frequency, and ε is the
permittivity. The ratio between these terms determines the effective loss character-
istics of the material and directly influences wave attenuation and propagation.
A sufficiently high conductivity is beneficial for reducing multipath interference by
increasing electromagnetic losses. Such losses help attenuate reflected and scattered
fields within the imaging domain. However, excessive conductivity may also reduce
penetration depth, requiring careful optimization.
At the same time, permittivity plays a key role in impedance matching at material
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1. Introduction

interfaces. When the dielectric properties of two media are similar, reflections at
the interface are reduced, improving power transmission into biological tissue [39].
To address these requirements, this work focuses on silicone-based composite ma-
terials loaded with conductive fillers such as carbon black. Carbon-black-loaded
polymers are widely used for tuning dielectric properties at microwave frequencies,
enabling controlled adjustment of conductivity and permittivity through filler con-
centration and dispersion [88, 40].

1.3.1 Liquid Media
Liquid baths are a common solution in microwave tomography. By immersing the
anatomical target in a tank filled with water, saline, or glycerin mixtures, a high-
permittivity, moderately lossy background is created. This environment improves
impedance matching and attenuates surface-wave propagation. Meaney et al. char-
acterized glycerin–water mixtures across 0.1–25 GHz and reported that mixtures
with 70–90% glycerin exhibit conductivities above 1 S/m in the 1–3 GHz band [20].
This work showed that the liquid composition can be tuned to balance coupling
efficiency with multipath attenuation.
More recently, Fang et al. introduced a shelf-stable, food-grade emulsion designed
specifically for microwave imaging [16]. Unlike glycerin mixtures, this protein-
stabilized emulsion is bubble-free and maintains stable dielectric properties over
several days, with low thermal sensitivity. While these liquid solutions offer strong
tunability, they require fluid handling, tank maintenance, and periodic replacement,
which poses integration challenges for compact or clinical bedside systems. In addi-
tion, the interface between the patient and the liquid presents practical challenges,
particularly in pre-hospital settings, where immersing a patient in a liquid medium
is not feasible.

1.3.2 Semi-solid Media
Semi-solid gels provide an intermediate solution by enabling localized coupling with-
out bulky immersion setups. Guerrero Orozco et al. developed a lossy saline–agar
gel placed directly behind the antenna to create a localized coupling environment
[50]. This approach approximates the effect of a global bath, while their results
showed that increasing gel losses reduced multipath interference and improved im-
age repeatability.
The theoretical basis of matching media was analyzed by Lui and Andreas Fhager,
who investigated how the permittivity and conductivity of the medium affect elec-
tromagnetic wave propagation, including reflection, transmission, and absorption
within biological tissues [21, 22]. These studies primarily consider matching media
placed between air and tissue to reduce impedance mismatch and improve wave
penetration.
Similarly, Koutsoupidou et al. [43] investigated a dielectric matching cap surround-
ing the head to enhance electromagnetic coupling at the air–tissue interface, demon-
strating reduced reflections and improved penetration and sensitivity.
Although the lossy gel used in this work serves a different purpose—namely sup-
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pressing antenna coupling and multipath effects rather than achieving impedance
matching—the insights from these studies regarding the role of permittivity and con-
ductivity provide useful guidance. In this sense, the design of the lossy gel can be
informed by similar electromagnetic principles, even though the intended function
differs.
These studies collectively suggest that while semi-solid materials offer electromag-
netic advantages, their mechanical compliance may still present practical challenges
compared to fully solid implementations.

1.3.3 Solid Media
For microwave imaging systems intended for repeated clinical use, solid coupling
layers provide a more stable and maintenance-free alternative to conventional liquid
media. By replacing liquid-filled tanks with a reusable solid layer integrated directly
into the antenna array, the system achieves a stable electromagnetic environment
while also offering improved mechanical protection for the antennas. In addition,
solid layers eliminate issues such as leakage, evaporation, and frequent refilling,
which are inherent to liquid-based systems and increase operational complexity.
Despite these advantages, replacing liquid coupling media with solid materials intro-
duces stringent requirements on material properties. The solid layer must replicate
the favorable electromagnetic characteristics of liquid or semi-solid matching me-
dia while maintaining sufficient mechanical robustness. Such matching media are
known to improve impedance matching at the air–skin interface and enhance the
transmission of electromagnetic energy into biological tissues [38, 39].

1.4 Antennas for Microwave Imaging
Antennas play a central role in microwave imaging systems, serving as both trans-
mitters and receivers of electromagnetic waves interacting with biological tissues.
A wide variety of antenna designs has been proposed, each offering different trade-
offs in terms of bandwidth, directivity, compactness, and compatibility with lossy
and inhomogeneous media. Common examples include bow-tie antennas, Vivaldi
antennas, and monopole-based structures, which can be used either as individual
elements or in antenna arrays for imaging.
Bow-tie and Vivaldi antennas have been widely investigated due to their ultra-
wideband characteristics and directional radiation properties. For instance, self-
grounded bow-tie antennas provide stable radiation patterns and good impulse-
response behavior [44], while also maintaining wide bandwidth under dielectric load-
ing conditions, such as in immersion-based imaging setups [45]. Similarly, Vivaldi
antennas offer high directivity and efficient energy coupling into biological tissue,
with variations such as fern-shaped designs improving near-field focusing capabil-
ities [46] and compact antipodal configurations being explored for brain imaging
applications [47]. While these antenna types are well suited for certain scenarios,
particularly where high directivity is required, they are generally less compatible
with compact, wearable, or strongly body-coupled imaging systems.
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Monopole antennas are particularly well suited for wearable microwave imaging
systems due to their simplicity, robustness, and compatibility with lossy coupling
environments. The following discussion highlights their key advantages from the
perspectives of practical implementation, electromagnetic performance, and system-
level modeling.
From a practical implementation perspective, monopole antennas offer compact ge-
ometries and ease of integration. Compared with more complex antenna structures,
monopoles can be readily incorporated into wearable and body-conformal platforms,
such as helmet-based or gel-coupled imaging systems. Their simple design also fa-
cilitates fabrication and alignment in multi-element measurement setups.
From an electromagnetic performance standpoint, monopole antennas exhibit radi-
ation characteristics that are well suited for microwave imaging. They have been
extensively studied in the low-GHz frequency range, where signal penetration into
biological tissues is significantly improved. For example, Thakkar et al. [48] de-
veloped compact monopole structures operating between 0.6 and 1.5 GHz, demon-
strating stable radiation behavior and suitability for multi-element wearable arrays.
Their omnidirectional radiation patterns are particularly advantageous for imaging
systems that rely on distributed sensing around a target region.
In addition, the relatively simple electromagnetic behavior of monopole antennas
facilitates accurate numerical modeling in inverse scattering algorithms. This ad-
vantage is demonstrated in the work of Meaney et al. [55], where a 16-element
circular monopole array was used in a clinical prototype for breast cancer detection.
Their study showed that, when operated in a lossy coupling medium such as water
or saline, monopoles can achieve broadband performance while maintaining stable
impedance matching. These experiments also provided important insights into in
vivo tissue properties, with reported relative permittivity values (εr) ranging from
approximately 20 to 36.
Despite these advantages, the performance of monopole antennas remains strongly
dependent on the surrounding dielectric environment. In particular, their impedance
matching, radiation efficiency, and multipath response are significantly influenced
by the properties of the coupling medium. Guerrero Orozco et al. [50] demonstrated
that integrating lossy semi-solid gels with monopole sensors can effectively suppress
multipath reflections and improve measurement repeatability, highlighting the crit-
ical role of controlled dielectric environments.
Motivated by these considerations, monopole antennas are adopted in this work
as the primary sensing elements for a gel-based microwave imaging system. Their
compact geometry, ease of integration, and robustness in lossy media make them
well aligned with the requirements of solid coupling layers, which are investigated
in the following sections.

1.5 Image Algorithms
In the early development of medical microwave imaging, substantial research fo-
cused on quantitative microwave tomography (MWT). Early work employed iter-
ative inverse-scattering algorithms to reconstruct the spatial distribution of tissue
dielectric properties, such as permittivity and conductivity [60, 61]. However, the as-
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sociated nonlinear and ill-posed inverse problem governed by Maxwell’s equations is
computationally intensive and often requires long execution times, which limits the
practicality of quantitative tomography for time-critical diagnosis and continuous
monitoring [58].
To mitigate these limitations, ultra-wideband (UWB) radar-based qualitative imag-
ing methods, notably confocal microwave imaging, were proposed as computation-
ally efficient alternatives [62, 63]. This approach transmits short UWB pulses into
the tissue and records backscattered signals from dielectric discontinuities. By ap-
plying appropriate time delays to align signals corresponding to a given focal point,
scattering contributions from that location can be coherently combined [58].
The standard Delay-and-Sum (DAS) beamformer subsequently became a baseline
method for this modality due to its simplicity and consistent performance. In DAS,
the received signals are time-shifted according to the expected propagation delay
from each antenna to a focal point, and then summed to enhance coherent reflec-
tions while suppressing incoherent noise. Nevertheless, DAS is susceptible to strong
clutter, particularly dominant reflections from the air–skin interface, which reduce
image contrast and can obscure smaller targets [59].
To suppress clutter and improve the dynamic range of DAS-based imaging, several
more advanced algorithms were developed, including the Microwave Imaging via
Space-Time (MIST) beamforming scheme introduced by Bond et al. [85]. While
MIST employs multi-channel space–time equalizers to compensate for dispersion
and suppress clutter, Lim et al. [59] noted that it depends on accurate prior infor-
mation about the propagation medium and requires complex filter-bank design. The
authors also observed that other adaptive techniques, such as the Generalized Like-
lihood Ratio Test (GLRT) and Time Reversal (TR), can be sensitive to non-uniform
background noise.
To achieve clutter suppression with reduced algorithmic complexity, the Delay-
Multiply-and-Sum (DMAS) beamformer was introduced [59]. Similar to DAS, the
received signals are first time-aligned according to the assumed propagation delay.
However, instead of directly summing the aligned signals, DMAS performs a pairwise
multiplication between signals from different antenna channels before summation.
This nonlinear operation effectively emphasizes coherent signal components associ-
ated with true scatterers, as in-phase signals produce consistently positive contri-
butions, while incoherent noise and clutter tend to cancel out due to random phase
differences. As a result, DMAS can attenuate out-of-phase multipath contributions
and improve the signal-to-clutter ratio (SCR), leading to sharper target localization
compared with standard DAS.
Beyond nonlinear beamforming strategies such as DMAS, recent studies have ex-
plored weighting schemes that exploit measurement geometry. In particular, the
Weighted Delay-and-Sum (WDAS) beamformer[86] extends the conventional DAS
formulation by introducing channel-dependent weighting factors into the summa-
tion process. After time alignment, each signal contribution is scaled according to
a predefined weight, which reflects its expected reliability.
These weights are typically determined based on the transmitter–receiver distance
(TRD), under the assumption that channels with shorter propagation paths expe-
rience less attenuation and dispersion, and therefore retain stronger coherent com-
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ponents . Signals acquired from antenna pairs with shorter separations may exhibit
higher coherence and contain more reliable target information, whereas distant pairs
can be more susceptible to decorrelation and noise.
Overall, these developments highlight the progression from linear beamforming meth-
ods such as DAS to more advanced approaches that incorporate signal coherence
and geometric weighting. In this work, DMAS-based processing is adopted as the
primary imaging strategy due to its ability to enhance coherent scattering while
suppressing clutter, and it is further examined in combination with geometry-based
weighting to improve reconstruction performance.

