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1 INTRODUCTION 

This dissertation presents research on the development of standardized phantoms that will 

provide unified benchmarks that allow comparing the results achieved by EM imaging on 

biological tissues at microwave frequencies for diagnostic biomedical imaging. Microwave 

imaging (MWI) is a non-invasive diagnostic asset for the detection of abnormal tissues in the 

human body [Henriksson et al., 2010; Scapaticci et al., 2012; Smith et al., 2021]. This thesis 

focuses on the design and realization of standardized phantoms for testing EM devices at 

microwave frequencies. This is essential to evaluate electromagnetic systems under controlled and 

repeatable conditions. 

1.1 Medical imaging 

Since nowadays MRI and X-ray technologies are the most common and trusted ones by the 

medical community, in the following a brief review of MRI and CT scan is presented.  

The first ever X-ray was taken by Nobel Prize winner – Wilhelm Roentgen in 1895 

[Pamboukian, 2001]. They are single images in black and white and all grey in between, which 

provides a snapshot of the inside of body. This is achieved by passing electromagnetic radiation 

through the region of interest. An X-ray detector captures the shadow of the object within our body 

after the wave is illuminated to it. In 1970, almost 75 years later, Godfrey Hounsfield and Allan 

MacLeod Cormack introduced us to Computed Tomography (CT) Scans [Tan and Poole, 2020]. 

CTs are imaging the inside of body from multiple cross-sectional angles with fixed distances. The 

smaller the distance between each image, the more images can be captured. These images are 

called slices, and since the number of images is much more across so many levels of the body, 

they contain much more information than Single X-Rays. As can be expected from the name of 
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modality, these are processed on a computer and can be transferred to films later. These computer-

based images are called DICOM images for Digital Imaging and Communications in Medicine.  

The absorbance rate of biological tissues at a specific range of frequency differs from one to the 

other due to the density and water. Calcium in bones absorbs x-rays the most, so that bones appear 

more contrasted in white. X rays pass through soft tissues easily, hence are seen in shades of grey. 

Air does not absorb any rays, so it appears black. Although a ‘Contrast Agent’ can be injected into 

the patient’s bloodstream [Mazloumi et al., 2021] which flows through the blood vessels and 

allows for absorption of the X-rays. The use of contrast agents is essential in medical imaging to 

opacify lesions and tissues. 

 

Figure 1.1: MRI and CT scan of the brain [CT scan vs MRI, online]. 

It is noteworthy that based on the time when the image is captured, the contrast flow will allow 

for highlights of different regions. This is called a 4D CT, where the fourth Dimension is Time, 

which helps immensely to capture dynamic moving organs like the heart and understand its 

functioning. This method is also limited in helping to understand the soft tissues in more details as 

well. CT scan offer in detail images of bones and blood vessels for diagnosing and health tracking 

of patients.  
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Unlike CT, MRI or magnetic resonance imaging does not require radiation. MRI utilizes a 

combination of a magnetic field, radiofrequencies and a computer system to take high-resolution 

pictures. When it comes to visualization of joints, soft tissues and bones, MRI is proved to be a 

high efficient technique of reconstruction of the image of the tissue. The initial studies of MRI 

development can be traced to 1938 where Isidor Isaac Rabi passed a beam of molecules through a 

magnetic field, which emitted radio waves at specific frequencies [Rigden et al., 1999]. The first 

full body scanner was invented in the 1970s by John Mallard and team [Tabakov, 2021]. The 

patient must lie on a platform inside a tube shaped machine where magnetic field is created around 

the patient. Then radio waves in the form of pulses are directed onto the region of interest, the 

atoms in that region of the body get excited and generate signals. These signals are detected by a 

computer and translated into image with high resolution. The tissues having high water content 

e.g., fat and muscle give out high intensity signals and appear bright. Bone tissue having low water 

content give out weaker signals and appear dark. Therefore, the gradation of contrast of tissues 

observed in MR scan is exactly the opposite of that observed in CT. 

Both CT an MRI have their own drawbacks. For instance, CT can harm unborn babes, cause 

radiation exposure and it has limited sensitivity when it comes to detect size and location of early 

ischemia. On the other hand, possible reactions to metals due to magnets, loud noise that can cause 

hearing problem, potentially longer acquisition time are some downsides of MRI technique 

[Kidwell and Hsia, 2006]. Since these two techniques are frequently used over years, there are 

millions of images from different parts of human body in different conditions available. We are 

going to use MRI and CT scan images to design head and axillary phantoms for testing MWI 

systems.  
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To do so we need software that can read these images and gives us the chance to segment the 

image and extract the part we want. In the end, the software has to be able to make 3D model out 

of the extracted organ [Abedi et al., 2021; Joachimowicz et al., 2018]. This is covered in chapter 

two with an introduction of open source and free software. While our phantoms are designed based 

on MRI and CT scans of the human body, they will be used to test MWI systems.  

Microwave imaging technique is based on illumination of electromagnetic wave to a test object, 

as it is done in X-ray modality. This method is used in the microwave range of frequency (300 

MHz to 300 GHz). In traditional radiology, the sensor is a film as explained earlier in this section, 

while in Microwave imaging there is a set of antennas as transmitter and receiver all around objects 

under test. The position, size, shape, or dielectric properties of the target can be exploited by 

microwave imaging. These information open up new avenues for applications range from breast 

imaging [Henriksson et al., 2010; Li et al., 2001], brain imaging [Rodriguez-Duarte et al., 2021; 

Ljungqvist et al., 2017; Semenov et al., 2008], liver ablation imaging [Wang et al., 2021] and lymph 

node imaging [Savazzi et al., 2020] to other fields like civil engineering [Mikhnev and Vainikainen, 

2002] and food industry [Vasquez et al., 2020; Zidane et al., 2020]. 

