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Abstract

Medical diagnosis and subsequent treatment efficacy hinge on innovative imaging modal-

ities. Among these, Microwave Imaging (MWI) has emerged as a compelling approach,

offering safe and cost-efficient visualization of the human body. This comprehensive re-

search explores the potential of the Huygens principle-based microwave imaging algorithm,

specifically focusing on its prowess in cancer, lesion, and infection detection. Extensive

experimentation employing meticulously crafted phantoms validates the algorithm’s ro-

bustness.

In the context of lung infections, this study harnesses the power of Huygens-based

microwave imaging to detect lung-COVID-19 infections. Employing Microstrip and horn

antennas within a frequency range of 1 to 5 GHz and a multi-bistatic setup in an anechoic

chamber, the research utilizes phantoms mimicking human torso dimensions and dielectric

properties. Notably, the study achieves a remarkable detection capability, attaining a

signal-to-clutter ratio of 7 dB during image reconstruction using S21 signals.A higher SCR

ratio indicates better contrast and clarity of the detected inclusion, which is essential for

reliable medical imaging. It is noteworthy that this achievement is realized in free space

without necessitating coupling liquid, underscoring the algorithm’s practicality.

Furthermore, the research delves into the validation of Huygens Principle (HP)-based

microwave imaging in detecting intricate lung lesions. Utilizing a meticulously designed

multi-layered phantom with characteristics closely mirroring human anatomy, the study

spans frequency bands from 0.5 GHz to 3 GHz within an anechoic chamber. The outcomes

are compelling, demonstrating consistent lesion detection within reconstructed images.

Impressively, the signal-to-clutter ratio post-artifact removal surges to 13.4 dB, affirming

the algorithm’s potential in elevating medical imaging precision.

To propel the capabilities of MWI further, this research unveils a novel device: 3D

microwave imaging rooted in Huygens principle. Leveraging MammoWave device’s capa-

bilities, the study ventures into 3D image reconstruction. Dedicated phantoms housing

3D structured inclusions, each embodying distinct dielectric properties, serve as the ex-

perimental bedrock. Through an intricate interplay of data acquisition and processing,

the study attains a laudable feat: seamless 3D visualization of inclusions across various

z-axis planes, accompanied by minimal dimensional error not exceeding 7.5%.

In a parallel exploration, spiral-like measurement configurations enter the spotlight.
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These configurations, meticulously tailored along the z-axis, yield promising results. The

research unveils an innovative approach to reducing measurement time while safeguard-

ing imaging fidelity. Notably, spiral-like measurements achieve a notable 50% reduction

in measurement time, albeit with slight trade-offs. Signal-to-clutter ratios experience a

modest reduction, and there is a minor increase in dimensional analysis error, which re-

mains within the confines of 3.5%. The research findings serve as a testament to MWI’s

efficacy across diverse medical domains. The success in lung infection and lesion detec-

tion underscores its potential impact on medical diagnostics. Moreover, the foray into 3D

imaging and the strategic exploration of measurement configurations lay the foundation

for future advancements in microwave imaging technologies. As a result, the outcomes of

this research promise to reshape the landscape of accurate and efficient medical imaging

modalities.
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Chapter 1

Introduction

This chapter exhibits the research motivation, outlines the proposed aim, and objectives.

It also provides an overview of the thesis structure, guiding the reader through its sections

and chapters.

1.1 Research Motivation

Medical imaging (MI) is an indispensable tool used to visualize the interior of the hu-

man body for diagnostic and various medical purposes. Its significance lies in its ability

to aid in the identification of diseased areas, leading to improved chances of early-stage

disease detection and facilitating effective treatment monitoring. Conventional MI tech-

nologies, including X-rays, magnetic resonance imaging (MRI), ultrasound, and computed

tomography (CT), have revolutionized the medical industry, saving countless lives. Over

the years, X-rays have undergone significant evolution since their introduction about 126

years ago [1]. While these technologies serve diverse applications, they are not without

limitations, particularly in the detection of cancer or tumours. X-rays and CT scans

involve the use of ionizing radiation, which can pose health risks if used excessively. Ad-

ditionally, ultrasound faces challenges in penetrating bones and generating high-contrast

images, often requiring specialized medical expertise and costly equipment. Meanwhile,

MRI scans can be time-consuming, taking up to 45-60 minutes per scan, and the image

reconstruction process is dependent on the completion of all scans [2]. The operation of

MRI hardware also demands skilled professionals, and the equipment itself is bulky and

expensive.
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The increasing number of cancer patients each year underscores the importance of

research aiming to detect cancer at an early stage to facilitate easier and more successful

treatment. Cancer emerges due to genetic changes that disrupt the orderly process of cell

growth, leading to the rapid proliferation of abnormal cells. The limitations of conven-

tional MI techniques have motivated researchers to explore alternative approaches that

offer higher efficiency, lower costs, and pose no health risks by avoiding the use of ionizing

rays.

In recent years, the development of ultra-wideband (UWB) based microwave imaging

(MWI) has shown promise, overcoming some limitations of conventional MI technologies

through continuous research efforts worldwide. UWB technology in MWI offers supe-

rior resolution and reduced multipath interference, enabling precise spatial information

retrieval and improved imaging accuracy in complex environments.

When UWB signals are compared with conventional narrowband (NB) signals, the key

distinctions between them becomes apparent. A notable characteristic of UWB signals is

their significantly lower power spectrum. This reduction in power spectrum is attributed

to the extensive bandwidth occupied by UWB signals, which introduces the possibility

of interference with other communication systems. However, it is important to note that

achieving a high power spectral density is not a requirement for UWB signals. As a

result, the power spectrum of UWB is intentionally diminished. MWI operates on the

basic principle of differentiating healthy and malignant tissues based on their dielectric

properties. Notably, cancerous tissues exhibit different dielectric properties compared

to healthy tissues, allowing MWI to effectively locate tumours at an early stage. A

wide range of MWI methodologies have emerged, with some even progressing to clinical

trials, reflecting the potential of this technology to transform medical imaging and cancer

detection, as discussed in this thesis.

The focus of the proposed research is to validate the capability of the existing Huygens

principle (HP) based MWI algorithm in detecting cancer at an early stage. The research

involves conducting experiments on fabricated phantoms, each with varying dielectric

properties, to comprehensively evaluate the algorithm’s effectiveness. Additionally, the

study aims to develop a cutting-edge 3D MWI algorithm, enabling the visualization of

detected malignant tissues in three dimensions, providing crucial information about their

dimensions and spatial distribution.
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Looking towards the future, the research envisions the construction of a dedicated

MWI device, a modified version of the MammoWave, for use in clinical trials specifically

targeted at lung imaging. This device offers the advantage of monitoring lung lesions

without relying on X-rays, thereby ensuring patient safety. Moreover, its portability and

simplified structure could make it an ideal candidate for conducting remote pre-hospital

examinations. Furthermore, as the output power may be increased in future experiments,

my plan is to monitoring specific absorption rate (SAR) to ensure adherence to safety

guidelines. With these objectives and prospects, the proposed research contributes to the

advancement of medical imaging technology and the potential for early cancer detection,

bringing hope for better patient outcomes and improved healthcare services. As the

research progresses, the scientific community eagerly awaits the development of MWI

as a transformative tool in medical imaging, saving lives and improving the quality of

healthcare globally.

1.2 Aim and Objectives of the Research

The overall aim of this thesis is to extend the 2D HP-based imaging algorithm into a

3D version, leveraging the MWI device for enhanced visualization capabilities, especially

when dealing with intricate structures and tumors in different planes along the z-axis.

The objectives of this research are as follows:

• Explore the potential of the HP-based MWI algorithm for detecting cancer.

• Conduct experiments on fabricated phantoms for lung lesion and lung COVID-19

infection detection.

• Investigate the ability of a novel HP-based MWI device, initially designed for breast

cancer detection, to detect lung lesions using realistic fabricated phantoms.

• Rigorously validate the proposed procedure, employing various quantification meth-

ods and introducing complexities to experimental setups, including the use of real-

istic phantoms and fabrication mixtures.

The methodology involves testing the 3D imaging algorithm using three distinct fab-

ricated phantoms, each representing different challenges and complexities: 3D structured
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inclusions, asymmetrical phantom shapes with uniform inclusions, and variations in dielec-

tric properties along the z-axis. A detailed analysis of the reconstructed images obtained

through the 3D imaging algorithm is conducted, utilizing various image quantification

methods to assess the performance of the MWI technique in detecting and characterizing

cancerous tissues.

Additionally, this research aims to reduce imaging time by introducing a novel spiral-

like acquisition method. By optimizing the data acquisition process, this approach shows

promising potential for enhancing the efficiency and practicality of MWI devices in clinical

settings.

In summary, this thesis contributes to advancing the field of microwave imaging for

cancer detection and diagnosis by developing a 3D imaging algorithm, exploring the capa-

bilities of the HP-based MWI algorithm, and validating its performance through extensive

experiments. The ultimate goal is to pave the way for more effective and efficient can-

cer detection techniques, with potential applications in various medical fields, leading to

improved patient outcomes and healthcare practices.

1.3 Innovative Contributions

The achievements of this research are of significant importance in the field of medical

imaging, particularly developing 3D MWI algorithm for 3D visualisation and detecting

lung infections and malignant tissues using the Huygens Principle (HP) based MWI algo-

rithm. The research involved various steps and experiments on fabricated phantoms with

inclusions having varied dielectric properties. These achievements are outlined as follows:

• Fabrication of Multiple Phantoms: One of the key achievements is the successful

fabrication of multiple phantoms that simulate lung conditions. This includes fab-

ricating oval-shaped multi-layered lung phantoms that accurately mimic the human

torso for detecting lung COVID-19 infection. Using appropriate materials with cor-

related dielectric properties to the lung is crucial for achieving accurate results.

Another achievement is fabricating dedicated phantoms with tissue-simulating liq-

uid, including realistic components. Specifically, a multi-layered chest phantom,

designed by SPEAG, is used to validate the proposed methodology further. The

realistic dimensions and outer layer of the phantom, mimicking the skin, contribute
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to the accuracy and reliability of the validation process. Efforts are made to en-

hance the complexity of the phantoms by incorporating fabricated inclusions. This

increases realism and provides more accurate representations of real-life scenarios,

making the experiments more reliable and informative..

• Validation of Proposed Methodology: The research also involves the validation of

the proposed MWI methodology. An experimental setup with the required hardware

for MWI is carefully formatted, and experiments are performed inside an anechoic

chamber on the fabricated phantom for detecting fabricated infections.

• 3D MWI Algorithm Development: A major milestone in the research is the success-

ful development of a novel 3D MWI algorithm based on the Huygens principle. The

proposed MWI algorithm extends the image reconstruction capabilities from 2D to

3D, aiming for improved visualization details. This algorithm represents a signifi-

cant advancement in MWI technology, allowing for more detailed and informative

3D visualizations of detected inclusions and malignant tissues.

• Successful 3D Visualization: Through meticulous measurements on the designed

and fabricated phantoms, the 3D MWI algorithm demonstrates its capability for

successfully detecting and visualizing inclusions with varying dimensions. The abil-

ity to visualize the detected abnormalities in three dimensions may provide valuable

insights for medical professionals, enabling more accurate diagnosis and treatment

planning.

• Image Quantification Validation: To ensure the reliability and accuracy of the 3D

imaging algorithm, the research includes a detailed validation process using image

quantification methods. These methods are applied to the reconstructed images,

confirming the algorithm’s effectiveness and robustness.

• Time Reduction Methodology: The researchers also introduce a novel methodology

for achieving imaging time reduction using the 3D MWI algorithm based on HP with

the MammoWave device. By fabricating a three-layer cylindrical phantom with a 3D

structured inclusion and employing various spiral-like measurement scenarios along

the z-axis, they achieve a 50% reduction in imaging time with minimal error. This

methodology has promising implications for expediting medical imaging procedures
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and enhancing patient care.

In conclusion, the achievements presented in this research signify advancements in the

field of microwave imaging, particularly in the detection of lung infections and malignant

tissues. The successful fabrication and validation of multiple phantoms, the develop-

ment of a state-of-the-art 3D MWI algorithm, and the introduction of a time reduction

methodology all contribute to the field’s growth and innovation. These achievements have

the potential to revolutionize medical imaging practices, leading to improved healthcare

outcomes and enhanced patient care.

1.4 Thesis Structure

This thesis encompasses seven chapters, each contributing significant advancements to

the fields of medical imaging (MI) and microwave imaging (MWI). The chapters are

structured as follows:

• Chapter 1: This chapter provides the summary of the research motivation behind

the proposed work, emphasizing the original contributions made throughout the

study. It serves as an introduction to the thesis, laying the groundwork for the

subsequent chapters by highlighting the significance and relevance of the research.

• Chapter 2: In this chapter, a detailed literature review is presented, delving into

existing MI technologies and their respective advantages and limitations. The his-

torical background and capabilities of UWB technology in medical applications are

explored in depth. Furthermore, the chapter introduces MWI as a novel approach

for medical imaging and examines various existing MWI algorithms and method-

ologies, providing a thorough understanding of the state-of-the-art in the field.

• Chapter 3: This chapter focuses on the proposed MWI experimental setup, par-

ticularly the one implemented in the anechoic chamber at London South Bank

University (LSBU). It offers a detailed description of the hardware utilized in the

setup and introduces the MWI algorithm based on the Huygens principle. The

fabrication of two complex multi-layered lung phantoms is thoroughly explained,

with one designed to detect COVID-19 infection and the other representing more

realistic parameters, dimensions, and dielectric properties. The imaging algorithm
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and methodology for both scenarios are detailed, with variations in hardware setup

discussed in relation to their respective contributions.

• Chapter 4: This chapter introduces a novel, fast, and accurate MWI device named

MammoWave, designed for breast screening by UBT Srl Italy. The basic hardware of

the device and two experimental configurations are explained in detail. The chapter

emphasizes the device’s capabilities in clinical trials, showcasing successful results

and the potential for significant advancements in medical imaging. Additionally,

the device is subjected to various experimentations, providing valuable insights for

future modifications and enhancements. The extension of the HP-based imaging al-

gorithm for lung lesion detection is also thoroughly covered, showcasing the device’s

versatility in multiple medical applications.

• Chapter 5: Focusing on the development of a 3D MWI algorithm based on HP,

this chapter explores the utilization of the MammoWave device for extending image

reconstruction from 2D to 3D. Dedicated phantoms with 3D structured inclusions

and varying dielectric properties are meticulously prepared, and measurements are

taken at multiple planes along the z-axis. The chapter demonstrates the successful

detection and 3D visualization of the inclusion at various planes/cross-sections along

the z-axis, showcasing the algorithm’s robustness and reliability. Furthermore, a

detailed analysis of quantification techniques validates the device’s capabilities and

the efficacy of the proposed 3D imaging algorithm.

• Chapter 6: This chapter introduces a novel methodology for achieving imaging time

reduction using the 3D imaging HP algorithm with the MammoWave device. A

three-layer cylindrical phantom with a 3D structured inclusion and varying dielec-

tric properties is fabricated to evaluate the device’s performance. Spiral-like mea-

surement scenarios along the z-axis are implemented, and a detailed analysis of the

proposed methodology is presented, demonstrating the potential for enhanced effi-

ciency in medical imaging. Image quantification validates the results, establishing

the optimal configuration achieving time reduction with minimal error.

• Chapter 7: In the final chapter, the conclusion of the proposed research is pre-

sented, summarizing the achieved deliverables and significant contributions made
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throughout the thesis. The chapter highlights the successful advancements in medi-

cal imaging and MWI technology, with a focus on the potential impact on healthcare

outcomes. Recommendations for future work and potential areas of further explo-

ration are also provided, encouraging continued research and innovation in the field.

Throughout this thesis, a wealth of knowledge and significant achievements have been

made, advancing the field of medical imaging and MWI technology. The original contri-

butions, novel methodologies, and cutting-edge devices presented in this thesis promise

to revolutionize the field of medical imaging, opening doors for improved healthcare di-

agnostics, treatment, and patient outcomes.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter, a thorough analysis of the current medical imaging technologies is pre-

sented, followed by an introduction to the UWB technology and its historical context in

medical applications. Additionally, the chapter delves into the existing MWI algorithms

and evolution of MWI as an alternative imaging approach. Existing MWI methodologies

are discussed, along with an exploration of their limitations and challenges. This chapter

aims to provide a solid foundation for understanding the context and motivation behind

the proposed MWI research, highlighting the need for advancements in medical imaging

techniques.

2.2 Existing Imaging Diagnostic Technologies

Medical imaging is a crucial tool for visualizing the human body’s internal structures

and aiding in accurate diagnosis and treatment. Conventional techniques such as X-ray

imaging, ultrasound, CT, and MRI have their advantages but also come with limitations

and potential health risks [1]. X-ray and CT scans use ionizing radiation, raising concerns

about repeated exposure. Ultrasound is safer but has limitations in image quality and

operator dependency. MRI provides excellent soft tissue contrast but is time-consuming

and expensive.

To overcome these limitations, researchers have explored the potential of UWB based

MWI as an alternative approach. MWI utilizes differences in tissues’ dielectric properties
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for cancer and tumour detection, without using ionizing radiation or invasive procedures.

This non-ionizing and non-invasive technique holds promise for enhancing medical imaging

capabilities and reducing health risks associated with conventional methods. In summary,

while conventional medical imaging techniques have greatly improved healthcare, MWI

offers the prospect of overcoming their limitations and revolutionizing medical imaging

with safer and more efficient imaging procedures.

2.2.1 X-Rays Based Computed Tomography

X-ray imaging, a pioneering discovery in the medical field over a century ago, continues

to be a prominent and widely utilized diagnostic methodology. Its ability to visualize

bones and select soft tissues is highly valuable, albeit somewhat limited in distinguishing

between different tissue densities. The application of X-rays involves the use of ionizing

radiation, and in more complex procedures such as CT scans, the radiati on levels may be

relatively higher, resulting in increased costs [2]. While the potential risk to the human

body from X-ray radiation is generally considered minimal, it is essential to exercise

caution and recognize that it cannot be entirely disregarded as devoid of any health risks.

Nevertheless, X-rays serve as a crucial diagnostic tool, effectively passing through tissues

to provide clear differentiation of various anatomical structures, as depicted in Figure.

2.1.

Figure 2.1: X-rays Device [2].

The use of X-rays demands not only skilful execution but also strict adherence to

safety measures due to the bulky nature of the equipment and its need for regular mainte-
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nance, contributing to the overall expenses of this imaging modality [3]. On the contrary,

CT imaging employs an array of low X-ray radiation sources, revolving around the pa-

tient, while a sophisticated computer reconstructs this data to produce a comprehensive

diagnostic output. While CT scans are highly adept at detecting cancer and other anoma-

lies, the use of higher radiation levels poses potential health risks to patients, warranting

careful consideration and medical supervision. Moreover, in certain cases, CT scans may

necessitate intravenous access and sedation, adding to the complexity and patient dis-

comfort. As depicted in Figure 2.2, the increased capabilities of CT imaging come with a

higher price tag compared to standard X-ray machines, making it a relatively expensive

option for medical facilities.

Figure 2.2: X-rays-based Computed Tomography Device [3].

2.2.2 Ultrasound

Another well-established medical imaging technology is ultrasound, which utilizes high-

frequency non-ionizing compressional waves, commonly known as ultrasounds [3]. Ultra-

sound imaging employs sound waves with frequencies ranging from 2 to over 10 MHz, as

these waves travel through the body and bounce back from internal organs, their echoes

are captured and converted into images [2]. However, this imaging modality also comes

with its own set of limitations. For instance, ultrasound is unable to penetrate through

bones, which hinders its ability to visualize high-contrast images of bony structures. Ad-

ditionally, to achieve higher contrast and optimal imaging, lower frequencies are necessary,

which in turn can lead to reduced resolution.
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Over time, advancements have been made to enhance the quality of ultrasound images;

however, this has often been accompanied by increased complexity and cost [4]. Moreover,

ultrasound machines (as depicted in Figure 2.3) are typically more expensive than X-ray

machines, and the quality of the images heavily relies on the proficiency of the operator.

Nevertheless, ultrasound does provide the advantage of real-time evaluation of soft tissues

and vessels [2].

Figure 2.3: Ultrasound Device [4].

2.2.3 Magnetic Resonance Imaging

MRI (Figure .2.4) is a renowned imaging technology in the medical field nowadays; it is a

form of nuclear magnetic resonance utilizing magnetic field gradients to generate images.

Currently, MRI, with its impressive 40,000-unit installations worldwide, stands out as

a prominent medical imaging technique used for a wide range of diagnostic purposes

[4]. However, this imaging modality does come with certain limitations that must be

considered. One of the most significant drawbacks of MRI is the cost and time involved

in the procedure. Unlike other imaging methods, MRI is not suitable for emergency
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situations due to its time-consuming nature, especially when dealing with injuries to the

spinal cord or brain strokes resulting from accidents. Patients undergoing an MRI scan

must remain within the magnetic field area for an extended period, which can cause

feelings of claustrophobia, particularly in individuals sensitive to confined spaces, and the

magnetic field’s impact on nearby metal objects [5]. Another factor contributing to the

time-consuming aspect of MRI is the necessity for multiple sessions to complete a full

scan. Each session may take between 45 to 60 minutes, and image reconstruction can

only begin once all sessions are completed [5]. Additionally, the equipment used for MRI

scans is both expensive and bulky, requiring skilled professionals to operate it effectively.

This limitation may limit accessibility for certain patients and healthcare facilities [5].

Despite these drawbacks, MRI remains an invaluable imaging tool in the medical field,

enabling the visualization of a wide range of morphological areas. Its non-invasive nature

and ability to produce detailed images of soft tissues make it indispensable for various

diagnostic purposes, such as detecting tumours, injuries, and abnormalities within the

body. Ongoing advancements in MRI technology continue to improve its efficiency and

image quality, making it an essential component of modern healthcare practices [2].

Figure 2.4: The MRI Device [5].
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2.3 UWB History and Fundamentals

UWB technology has a long and storied history, dating back to 1973 when the first US

patent for UWB communications was submitted by the Sperry research centre. This

patent introduced a novel transmission and reception system for short-duration impulses,

setting the stage for the widespread applications of UWB technology [6]. In the following

years, UWB continued to garner attention, leading to around 50 patents related to various

fields of UWB applications by the Sperry research centre in 1989 [6]. Over time, UWB

technology underwent significant transformations, earning itself various names such as

short-pulse, impulse, and fast frequency chirp. It is characterized by its ability to operate

in an ultra-wideband spectrum for short periods. Initially, UWB was primarily utilized

for military purposes, including sensing, military communications, and niche applications.

However, a major turning point in the history of UWB came in February 2002 when

the Federal Communications Commission (FCC) allowed its commercial use for data

communications and radar applications. This decision granted UWB a vast spectrum,

1500 times larger than the Universal Mobile Telecommunication System (UMTS) license,

effectively elevating UWB into mainstream use [7].

The FCC’s approval of UWB for commercial applications opened up new possibili-

ties for the technology, particularly in the domain of indoors, short-range, and accurate

communications. This development was warmly welcomed by researchers and industry

professionals alike, propelling UWB into the forefront of cutting-edge technologies [7]. For

a signal to meet the classification of a UWB signal, it must adhere to specific criteria.

It should either have a bandwidth of at least 500 MHz, or it must demonstrate a frac-

tional bandwidth exceeding 20% within the range delineated by the FCC. The fractional

bandwidth (Bf ) is precisely defined by the equation:

Bf = 2

(
fH − fL
fH + fL

)
, (2.1)

where fH and fL represent the upper and lower -10 dB frequencies of the signal spectrum,

respectively. This equation captures the essence of UWB signals, highlighting their capac-

ity to occupy a broad frequency spectrum, as mandated by regulatory standards [8] [9].

The frequency domain representation of a generic UWB signal can be expressed using its
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fourier transform corresponding to a rectangular pulse in the time domain.

S(f) = A · sinc
(
B

2
· (f − fc)

)
· e−j2πft0 (2.2)

where:

S(f) : UWB signal in the frequency domain,

A : Amplitude of the signal,

B : Bandwidth of the signal,

fc : Central frequency of the signal,

sinc(·) : Sinc function,

j : Imaginary unit,

f : Frequency variable,

t0 : Time offset.

UWB’s applications expanded beyond its military roots, and it began to find widespread

use in various consumer electronics, wireless communication systems, and other industrial

applications. Today, UWB continues to evolve and make its mark as a unique and bene-

ficial technology with a wide range of applications across diverse industries. Researchers

and engineers continue to invest their time and efforts in further advancements, ensuring

that UWB remains at the forefront of technological innovation. With its ever-increasing

capabilities and potential, UWB is expected to play a pivotal role in shaping the future

of communication and sensing technologies. UWB wide-spectrum impulse radio system is

an optimal choice for short-range communications in dense multipath environments, pro-

viding secure and risk-free data transfer. The advantages of UWB technology are diverse

and highly valuable [8]:

High Data Rates with Low Power Consumption: UWB excels in delivering high data

rates while maintaining low power consumption. This characteristic ensures efficient data

transfer even in noisy and challenging environments, making it a power-efficient option

for various applications.

Secure Communications with Low Power: UWB technology ensures secure communi-

cation with minimal power consumption, making it an attractive option for applications
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where data security is paramount.

Cost-Effectiveness and Low Operational Power: UWB devices are known for their cost-

effectiveness, and the operational power required for UWB systems is minimal, resulting

in overall cost savings.

Minimal Hardware Requirements: UWB technology necessitates relatively simple and

minimal hardware, making it easier to implement and deploy in various scenarios.

Multiple User Access: The wide spectrum available to UWB allows multiple users to

access the system simultaneously without significant interference, increasing its efficiency

and usability in crowded environments.

Precise Indoor Positioning: UWB’s ability to provide accurate indoor positioning and

location tracking enhances its applicability in various industries, including asset tracking

and indoor navigation.

Resilience to Interference: UWB signals are robust and resistant to interference, en-

suring reliable and uninterrupted communication even in challenging and complex envi-

ronments.

Ultra-Low Latency: UWB technology boasts ultra-low latency, making it suitable for

real-time applications, such as industrial control systems and time-critical data transmis-

sion.

Coexistence with Other Technologies: UWB devices can coexist with other wireless

technologies without causing interference, making it compatible and versatile in mixed-use

environments.

Future Potential: As research and development in UWB technology continues to ad-

vance, its potential for future innovations and applications remains promising, opening

up new possibilities in various industries.

In summary, the versatility, low power consumption, secure communications, and abil-

ity to deliver high data rates make UWB technology a highly sought-after solution for

short-range communications across a wide range of applications. The FCC has defined

the highest signal strength ever recorded from UWB devices, setting the effective isotropic

radiated power (EIRP) limit at -41.3 dB/MHz (as shown in Figure 2.5), which is lower

than the noise level. This unique feature of UWB enables secure communications over

short periods, making it a highly suitable technology for security applications and mil-

itary communications [8]. Additionally, UWB possesses the valuable ability to address
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multipath complexities by generating pulses for very short durations and distances (less

than 23 cm for a 1.3 GHz band). This characteristic allows UWB to avoid overlapping

and mitigates multipath fading, further enhancing its reliability [8].

Figure 2.5: The Indoor Spectrum allocated by FCC [7, 8].

Furthermore, UWB utilizes non-ionizing radio pulses, resulting in negligible effects

on the human body, making it a crucial asset in medical-related fields. The distinct

features and differences of UWB from traditional communication systems have driven

researchers to explore its potential applications and develop innovative communication

systems. By capitalizing on the exceptionally large accessible bandwidth for short-range

communication with data rates approaching gigabits per second, UWB communication

systems have become increasingly feasible and efficient. UWB technology facilitates secure

wireless communication links at low frequencies, enabling multiple devices to operate

within the appropriate range. Moreover, UWB delivers outstanding data rate performance

in multi-user network applications [9].

The foundational components comprising the UWB communication system are delin-

eated in Figure 2.6, providing a detailed representation of its essential building blocks.