1.6 Purpose and Aim
Recent progress in microwave imaging has been driven by improvements in coupling
media, antenna design, measurement technology, and imaging algorithms. In par-
ticular, the transition from liquid-based media to semi-solid gels, together with the
development of wideband antenna architectures, has significantly enhanced system
performance and measurement flexibility.
Despite these advances, the practical deployment of microwave imaging systems
in clinical settings remains challenging. Key issues include sensitivity to dielectric
loading, which affects antenna performance, multipath propagation that degrades
image quality, and variability at the antenna–tissue interface caused by inconsistent
contact conditions.
These limitations highlight the need for a systematic investigation of the interaction
between antennas and coupling media. In particular, understanding how the elec-
tromagnetic properties of the coupling layer and the antenna configuration jointly
influence impedance matching, wave propagation, and imaging performance is crit-
ical for improving system reliability and robustness.

1.6.1 Research Aim
The aim of this work is to investigate and optimize a gel-assisted microwave imag-
ing configuration for brain applications, with a particular focus on improving elec-
tromagnetic coupling and suppressing multipath effects in the frequency range of
0.5–1.5 GHz.

1.6.2 Contributions
The main contributions of this work can be summarized as follows:

1. Impact of Coupling Parameters: A systematic investigation of how the
permittivity (εr) and conductivity (σ) of the coupling medium affect wave
propagation. A practical design region is identified, targeting εr ≈ 40 and
σ ≳ 5 S/m at 1 GHz for head imaging applications.

2. Gel Material Synthesis: A practical approach for realizing coupling media
with suitable dielectric properties is proposed using a silicone-based matrix
combined with carbon black as a conductive filler. This approach enables tun-
able conductivity while maintaining mechanical stability, providing a feasible
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compromise between target dielectric performance and material fabrication
constraints.

3. Imaging Validation Using DMAS: The effectiveness of the optimized cou-
pling conditions is evaluated through full-wave simulations and S-parameter-
based reconstruction using the DMAS beamforming algorithm. This step
demonstrates how improved coupling and reduced multipath propagation trans-
late into enhanced target localization in microwave imaging.

1.6.3 Limitations
Some limitations of this study should be noted. First, the evaluation is based on
simplified numerical head models rather than anatomically realistic or experimen-
tal setups, which may not fully capture in vivo tissue heterogeneity. Second, the
study focuses on simulation-based validation using a single reconstruction algorithm
(DMAS), and does not include experimental measurements.

1.6.4 Acknowledgment
The author would like to acknowledge the use of AI-assisted tools for language
refinement and clarity improvement. All scientific content, methodology, and inter-
pretations were developed independently by the author.
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2
Theory

This chapter introduces the electromagnetic and antenna theory required to under-
stand the design, simulation, and analysis of microwave antennas used in near-field
biomedical imaging. The concepts covered include electromagnetic wave propaga-
tion, antenna impedance behavior, scattering parameters, transmission line funda-
mentals, and the computational principles of CST Studio Suite. Together, these
topics provide the theoretical foundation for interpreting how gel permittivity, con-
ductivity, and antenna–tissue interactions affect the antenna performance investi-
gated in this thesis.

2.1 Electromagnetic Fundamentals

2.1.1 Maxwell’s Equations
Electromagnetic phenomena are governed by Maxwell’s equations, which describe
the generation and evolution of electric and magnetic fields in space and time [72, 71].
In differential form, they are expressed as:

∇ · D = ρ, (2.1)
∇ · B = 0, (2.2)

∇ × E = −∂B
∂t

, (2.3)

∇ × H = J + ∂D
∂t

. (2.4)

Here, E denotes the electric field intensity (V/m), H the magnetic field intensity
(A/m), D the electric flux density (C/m2), and B the magnetic flux density (T).
The quantities ρ and J represent the free charge density (C/m3) and current density
(A/m2), respectively.
To relate the field quantities, constitutive relations are introduced. For linear,
isotropic media, these take the form:

D = εE, (2.5)
B = µH, (2.6)

where ε is the permittivity and µ is the permeability of the medium. In free space,
these reduce to ε0 and µ0, with ε0 = 8.854 × 10−12 F/m and µ0 = 4π × 10−7 H/m
[72].
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Maxwell’s equations show that time-varying electric and magnetic fields are intrinsi-
cally coupled, enabling the propagation of electromagnetic waves. The propagation
velocity is determined by the medium properties:

v = 1
√

µε
,

which highlights the fundamental role of material parameters in shaping electromag-
netic behavior [71].
Variations in permittivity directly influence wave velocity, wavelength, and field
distribution. In practical materials, especially lossy and dispersive media, these
properties deviate from ideal conditions and significantly affect electromagnetic wave
behavior. The implications of such material responses, particularly in biological
media, will be discussed in the following sections.

2.1.2 Permittivity and Conductivity in Biological Media
Biological tissues are characterized by frequency-dependent electromagnetic proper-
ties, primarily permittivity ε(ω) and conductivity σ(ω), which govern electromag-
netic wave propagation and attenuation within the medium [69, 70].
A convenient representation is the complex permittivity:

ε∗ = ε′ − jε′′ = ε′ − j
σ

ω
,

where ε′ represents the energy storage capability of the material, while the imaginary
component accounts for conductive losses [57].
The presence of conductivity leads to attenuation of electromagnetic waves as en-
ergy is dissipated within the medium. As a result, both the effective wavelength
and propagation characteristics differ significantly from those in free space. The
wavelength in a dielectric medium can be approximated as:

λ = 1
f

√
µε′ ,

indicating that higher permittivity results in shorter wavelengths [71].
These frequency-dependent and lossy properties are particularly important for bi-
ological media, where high permittivity and non-negligible conductivity result in
strong attenuation and dispersion effects. Such characteristics play a fundamental
role in determining wave penetration and energy distribution in tissue, as discussed
in subsequent sections [69].

2.2 Electromagnetic Wave Propagation and In-
teraction with Biological Media

The design of microwave imaging systems for head bleeding detection requires a
clear understanding of how electromagnetic waves propagate through and interact
with heterogeneous biological tissues.
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This section presents the underlying physical mechanisms, beginning with wave
propagation in dielectric media, followed by frequency-dependent material behavior
and attenuation effects. Based on these principles, the implications for antenna
coupling, detection, and electromagnetic environment control are discussed.

2.2.1 Wave Propagation in Biological Media
Electromagnetic wave propagation in biological media is fundamentally governed by
the dieletric properties introduced in Section 2.1. In contrast to free space, where
waves propagate at the speed of light c, the phase velocity vph in a material medium
depends on its permittivity [71].
By expressing the material parameters in terms of their relative values, ε = εrε0 and
µ = µrµ0, the phase velocity can be written as:

vph = 1
√

µε
= c

√
µrεr

. (2.7)

For most biological tissues, the relative permeability is approximately unity (µr ≈ 1),
and therefore wave propagation is primarily determined by the relative permittivity
εr. Due to the high water content of soft tissues, typically around 70–80%, biological
media exhibit relatively large permittivity values compared to free space [69].
As a consequence, the phase velocity of electromagnetic waves in tissue is signifi-
cantly reduced. For example, at frequencies around 1 GHz, the propagation velocity
in brain tissue is several times lower than in free space, leading to a corresponding
reduction in wavelength. The wavelength in the medium is given by:

λ = vph

f
= 1

f
√

µε
, (2.8)

indicating that higher permittivity results in shorter wavelengths within the tissue[72].
This wavelength compression has important implications for electromagnetic field
distribution and spatial resolution in imaging applications. At the same time, the
altered propagation characteristics introduce additional complexity due to the het-
erogeneous and lossy nature of biological tissues. These effects, including frequency-
dependent behavior and attenuation mechanisms, are further examined in the fol-
lowing sections.

2.2.2 Dielectric Relaxation and Conductivity Mechanisms
The interaction between electromagnetic waves and biological tissue is governed
by the complex relative permittivity, defined as ε∗

r(ω) = ε′
r − jε′′

r , which captures
both energy storage and loss mechanisms [69]. In the microwave frequency range,
biological tissues exhibit dispersive behavior and cannot be accurately modeled as
simple resistive or capacitive media.
To account for this behavior, the dielectric response of biological tissues is commonly
described using the Cole-Cole model [70, 57]:

ε∗
r(ω) = ε∞ + εs − ε∞

1 + (jωτ)1−α
+ σdc

jωε0
. (2.9)
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Here, εs and ε∞ denote the static and high-frequency permittivity limits, respec-
tively, τ represents the characteristic relaxation time, and α accounts for the broad-
ening of the relaxation spectrum. The term σdc represents the ionic conductivity,
which contributes to dielectric losses.
This formulation highlights that both polarization effects and electrical conduc-
tion contribute to the complex permittivity. These mechanisms lead to frequency-
dependent attenuation and dispersion of electromagnetic waves in biological tissues,
which are examined in the following section.

2.2.3 Penetration Depth in Lossy Dielectrics
This subsection focuses on how electromagnetic waves attenuate in biological tissues
and how deeply they can penetrate.
At microwave frequencies, biological tissues behave as lossy dielectrics, where both
conduction current density and displacement current density are comparable [69, 57].
As a result, simple skin depth approximations used for highly conductive materials
are not suitable for accurately describing wave propagation in tissue.
The penetration depth δ is defined as the distance at which the field amplitude
decreases to 1/e of its initial value, and can be expressed as [71]:

δ = 1
ω

µε

2

√
1 +

(
σ

ωε

)2
− 1


−1/2

. (2.10)

This expression shows that increasing frequency leads to reduced penetration depth
due to higher dielectric losses. Consequently, electromagnetic waves are attenuated
more rapidly in biological tissue at higher frequencies.
This behaviour limits the ability of signals to reach deeper regions within the medium
and must be considered when selecting the operating frequency.

2.2.4 Impact of Dielectric Properties on Antenna Perfor-
mance

This subsection examines how the dielectric properties of biological media influence
antenna performance, particularly in terms of coupling efficiency and energy loss.
The performance of an antenna operating in or near biological tissue is governed
by the electromagnetic properties of the surrounding medium, primarily the rela-
tive permittivity εr and the electrical conductivity σ. These parameters define the
propagation environment and influence both the coupling of electromagnetic energy
into the medium and the resonance behaviour of the antenna. In general, εr affects
impedance matching at material interfaces, while σ contributes to energy dissipation
within the medium.
To better understand these effects, wave interaction at an interface can be consid-
ered. The electromagnetic response of the medium is described using the complex
permittivity,

ε∗ = ε − j
σ

ω
, (2.11)
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and the corresponding intrinsic impedance,

η =
√

µ

ε∗ . (2.12)

These parameters determine the reflection and transmission of electromagnetic waves
at the interface [71, 68]. As electromagnetic waves propagate, energy is dissipated
due to conductive losses, which reduces the effective signal strength. Therefore,
both permittivity and conductivity must be considered when evaluating antenna
performance in biological environments.
The dielectric properties of the medium influence both how efficiently energy is
coupled into the tissue and how much of that energy is preserved during propagation.
Accurate characterization of these properties is therefore essential for reliable system
modelling and performance evaluation.

2.2.5 Detection Principle
The detection of intracranial hemorrhage relies on the contrast in dielectric proper-
ties. Because the magnetic permeability of biological tissues is negligible (µr ≈ 1),
imaging contrast arises almost exclusively from differences in complex permittivity
(ε∗) and conductivity (σ).
The signal chain for detection can be conceptualized as follows[65]:

1. Injection: The antenna injects electromagnetic fields into the head volume.
2. Interaction: The head acts as a lossy propagation medium in which propagat-

ing electromagnetic fields undergo attenuation and scattering due to dielectric
losses within the tissue.

3. Scattering: A hemorrhage introduces a local anomaly in dielectric param-
eters. This perturbation redistributes the electromagnetic field, altering the
scattering and absorption patterns.

4. Observation: These internal changes manifest as variations in the measured
signals at the antenna ports, which can be represented in different ways.
A common representation is through scattering parameters (S-parameters),
which describe the relationship between incident and reflected waves at the
antenna ports[71].