One of the first researches on feasibility of microwave imaging goes back to 1970s to obtain an 

image of canine kidney [Larsen and Jacobi, 1979]. From then until now several systems have been 

designed and implemented [Rodriguez-Duarte et al., 2021; Karadima et al., 2020; Candefjord et 

al., 2017; Personn et al., 2014; Meaney et al., 2000; Joisel et al., 1999; Semenov et al., 1996]. 

Even though there are several clinical trials have been conducted, still microwave imaging has not 

been used widely by clinical practitioners. This can be because of either limited penetration depth 

of wave in biological tissues at microwave frequency range and low resolution of images compared 
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with other modalities. Moreover, the inverse scattering problem faces non-linearity and ill 

posedness of Maxwell’s equation [Noghanian et al., 2014, chapter two]. 

Microwave imaging can retrieve either the shape and size (qualitative imaging) or the dielectric 

properties and spatial distribution (quantitative imaging) of the object to be imaged (target). In 

qualitative imaging, reconstruction gives information on the shape, size and location of the target. 

This technique cannot offer any information about the dielectric properties. On the other hand, the 

efficiency in computation and fast reconstruction of qualitative imaging makes it a decent 

technique to track the size and location of abnormal tissue for instance the tumor in brain or breast. 

Quantitative MWI reconstructs maps of dielectric properties of the area of interest. Since there can 

be a big difference between dielectric properties of different tissues in body, this technique has 

high potential to be the next generation of cancer and tumor detection and health monitoring 

systems in near future [Tobon Vasquez et al., 2020; Henriksson et al., 2010; Meaney et al., 2007]. 

However, quantitative imaging is in need of proper computation power and in many cases, they 

are dependent of a priori information [Pastorino, 2010]. 

1.2 Electromagnetic imaging for a novel generation of medical devices-EMERALD 

EMERALD is the coherent action of leading European engineering groups involved in 

electromagnetic (EM) technology for medical imaging to form a cohort of highly skilled 

researchers capable of accelerating the translation of this technology “from research bench to 

patient bedside”. 

Nowadays, medical imaging technologies play a key role to face the ever-growing number of 

challenges due to aging populations, as they are the essential clinical tool to deliver accurate initial 

diagnoses and monitor the evolution of disease over time. For this reason, a whole range of new 

imaging modalities is currently being developed to supplement and support current modalities. As 
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mentioned in the previous section, among these technologies, there is microwave imaging, which 

involves the illumination of a portion of the body under investigation with low-power non-ionizing 

EM waves (in the microwave spectrum) and the use of the resultant backscattered signals to 

generate images of the internal structures of the body. 

 

Figure 1.2: EMERALD’s 13 early stage researchers (ESRs). 

The scientific objective pursued by the EMERALD action is to accelerate the translation of 

research in EM medical imaging into clinical prototypes. To this end, EMERALD will establish a 

group of 13 outstanding early stage researchers who will be the European leaders in this field, 

through a unique scientific and training program. The EMERALD trained researchers will drive 

the future developments of EM imaging technology, thanks to the targeted skills, they will attain, 

and their established connections with clinicians and stakeholders. 

The EMERALD consortium involves academic institutions, industrial partners, hospitals and 

university medical centers (as partner organizations). The success of EMERALD will ensure that 

all achieved innovative technological developments are translated into benefits to the end-user 

community with an impact on both the European society and scientific community. 
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Figure 1.3: Work Plan (WP) scheme of the EMERALD project. 

There are four main objective to the EMERALD project: 

- To accelerate translation of research of EM medical imaging into clinical prototypes by 

advancing the technology, addressing possible standardizing procedures and developing 

prototypes for novel applications. 

- To set-up and support the first complete scientific and training program in EM medical 

imaging at a European Level (and where possible worldwide). 

- To provide the Early Stage Researchers (ESRs) with excellent, multi-disciplinary scientific 

training and a set of competitive, transferable skills. 

- To expose the ESRs to academic and non-academic sectors, improving their future career 

perspectives. 

In particular, the project is organized in 10 working plans. Five work plans are designed for 13 

ESRs to be involved and their dissertations are defined based on them. Each work plan includes a 

few number of ESRs and between these work plans, there are mutual collaborations as you can see 

in figure 1.3.   
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My contribution to the EMERALD project as the ESR1 is to develop standardized phantoms that 

will provide unified benchmarks and allow comparing the results achieved by EM imaging with 

different modalities (WP1). The phantoms are used to assess the devices in which will be 

developed by other ESRs. They are realized with 3D printed technology and adapted to the 

geometry of the devices that other ESRs are working on. In order to get closer to a real medical 

imaging case, the 3D printed phantoms is filled with liquid mixtures that mimic different tissues 

at microwaves [Abedi et al., 2021; Joachimowicz et al., 2018]. Particular attention is devoted to 

head and axillary region tissues. 

During my PhD based on the collaboration plan defined within the project, each ESR had to go 

to travel to other institutions to gain knowledge and apply new knowledge it to their own project. 

This is called attending secondment. A secondment is a temporary work placement of an employee 

in another place to that in which they normally work – they can be either internal or external. They 

are internal when the work is within another area of the same organization, and they are external 

when the employee transfers to another organization for the temporary change in roles. I have 

attended to three external secondments during my PhD program.  

As a visiting researcher for secondments, I had the opportunity to work in different laboratories 

in Ireland, Serbia, Italy and France and was supervised by several pioneers on the subject from 

whom I gained a lot of experience. During my short-term secondments in these laboratories, I 

successfully found a common language with my colleagues despite our different backgrounds in 

research, language and culture. I was also able to publish our results in well-known journals. In 

Ireland, I worked with the team at "Translational Medical Device Lab" for two months (Jun-July 

2019) and I learned how to characterize the dielectric properties of biological tissues with 

conducting several measurements. In Serbia, I worked at WIPL-D, a private company dedicated 



9 
 

to the development of commercial EM simulation software. In three months, I learned how to use 

a new software and export simulated data for tumor detection. Finally, during the last secondment 

I worked with microwave imaging team at CNR-IREA, introducing STL files of phantoms as a 

priori information into their inverse algorithms. Here we used data from simulation in our 

algorithms.  