UWB technology’s versatility extends to radar systems, where its short-duration pulses

result in high resolution and precision. In radar applications, a single UWB antenna can

replace a set of narrowband antennas, enhancing efficiency and enabling cost-effective

high-definition radar systems, such as sensors, smart airbags, highway initiatives, and

personal security sensors [9, 10]. Another prominent application of UWB technology lies
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Figure 2.6: Detailed UWB Communication System Block Diagram [9].

in positioning systems (GPS), where its wide bandwidth contributes to signal resolution,

enabling precise position determination within tens of meters [10]. UWB’s unique set of

advantages positions it as a promising technology with vast potential for transformative

applications across diverse industries.

2.3.1 UWB Medical Applications

UWB technology stands out for its uniqueness and numerous advantages, particularly

in generating sub-nanosecond pulses below the noise level, rendering it highly suitable

for various applications. These exceptional capabilities have piqued the interest of re-

searchers, leading to extensive exploration of the technology’s potential applications. Over

the last decade, numerous promising applications of UWB have been discovered, including

several in the medical field. One significant medical application of UWB technology is

medical monitoring, encompassing patient motion and vital signs monitoring. The high

intensity of the generated UWB pulses makes it particularly useful for monitoring pa-

tient movements in critical care settings such as ICU and emergency rooms. Moreover,

UWB can detect micro-movements inside the human body, enabling the monitoring of

respiration and other vital signs with precision [11].

Medical imaging is another key area where UWB technology shines. It finds applica-
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tions in cardiology, pneumology, and ear-nose-throat imaging, providing valuable insights

for diagnosis and treatment [11]. Moreover, UWB’s characteristics make it ideal for medi-

cal imaging purposes, such as breast lesion detection. Its ability to perform high-resolution

fast data acquisition with short pulses over short distances facilitates precise localization

of targets for microwave imaging based on differences in dielectric properties [12]. This

feature is particularly valuable in diagnostic applications, where identifying and visualiz-

ing abnormalities accurately are critical for effective medical interventions. The versatility

and unique features of UWB technology open a world of possibilities, and its application

in the medical domain holds tremendous promise for improving healthcare outcomes and

patient well-being. As research and development in UWB technology continues to ad-

vance, there is expected that even more innovative and transformative applications to

emerge in the medical field and beyond.

2.4 Microwave Imaging

In recent years, medical imaging has become an indispensable and critical tool for di-

agnosing and treating various medical conditions. As a result, researchers have been

diligently working on enhancing existing imaging technologies and developing innovative

methodologies to improve medical imaging capabilities. Among these endeavours, the

unique features of UWB technology have captured the attention of researchers, lead-

ing to the development of MWI methods for medical applications. UWB MWI offers a

promising approach with several advantages, particularly in providing low-risk medical

imaging of internal organs and tissues within the human body. By leveraging the con-

trast in dielectric properties, UWB enables safe and non-ionizing imaging, making it a

health risk-free option for medical purposes. Notably, MWI has made significant strides

in early breast cancer detection, demonstrating promising results [12, 13]. The funda-

mental setup of MWI imaging involves essential components, including UWB antennas

(transmitter and receiver), the objects under investigation (human tissues and organs),

and a vector network analyzer (VNA) to operate the antennas. The key focus in MWI

lies in the dielectric properties, as the healthy and malignant tissues exhibit substantial

dielectric contrast [13]. In essence, MWI technology distinguishes between healthy and

malignant tissues based on their differences in dielectric properties. The setup is relatively
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straightforward, requiring only transmitter and receiver antennas along with an image re-

construction algorithm to accurately localize the malignant tissues. UWB MWI holds

great promise in revolutionizing medical imaging and diagnostic capabilities. Its ability

to detect subtle differences in dielectric properties offers potential for early and accurate

diagnosis of various medical conditions, including cancer. As researchers continue to refine

and advance UWB MWI techniques, further breakthroughs and advancements in medical

imaging can be anticipated, ultimately benefiting patient care and medical outcomes.

2.4.1 Dielectric Properties

MWI relies on dielectric properties as this technique differentiates healthy and malignant

tissues based on the difference in their dielectric properties. MWI depends on high-

frequency microwaves and the medium of propagation, which is determined by the ab-

solute permittivity (ε0) [14]. The dielectric properties comprise mainly two parameters:

relative permittivity (εr) and conductivity (σ). Moreover, the absolute permittivity is

also known as the permittivity of vacuum or free space and is represented as ε0 with a

value of 8.854×10−12 F/m (Farad/meter). The permittivity of the medium is represented

as ε, and the relative permittivity εr is the ratio of the permittivity of the medium and

the permittivity of free space.

εr =
ε

ε0
(2.3)

The conductivity (σ) of any material is defined as the extent to which a material

conducts electricity, with its measuring unit is S/m (Siemens per meter).

2.4.2 Microwave Tomography

Microwave tomography (MWT) is a powerful technique that utilizes the contrast in dielec-

tric properties to detect and locate malignant tissues. MWT relies on the fact that malig-

nant tissues typically exhibit higher permittivity and conductivity compared to healthy

tissues [12]. When tissues with higher permittivity are exposed to UWB microwaves, more

waves are reflected back to the source. By processing these waves, MWT can precisely

locate the malignant tissues within the body. One of the significant advantages of MWT

over conventional medical imaging methodologies is its non-contact nature. MWT does
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not require physical or mechanical contact with the object under investigation, making

it a safe and non-invasive imaging technique [14]. Additionally, MWT operates in the

frequency domain, allowing for individual frequency measurements to avoid data loss and

improve accuracy.

Moreover, MWT is robust and insensitive to environmental factors such as dust and

water vapours. It can operate effectively even in high-temperature conditions, making

it suitable for various real-world applications [14]. The use of microwaves in MWT en-

sures that the object under investigation remains unharmed during the imaging process,

enabling high-frequency and accurate data transfers. Implementing MWT is relatively

straightforward and safer compared to other imaging techniques, thanks to the simplicity

of the hardware and the avoidance of major complexities [14]. These advantages make

MWT a promising tool for various medical applications, including breast cancer detec-

tion, lung cancer diagnosis, brain stroke detection, and cardiac imaging [14]. As research

in MWT continues to advance, its potential for revolutionizing medical imaging and di-

agnostics becomes increasingly evident.

2.4.3 Microwave Imaging Algorithms

The configuration of the MWI methodology necessitates an advanced imaging algorithm

to process the experimental data and visualize the detected malignant tissues or tumours.

Over the past decade, significant research has been conducted in the field of microwave

imaging, resulting in the introduction and evolution of several imaging algorithms, par-

ticularly focused on breast lesion detection. Some of these notable microwave imaging

algorithms include Delay and Sum (DAS), Delay Multiply and Sum (DMAS) or Confocal

Imaging, Robust Capon Beamforming (RCB), and Channel-Ranked DAS (CR-DAS) [15].

Confocal Imaging/DMAS: The DMAS algorithm, also known as confocal imaging, is a

time-domain technique based on the simple delay and sum method. While it is straight-

forward, this algorithm poses certain drawbacks and computational challenges. One of

the major limitations lies in handling volumes with varying dielectric properties. Since

UWB microwave imaging relies heavily on the contrast between normal and tumorous

tissues’ dielectric properties, accurate results require the ability to easily remove internal

refractions, which is not possible using the DMAS algorithm [16]. MIST Beamforming:

The MIST (Microwave Imaging via Space-Time) beamforming algorithm utilizes filters

37



to compensate for fractional time delays and dispersion. These filters are designed to

pass signals originating from the inclusion location with unit amplitude and linear phase,

while constraining the white noise gain, which helps improve clutter and scattering issues.

However, this enhancement comes at the cost of increased computational complexity and

burden [17]. Time Reversal: The time reversal technique is even more complex, as it

relies on the concept that time-reversing the received scattered signals or spectrum at the

receiver’s end through the medium can achieve accurate contrast between the dielectric

properties of materials at the source point. However, applying this technique requires

a thorough examination and detailed information about the channel used, making it a

challenging and time-consuming task [18]. While these algorithms have shown promise in

microwave imaging, each comes with its own set of advantages and limitations (as pre-

sented in Figure 2.7). As researchers continue to explore and refine these methodologies,

the field of microwave imaging for medical applications, particularly in detecting breast

lesions and other medical conditions, is expected to witness significant advancements.

Figure 2.7: Microwave Imaging Techniques Comparative Analysis.
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2.5 Introduction to Cancer

Cancer is a devastating disease that arises from genetic changes disrupting the orderly

process of cell growth and replacement in the human body. Cells continuously divide and

replace old or damaged cells with new ones, but when genetic alterations occur, cells can

grow uncontrollably, leading to the formation of tumours. According to the American

Society of Clinical Oncology (ASCO), cancer is characterized by the uncontrolled growth

and spread of abnormal cells, and in some cases, these rapidly dividing cells can form

tumours, which can be life-threatening [19].

Globally, cancer is a leading cause of death, with approximately 10 million cancer-

related deaths reported worldwide in 2020, according to the UK cancer research depart-

ment. Among the most common causes of cancer-related deaths are lung, liver, and

stomach cancers. The mortality rate in the UK is lower than two-thirds of Europe but

higher than two-thirds of the world. Over the years, nearly 200 different types of cancer

have been identified, which can be categorized as follows [20]:

• Carcinoma: This type of cancer originates in the skin or the tissues lining the

internal organs. Carcinomas include breast cancer, lung cancer, prostate cancer, and

colorectal cancer. Carcinoma is the most prevalent type, affecting approximately 85

out of every 100 cancer patients in the UK (85%) [21].

• Sarcoma: Sarcomas arise in the connective tissues of the body, such as muscles, fat,

bone, blood vessels, cartilage, tendons, and fibrous tissues.

• Leukaemia: Leukaemia is a cancer of the white blood cells and affects tissues in-

volved in blood cell production, such as bone marrow. It is caused by the rapid

growth of abnormal cells in the blood, which disrupts the proper functioning of

blood cells.

• Myeloma: Myeloma impacts the cells and tissues of the immune system, particularly

plasma cells, affecting the production of antibodies essential for fighting infections.

• Brain and Spinal Cord Cancers: These cancers are known as central nervous system

cancers and involve tumours forming in the brain or spinal cord.

While there are nearly 200 types of cancer, not all of them cause significant human

casualties. Among the most common and deadly types are lung, liver, stomach, breast,
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prostate, and colorectal cancers. These types of cancers remain prominent due to their

high mortality rates and the number of cases reported globally.

2.5.1 Breast Cancer

Breast cancer has emerged as one of the most prevalent types of cancer in recent years,

witnessing a significant rise in the number of patients globally, including the UK. This

form of cancer predominantly affects women, making it the second most common cancer

overall. Breast cancer occurs when normal breast tissues or cells undergo abnormal and

uncontrolled growth, leading to the formation of a tumor that can spread to other parts

of the body, causing severe damage. According to the World Health Organization (WHO)

report, breast cancer affects around 2.1 million women each year and results in the deaths

of approximately 627,000 women annually [21, 22]. Various methods are used to detect

breast cancer, employing different techniques:

• Clinical Examination: Clinical breast cancer examination involves a physical exam-

ination of both breasts, along with a thorough inquiry about symptoms and family

medical history, to arrive at a diagnosis.

• Mammograms: Mammography is a common detection method that utilizes X-ray

imaging of the breast from different angles. Radiographers then analyze these images

to identify the presence of tumours.

• Magnetic Resonance Imaging (MRI): MRI utilizes magnetic fields to generate images

of the interior of the body. Experts analyze these images to detect the presence of

cancer.

• Biopsy: This approach involves the microscopic analysis of a tissue sample by a

pathologist to determine the presence of tumours and devise an appropriate treat-

ment plan [23].

Early detection of breast cancer is crucial for successful treatment and increased sur-

vival rates. Regular screening and awareness about the risk factors can significantly

contribute to early diagnosis and better outcomes for breast cancer patients.
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2.5.2 Lung Cancer

Lung cancer ranks among the most prevalent categories of cancer, accounting for approxi-

mately 12.3% of all cancer cases. While several factors can contribute to the development

of lung cancer, smoking is recognized as a major risk factor. Research indicates that

nearly 80-90% of lung cancer patients are smokers or have a history of using tobacco-

related products [24]. The disease originates in the trachea, lung tissues, or the main

airway. According to Cancer Research UK, primary lung cancer can be classified into two

categories:

• Small Cell Lung Cancer (SCLC): This aggressive type of lung cancer is less common,

accounting for about 15% of lung cancer cases. It tends to spread quickly and is

often associated with heavy smoking.

• Non-Small Cell Lung Cancer (NSCLC): This is the most common type of lung

cancer, making up about 85% of cases. NSCLC can be further divided into subtypes

such as adenocarcinoma, squamous cell carcinoma, and large cell carcinoma.

Small cell lung cancer is localized only in the lung and affects a small area of tissues. On

the other hand, non-small cell lung cancer is an advanced stage of cancer that has spread

to surrounding tissues or other parts of the body [20]. Studies suggest that lung cancer

is more commonly diagnosed in individuals over the age of 50. Besides smoking, there

are other risk factors that may contribute to the development of lung cancer, including

exposure to radon gas, certain workplace chemicals, family history of cancer, and certain

cancer treatments used for other types of cancer [20]. Early detection of lung cancer

is critical for successful treatment and improved outcomes. Conventional treatments for

lung cancer include radiotherapy, chemotherapy, chemoradiotherapy, and immunotherapy

[20]. By detecting lung cancer at an early stage and implementing appropriate treatment

methods, there is a higher chance of successful management and recovery.

2.5.3 Brain Tumour

A brain tumour occurs when there is an abnormal and uncontrolled growth of brain

tissues or a cluster of brain cells. The human body is composed of billions of cells,

and in a healthy state, new cells replace old and dead cells in an organized manner.
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However, in the case of a brain tumour, this natural process gets disrupted, leading to the

uncontrolled growth of cells and the formation of a tumour [20]. Brain tumours can be

broadly classified into approximately 100 types, some of which are cancerous (malignant)

and others non-cancerous (benign) [20].

Benign brain tumors are non-cancerous growths characterized by homogenous struc-

tures. Unlike malignant tumours, benign brain tumors are less likely to reoccur after suc-

cessful treatment. These tumours can usually be easily localized and identified through

radiology, and treatment options may include medications or, in some cases, surgeries [25].

On the other hand, malignant brain tumours are cancerous growths with heterogeneous

structures that consist of cancerous cells or tissues. Malignant brain tumours are life-

threatening and require immediate and aggressive treatment [26]. Early detection of brain

tumors is critical for successful recovery and treatment. Medical imaging devices such as

MRI (Magnetic Resonance Imaging) play a crucial role in the detection of brain tumours.

MRI produces detailed images of the brain, allowing medical professionals to visualize the

tumour and determine its location and characteristics [20]. The most common treatment

for brain tumours is radiotherapy, which involves the use of high-energy conventional,

ionized X-rays to destroy tumour cells [20]. Chemotherapy is another treatment option

where doctors use anticancer drugs to target and destroy cancer cells. Chemotherapy

is often prescribed to patients after radiotherapy or surgery to eliminate any remaining

cancer cells [20].

In some cases, using conventional imaging techniques like MRI may not provide enough

information to determine the exact type of tumour. In such situations, doctors may need

to perform additional tests and examinations to make an accurate diagnosis [20]. While

treatments for brain tumours can be effective, they can also be painful, especially in the

case of malignant tumors. Early detection and diagnosis are crucial in minimizing pain

and improving the chances of successful treatment and recovery. Regular medical check-

ups and early intervention can significantly improve the outcomes for individuals affected

by brain tumours.
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2.6 Evolution of Microwave Imaging for Lesion De-

tection

2.6.1 Breast Cancer Detection via MWI

Breast cancer is a significant cause of mortality, particularly among females, emphasizing

the importance of early detection for successful treatment. Over the past few decades, mi-

crowaves and UWB technology have gained popularity in biomedical applications, with

UWB microwave imaging becoming a promising tool for early-stage cancer detection.

MWI utilizes microwaves for a short duration at a very high frequency range, employing

non-ionized rays, making it a safe option for health risk-free imaging. In 2010, a UWB

microwave imaging methodology was introduced in [26], employing a circular array of an-

tennas to localize small targets within cylindrically shaped objects. The study investigated

the ability of MWI to detect dielectric contrasts between the material used in fabrication

and breast fat tissues. The researchers fabricated a homogenous cylindrical object and

a target with dielectric contrast, like breast tissue characteristics. By reconstructing the

signals through an imaging algorithm, the researchers were able to successfully detect the

target, demonstrating the potential of UWB microwave imaging for cancer detection.

Another microwave breast imaging prototype was presented in 2013 [27], based on

tissue sensing adaptive radar (TSAR) using a monostatic UWB antenna. This prototype

aimed to improve the imaging speed and sensitivity of breast tumour detection. The

methodology was tested on eight patients, and the reconstructed images closely resembled

clinical results with a sensitivity of -80dB. However, this prototype required relatively

longer measurement times, which was a limitation to its practical implementation.

In 2016, a new microwave imaging algorithm was developed to detect breast cancer in

heterogeneous breasts [28]. The CMOS chip-based time-domain MWI setup provided fast

measurements and generated reconstructed images with reliable detection capabilities.

The researchers explored the potential of MWI for differentiating healthy and malignant

tissues in breasts with varying composition, which is more representative of real-world

scenarios. The results showed promise in distinguishing healthy and cancerous tissues

based on dielectric contrasts, thereby highlighting the potential of MWI for breast cancer

detection.

Furthermore, in 2019, a portable breast tumour detection via microwave imaging was
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presented in [29]. This methodology utilized an array of UWB antennas controlled by a

microcontroller to capture dielectric contrast between healthy and malignant tissues. The

portable nature of this setup made it suitable for on-the-go imaging and demonstrated

the potential for MWI to be used as a point-of-care diagnostic tool for breast cancer

screening.

In collaboration with researchers at London South Bank University, UBT introduced

a novel and fast microwave imaging prototype for breast cancer detection in 2019 [30].

Named MammoWave, this prototype employed UWB microwaves based on the Huygens

principle to differentiate healthy and malignant tissues using differences in dielectric prop-

erties. The technology showed promising results in accurately detecting breast cancer and

demonstrated the potential to revolutionize breast cancer screening and diagnosis.

The advancements in UWB microwave imaging for breast cancer detection are promis-

ing and offer potential for early and accurate diagnosis, enhancing the chances of successful

treatment and improved patient outcomes. The non-invasive nature of MWI, combined

with its ability to provide high-resolution images and distinguish healthy and malignant

tissues based on dielectric properties, makes it an attractive candidate for breast cancer

screening. With further research and development, MWI could become a standard tool

in breast cancer screening and diagnosis, revolutionizing cancer detection and patient

care. As technology continues to advance, UWB microwave imaging holds the potential

to transform the field of medical imaging, providing safer and more efficient diagnostic

options for a wide range of medical conditions.

2.6.2 Lung Lesion Detection via MWI

Lung cancer may not be as commonly discussed as breast cancer, but its prevalence and

mortality rate are significant, ranking second in cancer cases worldwide. Unfortunately,

screening for lung cancer is not as common as it is for breast cancer, often only occurring

in the advanced stages of the disease. However, researchers have been exploring the

potential of MWI for early-stage lung cancer detection, inspired by the success of MWI

in breast cancer detection. In 2014, a study utilized a multi-layered lung phantom with

dielectric properties similar to those of the lung [31]. The experimental setup in this study

was simulation-based, where a realistic model was prepared with specific parameters. The

researchers considered a tumour size of 10mm and placed the antennas at 10mm from the
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model. The results demonstrated the successful detection of millimetre-sized tumours [31].

In 2015, researchers presented a frequency-domain MWI algorithm for lung cancer

detection [32]. This algorithm measured the scattered field outside an artificially fabri-

cated lung phantom with varying dielectric properties to detect the dielectric contrast

inside the phantom. UWB microwaves were employed, and the Bessel function was used

to forward propagate the field, providing crucial information on dielectric contrast. The

results showed promise in detecting lung tumours using this method [32].

Building upon these promising studies, a researcher from Najran University in Saudi

Arabia performed a simulation-based experiment using UWB microwaves to detect lung

tumours in 2018 [33]. The simulation results indicated successful detection of lung tu-

mours as small as 4mm, highlighting the potential of MWI for early-stage lung cancer

detection [33].

In 2021, researchers from London South Bank University and UBT introduced a novel

methodology to detect lung infection caused by the coronavirus using microwave imaging

[34]. For this purpose, a multi-layered phantom with realistic dielectric properties and

dimensions was fabricated, and measurements were performed using one transmitter and

one receiver UWB antenna. This methodology proved quite successful in generating

results with detected tumors, further demonstrating the capabilities of MWI for lung

cancer detection [34].

As more researchers continue to explore and refine MWI algorithms and methodologies,

lung cancer screening and detection may become more accessible and efficient, ultimately

improving patient outcomes, and reducing the burden of this devastating illness.

2.6.3 Brain Lesion/Stroke Detection via MWI

Another crucial medical application of MWI technology is in brain tumour and stroke

detection. The shape of the human head bears a resemblance to that of the breast,

leading researchers to explore the potential of MWI for brain cancer and stroke detection.

Brain cancer occurs due to the uncontrolled and abnormal growth of cells in the brain,

while brain strokes result from blocked/burst veins, vessels, or ducts in the brain. Head,

skull, and brain injuries are common in accidents worldwide, further emphasizing the need

for a rapid and efficient method for brain cancer and stroke detection using microwave

imaging.
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In 2012, researchers from The University of Edinburgh, UK, proposed a new method-

ology for brain cancer detection utilizing UWB Vivaldi antennas and MWI [35]. They

designed a cancerous brain model using CST Microwave Studio. The microwaves were

introduced to the phantom from the transmitter antenna on one side and received by the

receiver antenna on the other end. Noise and reflections were effectively removed using an

analytical approach [35]. The images generated from the microwave imaging algorithm

successfully detected the cancer in the model.

In 2016, researchers from India investigated microwave imaging techniques with modi-

fied antennas for brain cancer detection [36]. They used antennas in the range of 6 GHz to

10 GHz, including rectangular microstrip patch antennas and ground plane antennas. A

brain model with varying realistic dielectric properties, including a tumour, was prepared

using CST. The results obtained from processing the data via the microwave imaging

algorithm showed promising tumour detection with potential for further improvement in

the future [36].

Furthermore, in 2020, a novel approach for brain stroke detection using microwave

imaging was introduced [37]. The researchers fabricated a realistic phantom with multiple

layers to mimic different brain tissue layers, including a fabricated tumour for stroke de-

tection. Measurements were performed inside an anechoic chamber at London South Bank

University using two micro-strip UWB antennas. The measurement data was then pro-

cessed through an imaging algorithm. The reconstructed images confirmed the detection

of the fabricated inclusion, followed by image quantification with artefact removal [37].

As researchers continue to refine and enhance MWI algorithms and prototypes, it holds

immense potential to revolutionize brain cancer and stroke diagnosis, enabling earlier

detection and more effective treatment strategies, ultimately improving patient outcomes

and quality of life.

2.7 Research Gap and Proposed Research

Over the last decade, MWI has shown remarkable promise as a candidate to revolutionize

medical imaging. Research indicates that MWI has the potential to significantly impact

medical diagnostic applications, particularly in the detection of breast cancer. One of

the most significant advantages of MWI is its ability to provide health risk-free medical
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imaging, as it uses non-ionized rays and usually avoids any physical contact with the

patient. Researchers have demonstrated that MWI is a cost-effective, easy-to-assemble,

and reliable technology for medical imaging, with much of the focus on early-stage disease

detection.

Several MWI prototypes are currently undergoing clinical trials, further fuelling the

interest of scientists and researchers to explore ways to make this methodology even

more efficient. While most experiments in the last decade were performed on phantoms,

which are simplified models of human tissues, there is a need to move towards more

realistic parameters and complex structures to ensure the effectiveness of MWI in real-

world scenarios. MWI has demonstrated potential in detecting cancer in the breast,

brain, and skin. However, lung cancer detection using MWI remains challenging due to

the larger geometric shape of the lungs compared to the breast or brain. Additionally,

most methodologies presented in the last decade focused on locating cancerous tissues in

an early stage and generated results in 2D. There has been limited emphasis on measuring

the dimensions and size of the detected tumours.

Hence, the proposed research aims to validate the capability of MWI in detecting lung

tumors by fabricating various phantoms with realistic parameters and dielectric properties

of lung tissues and tumors. The focus of the research is to explore 3D microwave imaging

to detect tumors in early stages. Experiments are conducted on different phantoms with

symmetrical and asymmetrical shapes, incorporating 3D structured tumors. Moreover,

the research aims to analyze the dimensions of the detected tumors in the reconstructed

images via MWI and conduct a detailed analysis of image quantification factors.

This proposed research represents a critical analysis of the 3D microwave imaging

methodology and explores various approaches to reduce the detection time. By advancing

MWI capabilities in detecting lung tumours and providing accurate size information, this

research could significantly improve early-stage diagnosis and treatment outcomes for

patients with lung cancer. The potential impact of this research extends to other medical

imaging applications, positioning MWI as a transformative technology in the field of

healthcare.
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2.8 Summary

This chapter extensively discussed the current landscape of conventional medical imaging

technologies dominating the field of medical diagnostics, including X-ray-based computed

tomography, ultrasounds, and MRI. Despite continuous refinements to improve their ef-

ficiency and reliability, these modalities come with inherent drawbacks that limit their

widespread applicability. One significant limitation is the high cost associated with con-

ventional imaging technologies, which can hinder access to advanced diagnostic tools,

particularly in resource-limited healthcare settings. Moreover, the large and cumbersome

equipment requires considerable effort and workforce to transport and install, making it

challenging for deployment in remote or underserved areas. Additionally, these technolo-

gies are typically confined to hospitals, and the expertise of the operator can influence the

quality and accuracy of the results. A major concern with conventional imaging methods

is their reliance on ionizing radiation, which poses potential risks to patients. Although

efforts have been made to minimize radiation exposure, the use of ionizing rays remains

a cause for caution, especially in repeated imaging studies. Contrastingly, this chapter

introduced a new frontier in medical imaging with the utilization of microwave imaging

through UWB technology. MWI has shown immense promise in medical diagnostics, par-

ticularly for early cancer detection. Notably, MWI offers a wealth of advantages, such

as non-ionizing signals, rendering it a safer alternative to traditional ionizing radiation-

based techniques. Moreover, MWI is cost-effective, easy to implement, and does not

require direct physical contact with the subject under examination.

The chapter delved into the history of UWB fundamentals and the evolution of MWI

algorithms over the last decade. Various methodologies and prototypes have been dis-

cussed, demonstrating the successful application of MWI in detecting breast, lung, and

brain cancers. Despite the promising results, certain MWI algorithms, such as DMAS,

time reversal, and confocal imaging, exhibit computational and cost-related limitations.

Addressing these challenges is crucial for wider adoption of MWI in clinical settings. Fur-

thermore, the chapter highlighted the critical importance of cancer detection, providing

insights into different cancer types and their impact on mortality rates and cases. Early

detection emerges as a key factor in improving patient outcomes and survival rates. How-

ever, there remain research gaps and challenges, particularly in applying MWI to lung

cancer detection, owing to the complexities of lung geometry.
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Chapter 3

Initial Technical Approach for MWI

3.1 Introduction

The proposed research aims to develop a fast and novel methodology for MWI using

realistic lung phantoms with accurate dielectric properties. The primary objective is to

validate the capability of MWI for lung cancer and lesion detection. The chapter outlines

the basic methodology of MWI and the required hardware for the experimental setup. It

also introduces the proposed imaging algorithm that will be used for both phantoms. The

research focuses on two different realistic lung phantoms with varying dielectric properties.

The first phantom was designed to simulate the detection of COVID-19 infections inside

the lung, taking into account the global pandemic. The second phantom represented a

more comprehensive and realistic model of the lung, aiming to mimic actual lung tissues

and tumours accurately.