It is important to consider the interaction between electromagnetic fields and the
biological environment. Microwave signals in the 0.5–1.5 GHz range oscillate on
nanosecond time scales (10−9 s), which are several orders of magnitude faster than
typical biological processes such as thermal diffusion or neural activity. As a result,
stroke detection is based on how these high-frequency fields are scattered and per-
turbed by dielectric contrasts within the tissue. In particular, hemorrhagic regions
introduce local variations in permittivity and conductivity, thereby disrupting the
propagation of electromagnetic waves through the head.

2.2.6 Electromagnetic Environment Control
Multipath interference is a major factor that degrades signal quality in microwave
imaging systems. In microwave imaging systems, effective control of the electromag-
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netic environment is critical for isolating signals of interest from environmental clut-
ter [66]. In the proposed configuration, multipath components—particularly those
propagating along the head surface or outside the region of interest—introduce un-
wanted reflections, signal distortion, and reconstruction artifacts, thereby reducing
imaging accuracy.
A dielectric coupling medium is employed to suppress multipath propagation and
improve signal coupling. Specifically, the medium is applied to the back and lateral
sides of the antenna array [67]. This design serves two key purposes. First, it reduces
impedance discontinuities at the air–skin interface, thereby suppressing surface-wave
propagation along the head. Second, it enhances electromagnetic coupling between
the antennas and biological tissues, enabling more efficient energy transmission into
the imaging region.
The suppression of reflections and multipath components relies on impedance match-
ing and controlled attenuation. From an electromagnetic perspective, minimizing
reflections requires proper matching across different media interfaces. Unlike con-
ventional single-layer absorbers, which typically exhibit narrowband performance, a
lossy dielectric medium provides broadband attenuation suitable for ultra-wideband
(UWB) operation. The conductivity of the medium introduces controlled energy
dissipation, which helps attenuate unwanted multipath signals while preserving suf-
ficient penetration into the target region.
The electromagnetic properties of the coupling medium can be tailored to optimize
system performance. By adjusting parameters such as effective permittivity and con-
ductivity through material composition, it is possible to achieve a trade-off between
impedance matching, attenuation, and practical manufacturability. This flexibility
allows the proposed approach to improve the electromagnetic environment without
requiring complex multilayer absorber structures.
Overall, the proposed design effectively suppresses multipath interference while
maintaining signal penetration, making it well-suited for wearable UWB microwave
imaging systems.

2.3 Antenna Theory and Design Constraints in
the Context of Head Imaging

Designing antennas for biomedical microwave imaging requires a fundamental de-
parture from conventional free-space communication systems. Instead of radiating
into an open environment, the antenna array must couple electromagnetic energy
into a highly complex, heterogeneous, and lossy dielectric load—the human head.
The main purpose of this section is to establish the theoretical framework governing
these electromagnetic interactions, directly linking fundamental parameters to the
selection, synthesis, and evaluation of the coupling gel and brain tissue phantoms
developed in this project.
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2.3.1 Radiation Mechanism and Dielectric Loading Effects
Fundamentally, antenna radiation originates from accelerated charge carriers. When
a time-varying current oscillates on a conductor, the associated electric and mag-
netic fields decouple from the source and propagate outward. In on-body microwave
medical imaging, this radiation mechanism is heavily modified by the immediate
dielectric environment. The wave propagation is governed by the effective wave-
length, λeff , which scales inversely with the square root of the medium’s relative
permittivity:

λeff ≈ λ0√
εr

(2.13)

where λ0 is the free-space wavelength and εr is the relative permittivity of the
surrounding medium [68].
In this project, this "dielectric loading" effect serves a dual purpose. When the
antenna is immersed in or coupled to a high-permittivity matching gel, its electrical
size increases relative to the wavelength. This compresses the physical dimensions
required for resonance, enabling the design of a compact, high-density antenna array
capable of surrounding the patient’s head [73]. However, this proximity also alters
the near-field reactive energy storage and can degrade radiation efficiency due to
conductive losses (σ) in the tissues. Therefore, characterizing the exact εr and σ of
our synthesized carbon-loaded silicone coupling gel is critical to balancing antenna
miniaturization against transmission efficiency.

2.3.2 Input Impedance, Reactive Loading, and Gel Opti-
mization

The electrical interface of the antenna is characterized by its complex input impedance,
Zin(ω), defined as:

Zin(ω) = Rin(ω) + jXin(ω) (2.14)

The resistive component, Rin = Rrad + Rloss, represents the sum of the radiation
resistance (Rrad) and the loss resistance (Rloss) originating from both the antenna
structure and the dissipative surrounding tissues. The reactive component, Xin,
represents the non-propagating energy stored in the antenna’s near field.
Resonance occurs when the capacitive and inductive reactances cancel out (Xin ≈
0). In head imaging, direct contact with biological tissue severely perturbs this
balance. High-permittivity coupling layers induce severe capacitive loading, shifting
the resonant frequency downward [74]. Consequently, the matching gel cannot be
treated merely as a passive acoustic or physical buffer; it is an integral components of
the antenna’s resonant circuit. By adjusting the formulations of our carbon-loaded
silicone composites, we aim to stabilize Zin and ensure predictable resonant behavior
when the array is deployed against the head.

2.3.3 Impedance Matching and Signal Reflection Metrics
To maximize power transfer from the transceiver (typically designed with a charac-
teristic impedance Z0 = 50 Ω) into the brain tissue, the antenna impedance must
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be precisely matched to the load. The quality of this match is quantified by the
complex reflection coefficient, Γ:

Γ = Zin − Z0

Zin + Z0
(2.15)

For Ultra-Wideband (UWB) microwave imaging, which relies on short, transient
pulses to achieve high spatial resolution, the primary metric for bandwidth perfor-
mance is the Return Loss (RL), expressed in decibels:

RL = −20 log10 |Γ| (2.16)

A standard criterion for operational bandwidth is RL ≥ 10 dB (corresponding to a
Voltage Standing Wave Ratio VSWR ≤ 2 : 1), implying that at least 90% of the
incident power is accepted into the medium [75].
Because Zin is highly sensitive to the spatial distribution of εr and σ, tracking
variations in RL serves as our primary experimental method to evaluate the efficacy
of different matching gel formulations. A well-optimized gel minimizes reflections at
the skin interface, ensuring that the bulk of the RF energy penetrates deeper into
the skull.

2.3.4 Skin Effect, Attenuation, and Phantom Design Target
The skin effect describes the rapid attenuation of electromagnetic waves as they
propagate through a conductive, lossy medium. The penetration depth (or skin
depth, δ), defined as the distance at which the field amplitude decays to 1/e (ap-
proximately 37%) of its surface value, is given by:

δ =
√

2
ωµσ

(2.17)

where ω is the angular frequency, µ is the magnetic permeability, and σ is the
electrical conductivity of the medium [76].
This relationship highlights the fundamental trade-off in microwave diagnostics:
higher frequencies (ω) provide better spatial resolution but severely restrict the
penetration depth due to increased tissue conductivity. In intracranial hemorrhage
detection, the wave must cross highly attenuating layers to reach the deep-seated
target tissue. This constraint dictates the specific composition of the water-salt-
sugar solutions used for our brain tissue phantoms. By carefully tuning the salt
concentration and sugar concentration, we can accurately replicate the lossy envi-
ronment of human brain tissues, allowing us to experimentally verify whether the
antenna array can overcome the skin effect to detect internal dielectric anomalies.

2.3.5 Near-Field Distribution and Energy Coupling Efficiency
In head imaging applications, antenna performance is entirely dominated by near-
field interactions rather than far-field radiation patterns. In this regime, the electro-
magnetic field consists primarily of evanescent, non-propagating components, and
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the overriding objective is to optimize the spatial concentration of energy within the
region of interest.
Because a substantial portion of the transmitted power is dissipated as heat in the
superficial layers of the head, conventional far-field metrics are irrelevant. Instead,
system performance must be evaluated in terms of near-field coupling efficiency.
This efficiency is maximized by implementing a matching medium whose dielectric
properties closely mirror those of human tissue[77]. Utilizing our synthesized carbon-
composite gel minimizes the permittivity contrast at the antenna-tissue boundary,
mitigating reflection losses and steering more electromagnetic energy into the in-
tracranial region to improve overall diagnostic sensitivity.

2.4 Computational Electromagnetics and Numer-
ical Modelling

Accurate modeling of microwave imaging systems requires reliable numerical solu-
tions of Maxwell’s equations in heterogeneous and lossy biological environments. In
this work, simulations were performed using CST Studio Suite (Dassault Systèmes),
which is based on the Finite Integration Technique (FIT) [78, 79]. Both time-
domain and frequency-domain solvers were employed to ensure numerical accuracy
and cross-validation of the results.

2.4.1 Time-Domain Solver
The primary simulations of the ultra-wideband (UWB) antenna array were per-
formed using the time-domain solver based on the Finite Integration Technique
(FIT). FIT provides a consistent discretization of Maxwell’s equations in integral
form and enables broadband analysis from a single excitation [80].
This makes it particularly suitable for UWB imaging systems, where the response
over a wide frequency range must be evaluated efficiently. In addition, the time-
domain approach accurately captures transient electromagnetic wave propagation
and attenuation in lossy biological tissues, which is essential for modelling signal
penetration and scattering in head imaging scenarios.

2.4.2 Frequency-Domain Solver
To validate the time-domain results, a frequency-domain solver based on the Finite
Element Method (FEM) was also employed. FEM discretizes Maxwell’s equations
over an unstructured mesh, allowing accurate modelling of complex geometries and
material interfaces.
This is particularly advantageous for representing curved antenna structures and
heterogeneous anatomical features in the head phantom. Although FEM is com-
putationally more expensive for broadband analysis, it provides highly accurate
steady-state solutions at selected frequencies, making it suitable for verification and
detailed frequency analysis [81].
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2.5 Summary
This chapter has presented the fundamental theoretical framework underlying mi-
crowave imaging in biological tissues, with a particular focus on head imaging ap-
plications.
First, the key electromagnetic principles governing wave propagation in lossy and
heterogeneous media were introduced, including Maxwell’s equations, dielectric prop-
erties of biological tissues, and penetration depth limitations. These concepts estab-
lish the physical basis for understanding how microwave signals interact with the
human head.
Next, the interaction between antennas and biological media was discussed, high-
lighting the impact of dielectric loading, impedance matching, and near-field energy
coupling. In particular, the role of the matching medium was emphasized as a crit-
ical factor in reducing reflection losses and improving power transmission into the
tissue.
Finally, numerical modelling techniques based on the Finite Integration Technique
(FIT) and Finite Element Method (FEM) were introduced to enable accurate simu-
lation of electromagnetic fields in complex anatomical environments. These methods
provide the computational basis for evaluating antenna performance and optimizing
system design.
Overall, this chapter establishes the theoretical and numerical foundation for the
design and evaluation of antenna systems and matching media in the subsequent
chapters.
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3.1 Experimental Procedures and Numerical Sim-
ulations

The significant challenge in microwave-based intracranial hemorrhage detection is
the significant impedance mismatch between the antenna array and the human head.
This mismatch triggers strong reflections and multipath signals that can obscure
the desired scattering data, leading to artifacts in the reconstructed images and
potential misdiagnosis. To mitigate these effects and ensure efficient signal coupling,
a specialized matching medium must be introduced between the antennas and the
target.
The following experimental campaign was designed to validate the proposed match-
ing strategy through a systematic investigation of coupling media properties. The
study first examines different gel materials with varying dielectric properties to eval-
uate their impact on electromagnetic wave propagation, with particular emphasis
on the suppression of multipath signals.
Based on this analysis, the dielectric properties that provide the most effective reduc-
tion in unwanted signal propagation are identified. A matching gel is then formulated
and measured to achieve these target properties.
Finally, the performance of the designed material is assessed through numerical
simulation, where scattering parameters of the antenna array are evaluated to verify
the effectiveness of the proposed matching strategy.