As a part of my institution contribution to the EMERALD project, we also hosted four ESRs 

from WP1, WP4 and WP5. During their stay at GeePs in Paris, they were introduced to the 

protocols of producing mixtures, which mimic dielectric properties of biological tissues. They also 

used our set-up of characterization (homemade probe coupled to a portable VNA) for measuring 

the dielectric properties of produced mixtures. As a part of their secondments, we also worked on 

segmentation of tissues from MRI and CT scan and we trained them on making their own 3D 

model of phantom and exporting it as STL files. 

Working as a part of such a big project and having the chance of working in several laboratories 

and meeting different scientists and mentors helped me to gain many skills.  These skills give me 

the confidence to be involved in projects that are multidisciplinary, in which I believe I can be 

successfully productive. I am aware of the impact of these multi-layered projects on people’s lives 

and this makes me motivated about them even more. 

1.3 Aim of the thesis 

The encompassing objective of this thesis is to provide standard anthropomorphic phantoms 

which are reproducible by an electrical engineer in a non-specific environment (no hood), and 

without drastic precautions. These phantoms are going to be used for testing MWI systems 

developed by other ESRs in EMERALD project.  
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Developing techniques to prepare numerical version of phantoms from MRI and CT scan is the 

first and most crucial step toward obtaining standard phantoms for MWI systems. These numerical 

phantoms can be used for 3D printing, simulations and inverse algorithms. The goal is to use open 

source and free software while preparing numerical version of phantoms to be sure that designers 

in different laboratories in different countries can follow the same procedure. These numerical 

files need to be prepared in such a way that will be readable for 3D printers. 3D printed standard 

phantoms are designed to be used in different experiments for testing several designed MWI 

systems. The 3D printed phantoms are cavities filled with mixtures with the same dielectric 

properties of the representing. This means that experimental protocols and measurements 

techniques have to be precisely developed. This ensures us that the phantom is going to have the 

same behavior while being illuminated by EM wave at microwave frequencies as biological 

tissues. 

Before any experiment, electromagnetic simulators should be used for investigating the presence 

of standard phantoms in MWI systems. To be able to predict the results of the experiments, the 

numerical versions of phantoms and MWI systems has to be imported into different EM solvers 

for cross validation. The goal is to provide a systematic process, which helps researchers have pre-

results before any experiments.  

As mentioned in section 1.1, to improve the performance of inverse algorithms and reduce the 

reconstruction time having a priori information is essential. That is why in this thesis we are aiming 

for helping inverse algorithms by using numerical version of phantoms. This means by introducing 

the boundaries of the area of interest the algorithm can achieve its purpose in a more efficient and 

faster way. The goals of this work are summarized as: 
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- Design and production of 3-D printed breast and head phantoms adapted to the geometry of the 

devices in WP4-WP5, and their applications (cerebrovascular diseases, hyperthermia and tumor 

detection). 

- Production and dielectric characterization of mixtures that mimic different breast and head 

tissues (fat, fibro-glandular, brain, cerebral spinal fluid (CSF), blood, bone, skin, lymph,…) in the 

microwave frequency range. 

- Computation of the electromagnetic field inside the phantom with and without tumor or 

infarcted tissue mimicking anomaly. 

- Influence of the coupling media, structure material, working frequency, source, and type of 

anomaly and composition of the target organ. 

- Use of the numerical version of phantoms to include a priori information in microwave imaging 

algorithms. 

1.4 Thesis structure 

This thesis is organized in five chapters, including the present chapter, which is a brief 

introduction of three different modalities of EM imaging. Moreover, in this chapter the objectives 

of EMERALD have explained and in the frame of this European funded project the goals of this 

thesis have been drawn.  

The main contribution of this doctoral research is shared in chapter two to four. Each chapter 

elaborates one of the usages of numerical phantom files.  

Chapter 2 covers instructions on production of 3D printed liquid anthropomorphic phantoms. To 

be able to produce tissue mimicking materials explanation on relaxation models, dielectric 

characterization techniques, fluid mixture laws and some practical protocols are provided. 

Moreover, general tools for creating numerical phantoms of the human body from MRI and CT 
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scan of the organ are introduced. These tools help the designer to segment the target organ and 

then modify it. In this chapter there are several phantoms designed, 3D printed and introduced 

adapted to MWI systems developed in EMERALD project. 

Chapter 3 addresses the E-Field simulation on 3D anthropomorphic phantoms. This is a study 

on effect of different parameters of the phantom on electric field distribution inside of it and 

detection of the abnormal tissue inside. Simulations are done using numerical version of 

introduced phantoms in the previous chapter to prove the possibility of recognition of abnormal 

tissues in different environments. 

 

Figure 1.4: Three main chapters of the thesis are covering the usage of standard numerical Phantoms in details. 

Chapter 4 focuses on the usage of numerical version of breast phantom as a priori information 

to help the inverse algorithm. The objective is to find the location and shape of the tumor inside 
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the breast. In this chapter, we will try to find a way to introduce a priori information to the inverse 

algorithm to improve the spatial resolution of the images and detect anomalies.  

In the last chapter, a flow chart concludes all results presented in this thesis and with some 

suggestions for future work, the thesis is closed. 
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2 Anthropomorphic phantom 

 

2.1 Introduction 

In recent work by our group, it has been shown that mixtures based on TritonX-100 and salt 

water can dielectrically mimic the different tissues of the breast and head in a wide range of 

frequencies and are easily fabricated [Joachimowicz et al., 2018]. These stable mixtures are 

contained in cavities representing the specific organ. The fabrication of an anthropomorphic 

phantom therefore consists of designing and 3D printing cavities, with tissue mimicking materials 

poured inside.  