Both phantoms are crucial in ensuring the validity and applicability of the research

findings. The chapter emphasizes that the imaging algorithm and basic methodology re-

main the same for both scenarios, with only the hardware configuration varying between

the two experimental setups. In conclusion, this chapter sets the groundwork for the pro-

posed research, emphasizing the importance of realistic lung phantoms and the potential

applications of MWI in lung cancer and lesion detection. The use of accurate dielectric

properties in the phantoms enhances the credibility of the research findings. The chapter

also highlights the significance of exploring different experimental setups to assess the

effectiveness of MWI in various lung imaging scenarios. Ultimately, the goal has been to

contribute to the advancement of medical imaging techniques, leading to improved early
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detection and treatment of lung conditions, including cancer and COVID-19 infections.

3.2 Experimental Setup

In the investigation of MWI capability for lung lesion/cancer detection, an anechoic cham-

ber at London South Bank University (LSBU) has been utilized. The essential hardware

required for MWI includes antennas, a VNA, and an image-processing algorithm. For this

research, two types of antennas were employed for both scenarios: one for transmitting

and one for receiving. These antennas operated in UWB frequency range, were vertically

polarized, and had omnidirectional characteristics in the azimuth plane. To record the

transfer function (S21) at different frequency ranges, the antennas were connected to a

2-port VNA. The VNA was responsible for capturing the transmitted and received signals

during the measurements. Additionally, a rotating stand and table were incorporated into

the experimental setup. These mechanical components were controlled by a Graphical

User Interface (GUI) programmed in Python, allowing precise rotation of the antennas

and data recording at 6° intervals over a complete 360° rotation. The combination of

these hardware components allowed for the comprehensive and accurate detection of lung

lesions/cancer using MWI. During each set of measurements, the transmitting antenna

was attached to the rotating table/stand, and the receiving antenna collected signals at

regular intervals as it rotated around the transmitting antenna. This rotation allowed for

a comprehensive sampling of the scattering information from different angles, enhancing

the quality and accuracy of the MWI data.

3.2.1 UWB PulsON P200

The choice of antennas is of utmost importance in MWT and radar-based techniques, as

they are responsible for transmitting and receiving the UWB signals. UWB antennas offer

the advantage of serving as both transmitters and receivers, depending on the selected

configuration. The transmitter antenna emits signals towards the object under investiga-

tion, and the receiver antenna receives the complex signals at the receiver’s end. Hence,

selecting the appropriate UWB antenna is critical to ensure better penetration and accu-

rate measurements in MWI. For this research, the PulsON p200 UWB broad-spectrum

antenna (shown in Figure 3.1) was utilized.
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Figure 3.1: The PulsON P200 UWB Antenna [38].

This vertically polarized antenna emits radiations omnidirectionally in the azimuth

plane, and it exhibits a return loss of approximately -14 dB or better, depending on

the experimental setup’s precision [38]. An essential feature of this antenna is its high

radiation efficiency, which is approximately 90%as in [39]. The functionality of the an-

tenna is determined by coupling it with either the transmitter or the receiver port of

the VNA. Furthermore, the gain of the antenna is a crucial factor in the performance

of MWI, and the PulsON p200 antenna offers a gain of approximately 3 dB [38]. The

choice of this particular antenna was also driven by its availability, cost-effectiveness, and

its high-frequency range of 1-10 GHz, which aligns well with the requirements of MWI

measurements. The antenna’s properties, such as its high radiation efficiency, gain, and

broad frequency range, made it a suitable candidate for this research, ensuring that the

MWI system can effectively transmit and receive UWB signals for detecting lung lesions or

cancerous tissues. Table 3.1 provides an overview of the antenna patterns and parameters.

Table 3.1: Characterisation of PulsON P200 [38].

Characteristic Specification

Pattern Omni in azimuth to ±15 dB
Polarisation Linear (vertical)
Matching VSWR 1.5:1; |S11| -14 dB
Gain Nominally 3 dBi
Phase Response Linear
Efficiency Nominally > 90%
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3.2.2 Planner UWB Horn Antenna

During this research, another UWB antenna used was the UWB planner horn antenna

(shown in Fig. 3.2(a)). The design of this antenna was motivated by the need to provide

increasing gain with an extended frequency range, making it well-suited for impulse re-

sponses and UWB applications. The antenna’s operable range is from 2 to 10 GHz, and

it can be further boosted for the 3-6 GHz range. The UWB planner horn antenna offers a

gain of +6 dB at 3 GHz and +9 dB at 6 GHz, demonstrating excellent performance over

a wide frequency range (as can be observed from Fig. 3.2 (b)). These values are obtained

based on measured data and the study of the antenna’s performance, which is presented

in reference [40].

The high gain of this antenna at various frequencies makes it an ideal choice for MWI

measurements, as it enhances the sensitivity and accuracy of the detection process. The

increasing gain with the frequency range allows for better penetration and detection of

signals, making it suitable for capturing detailed information about the internal structure

of the object under investigation. Additionally, the wide frequency range of the UWB

planner horn antenna aligns well with the UWB signals used in MWI, ensuring that it can

effectively transmit and receive signals for detecting lung lesions or cancerous tissues. The

combination of both antennas provides the necessary versatility and performance needed

to capture microwave signals and generate high-quality images for diagnosing lung lesions

or cancer at an early stage accurately and efficiently.

Figure 3.2: (a) The Planner UWB Horn Antenna, (b) Antenna Pattern [40].
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3.2.3 Vector Network Analyser

The VNA is a crucial instrument for UWB microwave imaging in the frequency domain,

as it enables the use of step frequency methodology to perform measurements over a wide

frequency range. The VNA plays a central role in MWI as it measures the transmitted

signal from the component attached to the VNA and records the received signal, provid-

ing essential information such as phase and amplitude data. For the detection of lung

COVID-19 infection, a two-port VNA model MS2028C from Anritsu (manufactured by

Anritsu EMEA Ltd) was utilized. This VNA has an operating frequency range of 5 MHz

to 20 GHz, making it suitable for performing MWI measurements (as shown in Fig. 3.3).

The transmitter and receiver antennas are connected to port 1 and port 2 of the VNA,

respectively. In each recorded measurement, the transmitter antenna emits UWB radi-

ations through the phantom under investigation, and the receiver antenna captures the

complex scattered parameters of the received signals. This process is facilitated by the

VNA, which plays a vital role in gathering the necessary data for microwave imaging.

The VNA’s ability to measure complex scattered parameters, including both phase and

amplitude information, is essential for accurate and reliable MWI. This data provides

crucial insights into the behaviour of the microwave signals as they interact with the

lung phantom, allowing for the reconstruction of high-quality images. The VNA’s wide

frequency range further enhances its capabilities, enabling MWI measurements to be

performed over a broad spectrum of frequencies, which is advantageous for detecting lung

lesions or COVID-19 infections at different frequency bands.

In microwave imaging, the scattered parameters calculated by the VNA are complex

numbers that represent the characteristics of the transmitted signal and the refraction in

the frequency domain. These parameters are presented in the form of a matrix of complex

numbers with real and imaginary parts. The matrix is denoted by Sij, where ”i” represents

the port from which the signal is transmitted, and ”j” represents the port at which the

signal is received. In the two-port VNA used in this research, the transmitting signal

from port 1 is known as the forward signal, and the signal received in terms of scattered

parameters is known as the reverse measurement. The four types of scattered parameters

commonly used are as follows: In the investigation of microwave imaging (MWI), several

scattering parameters are crucial for characterizing the behavior of the antenna system.

These parameters provide valuable insights into the interactions of ultra-wideband (UWB)
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Figure 3.3: The Vector Network Analyser, MS2028C Anritsu.

signals with the investigated object. The following are the key scattering parameters used

in this research:

• S11: This parameter measures the signal transmitted from port 1 and received

as the reflected signal back at port 1. It determines the power reflected from the

antenna, providing information about the reflection coefficient.

• S12: In this parameter, the signal is transmitted from port 2 and received at port 1.

The transmitter antenna is attached to port 2, and the receiver antenna is attached

to port 1. This parameter helps in studying the transmission characteristics of the

antenna system.

• S21: This parameter measures the signal transmitted from port 1 (as the trans-

mitter) and received at port 2 (as the receiver). It is a crucial parameter for MWI,

as it characterizes the transmission and scattering of the UWB signals through the

phantom or object under investigation.

• S22: This parameter measures the signal transmitted from port 2 and the reflected

signal received at port 2. It is useful in analyzing the reflection and scattering

properties of the antenna system.
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In this research, the S21 parameter has been recorded and processed for microwave

imaging. This choice of scattered parameter is determined by the measurement setup and

the specific methodology used for MWI. By analyzing the S21 data, researchers can gain

valuable insights into the interactions between the UWB signals.

3.2.4 Rotating Stand and Table

To perform microwave imaging experiments, a rotating stand and rotating table are essen-

tial components of the setup. However, due to the requirement of taking measurements

at intervals of every 6° from 0° to 360°, manually rotating the phantom for each mea-

surement would be impractical and could potentially introduce errors in the results. To

overcome this challenge, the proposed experiments utilize both a rotating stand and a

rotating table, each serving a specific purpose. The rotating stand is used for smaller

phantoms, while the rotating table is employed for larger phantoms. Both the rotating

stand and table are equipped with motors that can be controlled by a modulator running

on a GUI designed in python.

The experimental procedure involves placing the fabricated phantom on the rotating

table or stand, depending on its size. The GUI then controls the motors, which rotate

the phantom at precise intervals of every 6°. During the rotation, measurements are

recorded and saved using the VNA, capturing the complex scattered parameters for each

orientation of the phantom.

3.3 Huygens Principle Based MWI Algorithm

The fundamental methodology behind MWI is to detect the contrast in dielectric prop-

erties between healthy and malignant tissues. UWB technology has gained attention

in medical applications due to its ability to generate short-duration pulses over a wide

spectrum at high frequencies, making it accurate, reliable, and cost-effective for med-

ical imaging. In MWI, the challenge is to localize and differentiate malignant tissues

using an imaging algorithm that reconstructs images based on the dielectric properties of

the tissues. The proposed microwave-imaging algorithm in this research is based on the

Huygens principle , a physical optics principle. According to the HP, each wave excites

local matter, which reradiates secondary wavelets. The superposition of all these wavelets
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results in a new wave, representing the envelope of all the individual wavelets [41].The

proposed methodology based on the HP operates in the frequency domain, allowing for

gathering information from individual frequencies to generate a coherent image with the

dielectric contrast. Although HP does not calculate the exact dielectric contrast, it cap-

tures enough information to differentiate between healthy and malignant tissues [42]. The

basic methodology of HP-based MWI is shown in the block diagram below.

UWB microwave imaging can be classified into two aspects: UWB tomography and

radar-based techniques. Within radar-based methods, the HP-based algorithm offers the

ability to differentiate between healthy and malignant tissues in the frequency domain,

as initially introduced in [41]. The proposed approach utilizes the HP to transmit waves

in the forward direction, eliminating the need for resolving inverse scattering problems,

matrix inversion, or generation. By utilizing the HP-based algorithm in UWB microwave
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imaging, this research aims to effectively detect lung cancer/lesions using phantoms with

realistic dielectric properties. The frequency-domain approach of the proposed methodol-

ogy ensures the collection of sufficient data to generate accurate images with the potential

to differentiate between healthy and cancerous lung tissues.

In order to understand the HP-based MWI algorithm mathematically, consider a cylin-

der with the known dielectric properties such as dielectric constant εr1 and conductivity

σ1 in free space with the radius a0. The transmitting source enlightening the cylinder in

the free space can be presented as txm operating at the frequency f . As the main aim

is to differentiate different materials based on the difference in their dielectric properties,

assume that there is one more small cylinder inside the cylinder with known dielectric

properties but the dielectric constant εr of the inner cylinder is higher than the outer one

(see in Fig. 3.4).

Figure 3.4: The pictorial view, where red dots show receiving points and black dot transmitting
position.

As the same methodology is used for the proposed research, the main idea is that the

transmitting position is fixed with the phantom and the Rx antenna records measurements

with every 6◦ interval, and those receiving points can be presented as rxnp. Suppose that

the electric field at the receiving points rxnp ≡ (a0, ϕnp) ≡ (ρ⃗np) (with ρ⃗np is presenting

the observation point [41–43]) is known and can be presented as:
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Eknown
itxm

|rxnp = Eknown
inp,txm

with np = 1, . . . , Npt (3.1)

Now, employing the basics of Huygens’ Principle (HP) on the current scenario and

re-declaring HP employing Ei(np,txm)
known as the locus of the wave with the information

of the previous waves in the wavefront. The field inside the cylinder can be calculated for

the NPT number of observing points as the superposition of the field radiated as:

Ercstr
HP (ρ, ϕ; txm; f) = ∆s

NPT∑
n=1

Eknown
inp,txm

G(k1|ρ⃗np − ρ⃗|) (3.2)

where in Eq. (3.2) k1 represents the wave number and as the measurements have

been performed in free space so the wave number has been kept as free space dielectric

constant which is 1, ∆s is the distance between two adjacent receiving points and is known

as the spatial sampling [41,42]. Ercstr
HP (ρ, ϕ; txm; f) is considered as the reconstructed field

denoted by ’rcstr’, and HP implies the implication of Huygens’ principle to reconstruct

the field. It has been assumed that this field carries the information of dielectric property

differences inside the cylinder, not accurately but the dielectric contrast map, which has

been shown in [41–43]. Green’s function G, as implemented, has been used to forward

propagate the field and can be represented as:

G(k1|ρ⃗np − ρ⃗|) = 1

4π|ρ⃗np − ρ⃗|
e−jk1|ρ⃗np−ρ⃗| (3.3)

Furthermore, the Green’s function implies a singularity for |ρ⃗np− ρ⃗| = 0; however, this

singularity may be canceled by multiplying the Green’s function by |ρ⃗np − ρ⃗| as pointed

out in [41].HP does not calculate the exact internal field with all the information of the

dielectric contrast even for homogenous media. However, as MWI differentiates between

healthy and malignant tissues based on the difference in the dielectric properties the main

goal is to locate the tumour by gathering the information of dielectric contrast by HP.

For further investigation, assume that the outer cylinder is exposed to transmitting

radiations with various numbers of frequencies NF with the frequencies fi. The intensity

I of the reconstructed image can be obtained by summing the field calculated at all

frequencies and can be represented as:
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IHP(ρ, ϕ; txm) =

NF∑
i=1

|Ercstr
HP (ρ, ϕ; txm; fi)|2 (3.4)

The images reconstructed using Eq. (3.4) may have artefact affect i.e., some time

there may be clutters or complete masking of the localised inclusion due to the transmit-

ter antenna reflection occurring inside the phantom. Hence, the artefact removal process

is very important as it can overlap the localised tumour/cancerous tissues in the recon-

structed image. For that purpose, an alternative approach can be used; Instead of one

fixed transmitting txm, the adjacent transmitting position txm1 with an angular distance

of 5◦ on each side can be utilized, and then subtract the both calculated fields to remove

the artifact as:

Ercstr
HP (ρ, ϕ; txm − txm1; f) =

NPT∑
n=1

(Eknown
inp,txm

− Eknown
inp,txm1

)G(k1|ρ⃗np − ρ⃗|) (3.5)

The basic idea behind the methodology of artefact removal is to subtract the adjacent

radar measurements based on the position of the transmitting source’s position, which

in return cancels the reflection effect caused inside the phantom. This methodology has

been proven successful in [41–43]. The algorithm is succinctly outlined below in the form

of pseudo code, providing a concise overview of its key components and operations.

Algorithm 1 Huygens Principle 2D Imaging Algorithm

1: Load the recorded complex signals S21 via measurements.
2: Initialize constants for free space parameters.
3: Define source parameters.
4: Specify observation grid: Xreconstr, Yreconstr.
5: Set frequency parameters: freq, new freq sample.
6: Applying Huygens principle based MWI algorithm (frequency domain):
7: for i = 1 to fmax do ▷ Loop over frequency samples
8: for np = 1 to NP do ▷ Loop over observation points
9: Compute scattered field contribution using Huygens principle.
10: end for
11: end for
12: Accumulate incoherent summation
13: for i = 1 to freq samples× 1 do
14: Accumulate incoherent scattering contributions.
15: end for
16: Reconstructing Images via plotting techniques.
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3.4 Lung COVID-19 Infection Detection via UWB

MWI

COVID-19, the global pandemic that emerged in late 2019, has caused widespread health

concerns worldwide. In patients with COVID-19, lung lesions can be detected through

chest CT imaging, even in asymptomatic individuals, showing the evolution of diffuse

bilateral ground-glass opacities [44]. However, the routine use of CT as a screening tool is

not recommended, and it should be reserved for hospitalized and symptomatic patients.

Furthermore, the accumulation of ionizing radiation from CT scans may pose health risks,

especially when used for monitoring and tracking COVID-19 treatment [45], due to the

multiple sources of ionized x-rays involved. Microwave imaging, on the other hand, has

garnered increasing attention, particularly for its potential in breast cancer detection. The

significant contrast in dielectric properties at microwave frequencies (1-10 GHz) between

normal and malignant tissues has motivated researchers to explore microwave imaging for

various medical applications [46]. Besides breast cancer detection, microwave imaging has

been applied in brain stroke classification, bone imaging, and lung cancer detection [47,48].

In a study mentioned in [47], researchers introduced a three-dimensional electromag-

netic torso scanner operating between 0.83 and 1.9 GHz, demonstrating its potential for

medical imaging applications. Studies in [47, 48] report that cancerous tissues exhibit

up to 3 times higher relative permittivity and 2 times higher conductivity compared to

normal tissues, highlighting the potential of microwave imaging in differentiating between

healthy and malignant tissues. Unlike CT, microwave imaging utilizes non-ionizing ra-

diation, making it a safer alternative for medical imaging. The ability of microwave

imaging to detect variations in dielectric properties has shown promise in various medical

conditions, including lung cancer detection and potentially COVID-19 lung lesions. By

employing MWI, healthcare practitioners can avoid the risks associated with ionizing ra-

diation while efficiently monitoring lung lesions in COVID-19 patients and other medical

conditions. As researchers continue to explore and refine the capabilities of microwave

imaging, its potential impact on medical diagnostics continues to grow, offering a safer

and reliable imaging modality for a wide range of applications. COVID-19 infection leads

to ground-glass opacities in the lungs, which implies a contrast in dielectric properties

compared to the surrounding normal tissues [49]. This characteristic suggests that mi-
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crowave imaging could be used to detect such opacities, which are larger in size than lung

cancers.

This research experiment aims to assess the capability of the proposed HP procedure

in detecting lung COVID-19 infection through measurements inside an anechoic chamber

using dedicated phantoms that mimic the dimensions and dielectric properties of a human

torso, including a target that mimics an infection. To detect lung COVID-19 infection

inside the human torso phantom, frequency-domain measurements were performed in

an anechoic chamber using a VNA arrangement to obtain the transfer function (S21)

between two microstrip antennas operating between 1 and 5 GHz in a multi-bistatic

fashion. This frequency band has been found to be optimal for lung imaging [47], and

previous research [41] has highlighted that a large bandwidth can enhance performance

in lesion detection. The S21 signals obtained from the measurements are then used for

image reconstruction, with artefacts removed through a rotation subtraction procedure.

By utilizing the HP and performing frequency-domain measurements, this research seeks

to evaluate the potential of microwave imaging for detecting lung COVID-19 infection in

a human torso phantom. The use of anechoic chambers and realistic phantoms allows for

a controlled and reliable assessment of the proposed methodology. The findings from this

study may contribute to the development of a safer and more efficient medical imaging

technique for COVID-19 lung lesions and potentially other lung-related conditions.

3.4.1 Lung Phantom Fabrication

The design and fabrication process of the human torso phantom for microwave imaging

experiments is detailed in this section. The objective was to create a realistic phantom

with appropriate relative permittivity and conductivity to validate the efficiency of the HP

imaging algorithm in detecting lung COVID-19 infection. The torso-mimicking phantom

is composed of two layers in an elliptical shape. The external layer of the phantom is

designed in an oval shape with axes measuring 31 cm and 20 cm, and a height of 25 cm.

The circumference of the external layer is 82 cm, which is representative of a small-size

chest circumference. The internal layer of the phantom is also oval shaped with axes of

27 cm and 14 cm, and a height of 25 cm. The two-layer configuration aims to mimic the

complex structure of the human torso.

To simulate an infection or lesion, a small cylindrically shaped plastic tube with a
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volume of 15 ml has been mounted on the inner layer’s wall. This cylindrical inclusion

serves as the target mimicking the lung COVID-19 infection for the microwave imaging

experiments. The fabrication of the phantom involves carefully choosing the materials

with relative permittivity and conductivity that closely match those of human tissues.

The elliptical shape of the phantom represents the human chest region more accurately,

and the inclusion of the cylindrical target allows for the validation of the HP imaging

algorithm in detecting lung lesions.

The phantom’s dimensions and materials are selected based on empirical data and

knowledge of the dielectric properties of lung tissues. By creating a realistic phantom with

appropriate dielectric properties, the experiments can accurately assess the capability

of the HP-based microwave imaging in detecting lung COVID-19 infection. Fig. 3.5

illustrates the design and configuration of the human torso phantom with the internal

cylindrical inclusion, which will be used for the microwave imaging experiments. This

phantom will serve as the test subject to validate the proposed methodology for lung

infection detection using microwave imaging in the frequency range of 1 to 5 GHz.

Figure 3.5: Design of lung COVID-19 infection Phantom.

The external layer mimics a combination of muscle, fat and rib bone tissues; the

internal layer mimics the lung tissue, and the cylindrical tube simulates the lung infection.

Table. 3.2 displays the dielectric properties of real tissues, derived from [50,51].

The fabrication process of the human torso phantom involved several steps to accu-

rately mimic the dielectric properties of the different tissues in the chest region.

Preparation of lung layer: A small oval-shaped container was used to represent

the lung tissue. Glycerol, with a relative permittivity of 10 and conductivity of 0.1 S/m

at 2 GHz, was filled inside the container. Glycerol was chosen as it closely mimics the
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Table 3.2: Relative permittivity and conductivity at a frequency of 2 GHz.

Different Layers of Human
Torso Phantom

Relative permittivity Conductivity (S/m)

Fat 5 0.08
Muscle 50 1.45
Rib Bone 12 0.3
Lung (inflated) 20 0.1
Lung infection 60 2.5

dielectric properties of the lung tissue when it is inflated.

Positioning of lung layer: The small oval-shaped container filled with glycerol was

placed inside the external layer of the phantom. This internal layer represented the lung

tissue in the chest. Filling Surrounding Space: A dedicated oil (TLe11.5C.045) was used

to represent a combination mixture of muscle, fat, and rib bone tissues. This oil has a

relative permittivity of 7 and conductivity of 0.3 S/m at 2 GHz [52,53]. The oil was poured

to completely fill the remaining space surrounding the lung layer. This step ensured that

the external layer accurately mimicked the dielectric properties of the combination of

muscle, fat, and rib bone tissues.

Lung infection simulation: A small cylindrically shaped plastic tube was filled with

tap water. This tap water served as the material to simulate the lung infection. The tube

was then positioned inside the internal wall of the phantom, representing the region of

infection within the lung tissue.

By following these steps and using materials with the appropriate dielectric properties,

the human torso phantom was successfully fabricated. The phantom represented the

complex structure of the human chest, with distinct layers mimicking different tissues

and an inclusion representing the lung infection. Fig. 3.6 provides a visual representation

of the fabricated human torso phantom.

Indeed, the fabrication process of the human torso phantom was meticulously carried

out with careful consideration of the dielectric properties of each layer to accurately mimic

the different tissues present in the human chest. Table 3.2 provided the dielectric proper-

ties of the real tissues, which served as a reference for selecting the appropriate materials

for each layer. To ensure the authenticity of the phantom, stability of the materials used

was considered. The selected materials could maintain their dielectric properties over

the desired frequency range, which is crucial for the success of the microwave imaging

63



Figure 3.6: The lung COVID-19 infection fabricated phantom.

experiments.

Moreover, geometric dimension similarity was a key aspect during the fabrication

process. The dimensions of each layer, including the external and internal layers, were

carefully designed to closely resemble realistic scenarios in the human chest. By adhering

to these realistic dimensions, it was ensured that the phantom closely mimicked the actual

anatomical structure of the chest. The careful consideration of dielectric properties, ma-

terial stability, and geometric dimension similarity in the fabrication procedure enhances

the reliability and accuracy of the human torso phantom. As a result, the phantom is

well-suited for performing microwave imaging experiments in the frequency range of 1 to

5 GHz to validate the efficiency of the HP imaging algorithm in detecting lung COVID-19

infection.

3.4.2 Experimental Methodology

The frequency domain measurements for detecting lung COVID-19 infection were con-

ducted within the anechoic chamber at LSBU. To capture the backscattered signals from

the human torso phantom, a multi-bistatic configuration was employed, involving two

different UWB antennas that are vertically polarized and omni-directional in the azimuth

plane. These antennas were placed in free space and connected to the VNA (model

MS2028C, Anritsu) for transmitting and receiving signals after calibration. In the multi-
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bistatic fashion, one antenna served as the transmitter, while the other acted as the

receiver, rotating around the object (human torso phantom) to collect the scattered S21

signals in various directions.

The multi-layered infected lung phantom was positioned at the centre of a rotatable

table, 21 cm and 30 cm away from the receiver and transmitter antennas, respectively.

The measurement procedure involved two different transmitting positions, placed at 0°

and 5°. For each transmitting position, the S21 signal was recorded for 60 receiving

points, with a rotation interval of 6°, covering the frequency range from 1 to 5 GHz, using

a frequency sample spacing of 5 MHz.

The experiment was repeated for the ”healthy” scenario, representing the torso phan-

tom without the lung-infection layer, to serve as a reference for comparison. Figures 3.7

(a) and (b) provide a visual representation of the measurement setup and the position of

the multi-layered torso phantom inside the anechoic chamber, respectively.

Figure 3.7: (a) Pictorial view of the measurement set up; (b) Position of the torso phantom
inside the anechoic chamber. The phantom was placed on the centre of a rotatable table. The
external UWB antenna is the transmitter, and the internal PulsON P200 antenna is the receiver.

3.4.3 HP-based Imaging Algorithm

The HP imaging procedure has been applied to the measured complex S21 of the VNA to

reconstruct the images [43]. Specifically, the torso phantom, which has been placed in free

space, is exposed to the signal emitted by the transmitter antenna located at the position

TXm. The S21 signals have been collected at the point RXnp ≡ (r0, ϕnp) ≡ ρnp by rotating

the receiving antenna around the phantom displaced along a circular surface having radius
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r0 (see Figure. 3.8), which can be expressed as S21TXm
|RXnp = S21np,TXm . The position of

the receiving antenna is shown by RXnp, where np is the number of receiving positions

that varies from 1 to NPT , and subscript m represents the transmitting positions with

m = 1, 2. The two transmitting positions displaced 5◦ apart from each other have been

synthesized by accurately rotating the phantom instead of displacing the transmitting

antenna positions.

Figure 3.8: Pictorial view of the measurements.

By referring to HP, It can be written as in [43]:

Ercstr
HP,2D(ρ, ϕ;TXm; f) = ∆s

NPT∑
np=1

S21known
np,TXm

G(k1 |ρnp − ρ|) (3.6)

In Eq. (3.6), the observation point is shown by (ρ, ϕ) ≡ ρ, while the spatial sampling

and wave number are presented by the parameters ∆s and k1 respectively. In Ercstr
HP,2D,

two strings ”rcstr” and ”HP” indicate the reconstructed internal field and the employed

Huygens principle-based procedure, respectively. G(k1 |ρnp − ρ|) represents the Green’s

function.

Subsequently, the intensity of the final image I can be defined by assumption of using

Nf frequencies through Eq. (3.4), i.e., by summing incoherently all the solutions.

To address the issue of artefacts in the measured data, a signal pre-processing method

was applied to suppress these artefacts and achieve accurate detection. Two distinct
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artifact removal methods were employed in this research:

• Rotation Subtraction: In this method, the S21 signals obtained from two slightly

displaced transmitting positions (5° apart) were subtracted from each other. This

rotation subtraction helps to eliminate artefacts, such as images of the transmitter

or reflections of the layers, which could potentially mask the region of interest.