3.1.1 Dielectric Characterization

The relative permittivity (ε′
r) and conductivity (σ) of the fabricated gel samples

were characterized using a commercial dielectric assessment kit (DAK, SPEAG,
Zurich, Switzerland). This system utilizes the open-ended coaxial probe technique
to measure dielectric properties over the frequency range of interest (0.5–2.0 GHz).
Prior to measurement, the system was calibrated using a three-load standard pro-
cedure (open, short, and deionized water) to ensure accuracy. The temperature of
the samples was monitored and maintained at room temperature (25◦C) during the
acquisition process to avoid thermal drift.
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Figure 3.1: Experimental setup showing the SPEAG Dielectric Assessment Kit
(DAK) used for characterizing the dielectric properties of the gel samples[89].

3.1.2 Antenna Array Measurements

The scattering parameters (S-parameters) of the fabricated antenna system were
measured using a multiport Vector Network Analyzer (ZNBT8, Rohde & Schwarz,
Munich, Germany). The ZNBT8 allows for the simultaneous characterization of up
to 16 ports, which is essential for evaluating the coupling effects and transmission
coefficients in the antenna array without the need for external switching matrices.
The VNA was calibrated using a standard full N-port TOSM (Through, Open, Short,
Match) calibration kit to de-embed the effects of the coaxial cables and connectors.

Figure 3.2: Measurement setup utilizing the 16-port Vector Network Analyzer
(ZNBT8, Rohde & Schwarz) for full-matrix S-parameter characterization of the
antenna array [90].
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3.2 Material Design, Fabrication, and Character-
ization

The development of effective coupling and absorbing materials requires a systematic
workflow that spans material selection, composite formulation, and experimental
characterization. This section outlines the rationale behind the chosen material
systems, the preparation of both commercial and laboratory-synthesized composites,
and the procedures used to fabricate and evaluate the samples.

3.2.1 Material Selection and Design Rationale
To guide the material design, existing dielectric materials were first examined from
the perspective of their achievable permittivity–conductivity combinations.
High-permittivity composites developed for energy storage and embedded capac-
itor applications typically aim to maximize dielectric constant while suppressing
dielectric loss to improve energy efficiency. For example, polymer–ceramic systems
incorporating BaTiO3 or CaCu3Ti4O12 fillers can achieve moderate relative permit-
tivity (εr ≈ 7–12), but their loss tangents are usually kept below 10−2, resulting in
very low effective electrical conductivity [24, 25, 26]. Such materials are therefore
unsuitable for applications requiring appreciable electromagnetic attenuation.
In contrast, dielectric materials used in high-frequency electronics, such as printed
circuit board (PCB) substrates and microwave ceramics, are specifically engineered
to exhibit low permittivity and ultra-low loss in order to preserve signal integrity and
maintain high quality factors. Typical systems, including PTFE-based laminates
and low-loss ceramic dielectrics, exhibit εr < 4 and extremely small dielectric loss
[28, 31]. These characteristics inherently imply negligible conductivity, making them
incompatible with applications where absorption rather than transmission is desired.
On the other end of the spectrum, highly conductive composites developed for elec-
tromagnetic interference (EMI) shielding rely on the formation of percolating con-
ductive networks using fillers such as carbon black, graphene, or metal particles.
Once the percolation threshold is reached, electrical conductivity increases sharply,
often at the expense of controlled dielectric behavior [33]. Although such materials
can provide strong attenuation, their electromagnetic response is typically domi-
nated by surface reflection rather than volumetric absorption, and their permittivity
is difficult to tune independently.
Interestingly, biological tissues provide a natural example of materials exhibiting
both high permittivity and moderate conductivity, primarily due to their high wa-
ter content and ionic conduction mechanisms. Reported values for human tissues
show relative permittivity on the order of tens and conductivities in the range of sev-
eral S/m in microwave frequencies [69]. However, these properties are intrinsically
linked to their fluidic composition and are difficult to reproduce in stable, solid, and
mechanically robust materials suitable for practical engineering applications.
These observations reveal a clear material design gap: existing systems typically
optimize either high permittivity with low loss, or high conductivity with limited
dielectric tunability, but rarely achieve both simultaneously. Therefore, achieving
a balance between permittivity enhancement and controlled conductivity remains a
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key challenge in the design of solid electromagnetic absorbers.
To address this challenge, conductive polymer composites based on silicone matrices
loaded with carbon fillers were selected as a promising approach. Such systems
enable continuous tuning of dielectric properties through filler concentration, while
maintaining mechanical flexibility, processability, and structural stability [84]. This
makes them well-suited for developing solid coupling materials tailored for microwave
absorption and multipath mitigation.

3.2.2 Composite Formulation and Commercial Materials
To evaluate and develop suitable materials, both commercial absorbers and laboratory-
synthesized composites were investigated. The inclusion of commercial materials
provides benchmark references for assessing the electromagnetic performance of the
developed composites.
The commercial absorber materials used in this study were sourced from Gomeasure,
SWELEX, and Laird. The selected products include polymer–magnetic absorbers,
ferrite-based panels, elastomer/foam absorbers, and carbon-loaded foams, covering a
representative range of commercially available microwave absorbing technologies. A
summary of the commercial materials, including manufacturers and material types,
is provided in Table 3.1.

Table 3.1: Summary of Commercial Absorber Materials Used in This Study.

Material Name Manufacturer Material Type
SEA-ELP[92] Gomeasure Thin magnetic polymer absorber
SEA-ELS[92] Gomeasure Soft magnetic polymer absorber
SEA-FE [91] Gomeasure Ferrite-based absorber
ABS-LFE-SA[93] SWELEX Elastomer/foam absorber
LS-30 (Eccosorb)[94] Laird Carbon foam absorber

In addition to commercial materials, a range of composite materials were synthesized
in this study. The conductive fillers included iron powder, copper powder, and
carbon-based materials such as graphite, C45, and VULCAN carbon black. The
silicone matrices used were C25 condensation-cure silicone, Dragon Skin silicone,
Ecoflex silicone, and a food-grade silicone[95]. All materials were used as received
without further chemical modification.

3.2.3 Sample Preparation
Composite samples were prepared by mixing conductive fillers with silicone matrices
at different weight fractions (wt%). Various formulations were explored to investi-
gate how the filler type, matrix properties, and loading levels influence the resulting
electromagnetic behavior.
For each sample, the required amounts of filler and silicone were first weighed. The
components were then mixed until a uniform dispersion was obtained, with care
taken to reduce particle agglomeration. Depending on the viscosity of the silicone,
additional manual mixing was applied when necessary to improve homogeneity.
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The mixtures were subsequently poured into custom-designed molds. To minimize
trapped air, the samples were degassed in a vacuum chamber prior to curing. All
samples were then cured at room temperature for approximately 24 hours until fully
solidified.
After curing, the samples were removed from the molds and used for dielectric
and electromagnetic measurements. The detailed compositions are summarized in
Table 3.2.

Table 3.2: Detailed compositions of the synthesized composites. The sample code
indicates the filler type and loading level. “Filler” refers to the conductive additive,
“Matrix” is the silicone base material, and “Filler Content” specifies the weight
percentage of filler in the composite.

Sample Code Filler Matrix Filler Content (wt%)
Graphite/Dragon_skin-30 Graphite Dragon_skin 30
Graphite/Dragon_skin-45 Graphite Dragon_skin 45
Graphite/C25-30 Graphite C25 30
Graphite/C25-45 Graphite C25 45
Iron/Ecoflex-50 Iron Powder Ecoflex 50
Copper/Ecoflex-50 Copper Powder Ecoflex 50
C45/Ecoflex-6 C45 Ecoflex 6
VULCAN/Ecoflex-5 VULCAN Ecoflex 5
VULCAN/Ecoflex-10 VULCAN Ecoflex 10
VULCAN/Ecoflex-15 VULCAN Ecoflex 15
VULCAN/Ecoflex-20 VULCAN Ecoflex 20
VULCAN/Foodgrade-5 VULCAN Food-grade [95] 5
VULCAN/Foodgrade-10 VULCAN Food-grade [95] 10
VULCAN/Foodgrade-15 VULCAN Food-grade [95] 15
VULCAN/Foodgrade-20 VULCAN Food-grade [95] 20
VULCAN/C25-15 VULCAN C25 15
VULCAN/C25-20 VULCAN C25 20

3.3 Simulations and Image Reconstructions

This section describes the simulation setup, signal processing, and image recon-
struction framework used to localize the hemorrhagic target. The electromag-
netic modelling and CST simulation geometry are first introduced to define the
forward-propagation environment. The workflow then consists of preprocessing mea-
sured S-parameters, transforming them into the time domain, and reconstructing
the image using a beamforming algorithm. An enhanced DMAS approach is further
introduced to improve robustness and image quality under complex propagation
conditions.
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3.3.1 Simulation Geometry
To evaluate the electromagnetic interaction between the antenna array and the bi-
ological target, a simplified planar model was developed using CST Studio Suite.
The simulation setup, illustrated in Fig. 3.3, comprises a central dielectric block
representing the intracranial environment surrounded by a four-element antenna
array.
The head phantom is modeled as a rectangular dielectric volume with cross-sectional
dimensions of 190 × 150 mm and dielectric properties characterized by a relative
permittivity of εr = 40 and an electrical conductivity of σ = 0.4 S/m. This simplified
geometry was selected to approximate the average electrical cross-section of the
human head while maintaining computational efficiency for parametric sweeps. As
depicted in Fig. 3.3a, the four antenna elements are positioned orthogonally around
the phantom, ensuring direct contact with the surface to emulate a realistic wearable
scenario.

(a) Simulation model
overview (b) Cross-section view (c) Front view

Figure 3.3: Geometry of the antenna element. (a) Simulation model overview.
(b) Cross-section view showing the slot and internal structure with the slot length
(L = 22 mm) and depth (D = 1.5 mm) indicated. (c) Front view of the antenna
block with the slot length (L = 22 mm).

The detailed geometry of a single radiating element is presented in Fig. 3.3b and
Fig. 3.3c . The antenna structure is embedded within a solid matching gel layer
(shown in blue), which provides mechanical support and facilitates impedance match-
ing to the high-permittivity phantom.
In the baseline configuration, the gel block has dimensions of 26 mm (width), 23 mm
(height), and 76 mm (length). A critical objective of this study is the optimization
of these geometric parameters to enhance signal penetration.

3.3.2 Preprocessing and Time-Domain Conversion
The measured scattering parameters (S-parameters) are first preprocessed to sup-
press background interference and enhance target contrast. Specifically, a differential
signal is constructed between the normal and bleeding scenarios:

Sdiff(f) = Snormal(f) − Sbleeding(f) (3.1)
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This subtraction removes the contributions from the background tissue that are
common to both scenarios, thereby isolating the scattered response associated with
the hemorrhagic target.
The resulting frequency-domain signals are then transformed into the time domain
using an inverse fast Fourier transform (IFFT). To ensure a physically meaningful
real-valued time-domain waveform, a two-sided spectrum is constructed by mirroring
the measured positive-frequency components prior to transformation.

3.3.3 DMAS Beamforming Algorithm
After obtaining the time-domain signals, a beamforming algorithm is required to
reconstruct the spatial image. Image reconstruction is performed using the Delay-
Multiply-and-Sum (DMAS) beamforming algorithm. For each imaging pixel located
at position r, the propagation delay between a transmitting antenna i and a receiving
antenna j is given by:

τij(r) = ∥r − ri∥ + ∥r − rj∥
v

(3.2)

where ri and rj denote the antenna positions, and v is the wave velocity in the
medium.
The corresponding time-domain signals are sampled at the calculated delays. Unlike
conventional Delay-and-Sum (DAS), which linearly sums delayed signals, DMAS
introduces nonlinear correlation by multiplying signal pairs:

I(r) =
N∑

i=1

N∑
j=i+1

si(τi(r)) · sj(τj(r)) (3.3)

This nonlinear operation enhances coherent scattering components while suppressing
incoherent noise, resulting in improved image contrast.