In this work, the feasibility of this process is tested and extended to the production of phantoms 

adapted to the microwave imaging systems developed in EMERALD project at Politecnico di 

Torino (POLITO), Faculdade de Ciências da Universidade de Lisboa (FCUL) and CNR-IREA.  

After a review of the phantoms developed in the literature for microwave imaging, and the 

motivations for developing anthropomorphic cavities filled with liquid mixtures in the context of 

the EMERALD project, section (2.2) is devoted to the method used to determine the tissue 

mimicking materials in the frequency range of [0.5 - 6] GHz.  In particular, we will see how this 

issue can be reduced to an optimization problem of two unknowns, corresponding to the 

concentrations of the mixture components. Section (2.3) deals with the fabrication of 3D printed 

anthropomorphic cavities. From an MRI scan, an STL file is created in two steps: a segmentation 

process using the 3D-Slicer software and a design process using the Blender CAD software.  The 

last section (2.4) is devoted to the realization of three phantoms adapted to the electromagnetic 

devices developed by our EMERALD partners that represent the head [Rodriguez-Duarte et al., 

2021], the thorax [Savazzi et al., 2020] and the liver with ablation [Wang et al., 2021]. 
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Figure 2.1: Filling the cavity, which represents human breast with mixture mimicking breast tissues. 

2.1.1 Phantoms for MWI in the literature 

Developments of microwave imaging systems not only rely on computer simulations but also 

preclinical experiments on human body. Due to several reasons, it is not possible to employ the 

human body for testing MWI devices that have electromagnetic interaction with human body. 

Beside safety reasons, respiratory movement, cardiovascular vibration, and variable skin humidity 

can be mentioned as obstacles of using human tissues in imaging systems. In many laboratories 

there are objects used as alternatives of human body, which are neither physically nor dielectrically 

close to human tissues. However, since a phantom is designed to be exposed to the electromagnetic 

waves, its shape plays an important role to have relatively accurate reflections and penetrations 

based on the realistic anatomy of the organ. Emulating a human organ or tissue with an exact 

substitute requires an accurate artificial phantom that is expected to have three features: 1) realistic 

anatomy 2) dielectric precision across the band of interest, and 3) a long lifetime [Mobashsher, 

2015]. The dielectric properties of the phantom have to mimic the dielectric properties of real 

tissues in the frequency range of interest. The lifetime of the phantom is important due to the need 
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of conducting several experiments in the same conditions. It means that for instance for liquid 

phantoms, the phantom should be stable and has homogenous mixtures inside over a long period. 

Phantoms are classified into various types from different perspectives. Depending on the 

electrical properties, they can be low- and high- water-content materials [McDermott et al., 2017; 

Abedi et al., 2019]. Here we classified the phantoms based on their physical appearance. The head 

is one of the most complicated structures of the human body. Due to the sophisticated fabrication 

techniques, there are limited numbers of solid human head phantoms developed. In Figure 2.2, two 

examples of solid head phantoms are presented. 

  

Figure 2.2: (a) The solid human-head phantom reported in [Kobayashi et al., 1993], (b) Human head 

phantom based on graphite, carbon black, polyurethane, and acetone or isopropanol [McDermott et al., 

2017]. 

Gel head phantoms are made of polymer- or agar-based substances. For broadband application 

one can take semi-solid head phantoms as a good candidate. These phantoms are made of several 

homogenous materials to fabricate layered or heterogeneous semi-solid phantoms [Mohammed et 

al., 2013; Mobashsher et al., 2014]. These phantoms are generally agar-based to have a realistic 

shape of the head. 
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Figure 2.3: A completed left-half semi-solid head phantom. [Gong et al., 2021] 

Researchers are interested in liquid phantoms since the production process is easy and the 

phantom properties can be changed by adding or removing components. Beside sugar-water-salt-

based solutions, mixture of propylene glycol and deionized water has been used for homogeneous 

liquid phantoms [Rodrigues et al., 2014]. The techniques to produce biological tissue-mimicking 

liquids suggested in the literature are generally not easy to set up and often require specific 

equipment. 

2.1.2 Motivation of using 3D printed liquid phantoms 

As mentioned in the previous section, microwave imaging is working based on the interaction 

between electromagnetic waves and the target object, so the phantom must necessarily mimic both 

the physical form and dielectric properties of the target organ in the human body. Moreover, these 

phantoms are going to be developed in the framework of the European EMERALD project and 

need to be easy to produce, stable in time, accurate enough for doing experiments in a wide 

frequency band and remotely producible in different labs. 
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Among the three described types of phantoms (solid, semi-solid, liquid), liquid phantoms are the 

easier to produce and adjustable, and stable in time. Furthermore, the use of 3D printing technology 

and Segmentation/CAD software to design the phantom from MRI and CT scans allows for an 

accurate shape. The cavities are solid, stable over time and remotely reproducible. Thus, an 

efficient choice could be to produce anthropomorphic cavities filled with liquid mixtures. The 

question is which liquids are the most suitable to mimic living tissues in a wideband. In practice, 

tissues with water content, such as most of the brain parts, have high dielectric properties. 

Therefore using water as one of the components of the Tissue Mimicking Materials (TMMs) seems 

to be reasonable. For low permittivity tissues like bone and fat, liquid TMM can still be used by 

decreasing the percentage of water and adding liquid components that are miscible in water and 

have low permittivity such as Glycerin [Meaney et al., 2017], Sugar [Hartsgrove et al., 1987] and 

Triton X-100 [Joachimowicz et al., 2018]. 

Pure Triton X-100 has dielectric properties similar to those of fatty tissues (whose permittivity 

is the lowest) on a wide band and is viscous providing stability to the mixture over time. Moreover, 

the use of a binary mixture, i.e. with two components, presents several advantages, including the 

ability to be modeled by a binary mixing law. Therefore, in this study, saltwater-based mixtures 

with TritonX-100 are investigated.  