• Ideal Artefact Removal: This method involved subtracting the data obtained from a

“healthy” torso phantom (without lung infection) from the data of the multi-layered

torso phantom with lung infection. By performing this subtraction, the artefacts

specific to the lung infection scenario were effectively removed, leaving behind only

the relevant information for accurate detection [54].

To evaluate the performance of the imaging procedure, image quantification was in-

troduced using a metric called the Signal to Clutter Ratio (SCR). The SCR is calculated

as the ratio between the maximum intensity evaluated within the region of the lesion

(lung infection) and the maximum intensity outside the region of the lesion. This metric

provides a quantitative measure of the ability of the imaging algorithm to distinguish

between the lesion and the surrounding healthy tissues. By applying these artefact re-

moval methods and quantifying the images using SCR, the research aimed to enhance the

accuracy and reliability of the microwave imaging algorithm in detecting lung COVID-19

infection inside the human torso phantom. These techniques contribute to improving the

sensitivity and specificity of the imaging system for potential future clinical applications.

3.4.4 Reconstructed Images

In Fig. 3.9, the microwave image of the phantom is presented after employing the rotation

subtraction artefact removal procedure between S21 signals obtained using transmitting

positions 0° and 5°. While some residual clutter can be observed in the image, the lung

infection inclusion is clearly detectable in its correct position. In Fig. 3.10, the microwave

image of the human torso phantom is shown after performing the “ideal” artefact removal

procedure, which involves subtracting the data obtained from a healthy torso phantom

from the data of the torso phantom with lung infection. As depicted in Fig. 3.10, the lung

infection inclusion is visible in its correct position without any residual clutter. This result
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confirms the effectiveness of the artefact removal method using the difference between the

data of a healthy torso phantom and the data of a torso phantom with lung infection.

It is important to note that all the presented images have been normalized and ad-

justed, with intensity values below 0.5 being forced to zero. This normalization process

enhances the visualization of the relevant features and helps in distinguishing the lung

infection from the surrounding tissues. Overall, the microwave imaging algorithm based

on HP has shown promising results in detecting lung COVID-19 infection inside the hu-

man torso phantom. By employing appropriate artefact removal methods, the algorithm

has been able to enhance the accuracy and reliability of the images, making the lung

infection clearly visible in its correct position. These findings validate the efficiency of

the proposed HP imaging procedure for lung infection detection and contribute to the

potential application of microwave imaging in medical diagnostics.

Figure 3.9: Microwave image of the human torso phantom employing frequency range of 1-5 GHz
after performing rotation subtraction artifact removal procedure using the difference between
measurements obtained with transmitting positions 0° and 5°; Images are obtained following
normalization to their correspondent maximum values and forcing to zero the intensity values
below 0.5 (x and y axes are given in meters); the blue elliptical shows boundary of the phantom
and red circle represents the possible detected infection.

The visual inspection of the microwave images obtained using the imaging procedure

confirms its capability for lung infection detection. The lung infection inclusion is clearly

visible in its correct position, indicating the successful detection of the infection using

the microwave imaging algorithm based on HP. In addition to visual inspection, image
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quantification has been performed by calculating the SCR. The SCR value is a metric

that provides a quantitative measure of the imaging performance in terms of detecting

the lung infection while suppressing artefacts and clutter in the image. When applying

the rotation subtraction artefact removal procedure, the calculated SCR value is 4.65 dB.

This indicates a good level of performance in terms of distinguishing the lung infection

from the surrounding clutter, but there is still some residual clutter in the image.

On the other hand, when using the “ideal” artefact removal procedure, the calculated

SCR value increases to 7 dB. This higher SCR value suggests that the “ideal” artefact

removal method effectively removes the clutter and enhances the visibility of the lung

infection, resulting in a more accurate and reliable detection. The increase in SCR value

when using the “ideal” artefact removal procedure highlights the importance of employing

appropriate artefact removal techniques in microwave imaging. It also demonstrates the

significance of image quantification in evaluating the performance of the imaging proce-

dure and provides valuable insights for further optimization and improvement.

Overall, the combination of visual inspection and image quantification through SCR

calculation reaffirms the effectiveness and potential of the proposed microwave imaging

algorithm for lung infection detection. The promising results encourage further research

and development in this area to advance the application of microwave imaging in medical

diagnostics, especially for detecting lung infections like COVID-19.

3.4.5 Experimental Analysis

The experiment presented in this study demonstrates the feasibility of using microwave

imaging based on HP for detecting lung COVID-19 infection. The measurements were

conducted on a human torso phantom inside an anechoic chamber using two Microstrip

antennas operating in the frequency range of 1 to 5 GHz. The successful identification of

the lung infection was achieved by applying an artefact removal procedure to eliminate

unwanted images that could mask the region of interest. The rotation subtraction artefact

removal method, which involves using two slightly displaced transmitting positions, and

the “ideal” artefact removal method, involving the subtraction of data between a healthy

torso phantom and an infected torso phantom, were both effective in suppressing artefacts

and enhancing the visibility of the lung infection. The quantification of the microwave

images using the SCR yielded a value of 7 dB, indicating a high level of performance in
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Figure 3.10: Microwave image of the human torso phantom employing frequency range of 1-5
GHz; after performing “ideal” artifact removal procedure; using the difference between obtained
data of a healthy torso phantom and the data of torso phantom having lung infection. Images
are obtained following normalization to their correspondent maximum values and forcing to
zero the intensity values below 0.5 (x and y axes are given in meters);the blue elliptical shows
boundary of the phantom and red circle represents the possible detected infection.

distinguishing the lung infection from surrounding clutter.

One of the key advantages of the HP-based technique is its versatility in handling

different measurement setups. It can be used with antennas and phantoms placed in free

space, eliminating the need for coupling liquids and simplifying the experimental setup.

Additionally, HP does not require prior knowledge of the antennas’ responses, making

it easier to implement and integrate into a cost-effective and user-friendly device. The

potential of the HP-based technique for remote pre-hospital examinations and monitoring

of Lung COVID-19 infection is noteworthy. With its ability to detect lung infections

and its ease of use and integration, this microwave imaging approach shows promise

in facilitating early detection and monitoring of COVID-19 cases, especially in remote or

resource-limited settings. By providing a non-invasive and radiation-free imaging solution,

this technique may contribute to improved medical diagnostics and patient care, offering

valuable insights and potential benefits for healthcare providers and patients alike.
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3.5 Lung Lesion Detection via MWI Implementing

Realistic Parameters

Lung cancer is one of the foremost causes of mortality worldwide, with an estimated

death toll reaching 1.8 million in 201 [55], with 2.1 million cases discovered annually [56],

making it a global health problem. Lung cancer can be subdivided into two main types

based on cell structural properties: small cell lung cancer (SCLC) comprises 15% of the

cases discovered annually, while the remaining 85% fall into the non-small cell lung cancer

(NSCLC) category [56]. Lung cancer is most likely to be diagnosed in countries with a

high smoking population. In the UK, the mortality rate caused by lung cancer is higher

than any other type of cancer, with a 5-year survival rate of less than 13%, which is

quite alarming [57]. Early detection of lung cancer, lung lesions, and lung damage can

significantly improve treatment outcomes and save lives.

Currently, screening for lung cancer involves the use of x-rays and x-ray-based CT

scans, which are considered reliable but sometimes require additional tests for accurate

location of the lung cancer. Other methodologies include MRI and, in more complex cases,

biopsy of possible cancerous lung tissues. However, all these conventional medical imaging

techniques use ionizing radiation, which can pose health risks to patients. Additionally,

lung cancer is often screened for after physical symptoms are discovered, by which time

the cancer growth may have already progressed significantly. Researchers have therefore

considered using UWB microwave imaging technology to detect lung cancer at an early

stage, as UWB has shown promising results in breast lesion detection [58]. MWI relies

on differentiating healthy and cancerous tissues based on the difference in their dielectric

properties. Studies have shown that the dielectric properties of cancerous tissues are

significantly higher than those of healthy tissues [59, 60] providing an opportunity for

improvement and significant results.

Recently, a new MWI approach based on the Huygens Principle for lung cancer and in-

fection detection has been presented. The researchers fabricated a lung phantom to match

realistic parameters in terms of dimensions and dielectric properties contrast [61]. The

reconstructed images indicated successful localization but leave room for improvement by

using more realistic parameters. In this research, I have attempted to overcome the chal-

lenge of using realistic parameters by adopting a professional approach and applying the
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HP-based MWI methodology to validate its capability. Specifically, the investigation of

lung lesion detection using MWI has been performed with the aid of a fabricated phantom

with varying dielectric properties. For this research, I have used the multi-layered chest

phantom V1 by Schmid & Partner Engineering AG (SPEAG) as the phantom and Tissue

Simulating Liquids (TSL) for its fabrication.The inclusion exhibiting realistic dielectric

properties and placed it inside the phantom. The measurements were performed inside

an anechoic chamber using two UWB antennas connected to the VNA and an ampli-

fier to enhance the signal strength. The measurements were performed in the frequency

domain, and the data was collected as the complex S21 signals. The data were then

processed using the HP-based imaging algorithm to reconstruct images with the localized

inclusion [61]. The HP-based technique has the advantage of not requiring knowledge of

antenna responses and can be easily integrated into a cost-effective and easy-to-use device

for dedicated detection space, enabling remote pre-hospital examinations and monitoring

of Lung COVID-19 infection.

3.5.1 Phantom Fabrication

In this research, a multi-layered chest phantom (Figure 3.11), which was designed and

developed by SPEAG in Switzerland [62] was utlized. This phantom was specifically

developed to provide accurate evaluation with realistic parameters and assured quality

when integrated with medical devices and exposed to high-frequency radiations. The

phantom presented in [62] is known for its precise and repeatable assessment with path

loss in real humans, including inner-tissue reflections. With dimensions of 400mm width,

260mm depth, and 365mm height, the phantom matches realistic parameters effectively.

The phantom consists of two different layers or volumes: an inner volume with a size of

6.2 litters and an outer volume with a size of 8.2 litters, separated by high precision low

radio frequency loss plastic to ensure accuracy and authenticity. The outer layer, depicted

in black in Figure 3.11, is a skin layer manufactured using a mixture of silicon and carbon,

with dielectric properties that closely match the skin of a human arm, as stated in [62].

One of the essential features of this phantom is its reusability for multiple experiments,

and it comes with handles on both sides for easy handling during fabrication of the inner

layers/volumes. By employing this advanced multi-layered chest phantom, precise and

realistic parameters were achievable for performing measurements, which contributes to
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the validity and reliability of the results obtained in this research.

Figure 3.11: Multi-layered chest phantom V1 by SPEAG.

To simulate the lung lesion, a cylindrical tube with a volume of 15 mL was fabricated

with a mixture that mimics the dielectric properties of lung tissues. This inclusion was

then placed inside the internal layer of the multi-layered chest phantom. To ensure proper

placement and suspension of the inclusion, a moving knob on the top of the phantom was

used. The main objective of this research was to conduct experiments with realistic

parameters, including the dielectric properties of lung tissues and lesions, as presented

in [61, 63]. For this purpose, various mixtures have been utilized to simulate different

tissues, and the details of these mixtures are provided in Table 3.3. Additionally, the

phantom-compatible liquids developed by SPEAG have been used to fabricate the muscle

and fat layers, with more information available in [62] (Figure 3.12). By using these

mixtures and phantom-compatible liquids, I was able to create a realistic and accurate

representation of human tissues and lesions within the chest phantom.

Indeed, the tissue simulating liquids provided by SPEAG have been crucial in fabri-

cating the multi-layered chest phantom with realistic dielectric properties. The internal

layer, which simulates lung tissue, and the outermost layer, which mimics skin, were both

fabricated using the tissue simulating liquids to achieve dielectric properties like muscle,

fat, and lung tissues. Additionally, the external layer of the phantom, which represents

rib bone tissues, was fabricated using a specific oil mixture to closely match the dielectric

properties of rib bones. The mixtures used in the fabrication process were carefully se-
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Figure 3.12: Top view of filled multi-layered SPEAG chest phantom.

lected to be optimistically close to the realistic dielectric properties of the multiple layers,

including the fabricated inclusion representing the lung lesion.

Table 3.3: Dielectric Properties of Fabricated Materials at 1.75 GHz.

Fabrication material Relative permittivity (εr) Conductivity (σ) [S/m]

Tissue simulating liq-
uid (internal layer)

43.2 1.37

Sunflower oil (external
layer)

5 0.34

Water and Salt 78 2

3.5.2 Measurement Setup inside Anechoic Chamber

The experimental setup for conducting measurements inside the anechoic chamber in-

volved several key components. Two UWB antennas, specifically the Planner Horn An-

tenna 310C, were utilized for both transmitting and receiving signals. These antennas

were vertically polarized and emitted radiations omni-directionally in the azimuth plane

while being placed in free space within the anechoic chamber. The VNA used in this

research was the 2-port Cobalt Series VNA manufactured by Copper Mountain in Indi-

anapolis, IN, USA. The UWB antennas were connected to the transmitter and receiver

ports of the VNA. The VNA was controlled by a laptop through a USB port, which

allowed it to record the transfer function (S21) between the two antennas in terms of

complex signals.

To facilitate the measurements, a rotating table was incorporated into the setup. The

rotating table enabled the recording of measurements at different angles around the phan-
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tom, which was placed on a stand inside the anechoic chamber. The stand was designed to

securely hold the multi-layered chest phantom during the experimentation process. Fig-

ure 3.13 illustrates the complete experimental setup inside the anechoic chamber, showing

the positioning of the UWB antennas, VNA, rotating table, and the multi-layered chest

phantom during the measurements. This setup allowed for the collection of the necessary

data to validate the efficiency of the HP-based microwave imaging algorithm for detecting

lung COVID-19 infection.

Figure 3.13: Experimental Setup inside Anechoic Chamber.

The experimental setup utilized the frequency domain, with a frequency range of

0.5 GHz to 3 GHz. The chosen low frequency range was intended to enhance signal

penetration through the phantom, thereby achieving better results, although some image

resolution was compromised. The two UWB antennas used in the setup were aligned, with

the transmitter antenna attached to the stand that held the multi-layered chest phantom.

The transmitter antenna rotated along with the phantom, while the receiver antenna

remained fixed with the aid of the stand. For each set of measurements, two adjacent

transmitting positions, 5 degrees apart, were utilized. The measurements were initiated

from 0 degrees and recorded every 6 degrees, continuing until 360 degrees, resulting in a

total of 60 recorded measurements for each transmitting position. Figure 3.14 illustrates

the basic experimental configuration, showcasing the placement of the UWB antennas,

the rotating stand holding the phantom, and the fixed receiver antenna.

In the experiment described in this section, microwave imaging was conducted us-

ing the setup shown in Figure 3.14. Multiple measurements were performed with the

transmitting antenna placed at different positions, and the direction of the phantom was
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Figure 3.14: Experimental Schematics.

changed from vertical to horizontal by rotating the phantom by 180 degrees. However,

despite these efforts, the results showed only artifacts and transmitter image reflections,

and no successful detection was achieved. Upon troubleshooting, it was discovered that

the signal power was not strong enough, especially at 180 degrees where the antennas

were at their farthest positions. This weak signal reception was attributed to the realistic

parameters of the setup.

To overcome this challenge, an amplifier by Mini Circuits, specifically the ZX60-8008E

model, was incorporated into the experimental setup. The amplifier was connected be-

tween the Vector Network Analyzer (VNA) and the transmitting antenna to boost the

signal power. With the amplified signal, the weak reception issue was addressed, and the

transmitter reflection in the reconstructed images was minimized. The schematic of the

experimental setup with the amplifier is depicted in Figure 3.15. By using the amplifier,

the signal power at the farthest positions was increased by approximately 15 dB, thus

improving the overall performance of the microwave imaging procedure. With this en-

hanced setup, the researchers aimed to achieve better results and increase the accuracy

of the detection process during further experiments.

3.5.3 Image Reconstruction

The images with the detected lesion were reconstructed via HP-based MWI algorithm

as presented in the previous section. The measurements were performed at the two

adjacent transmitting positions (5° apart). Therefore, I subtracted the signals recorded

from both transmitting positions to remove the artefact and furthermore measurements

were performed at the same position without inclusion and then subtracted the signals

with and without inclusion. The images reconstructed after implementing the HP based
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Figure 3.15: Experimental Schematics (with amplifier).

MWI imaging algorithm are shown in Figures 3.17 and 3.18. In Figure 3.17, the actual

position of the detected inclusion is represented by the red circle. The detected inclusion

is aligned with the yellow part with higher intensity. It is important to note that the

images in Figures 3.17 and 3.18 are not raw images, but they have been normalized to

the maximum value to highlight the detected inclusion.

Figure 3.16: Reconstructed Image with the detected inclusion (before image adjustment).

In Figure 3.18, the artefact removal has been applied by subtracting the signals from

the two adjacent transmitting positions. It can be observed that the proposed methodol-

ogy has been successful in removing transmitter reflections and highlighting the inclusion

more prominently. The detected inclusion is aligned with the red circle, which indicates
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the original position of the inclusion and validates the accuracy of the detection. This is

further supported by the calculated SCR of 9.97 dB for the normalized image before image

adjustment. Moreover, after implementing the image adjustment methodology and image

adjustment , the SCR increases from 9.97 dB to 13.48 dB, demonstrating the successful

implication of the technique along with the removal of artefact residuals. The increased

SCR value indicates a higher level of confidence in the accuracy of the detection and the

localization of the inclusion within the phantom.

Figure 3.17: Reconstructed Image with the detected inclusion (after image adjustment).

Figures 3.17 and 3.18 further highlight the region of interest, which corresponds to

the multi-layered chest phantom with the detected inclusion. To achieve this, a mask has

been applied to the reconstructed images to outline the margin of the external layer of the

phantom. Figures 3.19 (a) and (b) display the highlighted area with an elliptical margin

equivalent to the dimensions of the fabricated phantom, represented in the normalized

axis. These images show the detected inclusion before and after image adjustment, respec-

tively. The application of the mask helps to visually focus on the specific region of interest

and provides a clearer representation of the detected inclusion within the phantom.

The masking of the rest of the reconstructed image serves multiple purposes in this

research. Firstly, it helps to highlight the boundary line of the phantom and facilitates

the detection of the inclusion, which is essential for calculating the dimensional analysis
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Figure 3.18: (a) Reconstructed Image with the detected inclusion & underlined margin of the
phantom (before image adjustment), (b) Reconstructed Image with the detected inclusion &
underlined margin of the phantom (after image adjustment).
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error. The dimensional analysis error represents the difference between the dimensions

of the realistic parameters of the inclusion and the dimensions detected in the recon-

structed image. In this study, the dimensional analysis error is found to be less than

6%, indicating a high level of accuracy in the detection of the inclusion. Secondly, the

masking of the reconstructed image allows to focus specifically on the region of interest,

which is the multi-layered chest phantom with the detected inclusion. This focused view

enables a more accurate and precise examination of the detected inclusion. Overall, the re-

constructed images obtained from implementing HP-based microwave imaging technique

have demonstrated the capability of MWI to detect lung lesions with realistic parameters.

The successful detection of the inclusion within the phantom using MWI highlights its

potential as a promising imaging technique for lung cancer detection and diagnosis.

3.5.4 Experimental Analysis

This research demonstrates the successful capability of the Huygens Principle-based MWI

technique in detecting lung lesions using a multi-layered chest phantom. The phantom,

designed by SPEAG, was specifically tailored for accurate evaluation of the chest, with

tissue simulating liquids provided to mimic various body tissues, ensuring realistic dielec-

tric properties. The experimental measurements were conducted insidevg the anechoic

chamber, utilizing UWB planner horn antennas and a VNA by Cobalt Networks. The re-

constructed images were generated through the HP-based imaging algorithm, resulting in

the successful localization of the inclusion (lung lesion) within the phantom. To improve

the quality of the reconstructed images and eliminate artefacts, a rotation subtraction

technique was employed between two adjacent transmitting positions. This approach ef-

fectively removed any residual artefact, enhancing the accuracy of the detected inclusion.

Additionally, an image-processing tool was introduced to highlight the region of interest

by applying a mask, further improving the accuracy and precision of the evaluation pro-

cess. Overall, the findings of this study showcase the potential and efficacy of HP-based

MWI in detecting lung lesions with high accuracy and reliability. The combination of re-

alistic phantom design, careful measurements, and advanced image processing techniques

makes MWI a promising modality for early detection and diagnosis of lung cancer and

other lung abnormalities.
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3.6 Summary

This chapter provided a comprehensive overview of the experimental setup for the pro-

posed MWI technology in this research, detailing the necessary hardware and parameters

involved. The characteristics of the used hardware, including UWB antennas, VNA, ro-

tating table, and stand, are briefly explained, along with the setup within the anechoic

chamber. The chapter also delved into the HP-based MWI algorithm utilized in this

research to differentiate between healthy and malignant tissues based on their dielectric

properties. The fundamental principle behind HP is described, stating that each locus of

the wave carries information from previous waves passing through the medium. HP does

not calculate the exact external field but carries information about the dielectric properties

of tissues, which aids in the detection of cancerous tissues. This algorithm has previously

shown promise in detecting abnormalities in other biomedical applications, particularly

breast cancer and brain strokes.The chapter further encompassed the measurements have

been performed using the described method and hardware inside the anechoic chamber

for lung COVID-19 infection detection. A multi-layered torso phantom mimicking lung

tissues was fabricated, with mixtures having varied dielectric properties and an inclusion

representing the infection. The phantom was placed at the centre of a rotating stand in

the anechoic chamber, controlled by a Python GUI. UWB vertically polarized antennas

were used for transmitting and receiving signals, connected to the VNA, which recorded

complex S21 signals for two different transmitting positions with a 5-degree angular dis-

placement. The obtained data was processed using the HP-based imaging algorithm,

and the images were reconstructed, successfully detecting the inclusion, validated by the

calculated SCR of 7 dB.

Additionally, a more complex experiment was conducted using a realistic phantom

designed by SPEAG in Switzerland. This phantom closely matched the dimensions and

dielectric properties of real humans, with multiple layers mimicking various tissues. UWB

antennas with increased power, aided by an amplifier, were used to accommodate the re-

alistic parameters of the lung phantom. The measurements have been recorded using a

two-port VNA connected to a laptop, and the data was processed through the HP-based

imaging algorithm, resulting in the successful detection of the inclusion. Image artefact

removal was applied, and the images were normalized. The results were validated us-

ing image quantification parameters, demonstrating promising results in terms of SCR
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and dimensional analysis error. Additionally, an image-processing tool was introduced to

highlight the region of interest by applying a mask, further improving the accuracy and

precision of the evaluation process. In conclusion, this chapter summarized the MWI tech-

nology and the proposed HP-based imaging algorithm, detailing a series of experiments

performed to validate the approach, which yielded successful and validated results.
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Chapter 4

Advanced MWI Device

4.1 Introduction

In the preceding chapter, the fundamental methodology of MWI and the HP-based imag-

ing procedure is introduced. This chapter focuses on detailing the necessary hardware

for the MWI measurement setup in the anechoic chamber. In the first experiment, mea-

surements are conducted on a fabricated multi-layered phantom designed for detecting

lung COVID-19 infections, featuring a fabricated inclusion. The fabricated inclusion is

successfully localized by the HP-based imaging algorithm, and the resulting images are

normalized and adjusted for better visualization, removing any artifacts. The second

experiment is more intricate, involving a realistic phantom with dimensions mimicking

human anatomy, and the outer layer of the phantom replicates the dielectric properties

of human skin. Tissue-simulating liquids with realistic dielectric properties are used to

create the multi-layered chest phantom, and an inclusion resembling a lung lesion is fab-

ricated for localization. The capabilities of the HP-based imaging algorithm are again

validated, with the localized inclusion quantified using SCR and dimensional analysis.

Successfully validating the HP-based imaging algorithm and the measurement setup in

the anechoic chamber. This chapter describes a novel, efficient, and accurate MWI device

called MammoWave. A concise description of the device and the HP-based imaging algo-

rithm is provided. Furthermore, the device’s capabilities are illustrated through various

experiments, highlighting its ability to deliver precise results.Additionally, this chapter

expands on the HP-based imaging algorithm discussed in the previous chapter, specifi-

cally focusing on lung lesion detection. For preliminary experimentation and to validate
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the device’s capability, a lung phantom with minimal parameters is fabricated compared

to the experiments in Chapter 3. The images reconstructed using the HP-based imaging

algorithm for this experiment are validated through image quantification approaches. A

brief comparison with the previously conducted experiment in the anechoic chamber is

also presented.

4.2 Introduction to MammoWave

Breast cancer is one of the most common causes of mortality in the whole world, specifi-

cally in women. It is mostly symptom-free in the early stage and somehow only recognized

while in the late stages of the disease, therefore early detection with the health risk-free

environment was needed for the early cure of the disease. The most common and widely

used medical imaging technology for breast cancer diagnostic is mammography, which

uses multiple sources of low bout X-rays [64]. Mammography uses ionized rays and over-

usage of this imaging methodology can cause health risks. Moreover, this technique is

not the routine modality for the females of certain age group (40 years or less) but is

suitable for women aged 45-50 years and over [64,65]. Besides this, there are other imag-

ing methodologies as well for breast screening, involving self-examination (SE), which is

done by the patient by looking for lymph and any sort of abnormalities in the breast and

noticing a sudden change in the tissues of the breast.

Meanwhile, the other method is clinical examination (CE) implicating the medical

health care specialist’s involvement in the execution of a thorough physical examination

of the breast for any possible irregularities [64]. Furthermore, there is ultrasonography

involving ultrasounds and MRI. All these mentioned conventional medical imaging tech-

nologies are very costly with bulky hardware, and require healthcare assistance [66]. The

other major drawback in the mentioned techniques is the age limitation a recent new

research shows that the breast cancer diagnosed in women includes 6% of the women age

under 40 years [67], and in Europe, the percentage increases to 20% according to the

statistics provided in [68].

The widely used mammography breast-screening methodology uses ionized x-rays and

is not capable of detecting the cancer in dense breasts, resulting in more diagnosis and

exposure to the ionized rays. The excessive diagnosis on women in some cases resulted
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in severe casualties and complexities in detecting the tumour involving the reduction

of the dense breast and other painful methods as indicated in [69–71]. Consecutively

MWI has emerged as a promising alternative to conventional ionized rays based imaging

technologies, differentiating healthy and malignant tissues based on the difference in their

dielectric properties. Researchers have developed various MWI methodologies for breast

screening as presented in [72, 73] showing the promising nature of the UWB by doing

measurements in the frequency domain. Some of the proposed techniques and MWI

prototypes have reached clinical trials stage, such as those in [74] and [75] differentiating

healthy and malignant tissues based on dielectric properties in frequency and time domain,

respectively.

Figure 4.1: Initial MammoWave prototype [75].

Based on MWI, a recent novel, fast, and accurate prototype named MammoWave

(developed by UBT Srl, Italy) was introduced in 2015, where the experimentation was

performed on the fabricated phantoms as presented in [12]. The initial prototype of

MammoWave, shown in Figure. 4.1 was installed in the department of diagnostic imag-

ing, Perugia, Italy. The device includes a cup known as the breast holder, whereas the

patient lies prone on the examination table, and examination is performed. This initial

prototype contains two vertically polarized UWB antennas transmitting and receiving

antenna emitting radiations in the azimuth plane in omnidirectional inside the cylindrical

hub with microwave absorbers. The prototype has the operating frequency range of 1-9

GHz, and antennas are connected to the VNA by Copper Mountain Technologies. Af-

ter phantom validations, in [30], the prototype was tested on 22 healthy breasts and 29

breasts having lesions, and the performance of the device was successfully validated by

accurate results generated in [12,30].

85



The current MammoWave prototype presented in [76,77] is shown in Figure 4.2. Mam-

moWave is uniquely skilled to work with two antennas spinning in the azimuth plane, op-

erating within the microwave band. The device has a cylindrical hub made of aluminium

with a radius of 50 cm and is equipped with internal microwave absorbers, specifically

flat absorbers AH model, SIEPEL CyBer, France [76].