3.3.4 Weighted DMAS Enhancement
To further improve reconstruction robustness, a distance-based weighting scheme is
introduced. The weighting coefficient for each antenna pair is defined as:

wij = max(0, α − dij) (3.4)
where dij is the Euclidean distance between antennas i and j, and α is a predefined
threshold. This weighting prioritizes signal pairs with stronger mutual coupling
while suppressing less reliable contributions.
Additionally, a temporal integration window is introduced to improve robustness
against delay estimation errors and signal fluctuations:

I(r) =
τ+W∑

t=τ−W

∑
i<j

wij si(t) · sj(t) (3.5)

where W denotes the half-window length. This integration relaxes the requirement
for precise time alignment by accumulating signal contributions over a short tempo-
ral interval. As a result, it mitigates the impact of discretization and propagation

27



3. Methods

uncertainties, while also providing a smoothing effect that enhances reconstruction
stability.

3.3.5 Imaging Setup
The imaging system consists of eight antennas arranged around a cylindrical head
phantom, as illustrated in Fig. 3.4. The antennas are positioned in a partial circular
configuration along one side of the phantom, representing a practical limited-view
scenario.
Two target positions are tested. In the central case (Fig. 3.4(a)), the bleeding
inclusion is placed near the middle of the phantom. In the lateral case (Fig. 3.4(b)),
the inclusion is placed closer to the boundary and nearer to the antenna array. This
allows us to evaluate how the imaging system performs under both symmetric and
asymmetric conditions.
The antennas operate inside a coupling medium with εr = 40 and σ = 7 S/m.
These values come from the material characterization in the previous section and
were selected to provide good signal penetration while keeping losses manageable.
For each antenna pair, the simulation records the complex transmission coefficient
Sij(f) over the operating frequency range. These S-parameters form the dataset
used for image reconstruction. Both the central and lateral target positions are
simulated using the same procedure.
A background simulation is first performed using the phantom without any inclu-
sion. This reference dataset is then subtracted from the dataset containing the
bleeding inclusion. The resulting difference highlights only the changes caused by
the target and removes the static contribution from the antennas, coupling medium,
and phantom.
The reconstruction is carried out on a fixed cross-sectional plane at z = 0.20 m,
which corresponds to the height of the inclusion. The calibrated data are processed
using the imaging algorithm to produce a map showing where the dielectric contrast
is located inside the phantom.
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(a) Central target configuration (b) Lateral target configuration

Figure 3.4: Imaging setup and target configurations. (a) Central inclusion located
near the center of the cylindrical phantom. (b) Lateral inclusion positioned close to
the boundary and antenna array, representing an asymmetric scenario. The vertical
and horizontal lines are the default coordinate axes displayed by CST and do not
represent any physical structures in the model. Both configurations are shown on
the reconstruction plane at z = 0.20 m, which corresponds to the cross-sectional
slice used for image reconstruction.
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4
Results

This chapter presents the simulation results, material characterization outcomes,
and reconstructed images obtained in this study. Building upon the modelling and
experimental procedures described in Chapter 3, the results are organized into three
main parts. First, a comprehensive parametric study is performed to evaluate how
the coupling medium’s conductivity, permittivity, and geometry influence antenna
behaviour and electromagnetic field propagation. Second, the dielectric properties
of commercial absorbers and synthesized composite materials are characterized to
assess their suitability as solid coupling media. Finally, the impact of the optimized
material on imaging performance is demonstrated through reconstructed images us-
ing the DMAS algorithm. Together, these results provide a systematic evaluation
of the proposed antenna–gel configuration and its effectiveness for suppressing mul-
tipath interference in microwave-based brain imaging.

4.1 Simulation Results and Parametric Study

4.1.1 Analysis of Coupling Medium Conductivity
The parametric study in this section is performed using the same simulation ge-
ometry described in Section 3 and illustrated in Fig. 3.3a. This setup consists of
the four-element antenna array arranged around the planar head phantom with the
baseline gel block dimensions defined in the Methods chapter.
To investigate the impact of the coupling medium’s loss characteristics on the an-
tenna performance, a parametric sweep of the medium’s electrical conductivity (σ)
was conducted. The relative permittivity (εr) was maintained at a constant value of
40, while the conductivity was varied from 3 S/m to 9 S/m in steps of 2 S/m. This
range was selected to emulate potential variations in biological tissue properties or
coupling gel formulations.

4.1.1.1 Scattering parameters

The reflection coefficient (S11) for different conductivity values is shown in Fig. 4.1.
The results illustrate how increasing conductivity affects both the resonance be-
haviour and the overall coupling performance.
First, a gradual reduction in resonance depth is observed as conductivity increases.
At σ = 3 S/m, the antenna exhibits a well-defined resonance with a minimum below
−20 dB around 1.3 GHz. As the conductivity increases to σ = 5 and 7 S/m, the
minimum becomes less pronounced, rising to approximately −15 dB and −13 dB
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Figure 4.1: Comparison of simulated S11 parameters for varying medium conduc-
tivity (σ = 3, 5, 7, 9 S/m) with fixed permittivity (εr = 40).

respectively. At σ = 9 S/m, the resonance is significantly weakened, with the S11
curve becoming relatively flat and remaining close to −10 dB across a wide frequency
range.
Second, a slight shift of the resonance towards lower frequencies can be observed as
conductivity increases. However, this shift is relatively small compared to the change
in resonance depth, indicating that conductivity primarily affects the strength of
resonance rather than its frequency location.
The observed behaviour can be explained by increased conductive losses in the
medium[71, 68]. As conductivity increases, a larger portion of the electromagnetic
energy is dissipated as heat, reducing the amount of energy available for radiation
and resonance. This leads to weaker and broader S11 responses, as seen in the
higher-conductivity cases.
It is important to note that a low S11 value over a wide frequency range does not
necessarily indicate efficient antenna performance. In highly conductive media, the
reduced reflection can result from energy absorption rather than effective radiation
into the medium. Consequently, high conductivity can degrade system performance
by reducing the signal strength.
The signal transmission efficiency is evaluated using the S21 and S41 parameters, as
shown in Fig. 4.2.
A clear reduction in transmission magnitude is observed as the conductivity in-
creases for both transmission paths. For S21, the transmission level decreases from
approximately −70 dB at σ = 3 S/m to below −90 dB for σ = 9 S/m across the
main frequency band. A similar trend is observed for S41, where the signal level
drops significantly as conductivity increases.
This consistent reduction across both near (S21) and farther (S41) transmission paths
indicates that the observed behaviour is primarily governed by material losses rather
than geometrical effects.
The attenuation can be attributed to increased conductive losses in the medium. As
conductivity increases, a larger portion of the electromagnetic energy is dissipated
as heat during propagation, reducing the power that reaches the receiving antennas
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(a) S21 parameter. (b) S41 parameter.

Figure 4.2: Comparison of transmission coefficients, (a) S21 and (b) S41, illustrat-
ing signal attenuation levels for different conductivity values (σ = 3, 5, 7, 9 S/m).

[71].
Consequently, although higher conductivity may help suppress unwanted multipath
signals, it also leads to significant signal attenuation, which can degrade the overall
system performance by limiting the detectable signal strength.

4.1.1.2 Volume Loss in GEL

To further evaluate energy dissipation within the coupling medium, the total volume
loss in the gel was analysed, as shown in Fig. 4.3. CST computes the total volume
loss by integrating the power–loss density over the gel volume. The loss density is
defined as

ploss = 1
2σ|E|2,

where σ is the conductivity and E is the electric field magnitude[71]. CST evaluates
this quantity throughout the gel and integrates it to obtain the total dissipated power
at each frequency. This parameter represents the electromagnetic power converted
into heat within the medium and provides insight into how much energy is lost
during propagation.
Several key trends can be observed. First, the overall volume loss increases with
conductivity, indicating that more electromagnetic energy is dissipated in higher-
conductivity media. For example, the σ = 9 S/m case consistently exhibits higher
loss compared to σ = 3 S/m across the frequency range.
Second, at lower conductivity values (e.g., σ = 3 S/m), a pronounced peak is ob-
served around 1 GHz, suggesting stronger field concentration and resonance effects
within the medium. As conductivity increases, this peak gradually diminishes and
the response becomes flatter, indicating that the resonance behaviour is suppressed.
This behaviour can be explained by conductive losses in the medium. The power dis-
sipation is proportional to conductivity and the square of the electric field magnitude
[57]. While increasing conductivity enhances the intrinsic loss mechanism, it also
reduces the electric field strength inside the medium due to increased impedance

33



4. Results

Figure 4.3: Simulated total volume loss (power dissipation) in the gel phantom for
varying conductivity values (σ = 3, 5, 7, 9 S/m).

mismatch and attenuation. As a result, the total volume loss does not increase
proportionally with conductivity and instead shows a more gradual variation.
These results are consistent with the trends observed in the S-parameter analysis.
Higher conductivity leads to increased energy dissipation and reduced transmission,
but also suppresses resonance behaviour, highlighting the trade-off between signal
attenuation and multipath reduction.

4.1.1.3 Field Distribution

To visualize the physical mechanism of signal attenuation and energy confinement,
the electric field (E-field) distributions are compared in Fig. 4.4.
The visual comparison confirms the numerical findings regarding signal penetration.
For the lower conductivity case (σ = 3 S/m), distinct wavefronts are visible propa-
gating deeply into the phantom. In contrast, for the high conductivity case (σ = 9
S/m), the high-intensity field is confined to the immediate vicinity of the antenna
elements. The field strength decays rapidly within a few millimeters, entering the
low-intensity region (blue) before reaching the target area.
This behavior is consistent with the skin effect described in Section theory, where
higher conductivity leads to a reduced penetration depth. Consequently, although
increased conductivity enhances the absorption of the incident wave, it significantly
limits field propagation, rendering the system ineffective for detecting deep-seated
intracranial hemorrhages.
However, the field distributions also reveal a secondary and beneficial effect in terms
of lateral propagation. In the proposed microwave imaging array, antennas are ar-
ranged circumferentially, and excessive lateral radiation is undesirable as it leads to
strong mutual coupling between adjacent elements, which can obscure weak scatter-
ing signals from the brain.
As shown in Fig. 4.4, the lower conductivity case (σ = 3 S/m) exhibits widely
spreading lateral wavefronts, which are likely to cause significant interference be-
tween neighboring antennas. In contrast, as the conductivity increases beyond 5
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Figure 4.4: Simulated E-field distributions for materials with εr = 40 at two
frequencies. The top row shows all cases at 1 GHz, while the bottom row shows the
corresponding cases at 1.5 GHz. Within each row, conductivity increases from left
to right (σ = 3, 5, 7, 9 S/m), illustrating how higher conductivity leads to stronger
attenuation.

S/m, the lateral surface waves are effectively attenuated by the lossy gel, resulting
in electromagnetic energy being tightly confined near the antenna aperture. This
suggests that higher conductivity (σ > 5 S/m) can improve channel isolation by
suppressing lateral wave propagation.

4.1.2 Analysis of Coupling Medium Permittivity
While conductivity dictates the dissipative properties of the medium, the relative
permittivity (εr) fundamentally governs the wave propagation velocity and energy
storage capacity. To understand its influence, a parametric sweep of εr was per-
formed (ranging from 30 to 90) while maintaining a constant conductivity of σ = 5
S/m.