In conclusion, 3D printed liquid anthropomorphic human phantoms provide high accurate shape 

of the organ with dielectric properties in a wide band, reproducible, adjustable, reusable and easy 

to produce that none of the other type of phantoms can offer. 
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2.2 Tissue Mimicking Materials’ (TMMs) fabrication 

This part is devoted to the prediction of the Triton X and salt concentration in mixtures for several 

types of tissues over wide range of frequency. In this part a description of relaxation phenomenon 

is presented (section 2.2.1). An experimental protocol is developed to produce the wideband 

mimetic mixtures (section 2.2.2). For dielectric characterization of mixtures open-ended coaxial 

probe is used. In section 2.2.3, the theory behind it is explained. To calculate the concentrations of 

components of the mixture mimicking different biological tissues, different binary laws are 

suggested in the literature. Section 2.2.4 is dedicated to comparison of outcome of three binary 

laws in order to identify the one with higher accuracy over a broad range of frequency. The selected 

binary model is introduced in an optimization code (section 2.2.5) that minimizes in an iterative 

way (Gauss-Newton technique [Walter, 2014]), a cost function that represents the difference 

between the reference values and those given by the binary law. 

2.2.1 Relaxation models 

The first step to produce a mixture with dielectric properties close to the living tissues is having 

the dielectric properties of that organ as the reference values. The need for extensive data on the 

dielectric properties of human tissues as a reference is strongly felt among scientists and 

researchers involved in the interactions of electromagnetic (EM) fields and biological systems. 

Relaxation models are used commonly to extrapolate the measured relative permittivity of 

biological tissues to higher frequencies. The outcomes of these models are used as reference in the 

process of producing tissue mimicking materials. 

Human body is made of between 50 to 70 percentage water. This is why biological tissues show 

lossy characteristics by being illuminated to EM waves. Both permittivity and conductivity of 

living tissues are highly nonlinear over frequency [Foster and Schwan, 1986]. This frequency 
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dependency is modeled mathematically by equations   known   as   relaxation   models   such   as   

Debye model and Cole-Cole model [Cole and Cole, 1941]. Cole-Cole relaxation models, for 

instance, are frequently used to model propagation in dispersive biological because they represent 

the frequency-dependent relative permittivity better than classical Debye models and over a wide 

frequency range [Maundy and Elwakil, 2012]. The parameters of these models are different for 

each tissue. By defining these parameters, the model function can be fitted to the dielectric 

properties of experimental data and track them over an arbitrary range of frequency.  

When E-field is illuminated to a biological tissue at a certain frequency the dielectric dispersion 

takes place, the characteristic orientation motions of the dipoles result in a frequency variation of 

the dielectric constant and dielectric loss happens over a broad band of frequencies. Dielectric 

relaxation theory is the ability of polar molecules to align with the E-field. If the frequency of the 

electric field is sufficiently high, the molecular forces impeding the dipole orientation dominate 

and the dipole becomes unable to follow the changes. This frequency is called the relaxation 

frequency of the molecule.  The phase lag between the external electric field and the dipole 

orientation enables the material to draw energy from the source and dissipate it in the form of heat. 

Since the polarization does not occur instantaneously, relaxation time is measurable for each tissue 

[Thakur and Singh, 2008; Said and Varadan, 2009]. 

One simple relaxation model is Debye model. Using this model the complex permittivity of the 

tissue (휀𝑡(𝜔)) can be defined as: 

휀𝑡(𝜔) = 휀∞ + 𝑠− ∞

1+𝑗𝜔𝜏
− 𝑗

𝜎

𝜔 0
     (2.1) 

where the static permittivity (휀𝑠), the high frequency permittivity limit (휀∞), the relaxation time 

(𝜏) and the conductivity (𝜎) are four parameters of the model which form corresponding response.  
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Dielectric properties values obtained from measurement data of living tissues mostly show a 

relaxation behavior that is far broader than the simple Debye type, which is due to the superposition 

of several relaxation processes. There are three relaxation processes mainly responsible for the 

dielectric properties of tissues: dipolar orientation, interfacial polarization, and ionic diffusion. The 

polarization does not occur instantaneously and as mentioned before this lag, which is due to, 

polarization is called the relaxation time. To be able to fit the data properly a modified function 

known as Cole-Cole is proposed to take into account the effect of the latter. Moreover, in Cole-

Cole model one exponent factor (alpha) is added in addition to other parameters used in Debye 

model. Among works done in the literature on this topic Gabriel et al. provides detailed 

measurements of a variety of tissues up to 20 GHz [Gabriel et al., 1996]. They proposed a four-

pole Cole-Cole model with the parameters obtained from the best fit to measured data. 

According to the Gabriel’s work, a database [IFAC, online] is provided on dielectric properties 

of different human tissues over the full frequency span managed (this span goes from 10 Hz up to 

100 GHz in 10 decades). The model selected for the dielectric data across the frequency range is 

a summation of a four-pole Cole-Cole expression as reported in the text: 

휀𝑡(𝜔) = 휀∞ + ∑
∆ 𝑖

1+(𝑗𝜔𝜏𝑖)
(1−𝛼𝑖)

− j
𝜎𝑖

𝜔 0

4
𝑖=1     (2.2) 

Where ∆휀  is the magnitude of dispersion (magnitude of relaxation) between the "static" and 

"infinite frequency" dielectric constants, ω is the angular frequency and τ is a time constant 

(relaxation time). 

This model has been chosen to compute the references values over the frequency range [500 

MHz-6 GHz] of all the biological tissues considered in this study. 
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2.2.2 Mixture production protocols 

Used in the framework on the EMERALD project, the manufacturing process has to be easily 

reproducible by an electrical engineer in a non-specific environment (no hood), and without drastic 

precautions (figure 2.4).   