Figure 4.2: Current MammoWave prototype [77].

The device consists of two antennas, namely the Tx (transmitter) and Rx (receiver),

operating in the frequency range of 1 to 6.5 GHz. These antennas rotate in a circular

direction in the azimuth plane within a free space environment. The rotation of the

antennas is automated and can be configured and adjusted using a GUI developed by

UBT Srl, Italy. This GUI enables users to control the antenna’s height and execute

specific configurations to record measurements.

Moreover, the device includes a mini anechoic chamber located inside the cylindrical

hub, along with a holder designed for breasts, allowing patients to lie in prone position

during examinations, or for positioning fabricated phantoms. Both antennas surround

the holder within the cylindrical hub and rotate around it to capture the necessary mea-

surements.

The UWB antennas utilized in the device are Vivaldi antennas, and they are connected

to a two-port VNA model M5065 by Copper Mountain Technologies, USA, as shown in

Figure 4.3. The VNA, depicted in Figure 4.4, has two configurable ports, with port 1

acting as the transmitter and port 2 as the receiver. The M5065 VNA incorporates a
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Figure 4.3: MammoWave installed at London South Bank University.

radiofrequency measurement module and an operating software developed by the man-

ufacturers. This software can be easily installed on any Windows or Linux operating

systems and is connected via a standard USB port. The VNA has a frequency range of

300 kHz to 6.5 GHz and can measure all four parameters, namely S11, S12, S21, and S22.

It comes with a calibration kit, which ensures that the antennas are calibrated for optimal

performance. Additionally, the VNA boasts a rapid measurement speed of 70µs, making

it highly efficient for MammoWave data collection and analysis.

Figure 4.4: 2-port VNA (M5065).

One significant advantage of using this VNA is its user-friendly software interface,

which simplifies operation and integration. Additionally, the VNA software allows for

automatic data saving, eliminating the need for manual recording of measurements. This

automated feature streamlines the entire measurement process, distinguishing it from the

setup used in the anechoic chamber described in the previous chapter.
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4.3 Imaging Algorithm

The capability of MammoWave allows for different configurations to be executed by pro-

gramming the device accordingly. In the measurement configuration, both antennas are

the same and are attached to a two-port VNA (M5065, Copper Mountains, USA) oper-

ating at a frequency range of 1-6.5 GHz [78]. Both antennas are rotatable, covering a full

360°. The Tx plane is divided into 5 angular sections with an angular difference of 72°,

corresponding to transmitting signals from the 5 central points (0°, 72°, 144°, 216°, 288°).

Additionally, for each triplet of central points, the Tx antenna transmits signals from

two other angularly displaced positions, ± 4.5° rotation with respect to the central points,

resulting in a total of 15 transmitting positions. The receiver antenna can receive signals

at intervals of 4.5°, leading to 80 receiving points. A pictorial view of this configuration

is depicted in Figure 4.5 [79].

Figure 4.5: Experimental Configuration.

In this configuration, for one central transmitting position, two adjacent transmitting

positions have been used with an angular displacement of ±4.5◦. The received complex

signal S21 can be presented as S21m,p
n (a0, ϕn;Txm,p; f), where n = 1, 2, . . . , 80 indicates

the receiving points; m = 1, 2, . . . , 5 specifies the central transmitting positions, p = 1, 2, 3
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indicates the positions inside transmitting sections in the form of triplets, and f is the

frequency. Therefore, applying HP, the external field carrying information of the dielectric

contrast can be presented the same as:

Ercstr
HP,2D(ρ, ϕ;Tx(m,p=1,2,3); f) =

NPT∑
n=1

Ei
known
n,Txm,p=1,2,3

G(k1|ρnp − ρ|). (4.1)

Meanwhile the intensity of the consistent image can be obtained by summing all the

solutions incoherently as:

I2D(ρ, ϕ;Tx(m,p=1,2,3)) =
NF∑
f=1

|Ercstr
HP,2D(ρ, ϕ;Tx(m,p=1,2,3); fi)|2. (4.2)

An artifact can be removed by subtracting between S21 obtained using two measurements

at different positions in the triplet, such as p = 1, 2, 3 and p′ = 1, 2, 3, with p ̸= p′. This

methodology is more efficient in terms of artifact removal as the basic methodology of

artifact removal through rotation subtraction can be successfully achieved on both sides

of the central transmitting positions.

Ercstr
HP,2D(ρ, ϕ;Txm,p − Txm,p,h′ ; f) =

NPT∑
n=1

(S21m,p
np − S21m,p′

np )G(k1|ρnp − ρ|). (4.3)

4.4 MammoWave Validation

MammoWave is based on the HP-based MWI methodology, which has been thoroughly

researched and validated in various experiments on objects with canonical and cylindrical

shapes, with single and multiple inclusions [41–43]. The methodology has been veri-

fied through different image quantification parameters, such as SCR, resolution, and HP

phase weighted modality, and its capabilities have been tested on various scenarios, in-

cluding skin mimicking phantoms, brain stroke detection, and bone lesion detection [80].

MammoWave has successfully undergone initial clinical trials authorized by the Italian

Ministry of Health and the Ethical Committee of Regione Umbria, Italy, at Perugia Hos-

pital, yielding promising results [12,30,81]. The device has the potential to revolutionize

breast screening, as it can be used without age restrictions or health risks, and with-

out involving breast compression or liquid, making it a more comfortable experience for

patients. It has completed multicentric trials in several hospitals, including Humanitas
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Milano, San Martino Genova, and Toledo Hospital in Spain, and is extending its reach to

other countries under the MammoScreen project [82,83].

The UBT team and researchers are continuously working on further advancements in

the MammoWave prototype, performing various experiments to test its capabilities. A

recent experiment using a multi-layered phantom mimicking bone properties successfully

localized bone lesions with a SCR of 3.35 dB and a resolution of 5 mm [84, 85]. Another

prototype called StrokeWave is being developed for brain stroke and cancer detection

using the HP-based MWI algorithm and has shown promising results in preliminary tri-

als [86]. Additionally, the MammoWave has been tested on a miniature lung phantom for

lung COVID-19 infection detection, and the results have been compared with the exper-

iments described in Chapter 3 [61]. These advancements and successful trials showcase

the potential of the MammoWave and HP-based MWI technology in the field of medical

imaging and early disease detection.

4.5 Lung Lesion Detection via MammoWave (Pre-

liminary Results)

Lung damage is a pervasive respiratory disease that can manifest in the form of lung le-

sions, including lung cancer, tumours, or lung infections. Early detection of lung lesions is

crucial for preventing further damage, controlling the spread of lung infections, and reduc-

ing the mortality rate of pulmonary patients. Currently, CT scans and X-ray imaging are

reliable methods for detecting lung lesions and monitoring treatment progress. However,

the use of ionizing radiation in these techniques raises concerns about potential health

risks [87,88]. In this experiment, a miniaturized torso phantom was fabricated to conduct

phantom experiments using the MammoWave device, exploring different scenarios.

The images are obtained using the HP-imaging procedure, and an artefact removal

method named “rotation subtraction” was applied, involving two slightly displaced trans-

mitting positions. Additionally, an “ideal” artefact removal method is employed, which

subtracted the received data from the unhealthy torso phantom from the data of the

healthy torso phantom [61].
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4.5.1 Phantom Fabrication and Experimental Configuration

. A miniaturized model of the torso phantom was constructed for the measurements using

the MammoWave device, as depicted in Figure 4.6. The external layer of the phantom

has dimensions with axes of 12 cm and 6 cm, and a height of 17 cm, while the internal

layer has axes of 9.5 cm and 3.5 cm, and a height of 16 cm. The phantom was made

using tissue-mimicking materials to simulate the characteristics of human tissues. To

replicate a combination of fat, muscle, and rib bones tissues, a specific type of oil named

TLe11.5C.045 was used. This oil has a dielectric constant value of 7 and a conductivity

value of 0.3 S/m, and it was provided by ZMT Zurich MedTech Company [53]. For

mimicking the lung layer, a mixture containing 90% glycerol and 15% water was used,

resulting in a dielectric constant of 15 and a conductivity of 2 S/m (at 2 GHz) [52]. To

simulate lung lesions, tap water was employed, following a similar approach as done in [49].

These tissue-mimicking materials allowed for accurate representation of the human torso

and enabled the MammoWave device to perform measurements effectively.

Figure 4.6: Fabricated Multilayered Phantom [61].

The imaging algorithm strategy employed is the same as described earlier in this

chapter, following the experimental Configuration with a total of 15 transmitting posi-

tions arranged in the form of triplets. By applying the HP-based imaging algorithm, the

external field can be measured as given by Eq. (4.1), with all the parameters defined in

the previous section.
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Furthermore, to obtain a consistent image, all the solutions can be reconstructed by

summing them incoherently, as demonstrated in Eq. (4.2). However, even after applying

artefact removal procedures, some clutter may still be present in the resulting images.

To assess the capabilities of image detection and to compare the performance of various

artefact removal methods, the SCR has been utilized, as defined by the ratio between the

maximum intensity within the region of the lesion and the maximum intensity outside the

region of the lesion. This SCR metric was introduced in [89] for quantitative evaluation

of the imaging capabilities and to provide a measure of the image quality.

4.5.2 Reconstructed Images

The primary goal of this research is to investigate the potential of HP imaging in the con-

text of elliptical, asymmetric, and multi-layer torso-mimicking phantoms. Additionally,

the study aims to compare and evaluate the effectiveness of two artefact removal meth-

ods, namely “rotation subtraction” and “ideal” artefact removal, in suppressing artefacts

and achieving successful lung lesion detection. This approach differs from the average

subtraction method employed in [41]

To assess the performance of these artefact removal methods in lung lesion detection,

both within the anechoic chamber and using the MammoWave device, SCR metric is

used. The computed SCR values are summarized in Table 4.1. To achieve this objective,

Table 4.1: SCR for microwave images of phantom measurements in both the anechoic
chamber (chapter 3) and MammoWave device.

Artefact Removal Method Anechoic Chamber SCR (dB) MammoWave Device SCR (dB)

Rotation Subtraction 4.65 7
Ideal Artefact Removal 6 9.88

phantom experiments were conducted both inside an anechoic chamber (as described

in chapter 3) and using the MammoWave device. Microwave images were generated

employing both ideal and rotation subtraction artefact removal techniques. The obtained

microwave images, as shown in Figures 4.7 and 4.8, were normalized to their corresponding

maximum values, and intensity values below 0.5 were set to zero. However, the calculation

of the SCR was performed prior to image adjustment. In these images, the green elliptical

region indicates the area of the torso phantom, while the lung lesion area is highlighted

by a red circle (as described in chapter 3).
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Figures 4.7 (a) and (b) display the microwave images obtained from anechoic chamber

phantom experiments. Figure 4.7 (a) shows the microwave image after applying the “ro-

tation subtraction” method, which involves subtracting the obtained S21 of transmitting

position 0° from transmitting position 5°. Despite some clutter in the image, successful

detection has been achieved with an SCR value of 4.65 dB. Figure 4.7 (b) illustrates the

microwave image after applying the “ideal” method. As shown in Figure 4.7 (b), the in-

clusion (lung lesion) has been visually detected in the right position with reduced clutter,

achieving an SCR value of 7 dB.

Figure 4.7: Obtained microwave images of anechoic chamber phantom experiments using fre-
quency 1 GHz to 5 GHz, (a) applying “rotation subtraction” method, (b) employing the “ideal”
method. The light green ellipse indicates the phantom region, while the area marked with a red
circle shows the exact position of inclusion and the dimension of the circle is in relation to the
dimension of the inclusion. Axes scales are meters.

Now, shifting the focus to the MammoWave device, the microwave images obtained

from the miniaturized lung lesion phantom experiments are presented in Figures 4.8 (a)

and (b). Figure 4.8 (a) shows the microwave image of the lung phantom obtained through

the rotation subtraction artefact removal procedure. As evident from Figure 4.8 (a), the

detection of the lung lesion has been successfully achieved in its correct position, with an

SCR value of 6 dB. Figure 4.8 (b) illustrates the result of applying the “ideal” artefact

removal procedure. In this case, the inclusion (lung lesion) is visible with even less residual

clutter, and the detection has been accomplished effectively, with an SCR value of 9.88

dB.

In both the anechoic chamber and the MammoWave experiments, the highest SCR val-

ues were achieved when applying the “ideal” artefact removal method, with SCR values of
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Figure 4.8: Obtained microwave images of MammoWave device phantom experiments using
frequency1 GHz to 6.5 GHz, (a) applying “rotation subtraction” method, (b) employing the
“ideal” method. The light green ellipse indicates the phantom region, while the area marked
with a red circle shows the exact position of inclusion and the dimension of the circle is in
relation to the dimension of the inclusion. Axes scales are meters.

7 dB and 9.88 dB, respectively. The higher SCR value obtained with the MammoWave de-

vice could be attributed to the fact that it employs more transmitting positions, providing

more comprehensive data for the imaging process. To further investigate the lung lesion

detection capability using the proposed method, a more realistic and complex scenario

was considered. The measurement was repeated using a re-miniaturized torso phantom

that contained two cylindrical inclusions filled with tap water to mimic lung lesions. The

two cylindrical inclusions had different radii, 0.7 cm and 0.25 cm, respectively. The re-

miniaturized torso phantom had external layer dimensions of 10 cm × 5.5 cm × 15 cm

and internal layer dimensions of 9 cm × 4.5 cm × 14 cm, using the same tissue-mimicking

materials as the previous phantom. Figures 4.9 (a) and (b) show the fabricated re-

miniaturized torso phantom and its position inside the MammoWave device, respectively.

Additionally, Figure 4.9 (c) displays the S21 values for both the phantom with and with-

out the inclusions, calculated when the transmitting antenna is Tx1 and the receiving

antenna is 180° apart.

Finally, Figures 4.10 (a) and (b) depict the obtained microwave images using the

MammoWave device with the re-miniaturized torso phantom, employing the “rotation

subtraction” and “ideal” artefact removal methods, respectively. The results confirm

that lung lesion detection can be successfully achieved even in more complex scenarios,

such as a phantom containing two inclusions of varying sizes. Figure 4.10 (a) reveals
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some clutter in the obtained image; however, both inclusions can be clearly observed

in their approximate positions, with an SCR value of 5.2 dB. Shifting to Figure 4.10

(b), the detection of both inclusions was completed with greater clarity and less clutter,

resulting in an improved SCR value of 6.19 dB. These findings demonstrate the potential

of the proposed HP imaging method for detecting lung lesions even in scenarios involving

multiple inclusions of different sizes.

Figure 4.9: (a) Depict the fabricated re-miniaturized torso phantom, the position of the torso
phantom inside the MammoWave device, (b) the S21 for both the phantom with and without
inclusions, (c) calculated when the transmitting antenna is Tx1 and the receiving antenna is
180◦ apart, respectively.

One limitation of this study is that the constructed phantoms do not fully represent

the heterogeneity of the human torso. For instance, the phantoms did not account for the

alternate distribution of ribs and muscle, which were instead mimicked using a dedicated

layer with average dielectric properties. This simplified representation of the human

torso might result in a potential reduction of SCR. To address this limitation and gain

a more comprehensive understanding of the HP imaging method’s performance in real-

world scenarios, dedicated clinical trials are planned as the next step. These trials will

involve actual patients and will consider the full heterogeneity of the human torso. By

conducting these clinical trials, the potential impact of the heterogeneity on SCR values

and the overall effectiveness of the imaging method will be thoroughly assessed.

4.6 Summary

In this chapter, the validation of an HP-based MWI procedure for detecting lung lesions

in phantoms was performed using the MammoWave device. Initially, lung lesion detection
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Figure 4.10: Reconstructed images of the lung phantom with two inclusions. (a, b) represent
the images corresponding to applying the “rotation subtraction” artefact removal method and
“ideal” artefact removal method, respectively. The light green ellipse indicates the phantom
region, while the areas marked with red circles show the exact positions of the inclusions and
the dimension of each circle is in relation to the dimension of the inclusion. Axes’ scales are
meters.

was achieved through performing measurements on a dedicated multi-layer oval-shaped

torso phantom using an anechoic chamber setup with two antennas operating in the 1 to 5

GHz frequency range, as briefly described in chapter 3. Subsequently, a miniaturized torso

phantom investigation was conducted using the MammoWave device, exploring different

scenarios involving torso phantoms with two different sizes of cylindrical inclusions to

mimic lung lesions. Precisely, the experiments performed in the previous chapter (Chapter

3, Sections 3.4 and 3.5) with fabricated lung phantoms with more complexities and results

generated shows the capability of the MWI in lung lesion detection. In this chapter, the

capability of the MammoWave has been tested via fabricating a miniature (in dimensions)

multi-layered lung phantom with the same dielectric properties as in chapter 3 section

3.4. Rather than manual approach to conduct the experiments as described in previous

chapter, the MammoWave automated the whole measurement procedure making it more

reliable in terms of accuracy.

To ensure accurate detection and avoid masking the region of inclusion caused by po-

tential artefacts, two distinct artefact removal methods were applied before reconstructing

the images. Both artefact removal procedures demonstrated the capability to achieve lung

lesion identification, with an SCR of 9.88 dB achieved using the “ideal” artefact removal

method with the MammoWave device.
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Future steps in this research involve constructing a dedicated MWI device, a modified

version of the MammoWave, specifically designed for lung imaging clinical trials. This

device would facilitate monitoring of lung lesions without the use of X-Rays, making it

safe and advantageous for pre-hospital examinations. The device’s portability and low

structural complexity offer additional benefits. The output power of the VNA used in

these experiments (1 mW) currently poses no concerns about SAR; however, in the event

of increased output power, SAR would be appropriately monitored to ensure safety.
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Chapter 5

3D Huygens Principle based

Microwave Imaging through

MammoWave Device.

5.1 Introduction

In the preceding chapter of this thesis, a detailed introduction is provided to the ground-

breaking MWI device named MammoWave. This research explains the device’s swift and

accurate capabilities, shedding light on its potential applications in the field of medical

diagnostics. A comprehensive overview of the device’s features and a meticulous charac-

terization of its measurement procedures is also presented to establish a solid foundation

for its subsequent applications. In the preceding chapter, the successful clinical trials of

the device and its impressive capability in breast cancer screening are also being explored.

The report documents the positive outcomes of these trials, showcasing MammoWave’s

efficacy and reliability in identifying potential breast cancer cases. Additionally, the

report details the research efforts aimed at further advancing the MammoWave technol-

ogy beyond the clinical trials. One notable aspect of this research involves conducting

experiments on fabricated phantoms. These phantom models provide a controlled and

reproducible environment for studying the device’s behaviour under various conditions,

enabling to fine-tune its capabilities. Notably, one experiment involved testing the Mam-

moWave device on a miniature multi-layered lung phantom specifically designed to mimic

the complexities of human lung tissue. The phantom featured fabricated inclusions and
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layers with mixtures having varied dielectric properties, which are crucial factors in lung

cancer detection. The results of this experiment were promising and encouraging. The

reconstructed images resulting from the MWI measurements exhibited great potential for

detecting abnormalities within the lung tissue.

This Chapter focuses on developing a 3D MWI algorithm based on HP. Specifically,

MammoWave MWI device has been exploited for its capabilities of extending image recon-

struction from 2D to 3D. For this purpose, dedicated phantoms containing 3D structured

inclusion are prepared with mixtures having different dielectric properties. Phantom mea-

surements are performed at multiple planes along the z-axis by simultaneously changing

the transmitter and receiver antenna height via the GUI integrated with MammoWave.

The complex S21 multi-quote data is recorded at multiple planes along the z-axis. The

complex multidimensional raw data is processed via an enhanced HP based image algo-

rithm for 3D image reconstruction. This Chapter demonstrates the successful detection

and 3D visualization of the inclusion with varying dimensions at multiple planes/cross-

sections along the z-axis with a dimensional error lower than 7.5%. Moreover, the Chap-

ter shows successful detection and 3D visualization of the inclusion in a skull-mimicking

phantom having a cylindrically shaped inclusion, with the location of the detected in-

clusion in agreement with the experimental setup. Additionally, the localization of a 3D

structured spherical inclusion has been shown in a more complex scenario using a 3-layer

cylindrically shaped phantom, along with the corresponding 3D image reconstruction and

visualization.

5.2 Background of Proposed Research

Medical imaging is a widely acclaimed technique that allows to visualize the inner workings

of the human body and plays a pivotal role in distinguishing between healthy and diseased

tissues. In the field of medicine, there exists an array of imaging techniques employed

for treatment and diagnostics purposes, including X-rays, ultrasound, CT, and positron

emission tomography (PET). While these methods have been instrumental in medical

practice, they come with certain drawbacks such as high costs, demanding maintenance,

and cumbersome instruments that are challenging to reposition. Additionally, some tech-

niques involve the use of ionized rays, which can potentially pose health risks [90,91]. This
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has led to a growing interest in the development of fast, innovative, and risk-free imaging

technologies for diagnostic applications. The short duration of the pulses enables them

to operate within the permissible noise levels, endowing UWB with high gain, speed, and

precision. Remarkably, UWB impulses can effortlessly penetrate through objects, making

it an outstanding candidate for medical imaging [92,93].

In the past decades, extensive research has been conducted in the realm of microwave

imaging, leading to the introduction and evolution of several imaging algorithms, par-

ticularly in the field of breast lesion detection. These MWI algorithms are based on

radar techniques in the time domain and utilize real-time filters to compensate for frac-

tional time delays. Alternatively, microwave tomography techniques can be employed,

but they may suffer from drawbacks such as low signal-to-clutter ratios and complex

mathematical formulations [94]. More recently, the focus of research has shifted towards

developing novel methodologies and advancing existing algorithms for 3-dimensional (3D)

imaging. The incorporation of 3D medical imaging proves immensely useful for diagnos-

tic purposes, allowing for the accurate detection of the dimensions of diseased areas and

lesions. Noteworthy prototypes and methodologies for 3D MWI can be found in [95–98],

particularly concerning breast lesion detection. Furthermore, a comprehensive prototype

for 3D microwave brain stroke imaging has been presented in [99], showcasing validated

experimental results on fabricated phantoms. These advancements in medical imaging

technology hold immense promise in revolutionizing the way to approach diagnostics and

treatment, ultimately contributing to better patient care and improved health outcomes.

In addition to these prototypes, MammoWave, developed by UBT Srl in Italy, has

been introduced for breast lesion detection. What sets MammoWave apart is its unique

ability to work with two antennas spinning in the azimuth plane, operating within the

microwave band.

MammoWave employs a HP-based imaging algorithm, initially introduced in [41].

This imaging algorithm significantly reduces the computational burden as it eliminates

the need to solve the inverse problem and perform matrix generation or inversion, making

it an ideal technique for medical microwave imaging. The methodology adeptly gath-

ers all information from individual frequencies in the frequency domain to reconstruct

a consistent image [41]. Clinically, MammoWave’ s capability in breast lesion detection

has been successfully verified [77]. Moreover, the device has been adapted to perform
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phantom imaging for brain stroke and bone lesion detection [85, 100]. All MammoWave

images are thoroughly evaluated in 2D and at a single plane along the z-axis after the

removal of artefacts [101].

The research in this chapter focuses on exploiting the MammoWave device shown in

Figure. 5.1(a) to extend the imaging algorithm from 2D to 3D by conducting a multi-

plane scanning experiment. To accomplish this, a cylindrical fabricated phantom with

a 3D structured tube as an inclusion, mimicking a lesion, has been employed for ex-

perimentation. Measurements have been acquired in multiple planes along the z-axis.

By implementing a modified HP-based algorithm via the superimposition theorem, the

inclusion has been successfully detected in various planes. To enable 3D visualization

and ascertain the dimensions of the inclusion at multiple planes, image processing and

adjustment have been applied to the reconstructed images.

Furthermore, this chapter seeks to evaluate the proposed 3D imaging algorithm’s capa-

bility in a more realistic scenario by repeating the measurements using a skull-mimicking

phantom with an inclusion. In contrast to a previous study [102], which presented pre-

liminary results without quantification, the present research quantifies and validates 3D

imaging performances by calculating SCR and dimensional error. Additionally, perfor-

mance degradation under modified imaging parameters has been quantified, with mea-

surements performed using a 3D skull-shaped head phantom. Finally, a comprehensive

localization error quantification has been included in the research.

This Chapter showcases the significant advancement achieved by incorporating the

MammoWave device and the HP-based imaging algorithm in the realm of medical imag-

ing. The extension to 3D imaging opens up new possibilities for improved accuracy and

visualization, particularly in diagnosing and understanding breast lesions and other med-

ical conditions.

5.3 Experimental Configuration

5.3.1 Device and Methodology

In this Chapter, the acquisition of all results and images has been facilitated by leveraging

the unique capabilities of the MammoWave device. With the well-defined frequency range

and the circular rotation of antennas, the MammoWave device can effectively penetrate
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and scan the target area, providing valuable insights into the internal structures and

characteristics of the subjects under examination.

In this research, both the transmitter (Tx) and receiver (Rx) antennas of the Mam-

moWave device are designed to provide complete coverage of 360°. The Tx plane is

divided into 5 angular sections, each separated by 72°. This means that the device trans-

mits signals from 5 central points located at 0°, 72°, 144°, 216°, and 288°. However, the

transmission process is not limited to just these central points. For each triplet of central

points, the Tx antenna also transmits signals from two additional angularly displaced

positions, rotated by ± 4.5° with respect to the central points. This results in a total

of 15 transmitting positions. On the other hand, the receiver antenna is configured to

receive signals every 4.5°. This setup provides a total of 80 receiving points for capturing

the transmitted signals accurately and comprehensively [12].

By utilizing this precise and well-coordinated rotation and transmission scheme, Mam-

moWave device captures a vast amount of data points, facilitating high-resolution imaging

across the entire region of interest. The strategic arrangement of transmitting and receiv-

ing points ensures optimal coverage and minimizes any potential data gaps, leading to

reliable and detailed 3D imaging results.

Additionally, the MammoWave device includes a cylindrically shaped phantom holder,

where both Tx and Rx antennas rotate in a circular direction around the phantom holder.

Previous studies [12,77,85,100] utilizing the device have taken measurements solely in one

plane along the z-axis, resulting in 2D imaging results. However, this research introduces

a novel and groundbreaking methodology for applying MWI at different planes or heights

along the z-axis, thus enabling 3D imaging capabilities.

The research employs the superimposition theorem on measurements taken at various

planes adjacent to the z-axis. The process involves selecting one reference plane and subse-

quently moving downwards along the z-axis with equal distances between each successive

pair of planes. This innovative experimental methodology is depicted in Figure 5.1(b).

By capturing measurements at different planes, the research enables the reconstruction

of a comprehensive 3D image, providing valuable insights into the internal structures and

dimensions of the subjects under examination.

To facilitate this methodology, a GUI designed to operate the MammoWave device

efficiently has been used. The GUI allows for the simultaneous and synchronized ad-
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Figure 5.1: (a) MammoWave microwave imaging device having a cylindrical hub and the phan-
tom holder, (b) experimental schematic i.e., fabricated phantom inside phantom holder with
changing heights of antennas for multiple cross-sectional analysis along the z-axis.

justment of the height of both antennas (Tx and Rx). By maintaining the antennas at

the same height throughout the process, changes in height are conducted simultaneously

for both Tx and Rx antennas, ensuring accurate and consistent data acquisition. This

pioneering research marks a significant advancement in the field of medical microwave

imaging, unlocking the potential for precise and detailed 3D visualization of internal or-

gans and tissues. The ability to capture data at multiple planes along the z-axis empowers

medical professionals with a deeper understanding of anatomical structures and disease

progression, ultimately enhancing diagnostic accuracy and patient care.

5.3.2 Phantoms Fabrications

In the research, a cylindrical plastic container was utilized as a phantom, featuring a

diameter of 11 cm and a height of 13 cm. For the first measurement, a 3D-shaped tube

with a spherical bottom was employed as the inclusion within the phantom. The tube

exhibits a diameter of 1 cm at its upper part, which extends for a length of 7.5 cm. As it

progresses downwards, the diameter of the tube gradually increases to 3.5 cm at its lower

part, as illustrated in Figure 5.2(b).