4.1.2.1 Scattering parameters

The reflection coefficients (S11) for different permittivity values are shown in Fig. 4.5.
Two main effects can be observed: a shift in the resonant frequency and a change
in the resonance depth.
First, as the relative permittivity increases from 30 to 90, the resonant frequency
shifts progressively towards lower frequencies. For example, the resonance moves
from approximately 1.3–1.4 GHz at εr = 30 to around 1.0 GHz at εr = 80 and
below 1.0 GHz for εr = 90.
Second, the resonance becomes deeper as permittivity increases. The minimum
S11 value decreases from around −14 dB for εr = 30 to below −20 dB for εr = 90,
indicating improved impedance matching and stronger coupling between the antenna
and the surrounding medium.
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Figure 4.5: Simulated S11 parameters for varying relative permittivity (εr =
30, 40, 80, 90) with fixed conductivity (σ = 5 S/m).

These observations can be explained by the reduction in wavelength within the
dielectric medium. The guided wavelength is inversely proportional to the square
root of the permittivity,

λg = c

f
√

εr

, (4.1)

which increases the electrical length of the antenna for a fixed physical size. As a
result, the resonance condition is achieved at lower frequencies, consistent with the
observed shift[71].
Overall, increasing permittivity enhances impedance matching and reduces reflec-
tion, but also shifts the operating frequency. Therefore, the dielectric properties of
the coupling medium must be carefully selected to align the antenna resonance with
the desired imaging band.
To evaluate the system’s performance, two distinct transmission paths were analyzed
based on the antenna array configuration. (S21) refers to the transmission coefficient
measured at the diametrically opposite antenna (receiving through the brain tissue),
while (S41) refers to the coupling measured at the adjacent antenna (receiving surface
waves). The simulation results for varying permittivity values are presented side-
by-side in Fig. 4.6.
As shown in Fig. 4.6(a), the signal penetration (S21) shows a moderate dependence
on the medium’s permittivity. At 1 GHz, the case with εr = 40 (second darkest
curve) exhibits relatively high transmission efficiency, maintaining a level around
-77 dB. In contrast, increasing the permittivity to εr = 90 results in a reduction of
approximately 4 dB (dropping to -81 dB).
This behaviour can be partially attributed to the fact that the permittivity of brain
tissue is close to 40, which reduces dielectric contrast and reflection losses at the tis-
sue interface. However, this trend is not consistently observed across all frequencies,
where the relative ordering of the curves may change, suggesting that the overall
dependence on permittivity is relatively weak.
This limited sensitivity may be related to the system configuration, where a sig-
nificant portion of the coupling medium is located behind the monopole antenna,
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Figure 4.6: Simulated scattering parameters for varying permittivity values (εr =
30, 40, 80, 90) with fixed conductivity (σ = 5 S/m). (a) S21 measured at the opposite
port indicates signal penetration efficiency, while (b) S41 measured at the adjacent
port represents lateral coupling levels.

reducing its influence on the forward propagation toward the target.
Regarding isolation, Fig. 4.6(b) illustrates the signal(S41) between adjacent ports.
The coupling levels remain consistently low (below -60 dB) across all permittivity
cases. It is noteworthy that while permittivity significantly impacts the transmission
efficiency (S21), the variations in S41 are relatively minor. This suggests that the iso-
lation performance is primarily governed by the medium’s conductivity (absorption
of lateral waves) and physical antenna spacing, making the system’s interference
immunity robust against permittivity fluctuations in the coupling gel.
Based on the trade-off between miniaturization (frequency shift) and signal penetra-
tion (S21), a permittivity in the range of εr = 40 is identified as the optimal choice,
offering the best compromise between impedance matching and signal integrity.

4.1.2.2 Volume Loss in GEL

The total volume loss for different permittivity values is shown in Fig. 4.7. Several
trends can be observed from the results.
First, at lower frequencies (below approximately 1 GHz), the volume loss increases
with permittivity. For example, the cases with εr = 80 and 90 exhibit noticeably
higher loss compared to εr = 30 and 40, indicating that more electromagnetic energy
is dissipated within the gel.
Second, all curves exhibit a peak around 1 GHz, which corresponds to stronger field
concentration or resonance within the medium. This behaviour is consistent with
the resonance observed in the S11 results.
However, beyond approximately 1.2–1.5 GHz, the trend begins to reverse. At higher
frequencies, larger permittivity values no longer produce higher losses; instead, the
volume loss decreases more rapidly for εr = 80 and 90, and the curves gradually
converge.
This behaviour can be explained by the influence of permittivity on the electromag-
netic field distribution rather than direct energy dissipation. Although permittivity
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Figure 4.7: Total volume loss within the gel for varying permittivity values. Note
the increasing trend despite constant conductivity.

itself does not cause loss, it affects impedance and field confinement within the
medium. At lower frequencies, higher permittivity promotes field concentration,
leading to increased energy dissipation. At higher frequencies, however, the reduced
wave impedance results in stronger reflection at the interface, limiting the amount
of energy entering the medium[57].
Consequently, the total volume loss depends not only on the material conductivity,
but also on how permittivity influences the internal field distribution and energy
coupling into the gel.

4.1.2.3 Field Distribution

To visualize the impact of permittivity on wave propagation characteristics, the
electric field distributions at 1 GHz and 1.5GHz are compared in Fig. 4.8.
First, the field distributions exhibit a noticeable change in radiation characteristics
as the relative permittivity increases. A clear increase in backward radiation is
observed, with stronger fields appearing behind the antenna (i.e., away from the
phantom), indicating enhanced reflection due to impedance mismatch.
Second, in the lateral direction, the field initially becomes more directive as the
permittivity increases from εr = 30 to εr = 40, with reduced energy spreading
along the sides of the antenna. However, this trend is not monotonic. At higher
permittivity values (εr = 80 and 90), the lateral field components become more
pronounced again. This can be attributed to the increased impedance contrast
between the coupling medium and the phantom, which leads to stronger reflections
and redistribution of energy near the interface.
Overall, these observations indicate that excessively high permittivity does not sim-
ply improve field confinement, but instead introduces strong reflections that degrade
efficient energy transmission and lead to unintended field spreading. In contrast,
moderate permittivity (εr = 40) achieves a more favorable balance, with reduced
lateral spreading and more effective coupling of energy into the phantom.

38



4. Results

Figure 4.8: Simulated E-field distributions at 1 GHz and 1.5GHz. The top panel
(εr = 40) exhibits a wavelength matched to the antenna dimensions, while the
bottom panel (εr = 90) demonstrates higher reflection.

4.1.3 Analysis of Coupling Medium Dimensions
To determine the optimal geometry of the coupling medium, a parametric study
was conducted on four distinct gel sizes. The goal was to mitigate multipath wave
while ensuring the internal signal penetration remains within the detectable dynamic
range of the measurement instrument. The analysis focuses on the impact of gel
thickness (H), width (W ), and length (L) on the antenna’s near-field behavior, as
illustrated in Fig. ??.

4.1.3.1 Scattering parameters

The reflection coefficient (S11) results are shown in Fig. 4.9.

Figure 4.9: Simulated S11 for different gel dimensions.The dimensions are denoted
as Length × Width × Thickness.
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The simulation reveals that the gel thickness is the critical parameter governing
the resonant frequency by comparing the darkest line and the brightest line. As
observed, variations in length (L) (compare the first line with the third line) and
width (W ) (compare the second line with the third line) have a negligible effect
on the S11 profile. However, the thickness (H) significantly shifts the operating
point. To ensure effective coupling, the resonance peak must be aligned within the
target band of 0.5–1.5 GHz. If the gel is too thick, the resonance may shift out
of this range. Conversely, if it is too thin, it fails to buffer the high-permittivity
skin reflection. Therefore, the thickness is constrained primarily by this impedance
matching requirement.
The (S21) and (S41) are presented side-by-side in Fig. 4.10.

(a) Transmission (S21). (b) Isolation (S41).

Figure 4.10: Impact of gel dimensions on (a) signal penetration S21 and (b) S41.

A clear trend is observed: increasing the gel dimensions, particularly thickness and
width, leads to lower S-parameter magnitudes.
For the gel thickness, a thicker layer introduces a longer propagation path within the
lossy medium. As a result, the electromagnetic wave experiences greater attenuation
due to dielectric losses, leading to a reduction in the transmitted signal (S21). This
explains the significant drop in signal level observed for the largest gel configuration
in Fig. 4.10(a). While a thicker gel is effective in suppressing unwanted surface
waves, it can excessively attenuate the desired penetrating signal. If the signal
becomes too weak, it may fall below the sensitivity threshold of the measurement
system, making reliable detection impossible.
For the gel width, increasing the lateral dimension reduces mutual coupling between
adjacent antennas. This occurs because the electromagnetic waves must travel a
longer path through the lossy gel, where they are partially absorbed, thereby reduc-
ing signal (S41), as shown in Fig. 4.10(b). However, this reduction in coupling is
accompanied by an overall decrease in signal strength due to additional losses.
Therefore, increasing gel dimensions provides improved isolation but at the expense
of signal penetration. This highlights a critical trade-off: while larger gel sizes
are beneficial for suppressing interference, excessively large dimensions degrade the
useful signal. An optimal gel size must therefore balance sufficient isolation and
adequate signal strength for reliable detection.
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4.1.3.2 Field Distribution

The electric field distributions for different gel widths are shown in Fig. 4.11. The
results illustrate how the gel width influences the propagation and confinement of
electromagnetic waves around the antenna.

Figure 4.11: E-field distributions for different gel widths. Wider gels effectively
absorb lateral waves, preventing energy leakage to the surrounding environment and
neighboring antennas.

For the narrower gel configurations, strong lateral propagation of the electromagnetic
waves can be observed. The field contours extend beyond the gel region, indicating
that a portion of the radiated energy leaks towards the surrounding environment
and neighboring antenna elements.
As the gel width increases, the lateral spreading of the field is significantly reduced.
The field becomes more confined within the gel region, and the intensity outside the
gel boundary decreases. In the widest configurations, the electromagnetic waves are
largely contained within the gel, with minimal leakage to the sides.
This behaviour can be attributed to the lossy nature of the gel medium, which
absorbs laterally propagating waves and suppresses surface propagation [57]. As a
result, increasing the gel width improves isolation between antenna elements and
reduces unwanted multipath interactions.
Overall, a wider gel provides better electromagnetic shielding and energy confine-
ment, which is beneficial for minimizing interference within the antenna array.

4.1.4 Analysis of Antenna Dimensions
The physical dimensions of the antenna, specifically the radiating metal length (L)
and the immersion depth (D), as illustrated in Fig. ??, significantly influence the
system’s performance. The antenna length primarily dictates the radiated power
and resonance frequency, while the depth determines the coupling efficiency and the
power absorbed by the coupling gel. To understand how these parameters affect
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wave propagation near the head, we analyzed the scattering parameters and electric
field distributions under varying antenna lengths and depths.

4.1.4.1 Scattering Parameters

The simulated reflection coefficients (S11) for different antenna dimensions are shown
in Fig. 4.12. The results highlight the influence of antenna length (L) and immersion
depth (D) on the resonance behaviour.

Figure 4.12: Simulated reflection coefficient (S11) for different antenna dimensions.
The length (L) significantly shifts the resonance frequency, while the depth (D) has
a negligible effect on the resonance frequency.