 

Figure 2.4. Non-specific environment and without drastic precautions. 

The masses of TritonX-100 (𝑚𝑇𝑋), NaCL (𝑚𝑁𝐴𝐶𝐿), and H2O (𝑚H2O) are calculated for a given 

volume of the mixture 𝑉𝑡𝑜𝑡  according to the following. A protocol by addition of the mass is 

considered for producing the mixtures. 

The concentration of NaCL in the mixture, denotes here 𝑆𝑁𝐴𝐶𝐿 and the volumic concentration of 

Triton X, 𝑉𝑇𝑋/𝑉𝑡𝑜𝑡 of each mixture are the output of an optimizing code explained in the section 

2.2.5. From those quantities, we obtain 

𝑚𝑁𝐴𝐶𝐿 = 𝑆𝑁𝐴𝐶𝐿 × 𝑉𝑡𝑜𝑡     (2.3) 

𝑚𝑇𝑋 = 𝑉𝑇𝑋 × 𝜌𝑇𝑋      (2.4) 

𝑚H2O = (𝑉𝑡𝑜𝑡 − 𝑉𝑇𝑋 − 𝑚𝑁𝐴𝐶𝐿/𝜌𝑁𝑎𝐶𝐿) × 𝜌𝐻2𝑂  (2.5) 

With 𝜌𝐻2𝑂=1𝑔 𝑚𝑙⁄ , 𝜌𝑇𝑋 = 1.061 𝑔 𝑚𝑙⁄ , and  𝜌𝑁𝐴𝐶𝐿 = 2.16 𝑔 𝑚𝑙⁄ . 
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A digital balance scale, heater and stirrer, magnetic bars for stirring mixtures, and several beakers 

are standard lab equipment we used to produce our mixtures. The process can be summarized as 

follows: 

• Tare the balance with an empty beaker.   

• Add successively the masses of NaCl and deionized water and tare the balance between 

each step. 

• Stir the solution with a magnetic bar - when the salt is dissolved, tare the balance.  

• Add the mass of TritonX-100. Note that, the TritonX100 is very viscous at room 

temperature, and then it must be heated first separately in a 45 ° C water bath.  

• Place the beaker in a water bath and stir the solution with a magnetic bar. The bath water 

must cover all the mixture. Note that the 40-60% solutions of TritonX-100, depending on their salt 

concentration, can be gelled at room temperature. It is therefore necessary to increase the 

temperature to obtain homogeneous mixtures in any case.  

• Once the solution is homogeneous, pour it into an airtight container and keep the sample 

at room temperature and safe from light. 

The dielectric properties of the liquid mixtures have to be close to those provided by the 4-pole 

Cole-Cole models and are accessible for each tissue on [IFAC, online]. Next, we will check if the 

produced TMMs can mimic on a wide frequency range the biological tissues. This will be done by 

comparison of the reference values given by IFAC with the measured dielectric properties of the 

manufactured mixtures. A non-invasive technique is chosen for the dielectric characterization of 

the mixture. 
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2.2.3 Dielectric characterization with an open-ended coaxial system 

Several dielectric characterization techniques have been developed to measure the dielectric 

properties of biological tissues. Factors like material shape and form, accuracy and convenience 

determine the best method to use on each specific case. The main advantage about using the coaxial 

probe method to measure relative permittivity is being a non-destructive. 

Description of the Open-ended coaxial system 

Measured results presented in this thesis are all obtained using a homemade open-ended coaxial 

probe of GeePs coupled to a portable vector network analyzer (VNA) Rhode & Schwartz ZVB8 

VNA.  

 

  

Figure 2.5: (a) The probe used for measurements in our laboratory. (b) The configuration of a coaxial 

cable. (c) Configuration of a permittivity measurement system using reflection methods [Wang et al., 

2020]. 
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The open-ended coaxial cable reflection method is based on the measurement of the complex 

reflection coefficient at a single network port. Measuring these reflection coefficients the dielectric 

properties of the tissue under test can be calculated. The coaxial cable is built up from a 3.6-mm-

diameter, 15-cm-long, Teflon-filled copper rigid coaxial cable. 

Equivalent circuit model and calibration 

To calculate the dielectric properties of the tissue from the measured reflection coefficient, it is 

useful to use an equivalent circuit of an open-ended coaxial line. To do so, the end of the probe is 

considered as two capacitors in parallel (figure 2.6). 𝐶𝑓 is the capacitance representing the electric 

field concentrated inside the Teflon and 𝐶(𝜔) is the capacitance related to the fringing field in the 

unknown medium which is the product of 𝐶0 ( capacitance of the air-filled parallel plate) and ε 

(the relative permittivity of the object under test). The conductance 𝐺(휀) is radiation into the 

dielectric surrounding the cable and is frequency dependent. 

 

Figure 2.6: Circuit equivalent of the probe. 

The equivalence admittance of open-ended coaxial cable can be calculated as: 

𝑌 = 𝑗𝜔𝐶𝑓 + 𝑗𝜔𝐶(휀) + 𝐺(휀) = 𝑗𝜔𝐶𝑓 + 𝑗𝜔𝐶0휀 + 𝐺(휀)    (2.6) 

From transmission theory, terminal admittance can be defined from the complex reflection 

coefficient (Γ) as it is shown below: 

𝑌 = (
1−Γ

1+Γ
)

1

𝑍0
      (2.7) 
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where 𝑍0  represents the characteristic impedance of the coaxial line (50 Ω). Considering the 

negligible external radiation of the coaxial cable, 𝐺(휀) is assumed zero, which leads to an equation 

with complex permittivity (휀′ + 𝑗휀′′) on one side and the reflection coefficient on the other side. 

Thus, the relative dielectric constant and the loss factor can be calculated using equations (2.6) and 

(2.7). 