The incorporation of a 3D structured inclusion serves a specific purpose in the research.

Its main objective is to validate the 3D imaging algorithm by enabling the detection and

visualization of the inclusion’s dimensions at multiple planes along the z-axis. By scan-

ning the inclusion at various heights, the reconstructed images can verify the algorithm’s

accuracy in reconstructing the complete 3D shape of the inclusion. This process allows

for the assessment of the algorithm’s performance and its capability to precisely capture
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the size and shape of the inclusion from different perspectives. This experimental setup

with the 3D-shaped inclusion in the cylindrical phantom adds a critical dimension to

the research, as it paves the way for reliable and robust 3D medical microwave imaging

techniques.

The primary concept behind MWI revolves around utilizing the contrast in dielectric

properties, specifically the relative permittivity and conductivity, between healthy tissues

and tissues containing abnormalities, such as tumours or lesions. These dielectric prop-

erties affect the propagation of microwave signals through the different tissues, providing

valuable information about their composition and internal structures. To create a suitable

experimental setup for MWI, a cylindrical phantom made from TLe11.5c.045 oil, a mate-

rial by ZMT Zürich MedTech, Switzerland was employed. This specific material exhibits

desirable properties for mimicking human tissues, allowing for accurate simulation and

analysis of microwave signal behavior in a controlled environment.

Table 5.1: Relative permittivity and conductivity of fabricated materials at 2 GHz [52,
101].

Fabrication Material Relative Permittivity (εr) Conductivity (σ) [S/m]

ZMT Zürich MedTech,
Swiss, TLe11.5c.045 oil

7 0.3

40% glycerol and 60%
water

60 2

For the inclusion, which serves as a representation of the lesion, a mixture of 40%

glycerol and 60% water was used. This combination is selected to replicate the dielectric

properties of tissues that might contain abnormalities or lesions. The introduction of this

inclusion into the cylindrical phantom allows to assess how microwave signals interact

with and are affected by the simulated lesion within the complex tissue environment. The

utilization of these materials in the research is crucial in ensuring realistic and reliable

results during the MWI experiments.

The materials used to fabricate the phantom and inclusion are prepared by considering

dielectric property differences and the stability of the materials. The dielectric properties

of both materials at a frequency of 2 GHz are presented in Table. 5.1 [52, 101].

To further validate the capability of the 3D imaging algorithm, a skull-mimicking

phantom with specific dimensions of 7 cm × 10 cm × 15.5 cm was also fabricated. This

phantom includes a cylindrically shaped tube serving as an inclusion, with a radius of 0.7
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Figure 5.2: (a) Fabricated phantom, (b) 3D structured inclusion.

Figure 5.3: Fabricated head phantom.
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cm, as illustrated in Figure 5.3. The skull-mimicking phantom was meticulously prepared

by filling it with oil. Within the phantom, the bottom 1 cm of the cylindrical tube was

filled with water, while the remaining part of the tube was filled with the same oil used in

the construction of the skull. To achieve a realistic simulation of skull-like properties, oil

with specific dielectric properties was utilised. The precise dielectric properties of the oil

used in the skull-mimicking phantom can be found in reference [85]. These properties are

essential for creating a phantom that closely replicates the dielectric behavior of human

skull tissues, allowing for accurate simulation and evaluation of microwave signal inter-

action within the head-like structure.The performance and accuracy of the 3D imaging

algorithm in detecting and reconstructing the inclusion inside the complex skull structure

can be validated by employing this carefully designed skull-mimicking phantom.

In addition to the previous validation scenario, a more complex setup is considered

to further validate the proposed 3D imaging algorithm. This extended scenario involves

the addition of an internal cylindrical layer with a diameter of 7 cm to the initial ex-

perimental setup, as depicted in Figure 5.4. The internal cylindrical phantom has been

positioned eccentrically within the primary setup, with an offset of 3.5 cm from the cen-

tre. This internal layer is filled with TLe5c24 liquid oil, which has dielectric properties

of permitivity =5 and conductivity =0.2. The choice of TLe5c24 liquid oil enables the

creation of a distinct dielectric environment within the internal cylindrical layer, different

from the surrounding materials in the primary phantom. Within this complex scenario,

this experiment has used the same 3D structured spherical inclusion employed in the first

experiment. However, for this specific scenario, only the spherical part of the inclusion,

positioned inside the internal layer, has been filled with the fabrication mixture.

This advanced setup poses a more challenging and realistic scenario for the 3D imag-

ing algorithm to demonstrate its efficacy. The algorithm’s ability to handle complex

variations in the dielectric environment can be assessed by incorporating the eccentrically

positioned internal cylindrical layer with different dielectric properties. Additionally, the

inclusion with its specific filling further adds to the complexity of the imaging task. The

successful validation of the 3D imaging algorithm in this intricate scenario would rein-

force its robustness and reliability, highlighting its potential for various medical imaging

applications that involve complex internal structures and varying dielectric properties.
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Figure 5.4: Fabricated 3-layer phantom (left) and the experimental setup (right).

5.3.3 Imaging Procedure

In the MammoWave system, both antennas have been programmed to rotate in an azimuth

plane while operating in free space around the object of interest during experimentation.

In this research, HP is applied to the measurements obtained at different planes along

the z-axis. The ability to capture and preserve information from multiple perspectives

is taken advantage of by the HP. By applying the HP to the measurements acquired at

various heights, a consistent and accurate 3D image of the object under examination has

been reconstructed.

The measurements are further processed to create images based on the differences

in dielectric properties of the materials present in the experimental setup. These dif-

ferences in dielectric properties mimic the contrast between tumour or abnormal tissues

and healthy tissues. By leveraging the variation in dielectric properties, the 3D imaging

algorithm can effectively distinguish between different types of tissues within the object.

The successful application of the HP in this research demonstrates its effectiveness in

producing high-quality 3D microwave images for medical imaging purposes.

Rx antenna can rotate ±4.5◦ to receive the transmitted signals at receiving points,

which can be stated as Rxn,h ≡ (a0, ϕn, Zh) ≡ (ρ⃗n,h) in the circular direction having radius

a0 at multiple planes alongside the z-axis. The received signal at multiple planes Zh along

the z-axis at different heights h can be represented as S21:
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S21m,p
n,h (a0, ϕn, Zh;Txm,p,h; f) (5.1)

where n = 1, 2, . . . , 80 indicates the receiving points; m = 1, 2, . . . , 5 specifies the cen-

tral transmitting positions, p = 1, 2, 3 indicates the positions inside transmitting sections

with the angular displacement of ±4.5◦, f is the frequency, Zh represents the multiple

planes along the z-axis, and h = 1, 2, . . . , H is the number of heights along the z-axis

(variable heights, i.e., H can be changed as per requirements). Figure. 5.5 shows the

pictorial view of the measurement process with the phantom and inclusion.

The measured received signal Ei
known
Txm,p,h

|Rxn,p,h=Ei
known
n,Txm,p,h

on multiple planes Zh is then

processed using HP to evaluate the field inside the cylinder. The measured external

field carries the information of dielectric contrast of the mixtures inside the fabricated

phantom for NPT observing points at multiple heights hn, which can be represented as

the reconstructed field:

Ercstr
HP,3D(ρ, ϕ, Z;Txm,p,h; f) =

hn∑
h=1

NPT∑
n=1

S21m,p
n,h (a0, ϕn, Zh;Txm,p,h; f)G(k1|ρ⃗n,h − ρ⃗|) (5.2)

Figure 5.5: Pictorial view of the measurement process, where grey coloured circle represents the
fabricated phantom, light blue dots indicate the receiving points, small yellow circle shows the
inclusion. The outer dashed black circle shows the transmitting antenna perimeter with dark
circles in sets of three showing the transmitter triplets.

In Eq. (5.2), ’rcstr’ indicates the reconstructed internal field, ’HP’ indicates the pro-
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cedure used to measure the reconstructed field, and ’3D’ indicates the employment of the

superimposition theorem for 3D visualization of the inclusion. Moreover, ρ = (ρ, ϕ, Z)

and ρ⃗n,h = (a0, ϕn, Zh) in Eq. (5.2) are the observation points at multiple planes Zh. k1

indicates the wavenumber, which is set here to be the free space dielectric constant.

G(k1|ρ⃗n,h − ρ⃗|) = 1

4π|ρ⃗n,h − ρ⃗|
e−jk1|ρ⃗n,h−ρ⃗| (5.3)

Green’s function G, as implemented in Eq. (5.3), has been used to propagate the field

for multiple planes alongside the z-axis. Furthermore, the Green’s function implies a

singularity for |ρ⃗n,h − ρ⃗| = 0; however, this singularity may be cancelled by multiplying

the Green’s function by |ρ⃗n,h − ρ⃗| as pointed out in [41]. Ercstr
HP,3D is calculated separately

for Zh and does not calculate the accurate field but rather captures the dielectric contrast

between the inclusion and the surrounding material, enough for locating the target. It is

essential to highlight that the evaluation of the internal field is not of interest; instead, the

aim is to capture the contrast (mismatched boundaries) and locate the inclusion within

the volume [41, 43].

Assume using NF frequencies fi in the frequency band B at multiple planes hn, inten-

sity I of the image can be obtained by incoherently summing all the solutions.

I3D(ρ, ϕ, Z;Txm,p,h) =
hn∑
h=1

NF∑
i=1

|Ercstr
HP (ρ, ϕ, Z;Txm,p,h; fi)|2 (5.4)

Artefacts can be removed by subtracting between S21 obtained using two measure-

ments at different positions in the triplet such as p = 1, 2, 3 and p′ = 1, 2, 3, with p ̸= p′ for

multiple planes as shown in Eq. (5.5).By implementing this artefact subtraction process

for the measurements acquired at different positions within each triplet for multiple planes

along the z-axis, the artefacts that may arise during the imaging process can be effectively

reduced or eliminated.. This step is essential for improving the accuracy and reliability of

the 3D microwave imaging algorithm, ensuring that the final reconstructed images pro-

vide a clear representation of the internal structures and tissues without interference from

artefacts.

The procedure used in this research is theoretically justified and draws inspiration from

holography theory, which was originally developed by R. P. Porter and A. J. Devaney in

the early 1980s [103, 104]. The proposed methodology is based on the concept that an
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inverse source problem can be determined by analyzing the value of the field and its

normal derivative over any closed surface surrounding the volume of interest. However, it

is worth noting that while the works by Porter and Devaney [103,104] focus on recovering

the map of dielectric properties in the volume and recognizing the contrast in dielectric

properties, the approach proposed in this research addresses a simpler computational

problem. Instead of recovering the complete map of dielectric properties, the proposed

methodology aims to identify significant scatterers within the volume. To achieve this

goal, only the field data obtained on an arbitrary closed surface surrounding the object

of interest has been utilized.

Ercstr
HP,3D(ρ, ϕ, Z;Txm,p,h − Txm,(p,h)′ ; f) =

hn∑
h=1

NPT∑
n=1

(
S21m,p

n,h (a0, ϕn, Zh;Txm,p,h; f)

− S21m,p′

n,h (a0, ϕn, Zh;Txm,(p,h)′ ; f)
)

(5.5)

The images of the sections are then summed up to get the final image at multiple

heights along the z-axis as follows:

I3D(ρ, ϕ, Z) =
6∑

h=1

5∑
m=1

3∑
p=1

3∑
p′=1,p′ ̸=p

(
I(ρ, ϕ, Z;Txm,p,h − Txm,(p,h)′ ; fi)

)2
=

6∑
h=1

5∑
m=1

3∑
p=1

3∑
p′=1,p′ ̸=p

NF∑
i=1

(
|Ercstr

HP (ρ, ϕ, Z;Txm,p,h; fi)|
)2 (5.6)

The proposed HP-based imaging algorithm sets itself apart from the Kirchhoff mi-

gration algorithm, which typically involves back-propagation and time reversal to solve

the inverse problems and find the phase or time traces [15]. In contrast, the HP-based

algorithm in this research focuses on capturing dielectric contrast during the reconstruc-

tion process without explicitly finding the phase information. It performs a non-coherent

summation in the frequency domain, allowing to gather information from individual fre-

quencies, which is crucial for reconstructing a consistent image [41]. By leveraging the

unique features of the HP-based algorithm, this methodology can achieve accurate and

coherent imaging results that emphasize the contrast in dielectric properties between dif-

ferent tissues or structures. This approach provides valuable insights into the internal

composition of the object under examination, making it particularly relevant for medical
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microwave imaging applications.The HP-based 3D MWI algorithm is outlined below in the

form of pseudocode, providing a concise overview of its key components and operations.

Algorithm 2 Huygens Principle 3D Imaging Algorithm

1: Load the recorded complex signals S21 via measurements.
2: Initialize constants for free space parameters.
3: Define source parameters:
4: Specify observation 3D grid: Xreconstr, Yreconstr, Zreconstr.
5: Set frequency parameters: freq, new freq sample.
6: Applying Huygens principle based MWI algorithm (frequency domain):
7: for i = 1 to fmax do ▷ Loop over frequency samples
8: for Zh = 1 to 6 do ▷ Loop over observation points
9: Compute scattered field contribution using Huygens principle.
10: for np = 1 to 80 do ▷ Loop over observation points
11: Compute scattered field contribution using Huygens principle.
12: end for
13: end for
14: end for
15: Accumulate incoherent summation in 3D
16: for i = 1 to freq samples× 1 do
17: Accumulate incoherent scattering contributions.
18: end for
19: Reconstructing images representing 3D visualisation.

5.4 Results and Discussions

In the experimental setup, a total of six measurements were performed for each phantom

at multiple planes along the z-axis denoted as Zh. For each measurement, 15 transmitting

positions (organized in 5 triplets) and 80 receiving points are utilized in the frequency

range of 1-6.5 GHz. This results in generating a raw data matrix of complex values

for S21, with dimensions of 1200×1101. To capture the measurement data, the antenna

setup only considers the copolar component of the field, which, in this specific case, is

vertically polarized. Although this component does not provide an exact reconstruction of

the internal field, previous works [41] have demonstrated that it is sufficient for detecting

mismatches and variations.

The measurement process for each plane takes approximately 9 minutes. Subsequently,

the raw data is processed using the HP, which takes around 4-5 minutes to process the

data from all planes simultaneously. This processing time corresponds to performing

measurements with 80 receiving positions and a 5 MHz frequency sampling rate. However,
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it is noted that the measurement time can be significantly reduced by decreasing the

number of measurement points or increasing the frequency step. In previous works [41,

105], it has been demonstrated that the number of receiving points can be reduced to a

spatial sampling of λ/2, where λ represents the wavelength in the phantom calculated at

the maximum measured frequency. This leads to a reduction to 24 receiving points [41]

without significantly affecting the SCR.

Similarly, frequency sampling can be increased to 20 MHz without compromising the

detection and localization capabilities, as shown in the same research [41]. The previous

works using a multilayer lousy gel phantom [25], which had properties similar to human

tissues, indicate that such time reduction strategies are still effective in real scenarios for

achieving accurate detection and localization. The implementation of these time-saving

techniques allows for the efficient acquisition and processing of measurement data, making

the overall imaging process more time-effective while maintaining a high level of accuracy

in detecting and localizing targets of interest.

5.4.1 2-layer Phantom Results

In this work, the raw data collected from all six planes along the z-axis have been pro-

cessed simultaneously and treated in the same coordinate system during the application

of the superimposition theorem in the modified HP-based 3D imaging algorithm. The

use of superimposition theorem allows to combine the information from multiple planes

to reconstruct a comprehensive 3D image. The images obtained from the processed data

for the first phantom (Figure 5.2) are presented in Figure 5.6, which demonstrates the

detected inclusion at multiple planes along the z-axis. Measures have been taken to re-

move artefacts to ensure the accuracy of these images. One of the techniques used for

artefact removal involves subtracting the S21 values at different positions with respect

to the transmitting positions. Specifically, a 9° displacement has been employed in the

images presented in this Chapter.

Improved image quality and fidelity, enhancing the ability to visualize and identify the

inclusion accurately, are achieved by applying this artefact removal process at each plane.

The resulting 3D images offer valuable insights into the internal structures and properties

of the object under examination. The simultaneous processing of raw data from multiple

planes and the artefact removal technique contribute to the effectiveness and reliability of
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the proposed 3D imaging algorithm. This innovative approach holds significant promise

for various medical imaging applications, where accurate and detailed 3D visualization of

internal structures is crucial for diagnosis and treatment planning.

Figure 5.6: Microwave images with detected inclusion at reference planes: (a) h=1, (b) h=2, (c)
h=3, (d) h=4, (e) h=5, (f) h=6. Axes units are meters.

In Figure 5.6, the detected inclusion is shown at different reference positions along

the z-axis. Specifically, Figure 5.6 (a) illustrates the inclusion detected at the topmost

position, denoted as h=1. As moving downward along the z-axis, Figure 5.6 (b) displays

the detected inclusion at h=2, Figure 5.6 (c) at h=3, and so on until h=6. The presented

results in Figure 5.6 provide a clear visual representation of how the size of the detected

inclusion varies when measurements are taken at multiple planes along the z-axis. The

dimensional analysis of the detected inclusion can be observed by comparing the results

from different planes with realistic parameters.

Insights into how the detected inclusion’s dimensions change as they move through the

object along its depth can be gained by plotting the results for each plane separately along

the z-axis. This analysis helps to understand the internal structure better and allows for

comparison with realistic dimensions, which are crucial for accurate diagnostic purposes.

The visualization of the inclusion at different planes and the dimensional analysis provide

valuable information for evaluating the proposed 3D imaging algorithm’s effectiveness in
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detecting and localizing targets inside the object of interest. These results demonstrate

the algorithm’s capability to reconstruct a consistent image across multiple planes and

illustrate the potential applications of the method in medical imaging scenarios, such

as detecting tumors or abnormalities with varying sizes and positions within the human

body.

All the images generated at multiple planes have been aligned on the same coordi-

nates. Figures 5.6(d), 5.6(e), and 5.6(f) clearly demonstrate that the size of the detected

inclusion increases as the imaging proceeds downwards at different planes along the z-axis.

This observed increase in the size of the inclusion validates the successful implementa-

tion of the superimposition theorem, which enables 3D visualization of the inclusion at

multiple planes. To further enhance the clarity and visual representation of the detected

inclusion, images have been processed using an image processing toolbox in MATLAB.

The processing involves adjustments and highlights to clearly depict the varying size of

the inclusion at multiple planes. A threshold value of 0.5 has been selected to remove

clutter without affecting the detection of the target inclusion.

The results of this image processing are presented in Figure 5.7, which displays the

highlighted detected inclusion after artefact removal and normalization to the global maxi-

mum value. In Figure 5.7, the size of the inclusion is seen to vary and expand while moving

downwards along the z-axis. Importantly, the size of the detected inclusion at different

heights corresponds well with the actual size of the inclusion present in the experimental

setup.

Indeed, the applied image adjustment, which involves applying a threshold to the

intensity values, serves to enhance the 3D visualization without altering the information

content that could affect target detection and localization. The thresholding process helps

emphasize certain features of the image without changing its underlying data or affecting

the accuracy of the target detection and localization. Figures 5.6 and 5.7 demonstrate

the effectiveness of this image adjustment technique. Both sets of figures show correct

detection and localization of the inclusion at multiple planes along the z-axis. However,

the visualization of the inclusion varies between the two sets of figures. The applied

adjustment highlights the inclusion, making it more prominent in Figure 5.7, which allows

for a clearer observation of its varying dimensions and detections at different heights.

The focus on specific features of interest, such as the changing size of the inclusion,
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Figure 5.7: Normalized and adjusted microwave images with highlighted inclusion at reference
planes: (a) h=1, (b) h=2, (c) h=3, (d) h=4, (e) h=5, (f) h=6. Axes units are meters.

while maintaining the accuracy of the imaging and detection process, can be achieved by

applying this adjustment. The adjustment does not alter the underlying data or affect the

image reconstruction process, ensuring that the results remain reliable and valid for further

analysis and interpretation. This method of image adjustment is valuable for improving

the visual representation of the detected inclusion and providing valuable insights into

the 3D structure and properties of the object under examination.

Figure 5.8 provides a comprehensive 3D visualization of the detected inclusion with

reference to the cross-sections along the z-axis, both before and after normalization and

adjustment, respectively. The visualization showcases the detected inclusion at all planes

along the z-axis, where measurements were conducted, highlighting the resemblance in

dimensions with the realistic inclusion. The results presented in Figure 5.8 serve as

strong validation for the potential of the HP-based 3D imaging algorithm. demonstrating

its capability to detect the dimensions of the inclusion and effectively reconstruct a 3D

image using the superimposition theorem.

The fact that the detected inclusion exhibits consistent dimensions across all planes

along the z-axis, and closely resembles the realistic inclusion, reinforces the reliability and

accuracy of the proposed 3D imaging algorithm. Overall, the results presented in Figure
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Figure 5.8: Normalized and adjusted microwave images with highlighted inclusion at reference
planes: (a) h=1, (b) h=2, (c) h=3, (d) h=4, (e) h=5, (f) h=6. Axes units are meters.

116



5.8 demonstrate the successful implementation of the HP-based 3D imaging algorithm

in detecting and localizing the inclusion accurately. The ability to generate realistic

3D images via the superimposition theorem further establishes the algorithm’s potential

as a valuable tool for various medical imaging scenarios, enabling improved diagnostic

capabilities and aiding in the understanding of complex structures and abnormalities

within biological tissues.

5.4.2 Image Quantification

Quantifying the results is an essential step in validating the performance of the HP-

based 3D imaging algorithm. For this purpose, two key metrics were employed: SCR

and dimensional analysis of the inclusion at multiple planes along the z-axis. SCR is a

crucial measure of the algorithm’s ability to detect and distinguish the inclusion from the

surrounding clutter. It is defined as the ratio between the maximum intensity calculated

within the region of the inclusion and the maximum intensity outside the region of the

inclusion [54]. Insights into how effectively the algorithm identifies the inclusion amid the

surrounding noise or clutter can be gained by calculating the SCR at each plane along the

z-axis. The results of the SCR calculations are presented in Table 5.2. The table clearly

indicates that the inclusion has been successfully detected along the z-axis dimensions.

The high SCR at each plane demonstrates the algorithm’s robustness in identifying and

isolating the inclusion from the background, ensuring accurate localization and detection.

In addition to the SCR, a dimensional analysis of the inclusion at multiple planes

was also conducted. By comparing the detected dimensions of the inclusion at different

heights with the actual dimensions of the fabricated inclusion, accuracy and reliability of

the 3D imaging algorithm can be assessed. This analysis further validates the algorithm’s

ability to reconstruct consistent and realistic 3D images.

Table 5.2: Signal to clutter at multiple planes along the z-axis.

Zh along the z-axis Planes / Cross-sections Signal to Clutter ratio (SCR) [dB]

Reference plane h=1 7.88
0.5 cm Downward h=2 7.94
1 cm Downward h=3 7.92
1.5 cm Downward h=4 10.52
2 cm Downward h=5 10.59
2.5 cm Downward h=6 10.54
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The dimensional analysis is a critical aspect of validating the 3D HP-based imaging

algorithm. In this study, a comparison between the realistic parameters of the inclusion

and the parameters detected by the algorithm has been performed. The 3D structured

inclusion used in the study possesses different dimensions at various cross-sections along

the z-axis. Table 5.3 presents the dimensions of the detected inclusion at multiple planes,

measured in terms of the average diameter, and compares them with the realistic pa-

rameters. The calculated error percentage is also provided to assess the accuracy of the

algorithm in detecting the dimensions of the inclusion. The results of the image quantifi-

cation demonstrate the successful implementation of the 3D HP-based imaging algorithm.

The SCR , ranging from 7 to 10 dB, indicates the algorithm’s ability to effectively distin-

guish the inclusion from the clutter in the images, ensuring reliable target detection and

localization.

Moreover, the detection of the dimensions of the inclusion with an error lower than

7.5% further confirms the accuracy and precision of the algorithm’s dimensional analysis.

The close agreement between the detected and realistic parameters of the inclusion show-

cases the algorithm’s capability to accurately reconstruct the 3D structure of the target.

The quantitative results presented in Table 5.3 provide strong evidence of the algorithm’s

effectiveness in detecting and visualizing the inclusion’s dimensions at different planes

along the z-axis. The low error percentage and high SCR ratio validate the algorithm’s

robustness and potential for practical applications in medical imaging, offering valuable

insights for diagnostic and research purposes.

Table 5.3: Dimensional analysis and error % calculations at multiple planes.

Zh / Cross- Diameter of Diameter Error Percentage
sections Fabricated Inclusion [cm] (average) of [%]

detected Inclusion [cm]

h=1 1 1.02 2
h=2 1 1.07 7
h=3 2.2 2.04 7.27
h=4 2.6 2.5 3.8
h=5 3 2.9 3.3
h=6 3.5 3.7 5.71

To validate the ability of the 3D HP-based imaging algorithm to accurately localize

the inclusion, a specific methodology was developed. For comparison purposes, they have

considered the results obtained at specific heights along the z-axis, namely h=2, 4, and
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6, as shown in Figure 5.9.

In Figure 5.9, the true position and dimension of the inclusion at each height is marked

with a red circle. This true position and dimension are known from the experimental setup

and serve as the ground truth for validation. By comparing the detected inclusion’s posi-

tion and dimension with the ground truth (represented by the red circles), the accuracy of

the algorithm’s localization can be quantitatively assessed.. This validation step provides

a rigorous examination of how well the algorithm can pinpoint the actual position and

size of the inclusion at different heights within the object.

The comparison results shown in Figure 5.9 provide important insights into the algo-

rithm’s performance in localizing the inclusion accurately. If the detected positions and

dimensions closely align with the ground truth, it confirms the algorithm’s precision in

reconstructing the 3D structure and spatial distribution of the inclusion within the object.

Figure 5.9: Microwave images with detected inclusion (circled) at h=2, 4 and 6. Axes units are
meters.

The robustness of the HP-based imaging algorithm is a crucial aspect to assess its

reliability and applicability in real-world scenarios. In order to evaluate its performance

under different conditions, two studies have been conducted where the algorithm was

provided with altered permittivity and conductivity information as input. Despite the

changes in the dielectric properties of the surrounding medium (free space), the algorithm

was still able to successfully detect the inclusion. This outcome indicates that the HP

algorithm demonstrates robustness in the face of errors or uncertainties in the knowledge

of dielectric properties.

While the detected inclusion’s position remains slightly displaced from the original,

and the dimension accuracy is slightly decreased, the fact that the algorithm can still

detect the inclusion even with altered parameters is a positive sign of its stability and re-
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Figure 5.10: Normalized and adjusted Microwave images with detected inclusion (permittivity
increased by a factor of 4) at h=2, 4 and 6. Axes units are meters.

liability. To thoroughly examine the algorithm’s performance, modifications were applied

to all six planes along the z-axis. However, for visualization purposes, only planes 2, 4,

and 6 along the z-axis have been highlighted in Figures 5.10 and 5.11. In Figure 5.10 and

5.11, the circled parts illustrate that the actual position of the inclusion is slightly dis-

placed compared to the detected position. This slight displacement highlights the impact

of altered dielectric properties on the accuracy of the algorithm’s localization.

Figure 5.11: Normalized and adjusted Microwave images with detected inclusion (permittivity
and conductivity increased by factors of 4 and 2, respectively) at h=2, 4 and 6. Axes units are
meters.

The quantification of the results obtained in Figures 5.10 and 5.11 were performed

to assess the performance of the HP-based imaging algorithm under altered dielectric

properties. Calculated SCR at each plane along the z-axis for both scenarios are pre-

sented in Table 5.4. In Table 5.2, SCR was calculated for the original scenario with free

space dielectric properties, and the high values of SCR indicated successful detection and

localization of the inclusion.