First, the antenna length has a significant impact on the resonant frequency. As
L increases, the resonance shifts towards lower frequencies. For example, the con-
figuration with L = 15 exhibits a resonance around 1.8–2.0 GHz, while increasing
the length to L = 22 shifts the resonance to approximately 1.2–1.3 GHz. A further
increase to L = 26 moves the resonance close to 1.0 GHz.
Second, the resonance depth also varies with antenna length. The L = 15 case
produces the deepest resonance (below −18 dB), while longer antennas show slightly
shallower responses. This indicates that antenna length affects not only the resonant
frequency but also the impedance matching quality.
In contrast, the immersion depth (D) has a negligible effect on the resonance fre-
quency. For configurations with the same antenna length (L = 22), varying D from
0.5 to 3 results in nearly identical resonance positions, with only minor differences
in the magnitude of S11.
These results show that antenna length is the primary parameter for tuning the
operating frequency, while immersion depth mainly influences the coupling strength
rather than the resonance location. Therefore, to align the antenna with the target
operating band of 0.5–1.5 GHz, the antenna length must be carefully optimized,
while depth can be adjusted to control signal coupling.
The transmission (S21) and isolation (S41) coefficients are presented side-by-side in
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Fig. 4.13. The results show how antenna dimensions influence both signal penetra-
tion and coupling between elements.

(a) Transmission (S21). (b) Isolation (S41).

Figure 4.13: Impact of antenna dimensions on (a) signal penetration (S21) and (b)
(S41).

For the transmission coefficient (S21), a clear variation in signal level is observed
across the different configurations. The case with L = 22 and D = 0.5 exhibits the
highest transmission, with values around −70 dB in the main frequency band. In
contrast, the shorter antenna (L = 15) shows significantly lower transmission, with
a reduction of approximately 10–15 dB. This indicates that antenna length has a
strong impact on the amount of energy delivered into the medium.
The effect of immersion depth is also evident. Comparing configurations with the
same antenna length (L = 22), the shallower placement (D = 0.5) consistently
provides higher transmission than deeper placement (D = 3). This suggests that
a deeper antenna experiences additional attenuation due to the longer propagation
path within the lossy gel.
A similar trend is observed in the isolation coefficient (S41). Configurations with
higher transmission also exhibit higher coupling levels, indicating stronger inter-
action between antenna elements. Although the variations in S41 are smaller, the
overall behaviour follows the same pattern as S21.
These results demonstrate that antenna geometry influences both signal penetra-
tion and inter-element coupling. Increasing the antenna length and reducing the
immersion depth improves energy delivery into the medium, but may also increase
unwanted coupling, highlighting a trade-off in antenna design.

4.1.4.2 Field Distribution

To visualize the radiation mechanism and isolation, the electric field distributions
for different antenna configurations are shown in Fig. 4.14.
Clear differences in field intensity and propagation behaviour can be observed across
the configurations. For the longer antenna (L = 26), a stronger electric field is gen-
erated around the radiating element, with a larger high-intensity region and more
pronounced wavefronts propagating into the surrounding medium. In contrast, the
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Figure 4.14: E-field distributions for different antenna dimensions. The field in-
tensity increases with antenna length, confirming improved radiation efficiency.

shorter antenna (L = 15) exhibits a noticeably weaker field, with reduced propaga-
tion distance and less defined wave patterns.
The effect of antenna length is therefore evident in both the field magnitude and the
spatial extent of wave propagation. Longer antennas produce a stronger and more
sustained field distribution, enabling more efficient energy transfer into the medium.
The impact of immersion depth (D), however, is less significant in terms of overall
field distribution. Comparing configurations with the same antenna length (L = 22),
variations in depth result in only minor changes in field intensity, while the overall
propagation pattern remains largely unchanged.
These observations are consistent with the S-parameter analysis, where antenna
length was found to strongly influence transmission, while depth mainly affects
coupling strength rather than the radiation pattern.

4.2 Dielectric Characterization of Candidate Ma-
terials

This section presents the dielectric characterization of all investigated material sys-
tems. All dielectric data in this section were obtained using a SPEAG Dielectric
Assessment Kit (DAK). For each material, the sample was placed in contact with
the open-ended coaxial probe, and the instrument measured the real permittivity
(ϵ′

r) and electrical conductivity (σ) at multiple frequencies within the microwave
range. This procedure was applied consistently to all commercial, metal, graphite,
and carbon-black composites.

4.2.1 Commercial Absorbing Materials
First, commercially available electromagnetic absorbing materials were evaluated.
The four commercial absorber materials evaluated here correspond to the products
listed in Table 3.1 in Chapter 3, namely SEA-ELP, SEA-ELS, ABS-LFE-SA, and
LS-30. As shown in Fig. 4.15, these materials display a wide range of dielectric
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properties. While some samples exhibit relatively high permittivity (up to approxi-
mately 48), their electrical conductivity remains low, generally below 0.3 S/m across
the measured frequency range.
Overall, none of the tested commercial materials simultaneously achieve the target
permittivity (ϵr ≈ 40) and conductivity (σ ≈ 7). These results indicate that, despite
being designed for wave absorption, the evaluated products do not meet the specific
electromagnetic requirements for mitigating multipath signal interference in this
study.

(a) permittivity ϵ′
r (b) conductivity σ

Figure 4.15: Real permittivity (ϵ′
r) and electrical conductivity (σ) of four commer-

cial electromagnetic absorbing materials measured over the 0.2–1.8 GHz frequency
range. The left plot shows ϵ′

r as a function of frequency, and the right plot shows σ
for the same materials across the same frequency range.

4.2.2 Metal Powder Materials
In addition to commercial products, metal-based composites were investigated to ex-
amine whether high intrinsic conductivity can be translated into effective composite
performance. Both iron and copper powders were incorporated into the Dragonskin
silicone matrix at a high filler loading of 50 wt%. The metal-based composites an-
alyzed here correspond to the iron- and copper-loaded samples listed in Table 3.2,
specifically Iron/Ecoflex-50 and Copper/Ecoflex-50. As shown in Fig. 4.16, the re-
sulting composites exhibit relatively low electrical conductivity across the measured
frequency range (0.2–1.8 GHz), remaining close to zero and not exceeding approxi-
mately 0.018 S/m, despite a slight increase with frequency.
This behavior is unexpected given the intrinsically high conductivity of metal fillers,
suggesting that a continuous conductive network was not established within the sil-
icone matrix even at high loading. In contrast, the relative permittivity remains
moderate, with copper-based composites (ϵ′

r ≈ 9.1–9.3) showing slightly higher val-
ues than iron-based composites (ϵ′

r ≈ 8.1–8.3), although both are far below the
target permittivity of approximately 40. Overall, these results demonstrate that
metal–silicone composites at 50 wt% loading fail to simultaneously achieve the re-
quired conductivity and permittivity, rendering them unsuitable for mitigating mul-
tipath signal interference in this study.
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(a) permittivityϵ′
r (b) conductivity σ

Figure 4.16: Real permittivity (ϵ′
r) and electrical conductivity (σ) of two metal

silicone composites (IRON_Ecoflex_50% and COPPER_Ecoflex_50%) measured
over the 0.2–1.8 GHz frequency range. The left plot shows ϵ′

r as a function of fre-
quency, and the right plot shows σ for the same materials across the same frequency
range.

4.2.3 Graphite Materials
To further explore carbon-based systems, graphite-filled composites were studied at
different loadings and using different silicone matrices. Graphite was incorporated
into two silicone matrices (C25 and Dragon Skin) at filler loadings of 30 wt% and
45 wt%. As shown in Fig. 4.17, the 45 wt% samples consistently exhibit higher
permittivity and conductivity than the corresponding 30 wt% samples for both
matrix types.
The choice of matrix also influences the dielectric response, with Dragon Skin-based
composites generally showing higher permittivity and conductivity compared to
C25-based ones, suggesting differences in filler dispersion or matrix–filler interac-
tions. Despite these improvements, the overall conductivity remains relatively low,
with maximum values below approximately 0.8 S/m, which is still far from the target
conductivity ( 7 S/m). Similarly, the permittivity, although significantly increased
compared to metal-based systems, does not reach the desired value of approximately
40.

4.2.4 VULCAN Carbon Black Materials
Carbon black-filled composites were investigated as a promising candidate system
due to their known ability to form conductive networks at moderate loading levels.
VULCAN carbon black[84] was incorporated into the C25 silicone matrix at filler
loadings of 15 wt% and 20 wt%. As shown in Fig. 4.18, the composite with 15 wt%
carbon black exhibits a relatively high permittivity, approaching the target range
(ϵr ≈ 40), while maintaining moderate conductivity, reaching up to approximately
2.2 S/m at higher frequencies.
However, further increasing the filler loading to 20 wt% results in a significant re-
duction in both permittivity and conductivity, with values remaining close to those
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(a) permittivity ϵ′
r (b) conductivity σ

Figure 4.17: Real permittivity (ϵ′
r) and electrical conductivity (σ) of graphite

silicone composites measured over the 0.2–1.8 GHz frequency range. The left plot
shows ϵ′

r for four formulations (Dragon Skin 30%, Dragon Skin 45%, C25 30%, and),
and the right plot shows the corresponding σ values across the same frequency range.

of the insulating matrix. This unexpected behavior suggests that excessive carbon
black content may hinder proper curing or dispersion within the silicone matrix,
leading to poor composite formation and the absence of an effective conductive
network. Overall, these results indicate that while VULCAN carbon black shows
strong potential to achieve the desired dielectric properties at moderate loading,
excessive filler content negatively affects the composite structure, preventing further
improvement in electromagnetic performance.

(a) permittivity ϵ′
r (b) conductivity σ

Figure 4.18: Real permittivity (ϵ′
r) and electrical conductivity (σ) of VULCAN

carbon black composites prepared in a C25 silicone matrix, measured over the 0.5–
3 GHz frequency range. The left plot shows ϵ′

r for 15 wt% and 20 wt% filler loadings,
and the right plot shows the corresponding σ values across the same frequency range.

This subsection also analyzes optimized VULCAN carbon black composites pre-
pared using Ecoflex and food-grade silicone matrices. These systems represent the
most promising material candidates among all investigated formulations. Particu-
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lar attention is given to the relationship between filler loading, conductivity, and
frequency-dependent permittivity.
VULCAN carbon black was incorporated into both Ecoflex silicone and food-grade
silicone matrices with varying filler loadings. As shown in Fig. 4.19, both systems
exhibit similar overall trends. The electrical conductivity increases significantly with
increasing carbon black content, reaching values on the order of 10–20 S/m at 20
wt%, indicating the formation of effective conductive networks near the percolation
threshold.
However, the permittivity behavior differs substantially. For the Ecoflex-based sys-
tem, a pronounced peak in permittivity is observed at low frequencies for the 20
wt% sample, reaching values close to the target (ϵr ≈ 40), followed by a rapid de-
crease as frequency increases. In contrast, lower filler loadings show relatively stable
but much lower permittivity values. A similar trend is observed for the food-grade
silicone system, although the overall permittivity remains lower and more gradual,
without reaching the desired target across the measured frequency range.
The Ecoflex and food-grade composites show similar trends in conductivity, with
higher filler loadings producing higher σ values across the measured frequency range.
In contrast, the permittivity exhibits stronger variation with both filler content and
frequency, particularly for the Ecoflex 20 wt% sample, which shows a pronounced
decrease in ϵ′

r as frequency increases.
Overall, these results demonstrate that while carbon black composites are capable of
achieving high electrical conductivity, maintaining both high and stable permittivity
across the frequency range remains challenging. The inherent trade-off between con-
ductive network formation and frequency-dependent polarization limits their ability
to fully meet the target dielectric properties.