휀′ =
1

2𝜋𝑓𝑍0𝐶0
×

−2|Γ| sin(𝜑)

1+2|Γ|𝑐𝑜𝑠(𝜑)+|Γ|2
−

𝐶𝑓

𝐶0
    (2.8) 

휀′′ =
1

2𝜋𝑓𝑍0𝐶0
×

1−|Γ|2

1+2|Γ|𝑐𝑜𝑠(𝜑)+|Γ|2
    (2.9) 

where |Γ| and 𝜑 are the modulus and phase of the reflection coefficient measured by the probe, 

respectively. 

It is important to notice that the reflection coefficients measured by VNA (Γ𝑚) at its port is not 

the one which should input in the equations. Due to the variation of the potential along the probe, 

it is needed to calculate the reflection coefficient Γ at the probe-mixture interface. This can be done 

by considering the probe equivalent to a Quadrupole. 

 

Figure 2.7: Quadrupole equivalent of the probe. 

Thus, the reflection coefficient measured at the tip of the probe from the one measured by VNA 

is given by the following equation: 

Γ =
Γ𝑚−𝑆11

𝑆22Γ𝑚+𝑆12𝑆21−𝑆11𝑆22
     (2.10) 
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Γ𝑚 is known since the VNA measures it, however the values of (S11, S21S12, and S22) on the 

right side of the formula are unknown.  Therefore, to find the three unknown, three calibrations 

with three standards are necessary. Open circuit (Γ = 1), short circuit (Γ = −1), and calibration 

using distilled water are collaborations needed for the calculating Γ at the probe-mixture interface. 

It is noteworthy that the use of distilled water makes the system more suitable for measuring water-

based liquids. In this case, Γ is obtained from the dielectric properties computed by a Stogryn 

model for a given temperature and frequency range [Stogryn, 1971]. 

2.2.4 Selection of a fluid mixture law 

Prediction of dielectric properties of mixtures composed of known components was a big 

challenge over years and several formulas has been proposed depending upon shape of inclusions, 

conductivity of the inclusions, etc. [Hasted, 1973; Kraszewski, 1977].  

The permittivity of two components of the tissue mimicking mixtures proposed in this work, are 

provided from the literature given by Debye's models developed for salted water [Stogryn, 1971] 

and for fatty tissue [Lazebnik et al., 2007], since the TritonX-100 has quite the same dielectric 

properties as the latter. Hence, if a binary law is able to trace the dielectric properties of TMM 

over a frequency range, it can be used to compute the dielectric properties of the mixture for a 

given concentration of salt and TritonX-100 for a given range of frequencies. The question is which 

binary law gives the best result in such a way that the dielectric properties of the mixture obtained 

by applying this binary law are the closest to those given by the relaxation model of the target 

biological tissue. 

The theories, which can be used for studying the dielectric properties of emulsions, are based on 

the influence of obstacles in an electric field [Rayleigh, 1892; Wiener, 1912] and the permittivity 
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of molecular mixtures [Mossotti, 1846; Onsager, 1936]. In this part, three of most well-known 

theories which are used in the literature are investigated (Böttcher, Lichtenecker, Looyenga). 

Considering the studies based on the static permittivity of emulsions, any passive and 

homogeneous medium is made of two phases, a dispersed one and a continuous one. The dispersed 

phase (D) is made of spherical micelles, which has small dimensions compared to the medium. 

The volume fraction 𝑉𝐷 and 𝑉𝐶  are occupied by phase D (in our case TritonX-100) in the total 

volume and the continuous phase C (saline water) in the same volume, relatively. Hence, the 

aggregation of these two volume fractions is a unit (𝑉𝐷 + 𝑉𝐶 = 1). The dielectric properties of 

components are defined as the dielectric constant of the dispersed phase (휀𝐷) and continuous phase 

(휀𝐶). 

Böttcher law is one of the theories based on molecular models [Böttcher and Bordewijk, 1978]. 

The classical molecular theories on the dielectric behavior of mixtures always sum up to the 

calculation of average dipole moments of each molecular species to determine the relative 

permittivity 휀𝐸 can be determined by using the definition of the polarization: 

휀0(휀𝐸 − 1)𝑬 = ∑ 𝑁𝑀𝑗〈𝒎𝑗〉𝑗      (2.11) 

In this expression 휀0 is the permittivity in vacuum, E the macroscopic field in the dielectric, 𝑁𝑀𝑗 

the number of molecules of the j species by volume unite and 〈𝒎𝑗〉 their average dipole moment. 

To calculate the average molecular moments it is needed to consider that a permanent dipole 

moment and a polarizability 𝛼𝑗  are given to the molecules of each species. Moreover, by 

illumination of the macroscopic field 𝑬, a local field 𝑭𝑗 is created where the molecule of the j 

species is. 
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Figure 2.8: Böttcher cavity. 

In Böttcher theory [Böttcher and Bordewijk, 1978], the system is modeled as spherical cavities 

with radius of b in a continuous system with relative permittivity of 휀𝐶. The local field is a uniform 

field and results from the cavity field 𝑪 = (3휀𝐶 (2휀𝐶 + 1))𝑬⁄ and reaction field 𝑹𝑗 =

[2(휀𝐶 − 1) (2휀𝐶 + 1)][(�̅�𝒋 4𝜋휀0𝑏𝑗
3⁄ ]⁄ . Böttcher came up with the following expression for 

permittivity by using the Onsager theory [Onsager, 1936] for emulsions: 

휀0(휀𝐸 − 1) =
3 𝐸

2 𝐸+1
[

𝑁𝐷𝑎𝐷

1−
2(𝜀𝐸−1)

2𝜀𝐸+1
 

𝑎𝐷
4𝜋𝜀0𝑎𝐷

3

+
𝑁𝐶𝑎𝐶

1−
2(𝜀𝐸−1)

2𝜀𝐸+1
 

𝑎𝐶
4𝜋𝜀0𝑎𝑐

3

]  (2.12) 

With 𝑎𝐷  and 𝑎𝑐  the polarizability of dispersed and continuous phase molecules, respectively. From 

equation 2.12 the well-known Böttcher mixture model can be derived: 

( 𝐸− 𝐶)(2 𝐸+ 𝐷)

3 𝐸
= 𝑉𝐷(휀𝐷 − 휀𝐶)     (2.13) 

Where 𝑉𝐷 is the volume fraction of TX-100 and 휀𝐷 and 휀𝐶 are dielectric properties of TX-100 and 

saline water which are respectively described over a microwave frequency range by the Debye 

model. 휀𝐸  is the dielectric properties of the emulsion. 