In Table 5.4, SCR is shown for the modified scenario with altered permittivity and
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conductivity information. Although the localization of the inclusion is still achieved suc-

cessfully, SCR drops compared to the results in Table 5.2. The decrease in SCR indicates

that the altered dielectric properties have introduced some level of noise or uncertainty

into the imaging process.

It is essential to consider the trade-off between the accuracy of the detected inclusion

and the SCR. In practical scenarios, some level of uncertainty or noise may exist due to

various factors, and the algorithm’s ability to maintain localization under such conditions

is valuable. Overall, the quantification results in Table 5.4 confirm that the HP-based

imaging algorithm remains capable of detecting and localizing the inclusion under altered

dielectric property scenarios.

Table 5.4: Signal to clutter comparison with increased values of ε & σ at multiple planes
along the z-axis.

Zh along the z-axis SCR[dB] εr = 4 SCR[dB] εr = 4, σ = 0.2 [S/m]
Reference plane, h = 1

0.5 cm Downward, h = 2 1.21 2.99
1 cm Downward, h = 3 2.74 2.93
1.5 cm Downward, h = 4 2.72 3.50
2 cm Downward, h = 5 4.16 3.91
2.5 cm Downward, h = 6 5.87 4.19

The dimensional analysis error of the detected inclusion is an important metric that

indicates the accuracy of the algorithm’s reconstruction of the inclusion’s size compared

to the ground truth. In the original scenario with free space dielectric properties (as

shown in Table 5.3), the dimensional analysis error was 7.5%, indicating a relatively

accurate reconstruction of the inclusion’s dimensions. However, when the permittivity

was increased in the modified scenario, the dimensional analysis error increased to 18%.

This indicates that the algorithm’s ability to precisely reconstruct the size of the inclusion

is affected by the inaccurate information provided.

Furthermore, when both permittivity and conductivity were increased in the modified

scenario, the dimensional analysis error increased to 24%. This shows that the inclusion’s

dimensions were even less accurately reconstructed when both dielectric properties were

altered.

While the dimensional analysis errors may have increased, the algorithm’s capability

to provide a qualitative detection and localization of the inclusion is valuable in real-world

scenarios. Medical imaging applications often encounter variations and uncertainties, and
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the algorithm’s ability to maintain detection and localization under such conditions can

be beneficial. In summary, the increase in dimensional analysis error when increasing

permittivity or both permittivity and conductivity indicates the impact of inaccurate

dielectric properties on the reconstruction accuracy

The localization error, which represents the distance between the actual centre of

the inclusion and the centroid of the detected inclusion in the normalized and adjusted

image, has been calculated to further validate the effect of dielectric properties on the

algorithm’s localization accuracy. Table 5.5 presents the results of this analysis. To

calculate the centroid, binary version of the adjusted reconstruction image was created

through thresholding. Thresholding is a common image processing technique that converts

a grayscale image into a binary image by setting a certain threshold value. Pixels with

intensity values above the threshold are set to one (representing the inclusion), and pixels

below the threshold are set to zero (representing the background).

Using this binary image, the centroid of the detected inclusion was determined, and its

distance from the actual centre of the inclusion was measured. The localization error was

then computed as the distance between these two points. Table 5.5 shows the localization

error before and after changing the dielectric properties. As expected, when the dielectric

properties were altered, the localization error increased compared to the original scenario

with free space dielectric properties. The increase in localization error indicates that

inaccuracies in dielectric properties can affect the algorithm’s ability to precisely locate

the inclusion’s centre. However, despite the increase in localization error, the algorithm

was still capable of detecting and approximately localizing the inclusion.

In conclusion, this research have effectively demonstrated the impact of dielectric

properties on localization accuracy through the calculation of the localization error. The

algorithm’s ability to maintain detection and localization, despite the errors introduced

by altered dielectric properties, highlights its potential for reliable and robust medical

imaging.

From Table 5.5 and the images in Figures 5.9 and 5.10, it is evident that the local-

ization error increases when the dielectric properties are altered. The localization error

represents the difference between the actual centre of the inclusion and the centroid of the

detected inclusion in the reconstructed image. As the dielectric properties are changed,

the algorithm’s ability to precisely locate the centre of the inclusion is affected. This
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Table 5.5: Localization error comparison between free space parameters and increased
values of ε & σ at multiple planes along the z-axis.

Zh Localization error (mm)
Localization error (mm)

εr = 4

Localization error (mm)

εr = 4, σ = 0.2 [S/m]
Free space parameters h = 2

h = 4 5.82 7.66 7.78
h = 6 7.57 10.57 10.65

results in an increase in the localization error, indicating that the algorithm’s localiza-

tion accuracy degrades when inaccurate dielectric information is provided. Despite the

increase in localization error, the detection results still satisfy the aim of validating the

robustness of the imaging algorithm with respect to the knowledge of dielectric properties.

The algorithm successfully detects the inclusion’s presence and provides a qualitative lo-

calization, even though the accuracy of the localization may be reduced. This finding is

important in the context of real-world medical imaging scenarios, where uncertainties and

variations in dielectric properties are common. The algorithm’s ability to maintain detec-

tion and provide approximate localization under such conditions is valuable in practical

applications. Overall, the research demonstrates the trade-off between detection and lo-

calization accuracy when dealing with altered dielectric properties. While the localization

error may increase, the algorithm’s robustness in detecting the inclusion remains intact,

showcasing its potential for reliable imaging even in uncertain environments.

5.4.3 Skull Mimicking Phantom Results

In this part of the research, the same measurement procedure as the previous experiment

was applied to the skull-mimicking phantom. Six measurements were taken at multiple

planes along the z-axis, starting from the top of the skull phantom and going downwards.

To validate the 3D imaging algorithm’s ability to manage varying dielectric properties

along the z-axis, a cylindrical inclusion with uniform cross-section was fabricated. The

dielectric properties of the inclusion varied along the z-axis, with the bottom 1 cm filled

with water and the remaining part filled with the same oil used in the skull. This setup

represented a 3D variation in dielectric properties along the z-axis, simulating real-world

scenarios where tissues may have different dielectric properties at various depths.

Figures 5.12 and 5.13 show the reconstructed images obtained from the experimental

data using the proposed HP-based 3D imaging algorithm. Figure 5.12 depicts the recon-
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Figure 5.12: Microwave images with detected inclusion at reference planes (head-phantom): (a)
h=1, (b) h=2, (c) h=3, (d) h=4, (e) h=5, (f) h=6. Axes units are meters.

structed images before normalization and adjustment, while Figure 5.13 shows the images

after normalization and adjustment. The adjustment involves highlighting the detected

inclusion to clearly observe its varying dimensions along the z-axis, while the normaliza-

tion process scales the intensity values to provide a more consistent visualization.

The obtained images from the skull-mimicking phantom experiment reveal the high-

est SCR of 9 dB at plane 6. This indicates that the algorithm’s performance is most

pronounced at the cross-sectional analysis of the plane where the portion filled with 1

cm of water (mimicking the inclusion) is present. The high SCR at this specific plane

indicates successful detection and localization of the inclusion. Figure 5.14 showcases the

successful 3D visualization of the reconstructed images after normalization and image ad-

justing. The visualization of the detected inclusion has been improved by applying these

techniques, providing a clearer representation of its dimensions along the z-axis.

The results in Figures 5.12, 5.13 and 5.14 further validate the capability of the proposed

HP-based 3D imaging algorithm to handle variations in dielectric properties along the

z-axis. The algorithm successfully identifies and visualizes the inclusion with varying

dielectric properties at different cross-sections of the phantom. Overall, the high SCR

at plane 6 and the successful 3D visualization in Figure 5.14 indicate that the algorithm

performs effectively even in complex scenarios with varying dielectric properties. This

demonstrates the algorithm’s robustness and potential for accurate imaging in medical
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Figure 5.13: Normalized and adjusted microwave images with detected inclusion at reference
planes (head-phantom): (a) h=1, (b) h=2, (c) h=3, (d) h=4, (e) h=5, (f) h=6. Axes units are
meters.

Figure 5.14: 3D Visualization of the detected inclusion in multiple cross-sections along the z-axis
(head-phantom) after normalization and image adjusting. Axes units are meters.
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applications, especially when dealing with tissues with non-uniform dielectric properties

along the imaging depth.

5.4.4 3-layer Phantom Results

In the experiment involving the 3-layer cylindrical phantom, the same experimental

methodology was applied as in the previous cases. Measurements were performed at six

multiple planes along the z-axis, with the height of the antennas changed simultaneously.

Figures 5.15 and 5.16 display the reconstructed images obtained for the six planes along

the z-axis before and after image normalization and adjustment, respectively. Figure 5.15

shows the images before normalization and adjustment, while Figure 5.16 presents the

same images after applying normalization and adjustment techniques. The algorithm’s

performance in detecting and localizing the inclusion within the 3-layer cylindrical phan-

tom can be validated by analyzing the images in Figures 5.15 and 5.16. These images

demonstrate the algorithm’s capability to handle complex scenarios with multiple layers

of different dielectric properties, successfully visualizing the detected inclusion at various

depths along the z-axis. These results further reinforce the robustness and effectiveness

of the proposed HP-based 3D imaging algorithm, confirming its potential as a reliable

technique for medical imaging applications. The ability to accurately detect and visualize

inclusions within complex phantoms opens up possibilities for its use in real-world medical

imaging scenarios, where tissues often have varying dielectric properties across different

layers

In this particular experiment with the 3-layer cylindrical phantom, a specific design

was employed to fill only the spherical part of the inclusion with the fabrication mixture.

The objective was to assess how this variation in the inclusion’s dielectric properties

would be reflected in the reconstructed images. Figures 5.15 and 5.16 indeed demonstrate

the successful detection of the spherical cross-sectional analysis. This detection is most

prominently visible at h=6 along the z-axis, which corresponds to the height with the

largest diameter of the inclusion. At this particular height, the reconstructed images

exhibit the highest SCR ratio of 10.48 dB. The ability to successfully detect the spherical

part of the inclusion at h=6, along with the high SCR, further validates the effectiveness

of the HP-based 3D imaging algorithm. It indicates that the algorithm is capable of

accurately identifying and visualizing the inclusion’s dimensions, even in scenarios where
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Figure 5.15: Microwave images with detected inclusion at reference planes (3-layer phantom):
(a) h=1, (b) h=2, (c) h=3, (d) h=4, (e) h=5, (f) h=6. Axes units are meters.

only specific parts of the inclusion possess altered dielectric properties.

Overall, the results presented in Figures 5.15 and 5.16 demonstrate the algorithm’s

robustness and its potential to handle complex scenarios with varying dielectric properties.

It showcases the algorithm’s ability to accurately reconstruct the internal structures of

multi-layered phantoms and detect the presence of inclusions at different depths along the

z-axis. Regarding the dimensional analysis error, which compares the detected inclusion’s

dimensions with the realistic setup, the error is found to be less than 6% at h=6 in this

experiment. Although this error is slightly higher than the corresponding error at the same

height in the first experiment (reported in Table 5.3), it is still within an acceptable range.

The fact that the algorithm performs well in both experiments, despite the differences in

inclusion types and dielectric properties, indicates the robustness and effectiveness of the

HP-based imaging algorithm [106]. Subsequently, Figure. 5.17 shows the 3D visualization

of the reconstructed images after image normalization and adjustment at multiple slices

along the z-axis.

5.5 Summary

The proposed 3D imaging algorithm based on the Huygens principle has shown promis-

ing results in detecting and visualizing internal structures in medical imaging. In this

Chapter, measurements were performed on three fabricated phantoms to validate the
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Figure 5.16: Normalized and adjusted microwave images with detected inclusion at reference
planes (3-layer phantom): (a) h=1, (b) h=2, (c) h=3, (d) h=4, (e) h=5, (f) h=6. Axes units
are meters.

Figure 5.17: 3D Visualization of the detected inclusion in multiple cross-sections along the z-axis
(3-layer phantom) after normalization and image adjusting. Axes units are meters.
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algorithm’s effectiveness. The complex signals S21 were obtained using 5 transmitting

positions arranged in triplets and 80 receiving points at different planes along the z-axis

Zh. The first phantom used in the study included a 3D structured inclusion, consisting of

a tube with a spherical bottom. Measurements were taken at multiple planes along the

z-axis using MammoWave, which is known for its safety as it does not employ ionizing ra-

diation. MammoWave was operated through a user-friendly GUI, allowing for automated

antenna positioning and facilitating measurements at different planes. The algorithm

successfully processed the received signals and reconstructed the 3D images of the inclu-

sion at various depths along the z-axis. The results were validated through dimensional

analysis, which confirmed the accurate detection of the inclusion’s dimensions. Addi-

tionally, a skull-mimicking phantom and a 3-layer cylindrical phantom were used to test

the algorithm’s robustness in handling multi-layered complex scenarios. The algorithm

demonstrated its ability to handle such scenarios and successfully localized the internal

structures, even in cases where dielectric properties varied along the z-axis. Overall, this

research presented a novel and efficient 3D imaging algorithm for medical applications,

showcasing its potential for non-invasive and safe diagnostic imaging. The ability to visu-

alize internal structures accurately and safely using MammoWave makes this algorithm a

valuable tool for medical professionals in the field of imaging and diagnostics.

The investigation successfully achieved the main goal of visualizing the detected inclu-

sion in 3D. The superimposition theorem was employed to combine the results obtained

from multiple planes along the z-axis Zh, allowing for the visualization of the inclusion’s

3D structure. The results demonstrated that the size of the detected inclusion varied in

accordance with the realistic inclusion, with an error of less than 7.5%. To further validate

the proposed 3D imaging algorithm, experiments were conducted on a skull-shaped head

phantom containing a cylindrically shaped inclusion. The measurements were repeated

at different planes along the z-axis, and the results showed prominent target detection at

the last plane, which aligned with the setup and verified the successful implementation

of the algorithm. The algorithm’s robustness was further tested in a more complex sce-

nario involving a 3-layer phantom with varying dielectric properties and a 3D structured

spherical inclusion. Despite the complexity of the setup, the algorithm still successfully

detected and localized the inclusion, with the dimensional analysis error remaining below

6% .
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Chapter 6

A Spiral-like Acquisition Strategy

for 3D Huygens’ Principle Based

Microwave Imaging

6.1 Introduction

This Chapter focuses on the implementation of a novel methodology to achieve a reduction

in imaging time by employing a 3D imaging HP algorithm, integrated with MammoWave.

The specific approach involves using a three-layer cylindrical phantom with a 3D struc-

tured inclusion, characterized by varying dielectric properties. The primary objective of

the study is to investigate the feasibility of reducing measurement time while maintain-

ing acceptable imaging accuracy. To this end, various spiral-like measurement scenarios

along the z-axis were explored. In the first scenario, measurements were conducted in a

spiral-like configuration (configuration-I) at multiple planes along the z-axis. The second

scenario involved an alternate application of spiral configuration (configuration-II) with

respect to receiving points.

The findings of the study indicate that the proposed spiral-like measurement scenarios

hold promise in achieving a notable 50% reduction in measurement time. However, it is

essential to consider the trade-offs associated with this time reduction. Notably, there

is a decrease in the SCR, with a maximum reduction of approximately 3.2 dB. Addi-

tionally, there is a slight increase in error (around 3.5%) in the dimensional analysis and

localization of the 3D structured inclusion. Despite the observed trade-offs, the study
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demonstrates the potential advantages of implementing spiral-like measurement configu-

rations for expedited imaging. This Chapter highlights the need for carefully considering

the balance between time reduction and imaging accuracy. The results open avenues for

further exploration and optimization of the 3D imaging algorithm to achieve enhanced

efficiency and precise localization of structures of interest within the phantom.

6.2 Experimental Insights

Over the last two decades, MWI has gained widespread recognition as a novel diagnostic

technique, particularly in the realm of breast cancer detection [107]. It has also shown

promise in detecting various diseases at early stages, such as brain strokes, bone frac-

tures, and skin cancer, offering a viable alternative to conventional imaging technologies

like ultrasounds, X-rays, and MRI [108]. One of the key advantages of MWI lies in its

utilization of non-ionizing radiation, ensuring safe and risk-free medical imaging for pa-

tients. By exploiting the distinct physical dielectric properties of healthy and diseased

tissues, MWI can effectively differentiate between these tissues at the receiver’s end [109].

The research community actively explores MWI for diverse applications, particularly

3D medical imaging, holding significant promise for improved diagnostic precision and

treatment planning [110]. MWI’s non-invasive, high-resolution imaging capabilities po-

sition it as a promising avenue for continued research, expected to play a vital role in

early disease detection and healthcare advancements. In this research, I had introduced

a novel 3D MWI technique based on HP and applied it using the rapid MWI device

known as MammoWave [12]. By leveraging the HP-based MWI methodology, the need to

solve complex inverse scattering problems and perform matrix inversions has been elim-

inated. Additionally, this approach enables to capture and combine information from

individual frequencies, leading to the reconstruction of a consistent image with highly

accurate localization and minimal error [41].Recent developments have further expanded

the capabilities of the 3D imaging technique based on HP, employing the MammoWave

system, as presented in [102, 106]. Notably, successful 3D image reconstruction has been

achieved, showcasing the potential of this approach. In [106], a comprehensive analysis of

the reconstructed images has been conducted, specifically focusing on dimensional analysis

error and localization error calculations. The results have demonstrated the technique’s
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effectiveness in accurately determining the various dimensions of lesions along the z-axis.

However, it is essential to acknowledge that the current methodology in [106] still

requires considerable time for data acquisition and processing. Measurements on six dif-

ferent cross-sections along the z-axis were performed for 3D image reconstruction in [106],

with each measurement taking approximately 9 minutes. As continuous improvement

and optimization are pursued, the goal remains to further reduce the overall imaging

time.Advancing the research, the primary objective is to further enhance the time ef-

ficiency of the proposed methodology. Currently, the methodology achieves a notable

reduction in session time, averaging between 9-10 minutes, which is a considerable im-

provement compared to the conventional 45-60 minutes required for a full MRI session.

This endeavor aligns with the pursuit of streamlined processes, particularly crucial in the

context of 3D imaging, where swift acquisition of data is paramount for optimizing di-

agnostic outcomes. To achieve this, two novel scenarios involving spiral-like acquisitions

along the z-axis have been introduced and investigated, each with distinct configurations.

These scenarios were meticulously tested on a complex three-layer cylindrical phantom

featuring a 3D structured inclusion, which serves as a representative testing case. The

core objective of this study is to analyse and quantify the impact of these proposed time-

saving approaches in terms of SCR, dimensional error, and localization error. A thorough

understanding of the effectiveness and practicality of the two spiral-like acquisition con-

figurations (configuration I and II) in reducing imaging time while preserving diagnostic

accuracy is sought by evaluating these key metrics.

Moreover, in addition to the two spiral-like acquisition configurations, an additional

configuration is further explored and tested. The purpose of this testing was to assess

the potential for achieving significant time reduction while minimizing errors. Through

this rigorous analysis, the aim is to identify the most optimal and efficient approach that

strikes the ideal balance between time savings and imaging precision. By thoroughly

examining the results obtained from these experiments, valuable insights into enhancing

the efficiency and effectiveness of the 3D MWI technique are intended to be offered.

Ultimately, this research endeavours seek to contribute to the advancement of medical

imaging technologies, ensuring faster and more accurate disease detection and diagnostic

processes.
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6.3 Methodology

In this chapter, the fabrication of a sophisticated phantom featuring three cylindrical lay-

ers, along with a 3D structured spherical inclusion possessing varying dielectric properties,

is undertaken. For this purpose, specialized liquids from ZMT Zürich MedTech, Switzer-

land, are procured and employed to create the distinct cylindrical layers, as detailed in

Table 6.1.

To fabricate the spherical 3D structured inclusion, a mixture comprising 40% glycerol

and 60% water has been utilized, which exhibited the specific dielectric properties outlined

in Table 6.1. To introduce a more intricate scenario, a unique approach is employed during

the inclusion fabrication process. Specifically, the spherical part of the inclusion is filled

with the designated mixture, while the remaining portion of the tube is left empty. By

implementing this novel fabrication methodology, the aim is to simulate a complex and

realistic environment for microwave imaging experiments. This multi-layered phantom,

along with the 3D structured inclusion, allows for the accurate assessment and validation

of the performance and capabilities of the proposed imaging techniques. In the fabricated

Table 6.1: Dielectric properties of materials used in phantom fabrication.

Fabrication Materials Relative Permittivity (εr) Conductivity (σ) [S/m]

TLe11.5c.045oil (external layer) 7 0.3
TLe5c24 oil (internal layer) 5 0.2
40% glycerol and 60% water 60 2

phantom, the cylinders representing the external and internal layers possess respective

diameters of 11 cm and 7 cm. The 3D structured spherical inclusion has a diameter

of 1 cm at its tube-shaped cross-section and expands to 3.5 cm at its spherical cross-

section. Figure 6.1 illustrates the positioning of the spherical inclusion inside the internal

cylindrical layer. To create a realistic representation of the internal structure, the two

cylinders are deliberately placed with a deviation of 3.5 cm between their centres. This

positioning allows to simulate a more complex and accurate scenario, closely resembling

the spatial arrangement of internal organs or tissues.

By designing the phantom with such intricate geometries and dimensions, the aim is

to test and validate the performance of the proposed microwave imaging technique in a

controlled yet realistic environment.
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Figure 6.1: The multilayered fabricated phantom with 3D structured inclusion.

6.3.1 Device and Imaging Procedure

In this chapter, the measurements were again performed using the previously described

MammoWave device. In the proposed 3D HP based imaging algorithm of Chapter 5

[102, 106], the measurements were performed at 6 planes along the z-axis on multiple

fabricated phantoms. This was achieved by simultaneously changing the height of the

antennas and reconstructing 3D images.Moreover, the received signals S21 were measured

for each individual plane along the z-axis. The signal was transmitted at five central Tx

planes (0°, 72°, 144°, 216°, 288°) with an angular shift of 4.5°, and the signals were received

at 80 receiving points covering the range from 0° to 360° at intervals of 4.5°.

The main objective of this experiment instead was to reduce the measurement time

while ensuring reliable imaging results. To achieve this, a spiral-like acquisition approach

was employed in two distinct configurations. Thesemeasurements were carried out at six

planes along the z-axis, while systematically varying the height of both antennas denoted

as h1, h2, ..., h6.

In Configuration-I, a novel data acquisition strategy was introduced to optimize the

recording process. Instead of capturing signals at 80 receiving points, a segmented ap-

proach was adopted. Specifically, for h1, the received signal was recorded using the first

40 receiving points. Similarly, for h2, the receiving points from 41 to 80 were considered,

and this pattern was continued for subsequent heights. Specifically, for h3 and h5,the
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first 40 receiving points has been utilized, while for h4 and h6, the second half of the 80

receiving points has been utilized. This segmentation scheme is visually depicted in Fig-

ure 6.2(a). By implementing this modified data acquisition methodology, the aim was to

reduce the total number of receiving points required for each height, thereby optimizing

the measurement time. The impact of this configuration on the imaging process was care-

fully analyzed to ensure that it delivers meaningful and accurate information for medical

diagnosis and treatment planning.

Similarly, Configuration-II involved a different arrangement of receiving points, specif-

ically tailored to enhance time reduction while maintaining imaging accuracy. The com-

bination of these two configurations allowed to comprehensively evaluate the effectiveness

of the spiral-like acquisition approach and identify the most efficient setup for achiev-

ing substantial time savings. This approach enables to draw meaningful conclusions and

insights from these findings, ultimately contributing to the advancement of microwave

imaging techniques for medical applications.

Figure 6.2: (a) Spiral-like acquisition configuration, (b) The experimental schematic, (c) MWI
device MammoWave.

In configuration-II, the focus was to record complex S21 by evaluating 40 receiving

points with alternating 20 receiving points. Specifically, for h1, h3, and h5, the data from

Rx points 1 to 20 and 40 to 60 was recorded. On the other hand, for h2, h4, and h6, Rx

points 21 to 40 and 61 to 80 were considered. To conduct the measurements, the fabri-
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cated phantom was positioned inside the cylindrical hub of the MammoWave. The data

collection process started from the top of the phantom and progressed downwards, cap-

turing measurements at multiple planes along the z-axis. This experimental arrangement

allowed to comprehensively assess the effectiveness of the spiral-like acquisition approach

in both configurations.

Figure 6.2 provides a visual representation of the experimental setup and the spiral-

like configuration used in this research. This pictorial demonstration further enhances

the understanding of the procedures and methodologies employed during this microwave

imaging experiments. By meticulously documenting this experimental setup and proce-

dures, along with the use of complex S21 measurements and the spiral-like configurations,

the aim is to present a comprehensive and transparent account of this research. These

efforts contribute to the reproducibility of the findings and facilitate comparisons with

other studies in the field of medical imaging, particularly in the context of microwave

imaging for diagnostic applications.

Indeed, all the measurements conducted in this research were performed in the fre-

quency domain. The choice of operating in the frequency domain offers several advantages,

particularly when aiming to reconstruct a consistent and accurate image. Working in the

frequency domain allows valuable information to be obtained from all the frequencies

used during the measurements. This allows for capturing a view of the electromagnetic

properties of the object being imaged. Each frequency provides unique insights into the

interaction between the electromagnetic waves and the target, offering a more detailed

and complete picture of the internal structures. The ability to combine data from all

the frequencies during the reconstruction process is crucial in achieving a consistent im-

age. This approach facilitates the integration of information from different aspects of

the object’s dielectric properties, resulting in a more robust and reliable representation.

The combination of data from multiple frequencies improves the SCR and helps mitigate

artefacts and distortions, leading to a higher-quality image. Moreover, working in the

frequency domain simplifies the imaging process and reduces computational complexity.

It eliminates the need to solve complex inverse scattering problems, as would be required

in the time-domain imaging approach.

The received signals at the multiple planes Zh along the z-axis at different heights hn1

and hn2 can be represented as S21n1 and S21n2:
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S21n1 = S21m,p
n1,hn1

(a0, ϕn1 , Zhn1 ;Txm,p,hn1 ; f)

S21n2 = S21m,p
n2,hn2

(a0, ϕn2 , Zhn2 ;Txm,p,hn2 ; f)

where n1 = 1, . . . , 40 and n2 = 41, . . . , 80 indicate the receiving points represent-

ing spiral-like Configuration-I and n1 = 1, . . . , 20 & 40, . . . , 60 and n2 = 21, . . . , 40 &

61, . . . , 80 for spiral-like Configuration-II for heights hn1 = h1, h3, h5 and hn2 = h2, h4, h6

respectively for both configurations along the z-axis; m = 1, . . . , 5 stipulates the central

Tx points, p = 1, 2, 3 shows the positions of the transmitting points with the angular

transposition of ± 4.5◦ and f signifies the frequency.

These received signals are processed via HP in order to remap the dielectric contrast

of the internal field by calculating the external field; according to Huygens’ principle,

the calculated external field carries the information of the internal field, which can be

presented as:

Ercstr
(HP,3D)(ρ, ϕ, Z;Txm,p,hn1+hn2 ; f) =

hn1∑
h=1

hn1∑
h=2

n1∑
n=1

n2∑
n=41

(S21n1 + S21n2)G(k1|(ρn,h)−⃗ρ⃗|)

Hence, the intensity of the consistent 3D image can be obtained by summing all

the solutions, i.e., by gathering information from all the receiving points from spiral-like

acquisitions along the z-axis for a number of frequencies NF as shown below:

I3D(ρ, ϕ, Z;Txm,p,hn1+hn2) =

hn1+hn2∑
h=1

NF∑
i=1

|Ercstr
(HP,3D)(ρ, ϕ, Z;Txm,p,hn1+hn2 ; fi)|2

Artefact removal has been performed using a rotation-subtraction procedure [106].

Finally, normalization has been applied with respect to the global maximum. The com-

bination of artefact removal through the rotation-subtraction procedure and subsequent

normalization helps deliver improved and more accurate microwave images.
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6.4 Results and Discussions

In this research, two experiments were conducted involving measurements at six planes

along the z-axis. The first experiment utilized a spiral-like configuration (Configuration-

I) where the data was recorded from Rx points 1 to 40 for heights h1, h3, and h5, and

Rx points 41 to 80 for heights h2, h4, and h6. In the second experiment,a different

configuration was used with Rx points 1 to 20 and 40 to 60 for heights h1, h3, and h5,

and Rx points 21 to 40 and 61 to 80 for heights h2, h4, and h6. These measurement

methodologies led to a significant reduction of 50% in acquisition time compared to the

original setup. The results were further quantified using various factors to determine the

differences compared to the original configuration.