4.3 Reconstruction Results
The reconstructed images obtained using the DMAS-based method for different
target configurations are presented in Fig. 4.20 and Fig. 4.21. These results are
used to evaluate the influence of target position and coupling conditions on imaging
performance.
Figure 4.20 compares the reconstruction results for the central and lateral tar-
get configurations under the same coupling condition. For the central target case
(Fig. 4.20(a)), a dominant high-intensity region is observed around x ≈ −20 mm and
y ≈ 40 mm, which closely matches the true target location. The reconstructed re-
sponse is relatively compact, although some spatial spreading and low-level artifacts
are still visible due to limited aperture and residual noise.
For the lateral target case (Fig. 4.20(b)), the reconstructed target is also correctly
localized at approximately x ≈ 40 mm and y ≈ −20 mm. However, compared to
the central case, the response exhibits increased spatial spreading and pronounced
asymmetry, with a clear elongation toward the antenna array. This behavior reflects
the impact of asymmetric propagation paths and limited angular coverage, which
reduce focusing accuracy.
To further investigate the effect of the coupling medium, Fig. 4.21 presents a direct
comparison between the gel-based and air-coupled configurations for the lateral tar-
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(a) permittivity ϵ′
r (b) conductivity σ

(c) permittivityϵ′
r (d) conductivityσ

Figure 4.19: Real permittivity (ϵ′
r) and electrical conductivity (σ) of optimized

VULCAN carbon black composites prepared using Ecoflex and food-grade silicone
matrices, measured over the 0.5–3 GHz frequency range. The top row shows ϵ′

r and
σ for Ecoflex-based composites at filler loadings of 0–20 wt%, and the bottom row
shows the corresponding ϵ′

r and σ plots for food-grade silicone composites across the
same frequency range.

(a) Central target (b) Lateral target

Figure 4.20: Reconstructed images using the DMAS algorithm for different target
configurations. (a) Central target case. (b) Lateral target case, showing increased
asymmetry and directional artifacts.
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get case. In the air-coupled case, the geometry is identical; only the material of the
box surrounding the antennas is changed from the coupling gel to air. When the
coupling gel is used (Fig. 4.21(a)), the reconstructed target appears more localized,
with higher peak intensity and reduced background artifacts. In contrast, the air-
coupled case (Fig. 4.21(b)) shows significant degradation, including increased spatial
spreading, weaker target intensity, and more pronounced clutter.
The difference between the two cases comes from the coupling efficiency. When
the gel surrounds the antennas, its high permittivity allows more energy to enter
the phantom, producing stronger signals and a clearer reconstruction. When the
surrounding region is set to air, the antennas couple much less efficiently, resulting
in weaker fields inside the phantom and a poorer reconstruction. No noise was
added to the simulations; the change in image quality is solely due to the difference
in coupling medium.
In comparison, the use of a high-permittivity and moderately conductive coupling
gel improves impedance matching and facilitates wave penetration into the medium.
This reduces boundary reflections and suppresses multipath effects, resulting in im-
proved target localization and image clarity.

(a) With coupling gel (b) Without coupling gel (air)

Figure 4.21: Comparison of reconstructed images for the lateral target case under
different coupling conditions. In both cases, the physical setup is identical; the only
difference is the material assigned to the box surrounding the antenna array. (a)
With coupling gel, where the surrounding region is filled with the high-permittivity
matching medium. (b) Without coupling gel (air), where the same region is assigned
air properties.

Overall, these results demonstrate that while the imaging system is capable of de-
tecting targets under both symmetric and asymmetric configurations, the use of an
appropriate coupling medium plays a critical role in achieving stable and accurate
reconstruction performance.
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5.1 Overview of Key Mechanisms
The behaviour of the microwave imaging system is governed by the interaction be-
tween the antenna array, the coupling medium, and the head phantom. The results
demonstrate that the dielectric properties of the coupling medium, the geometric
configuration of the gel, and the antenna dimensions collectively determine the bal-
ance between signal penetration and attenuation. Conductivity controls dissipative
losses and lateral wave suppression, permittivity influences resonance behaviour,
and geometric parameters shape the near-field distribution and propagation paths.
This chapter discusses these mechanisms and interprets their implications for system
performance.

5.2 Influence of Coupling Medium Conductivity
Increasing conductivity enhances absorption within the gel, suppressing surface
waves and reducing mutual coupling between adjacent antennas. This behaviour
is consistent with conductive loss mechanisms described in classical electromagnetic
theory, where higher σ increases ohmic dissipation and reduces field penetration
depth [71, 68]. The confinement of the electric field near the antenna aperture at
high conductivity values further supports this interpretation.
However, the same dissipative mechanism also reduces the energy available for trans-
mission. As conductivity increases, the transmission coefficients decrease substan-
tially, indicating that a significant portion of the radiated energy is converted into
heat within the gel. This results in weaker received signals at the other antennas,
consistent with the increased volume loss and the rapid field decay observed. Con-
ductivity should therefore be sufficiently high to suppress lateral propagation, but
not so high that near-field absorption excessively weakens the transmitted signal.

5.3 Influence of Coupling Medium Permittivity
The permittivity sweep demonstrates that εr primarily affects impedance match-
ing and resonance behaviour. Increasing permittivity shifts the resonant frequency
downward due to the reduction in guided wavelength, consistent with established
antenna theory [71].
Nevertheless, excessively high permittivity introduces detrimental effects. The field
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distributions show increased backward radiation and stronger reflections at the
gel–phantom interface when εr is large. This behaviour can be attributed to the in-
creased impedance contrast between the coupling medium and the phantom, which
limits energy transmission into the head. The volume-loss trends further indicate
that permittivity influences field confinement rather than intrinsic dissipation, con-
sistent with interfacial polarization phenomena described in dielectric composite
literature [100].
Overall, moderate permittivity (εr ≈ 40) provides the most favourable balance be-
tween matching, resonance placement, and forward energy transmission.

5.4 Influence of Gel Geometry
The parametric study of gel dimensions shows that thickness and width play distinct
roles. Gel thickness primarily affects the resonant frequency and the propagation
path length within the lossy medium. Excessive thickness shifts the resonance out-
side the desired imaging band and increases attenuation, while insufficient thickness
fails to buffer the high-permittivity skin layer. Width, in contrast, influences lateral
confinement. Wider gels suppress surface waves more effectively, reducing mutual
coupling and multipath interference.
These observations indicate that geometric design must balance attenuation and
isolation. Larger gel dimensions improve isolation but degrade signal penetration,
whereas smaller dimensions preserve signal strength but allow unwanted lateral prop-
agation. The optimal configuration therefore lies between these extremes, ensuring
adequate isolation without compromising the detectable signal.

5.5 Influence of Antenna Dimensions
The antenna length strongly determines the resonance frequency and radiated power.
Longer antennas exhibit lower resonant frequencies due to increased electrical length,
while shorter antennas resonate at higher frequencies. This behaviour aligns with
classical monopole antenna theory [68]. The immersion depth, by contrast, has
minimal influence on resonance but affects coupling strength. Shallow immersion
reduces the propagation path within the lossy gel, improving transmission, whereas
deeper immersion increases attenuation.
The combined effect of antenna length and depth reinforces the importance of tuning
the radiating element to the desired frequency band while minimizing unnecessary
propagation through lossy media.

5.6 Dielectric Characterization Results
The dielectric characterization of the synthesized carbon-black-loaded silicone com-
posites provides a direct assessment of their suitability as coupling media for mi-
crowave head imaging. The measured conductivity and permittivity values show
that the electrical response of the composites is strongly governed by the carbon
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black content, confirming that the filler network dominates over the silicone host in
determining the effective dielectric properties.
A pronounced increase in conductivity is observed as the carbon black loading ap-
proaches higher concentrations. This behaviour is characteristic of percolation phe-
nomena, where previously isolated conductive particles begin to form continuous
pathways through the insulating matrix [96, 97]. Once these pathways are estab-
lished, small changes in filler content lead to large changes in bulk conductivity.
In the context of the coupling medium, this implies that attenuation can be tuned
over a relatively wide range by adjusting the filler fraction, allowing the designer to
control the trade-off between penetration depth and lateral wave suppression.
The permittivity measurements exhibit a strong dispersion at lower frequencies, with
elevated values that gradually decrease as frequency increases. This trend is consis-
tent with interfacial polarization and microcapacitive effects between neighbouring
carbon black particles [100]. At low frequencies, charge carriers have sufficient time
to accumulate at particle–matrix interfaces, enhancing polarization and increasing
the effective permittivity. As the frequency rises, the carriers can no longer follow
the rapid field oscillations, causing the interfacial contribution to diminish and the
permittivity to drop. The observed behaviour confirms that the composites act as
dispersive media, but within the 0.5–1.5 GHz band of interest, the variation remains
sufficiently moderate to ensure predictable coupling performance.
From an application standpoint, the characterized dielectric properties support the
use of these CB–silicone composites as practical coupling gels. The achievable con-
ductivity range is high enough to provide meaningful attenuation of surface waves,
yet can be limited to avoid excessive loss of penetrating signals. Similarly, the per-
mittivity values at relevant filler loadings are close to those of brain tissue, which
reduces impedance mismatch at the gel–phantom interface and improves energy
transfer. These findings indicate that the synthesis process yields materials whose
dielectric properties can be tailored to meet specific imaging requirements, while
maintaining stability and reproducibility across the operating band.

5.7 Implications for Imaging Performance
The imaging results indicate that the coupling gel improves reconstruction quality
by suppressing multipath signals and reducing unwanted lateral wave propagation.
When the antennas are immersed in the gel, the lossy medium attenuates surface
waves that would otherwise travel along the array boundary and interfere with
neighbouring channels.
The central target is reconstructed more accurately due to the symmetric propaga-
tion paths available in the array geometry. For the lateral target, the reconstruction
exhibits increased spatial spreading and directional artefacts, which arise from un-
even propagation distances and limited angular coverage. These artefacts are inher-
ent to imaging systems and are primarily governed by array geometry rather than
the properties of the coupling medium.
Overall, the results show that the gel enhances imaging performance by controlling
wave behaviour around the antenna array. Its finite conductivity suppresses lat-
eral propagation and reduces multipath contributions, leading to more uniform and
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interpretable measurements.

5.8 Limitations and Interpretation Constraints
The simulation model incorporates several simplifications that influence the inter-
pretation of results. The head phantom is homogeneous and lacks anatomical layers,
which may underestimate reflections and impedance discontinuities present in real
tissue. No measurement noise or hardware imperfections are included, potentially
overestimating reconstruction clarity. These limitations should be considered when
extrapolating the findings to experimental or clinical scenarios.

5.9 Summary
The discussion shows that the performance of the microwave imaging system is
influenced by the combined effects of dielectric properties, geometric configuration,
and antenna design. Among these factors, the most significant finding is that the
synthesized carbon-black composite gel effectively suppresses multipath and lateral
surface-wave propagation.
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This thesis investigated the design and optimization of a microwave antenna array
system for intracranial hemorrhage detection, with a particular focus on developing a
coupling medium capable of suppressing multipath propagation. A simplified head
model and a comprehensive set of parametric simulations were used to evaluate
how dielectric properties, gel geometry, and antenna configuration influence signal
behaviour within the imaging domain.
The results demonstrate that the synthesized carbon-black composite gel provides
an effective mechanism for attenuating lateral surface waves and reducing inter-
channel interference. This behaviour arises from its finite conductivity, which en-
ables controlled absorption of boundary-guided waves without excessively degrad-
ing forward signal propagation. The identified dielectric range, with conductivity
between 5–7 S/m and moderate permittivity, offers a practical balance between
isolation and penetration for narrowband imaging systems.
Preliminary material synthesis confirmed that carbon-black-loaded silicone compos-
ites can achieve the required loss characteristics. Although the measured permittiv-
ity exhibits frequency-dependent variability, the material performs favourably near
the intended operating band, suggesting that frequency-selective optimization may
be more practical than broadband tuning for this application.
Image reconstruction using DMAS further validated the feasibility of the proposed
antenna–gel configuration. Both central and off-centre targets were successfully
localized, indicating that the system maintains reliable detection capability under
idealized simulation conditions.
Future work should focus on refining the dielectric stability of the coupling material,
incorporating alternative fillers to improve permittivity control, and extending val-
idation to multilayer head phantoms and experimental measurements. These steps
will support the transition from simulation-based feasibility to practical implemen-
tation in clinical imaging systems.
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