During the fabrication of the phantom, only the spherical part of the 3D structured

inclusion was deliberately filled with the designated mixture. This decision was made to

focus on detecting the inclusion specifically at cross-sections 5 and 6, corresponding to

heights h5 and h6, as shown in Figure 6.3 [106]. These cross-sections represent crucial

areas of interest, and the objective was to accurately identify and analyse the inclusion in

these specific regions. By conducting these experiments and analyzing the results, the aim

was to validate the effectiveness of the proposed methodologies in reducing acquisition

time without compromising the ability to detect and localize the 3D structured inclusion.

Figure 6.3: (a) Reconstructed microwave images with detected inclusion at reference planes
(when employing all receiving points at each height), (b) 3D reconstructed image. Images are
produced after normalization and image adjustment. Axes units are meters.

In the first scenario, which involved the spiral-like acquisition configuration-I, the

reconstructed images at multiple planes along the z-axis, along with the 3D visualization,
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are displayed in Figure 6.4. Notably, Figure 6.4(a) illustrates the images reconstructed

at heights h5 and h6. These specific planes exhibit a more prominent depiction of the

detected inclusion, with varying dimensions, as compared to the other planes. The results

obtained from this scenario clearly indicate the successful implementation of the spiral-like

acquisition configuration, yielding promising and noteworthy outcomes.

The visualization of the inclusion at varying heights through the 3D visualization fur-

ther confirms the efficacy of the spiral-like acquisition configuration-I. This visualization

enhances the understanding of the internal structures and dimensions of the 3D inclusion,

thereby reinforcing the value of microwave imaging for medical applications. Overall,

the outcomes presented in Figure 6.4 affirm the successful implication of the spiral-like

acquisition configuration-I in achieving accurate and reliable microwave imaging results,

particularly in detecting and localizing the 3D structured inclusion at different heights

along the z-axis.

Figure 6.4: (a) Reconstructed microwave images with detected inclusion at reference planes
(spiral-like acquisition Configuration-I), (b) 3D reconstructed image, Images are produced after
normalization and image adjustment. Axes units are meters.

In the second scenario, which involved spiral-like configuration-II, Figure 6.5(a) show-

cases the images reconstructed at multiple planes along the z-axis. Notably, the images

reveal successful detection of the inclusion at the bottom two planes; however, there is

a noticeable dimensional error present. This discrepancy in dimensions could potentially

impact the accuracy of the imaging results. To gain a better understanding of the de-

tected inclusion and its dimensional variations, Figure 6.5(b) presents the corresponding

3D visualization. This visualization allows to observe the variation in dimensions of the
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inclusion, which helps in identifying and analyzing potential errors in the imaging process.

The presence of a dimensional error in the detected inclusion indicates that the spiral-like

configuration-II may require further refinement or adjustments to achieve more precise

and accurate results. While the detection at the bottom planes is successful, addressing

the dimensional error is crucial to enhance the reliability and usefulness of the imaging

technique.

These findings from Figure 6.5 underscore the importance of rigorous evaluation and

fine-tuning of the measurement methodologies in microwave imaging. It highlights the

need for continuous research and development to optimize imaging configurations, thereby

improving the accuracy and clinical utility of the technology. The results presented in

Figure 6.5 provide valuable insights into the strengths and limitations of the spiral-like

configuration-II. By identifying the dimensional error and analyzing the variation in inclu-

sion dimensions through 3D visualization, efforts can be directed towards enhancing the

imaging techniques for more effective medical applications, particularly in early disease

detection and diagnosis.

Figure 6.5: (a) Reconstructed microwave images with detected inclusion at reference planes
(spiral-like acquisition configuration-II), (b) 3D reconstructed image. Images are produced after
normalization and image adjustment. Axes units are meters.

After generating the reconstructed images using the 3D imaging algorithm, a detailed

analysis has been conducted for all three scenarios, namely: (i) the original setup as

described in [106], (ii) spiral-like acquisition configuration-I, and (iii) spiral-like acquisition

configuration-II. As per the experimental arrangement, where only the spherical part of

the inclusion was filled with the fabrication mixture,the expectation was to detect the
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inclusion at heights h4, h5, and h6. This objective was successfully achieved, as evident

from Figures 6.4 and 6.5. To perform the analysis, focus was placed on the reconstructed

images at heights h4, h5, and h6 along the z-axis. Figure 6.6(a) presents the detected

inclusion at these heights for the original experimental setup. The red circles in the figure

represent the actual location of the inclusion, aligned with the realistic scenario of this

experimental setup. Similarly, Figures 6.6(b) and 6.6(c) illustrate the detected inclusion

at heights h4, h5, and h6 for spiral-like acquisition configurations I and II, respectively. In

all three figures, the diameters of the red circles, representing the actual size and location

of the inclusion at multiple planes along the z-axis, remain the same.

The comparative analysis of the detected inclusions among the three scenarios allows

to assess the performance and accuracy of each configuration. By aligning the detected

inclusion with the actual location represented by the red circles, insights into the level of

precision and reliability achieved by each imaging setup are gained. The results presented

in Figure 6.6 demonstrate the successful detection of the inclusion at specific heights

along the z-axis for all three scenarios. This analysis provides valuable information on the

capabilities and limitations of each configuration, which is essential for further improving

and optimizing microwave imaging techniques for medical applications.

The calculations have been performed for the signal to clutter ratio (S/C) for all three

scenarios in order to compare the results at heights h4, h5, and h6 along the z-axis, as

shown in Table 6.2. The SCRratio is determined as the ratio between the maximum

intensity evaluated within the region of the inclusion and the maximum intensity outside

the region of the inclusion [110]. As observed in the table, for the spiral-like acquisition

configuration-I, the SCRratio at h6 (where the inclusion has its largest diameter) drops

from 10.48 dB to 9.28 dB, resulting in a difference of 1.2 dB compared to the original

setup. On the other hand, for the spiral-like acquisition configuration-II, this ratio expe-

riences a greater drop of 3.14 dB when compared to the original setup. The comparison

of SCRratios provides valuable insights into the performance of each configuration in de-

tecting the inclusion accurately and minimizing clutter or interference from surrounding

regions. A higher SCRratio indicates better contrast and clarity of the detected inclusion,

which is essential for reliable medical imaging.

The results from Table 6.2 underscore the trade-offs associated with each acquisi-

tion configuration. While spiral-like acquisition configuration-I exhibits a smaller de-
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Figure 6.6: Reconstructed microwave images with detected inclusion at h4, h5, and h6 using: (a)
original setup, (b) spiral-like acquisition configuration-I, (c) spiral-like acquisition configuration-
II.
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crease in SCRratio, indicating better preservation of signal quality, spiral-like acquisition

configuration-II experiences a more significant drop in SCRratio, suggesting a potential

decrease in imaging accuracy and clarity. These findings demonstrate the importance of

carefully considering and optimizing the acquisition configurations in microwave imaging

to achieve the desired balance between acquisition time reduction and imaging quality.

The analysis of SCRratios contributes to the ongoing efforts in refining microwave imaging

techniques for improved medical applications and disease detection.

Table 6.2: Signal to Clutter Ratio Comparison for all three scenarios.

Zh along z-axis Original Setup
Spiral-like

Configuration-I
Spiral-like

Configuration-II
h = 4 4.99 4.59 2.56
h = 5 7.48 7.04 5.94
h = 6 10.48 9.28 7.34

Additionally, calculations for the dimensional analysis error, as described in the pre-

vious chapter, have been performed for all three scenarios. Table 6.3 presents the di-

mensional error in percentage for each configuration. From the values presented in Table

6.3, it is evident that both proposed methodologies for achieving time reduction result

in increased error percentages compared to the original setup. For spiral-like acquisition

configuration-I, the increase in error percentage ranges from 1.4% to 3.62%. This indicates

a slight to moderate increase in error when compared to the original setup, suggesting

that while time reduction is achieved, there is a trade-off in terms of dimensional accuracy.

On the other hand, the spiral-like acquisition configuration-II exhibits a higher increase

in error percentage, approximately 6%, compared to the original setup. This indicates a

more significant impact on dimensional accuracy with this configuration, highlighting the

need for further refinement and optimization to balance time reduction and dimensional

precision. The dimensional analysis error is a key parameter in assessing the reliability

and accuracy of the imaging results. Higher error percentages can lead to imprecise

dimensional measurements, which may limit the effectiveness of microwave imaging for

medical applications.

The findings from Table 6.3 emphasize the importance of carefully evaluating the

trade-offs between time reduction and dimensional accuracy in microwave imaging tech-

niques. While the proposed methodologies offer notable time savings, the increased dimen-

sional analysis error must be carefully considered and mitigated in the design and imple-
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mentation of future microwave imaging configurations. By understanding and quantifying

these errors, efforts can be directed towards developing improved imaging algorithms and

methodologies that strike a better balance between time efficiency and dimensional ac-

curacy, ultimately enhancing the overall performance and clinical utility of microwave

imaging for medical applications.

Table 6.3: Dimensional Analysis Error Comparison for all three scenarios.

Zh along z-axis Original Setup
Spiral-like

Configuration-I
Spiral-like

Configuration-II
h = 4 10.69 11.92 14.98
h = 5 8.91 10.79 13.06
h = 6 6.04 9.66 11.78

Additionally, the localization error was also calculated for all three scenarios. Table 6.4

presents the localization error values for each configuration. From the values presented in

Table 6.4, it is evident that the localization error for spiral-like acquisition configuration-

I is less than that of spiral-like configuration-II. The localization error is an important

parameter in assessing the accuracy of the imaging process in precisely locating the 3D

structured inclusion. Lower localization error values indicate a higher level of accuracy

in identifying the position and dimensions of the inclusion, which is essential for reliable

medical imaging and disease detection.

The results in Table 6.4 indicate that the proposed spiral-like acquisition configuration-

I achieves better localization accuracy compared to configuration-II. This suggests that

the first configuration is more effective in precisely identifying and localizing the inclusion

within the 3D imaging domain.

Table 6.4: Localization Error Comparison for all three scenarios.

Zh along z-axis Original Setup
Spiral-like

Configuration-I
Spiral-like

Configuration-II
h = 4 4.81 6.59 7.29
h = 5 3.56 5.13 6.07
h = 6 2.68 3.92 5.23

In the original setup, the measurement time was 9 minutes per height, which served

as the baseline for this comparison. The proposed configurations, as presented above,

demonstrated an impressive measurement time reduction of approximately 50%. This

significant reduction in acquisition time is a substantial achievement and a critical con-
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sideration in optimizing microwave imaging techniques for practical medical applications.

Through a detailed analysis encompassing various parameters, including SCR, dimen-

sional analysis error, and localization error, valuable insights into the performance of the

two proposed configurations have been gained. Based on the findings, spiral-like acqui-

sition configuration-I emerges as the more suitable and favourable overall configuration

among the two. The superiority of spiral-like acquisition configuration-I lies in its ability

to achieve a relatively lower decrease in SCR compared to the original setup, indicating

better preservation of signal quality. Additionally, the increase in dimensional analysis er-

ror with configuration-I is within a moderate range, demonstrating a reasonable trade-off

between time reduction and dimensional accuracy.

Moreover, this meticulous evaluation of the localization error reveals that spiral-like

acquisition configuration-I outperforms configuration-II in precisely identifying and local-

izing the 3D structured inclusion. This higher localization accuracy makes configuration-I

more adept at pinpointing the exact position and dimensions of the inclusion, a crucial

factor in medical imaging for accurate disease detection and diagnosis. Considering all the

factors examined, spiral-like acquisition configuration-I stands out as the more favourable

choice due to its ability to achieve a considerable reduction in measurement time while

still maintaining satisfactory imaging performance in terms of signal quality, dimensional

accuracy, and localization precision.

In addition to the two previously discussed configurations, further experimentation

was conducted to explore the limits of achieving time reduction while minimizing errors.

To achieve this objective, a novel spiral acquisition configuration was implemented by

significantly reducing the number of Rx points to one-third of the previous configurations.

Specifically, the points that have been considered includes Rx positions 1-27 for heights

h1 and h4, Rx positions 28-54 for heights h2 and h5, and Rx positions 55-80 for heights

h3 and h6, utilizing only one-third of the receiving points at each plane along the z-axis.

Figure 6.7 showcases the reconstructed images resulting from this spiral acquisition

configuration at multiple planes along the z-axis. Through this approach, the aim was to

determine the feasibility of achieving further time reduction while maintaining acceptable

levels of imaging accuracy. By reducing the number of Rx points, the aim was to strike a

balance between time efficiency and imaging performance. This experiment allowed the

exploration of the trade-offs between reduced acquisition time and potential increases in
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Figure 6.7: Reconstructed images resulting from the novel spiral acquisition configuration at
multiple planes along the z-axis.

errors related to dimensional analysis, localization, and SCR.

The findings from this experimentation will further contribute to the optimization of

microwave imaging techniques for medical applications, enabling to identify the optimal

configuration that achieves the best compromise between time reduction and imaging ac-

curacy. In conclusion, the exploration of the spiral acquisition configuration with reduced

Rx points serves as a significant step in refining microwave imaging methodologies.

Upon careful examination of the obtained images and a thorough analysis of the

quantification parameters, it is evident that the proposed methodology with reduced Rx

points (1/3 of the previous configurations) did not yield successful results in this scenario.

The experimental findings indicate significant challenges and limitations associated with

this specific setup. Particularly noteworthy is the impact onSCR at height h=6, where

the inclusion is at its largest diameter. The reduction in SCR is notable, dropping by

6.5 dB compared to the original setup and by 4 dB compared to spiral-like acquisition

configuration-I. This decrease in SCR reflects a significant degradation in the quality and

clarity of the imaging results, affecting the ability to distinguish the inclusion from clutter

or noise in the acquired data.

Furthermore, other quantification parameters have also been evaluated, revealing an

increase in the dimensional analysis error by 20% and the localization error by 17 mm.

Such substantial increases in error percentages underscore the limitations of reducing the
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number of Rx points to 1/3. These findings highlight the significant trade-offs between

time reduction and imaging accuracy in this particular scenario. The observed challenges

and increased error percentages necessitate careful consideration and caution when imple-

menting reduced Rx points as a means of achieving time reduction. While reducing Rx

points may lead to faster acquisition times, it comes at the cost of compromised imaging

quality and accuracy, as evident from the decreased SCR and higher error percentages.

In conclusion, the experimentation with reduced Rx points in this scenario has brought

to light the limitations and practical challenges associated with striking a balance between

time reduction and imaging accuracy [111].

6.5 Summary

In this chapter, an investigation was embarked on to explore the feasibility of employing

a spiral-like acquisition strategy for 3D microwave imaging based on Huygens’ princi-

ple. The primary objective was to achieve significant time reduction in the measurement

process. To achieve this goal, a three-layer cylindrical phantom with a 3D structured

inclusion, exhibiting varying dielectric properties, was fabricated. The implementation of

the spiral-like acquisition was performed through two distinct configurations on multiple

planes along the z-axis.

In the first scenario (configuration I), the signals were recorded by considering the

first 40 Rx points for h1 and the second set of 40 Rx points (from 41 to 80) for h2, and

so on. The first 40 points were utilized for h3 and h5, while the second half was used

for h4 and h6. For the second scenario (configuration II), the complex S21 measurements

were recorded by evaluating 40 Rx points with alternating 20 Rx points. Specifically, Rx

points 1 to 20 and 40 to 60 for h1, h3, and h5 were considered, while Rx points 21 to 40

and 61 to 80 were used for h2, h4, and h6.

The outcomes of this investigation demonstrated that both scenarios presented promis-

ing image reconstructions, accompanied by a remarkable reduction in measurement time

of up to 50%. This substantial reduction in acquisition time was achieved without compro-

mising the overall quality of the reconstructed images. However, it is essential to consider

the impact of this time reduction on quantification parameters such as the SCR and the

dimensional analysis and localization errors. The findings revealed that the 50% mea-
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surement time reduction resulted in a maximum 3.2 dB decrease in the SCR and a slight

increase of approximately 3.5% in dimensional analysis and localization errors. These

deviations signify a reasonable trade-off between time efficiency and imaging accuracy.

In addition, the exploration was extended to include the utilization of only one-third

of the receiving points in the spiral-like acquisition. This approach was introduced to

test the limits of time reduction. However, the results showed that this configuration led

to further increases in error percentages, thereby highlighting the challenges of achieving

significant time reduction while preserving imaging accuracy.

In conclusion, this research showcased the potential of spiral-like acquisition strategies

for 3D microwave imaging to achieve remarkable time reduction without compromising

image quality significantly. While this reduction in measurement time holds great promise

for practical medical applications, it is crucial to carefully consider the impact on quan-

tification parameters to strike an optimal balance between time efficiency and imaging

accuracy. The insights gained from this study will inform future advancements in mi-

crowave imaging methodologies, guiding towards optimizing acquisition configurations to

enable precise and efficient medical imaging for disease detection and diagnosis.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The traditional medical imaging technologies face limitations related to cost, accessibil-

ity, and operator expertise, the research highlights the potential of MWI using UWB

technology as a safer and cost-effective alternative for early cancer detection. This study

emphasizes the importance of advancements in MWI systems for detecting breast, lung,

and brain cancers, addressing challenges to promote wider clinical adoption and improve

patient outcomes.This research journey has illuminated significant breakthroughs in the

domain of MWI, underscoring its pivotal role in critical medical applications. Through

methodical exploration and hands-on experimentation, insights of paramount importance

have been unraveled that could revolutionize the landscape of medical diagnostics.

In conclusion, this research presented a comprehensive overview of the experimental

setup for the proposed MWI technology, detailing crucial hardware and parameters. The

hardware, including UWB antennas, VNA, rotating table, and stand, were concisely ex-

plained, as was the setup within the anechoic chamber.The MWI experimental setup was

arranged inside anechoic chamber and executed using fabricated phantom to emulate lung

COVID-19 infections. Both types of phantoms play a crucial role in substantiating the

validity and applicability of the research findings. The research delved into the HP-based

MWI algorithm utilized to differentiate healthy and malignant tissues based on their

dielectric properties. UWB vertically polarized antennas, connected to VNA, recorded

complex S21 signals for different transmitting positions, processed through the HP-based

imaging algorithm. Images successfully detect the inclusion, validated by a calculated
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SCR of 7 dB. This result highlights the potential of MWI in disease detection, with SCR

serving as a key performance metric validating the objectives of the proposed research.

Furthermore, the second phantom represents a more realistic model of the lung, aim-

ing to accurately mimic actual lung tissues and tumors, thus posing a challenging context

for lesion detection. To achieve this objective, an amplifier was strategically utilized to

augment signal power, mitigating the inherent power loss of the antenna caused by the

substantial dimensions of the realistic phantom. The size of the mimicked lesion has been

intentionally increased, in alignment with the experiment’s goal of validating the method-

ology within a realistic and complex scenario. The processed measurements utilizing

the HP-based imaging algorithm successfully identify the inclusion, thereby illustrating

a notable advancement in the field and attaining a significant milestone in the research

endeavor. Image artefact removal and normalization further enhance results, showcasing

a practical approach. Promising results, validated by quantification parameters like SCR

and dimensional analysis error, underscore the algorithm’s efficacy.

The 3D imaging algorithm, developed on the basis of the Huygens principle, reveals

promising outcomes in visualizing internal structures. Its effectiveness in navigating com-

plex scenarios with diverse dielectric properties signifies the successful accomplishment

of the research’s primary aim. Validated through fabricated phantoms, this algorithm

demonstrates its efficacy, particularly in complex scenarios. The algorithm’s ability to

handle multilayered structures, even with varying dielectric properties, adds to its nov-

elty. This research successfully realizes the main goal of visualizing detected inclusions in

3D, showcasing its potential for accurate diagnostic imaging. Metrics such as dimensional

analysis and localization errors contribute to the assessment of its performance.

The investigation extends its scope to spiral-like acquisition strategies for 3D mi-

crowave imaging. With a focus on time reduction, a three-layer cylindrical phantom with

a structured inclusion was employed. The outcomes highlight significant time reduction

of up to 50%, without compromising image quality. This achievement aligns with practi-

cal medical applications, offering an efficient approach without sacrificing accuracy. The

research underscores the importance of considering quantification parameters and balanc-

ing time efficiency with imaging accuracy. This study provides insights guiding future

microwave imaging advancements for disease detection and diagnosis, with metrics such

as SCR and error percentages serving as benchmarks for success.
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In conclusion, this research sets a solid foundation for the evolution of MWI as a

transformative medical imaging technology. The journey taken not only exemplifies the

novel achievements but also underscores the metrics that will steer the course of future

developments, contributing to enhanced disease detection and diagnostics. As venturing

forward, the benchmarks established here remain instrumental in guiding the path toward

more efficient and accurate medical imaging solutions.

7.2 Recommendations for Future Work

The proposed MWI methodology based on HP has demonstrated promising results in le-

sion detection, as evidenced by the research showcasing the capability of this methodology

through a wide range of experiments utilizing fabricated phantoms. The visualization of

detected lesions in 3D, along with insights into their varying dimensions, further supports

this methodology’s potential. However, there is still room for improvement within this

approach.

7.2.1 Enhancement Prospects in Lung Lesion Detection

In the context of the lung lesion detection via realistic multi-layer chest phantom as pre-

sented earlier showcase the possibility for enhancement in several ways. One possibility

involves the exploration of UWB antennas with robust penetration capabilities and strong

signal strength. Another prospect is the automation of measurement recording, aligned

with phantom rotation, akin to the principles of MammoWave, to achieve heightened ac-

curacy. Furthermore, with the utilization of advanced UWB antennas, it is conceivable

to decrease inclusion size, contributing to a more realistic simulation. Additionally, incor-

porating the dynamics of lung inflation and deflation into the simulation could replicate

dielectric properties and amplify the effectiveness of the imaging algorithm. Furthermore,

as a prospect for future research, following the implementation and thorough testing of

the previously mentioned methods and the validation of HP-based MWI effectiveness in

detecting lung lesions through extensive experiments, the possibility arises to create an

innovative, fast, and accurate device like MammoWave. This potential device could in-

clude automated experimental setups and improved, validated hardware, representing a

significant breakthrough in lung lesion screening, offering safe assessments without any
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age restrictions.

7.2.2 Advancements in 3D Visualization

In the realm of 3D visualization, the MWI device MammoWave takes centre stage. Ex-

periments were conducted across multiple planes along the z-axis as explained provides

validation for MammoWave’s ability to offer dimensional insights into detected lesions,

confirmed through SCR ratio, localization error, and image quantification methods. Build-

ing upon these achievements, a multitude of opportunities beckon for exploration and

implementation to further enhance results. First and foremost, optimizing the proposed

3D MWI algorithm is paramount, aiming to minimize errors while substantiating its per-

formance with quantifiable parameters. Furthermore, there is the potential to elevate the

sophistication of the 3D algorithm to calculate inclusion resolution across multiple z-axis

planes, which presents a promising avenue for advancement. Moreover, the next phase of

development should encompass the visualization of detected inclusions in various dimen-

sions, allowing for a 3D representation of the entire volume. This capability would enable

the examination of any cross-section along any plane, thus providing a more detailed view

of the data.

7.2.3 Strategies for Improving Time Reduction in Microwave

Imaging

Notably, while the outlined time reduction strategy offers efficiency gains, it also intro-

duces some compromise in terms of increased errors. Potential strategies include adapting

the measurement schematic and antenna rotation along the z-axis in a spiral-like config-

uration, aimed at diminishing errors and enhancing overall performance. Meanwhile, in

future there is possibility of optimizing the hardware along with the software to enhance

the reconstructed images with minimal errors.
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Appendix

Appendix I: Required Software for MWI Algorithm

Frequency-domain measurements have been performed using a single transmitting an-

tenna and one receiving antenna, both connected to the VNA. This arrangement facili-

tated the recording of the S21 parameter, which represents the complex transfer function

from the transmitting to the receiving antenna. The capabilities of MATLAB, a ver-

satile mathematical programming language known for its matrix manipulation, function

plotting, and algorithm implementation capabilities, were leveraged for the image recon-

struction process as outlined below:

For the measurements performed in the anechoic chamber, the results of these mea-

surements were stored as s2p files via the VNA. Subsequently, these files were imported

into MATLAB and parsed into matrices that included both the real and imaginary com-

ponents of the S21 parameter. After this matrix was constructed, initial parameters were

defined. This encompassed setting up the free-space parameters, establishing the axis

for internal field plotting, and configuring the grid that would underpin the reconstruc-

tion of the internal field. In the domain of MammoWave, the data acquired from each

measurement has been meticulously archived in the format of ’prcd’ files, meticulously

encapsulating the intricate complexities of the S21 parameter. Remarkably, within the

realm of MATLAB’s expansive toolkit, a powerful feature manifests: the ability to seam-

lessly load these ’prcd’ files. This inherent capability not only streamlines the process but

also empowers the arrangement of the extracted data into multifaceted forms, be it intri-

cate complex matrices or a multitude of files. This attribute proves particularly invaluable

when addressing the nuances associated with three-dimensional imaging endeavors.

In the subsequent steps, the software orchestrated two distinct loops. The first loop

was responsible for varying the transmitting positions, while the second loop cycled

through different frequencies as per the experimental procedure and frequency range used.

Within this framework, an HP reconstruction process was executed, the specific details

of which are safeguarded and cannot be disclosed here. Nevertheless, it’s important to

underscore that this step culminated in the generation of the images themselves.
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Appendix II: Code Samples

Concerning MammoWave, the data gathered from measurements has been carefully pre-

served within ’prcd’ files. The process is visually elucidated in Figure 8.2, depicting the

extraction of these files and their subsequent transformation into complex matrices. This

pivotal transformation not only prepares the data for further analysis but also lays the

foundation for the application of the HP-based imaging algorithm. This algorithm holds a

central role in this methodology, enabling to extract meaningful insights from the collected

data.

Figure 1: Extraction of ’prcd’ files via MATLAB.

The subsequent stage involves the establishment of preliminary essential parameters.

This encompasses variables such as permittivity, conductivity, and the count of height lev-

els—serving as the various cross-sectional planes traversing the z-axis. These parameters

are pivotal in facilitating the 3D visualization process as in Figure. 8.3.

Figure 2: Defining Parameters.

Moving forward, the subsequent phase encompasses a critical task: the delineation of

grid parameters. These parameters hold pivotal significance as they lay the foundation for

the meticulous reconstruction of images that distinctly illustrate variations in dielectric
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properties. This stage forms a cornerstone in this methodology, underscoring its relevance

in achieving precise and informative visual representations (see Figure. 8.4).

Figure 3: Defining Parameters (Grid for Reconstruction).

A distinctive attribute of MammoWave lies in its self-contained anechoic chamber,

equipped with microwave absorbers. This specialized setup enables the execution of mea-

surements in a free-space environment. Operating within the frequency domain, these

measurements adhere to a predefined frequency range, as exemplified in Figure 8.5. This

unique configuration affords MammoWave the capacity to conduct investigations with

notable precision and reliability.

Figure 4: Defining Parameters (Freespace and Frequency).

Subsequent to this, the data is processed utilizing an HP-based imaging algorithm, the

details of which are confidential. This process culminates in the generation of data that

holds the key to reconstructing images. This data is structured within multidimensional

matrices, encapsulating a comprehensive array of information pertaining to numerous

cross-sectional planes across the z-axis.

The visualization aspect is brought to fruition through a well-defined plotting tech-

nique, exemplified in Figure 8.6. This technique leverages the ’contourf’ plotting com-

mand, adeptly superimposing multiple cross-sectional planes along the z-axis. This visual

representation underscores the efficacy of this approach, allowing for a detailed and in-

sightful exploration of the reconstructed images.
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Figure 5: 3D Visualisation Code sample.
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