By Lichtenecker theory, an expression of the permittivity of system with two components can 

be obtained with three mathematical hypothesis explained in [Lichtenecker, 1931].  
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ln 휀𝐸 = 𝑉𝐷 ln 휀𝐷 + (1 − 𝑉𝐷) ln 휀𝐶     (2.14) 

Looyenga theory considers a homogenous emulsion as the succession of regions whose 

concentrations are slightly different. As developed in [Looyenga, 1965], a new equation is 

proposed for the calculation of the dielectric properties of the mixture: 

휀𝐸
1 3⁄

= 𝑉𝐷휀𝐷
1 3⁄

+ (1 − 𝑉𝐷)휀𝐶
1 3⁄

     (2.15) 

Next, we will produce and characterize several salted water TritonX-100 mixtures. Considering 

Cole-Cole model as the reference, the measured dielectric properties of the mixtures of different 

tissues should be in a close match with the reference values given by Cole-Cole models in a wide 

range of frequency. Starting from the Spleen tissue mixture, we tested different concentrations of 

TX-100 and saline water to find empirically the best concentrations.  

 

Figure 2.9: Comparing relative permittivity of Spleen based on Cole-Cole model and measurement with 

defined concentrations. 

Figure 2.9 compares the dielectric properties of the mixture for 21% of Triton X-100 and 7g/L 

of NaCL with the values given by the Cole-Cole model for the Spleen tissue over the frequency 

range [1 - 3 GHz]. There is a good match between the measurement and the reference model (see 
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figure 2.9). Thus, by inputting these concentrations in different binary laws, it is possible to check 

the outcome of each binary law and pick the one with less error. 

Several binary laws have been tested using the experimental values of Triton-X and salt’s 

concentrations. Among them, the Böttcher law represents the best results over the [0.5-3] GHz 

frequency range, according to the measured calculated dielectric properties of the liquid mixture 

mimicking Spleen given on figure 2.10. This result has been observed for all the mimicked 

biological tissues produced. 

As a conclusion, the Böttcher law is the one that best fits the measurement results. Therefore, we 

will consider it as the most appropriate one for the theoretical representation of saltwater and 

TritonX-100 mixtures. In the next section, this law will be introduced in an optimization algorithm, 

which, by iterative adjustments of the salt and TritonX-100 concentrations will minimize the 

difference between the reference values of the Cole-Cole models and the one given by the Böttcher 

law. 

 

Figure 2.10: Comparison between different binary laws and Cole-Cole model for the spleen tissue. 
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2.2.5 Optimization code 

After selecting the Böttcher binary law to model the mixture, we look for the exact concentration 

of the components of TMMs. Instead of finding it empirically, an optimization code has been 

developed to adjust the amount of Salt and TX-100 concentration, @ T =25°C (room temperature) 

for each tissue by minimization a cost function which represents the quadratic error between the 

complex permittivity values given by the Böttcher law and the Cole-Cole model [IFAC, online]. 

We assume that the TX100-saline water mixture is a binary mixture, for which both the Debye's 

model for the Triton X-100 (group three [Lazebnik et al., 2007]) and that for saltwater [Stogryn, 

1971] are known. The complex permittivity of the mixture is computed using the Böttcher formula 

(equation 2.13), and compared to the reference values given by the Cole-Cole model for a given 

tissue, in a specific frequency range. 

Hence, the Triton-X and salt concentrations (VD, SE) need to mimic a specific tissue that can be 

computed by fitting the complex permittivity of the mixture model 휀𝐸 to the one of the tissue 휀𝑡  

over a specific frequency range. This is done by using a Gauss-Newton process [Walter, 2014], 

where at each iteration, the NaCl concentration and volume fraction of Triton-X are determined at 

discrete frequencies over [0.5 GHz – 3 GHz], by minimizing the cost functional J =  ∑ ωf|εE − εt|f
2

f  

, where ωf = 1 |εt|f
2⁄ . The inputs of this procedure are the Debye model of TritonX-100 and salt 

water and the reference model of the dielectric properties of the target tissue. This reference model 

can be the four-pole Cole-Cole model presented in [IFAC, online] or the ex-vivo and in-vivo 

measurements preformed on the tissue of interest in the literature. The outcomes of the 

optimization process are the needed volume fraction of Triton-x 100 and the amount of salt to 

produce a mixture mimicking the dielectric properties of the target tissue. 
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The quadratic cost function is approached by its first (gradient g) and second (approximate 

Hessian H) derivatives with respect to the NaCl mass concentration and Triton-X volume fraction, 

which are computed analytically.  

𝐠 = 2∑ 𝜔𝑓ℜ𝑒[(ℰ𝐸 − ℰ𝑡)𝑓
∗𝓔𝑬

́ ]
𝑓𝑓     (2.16) 

𝐇 = 2∑ 𝜔𝑓ℜ𝑒(𝜺𝐸
′∗𝜺𝐸

′†)
𝑓𝑓      (2.17) 

In the above equations 𝜺𝑬
′ = (∂휀E ∂⁄ VD , ∂εE ∂⁄ SE)

† where SE indicates the NaCl concentration of 

the mixture, VD the Triton-X volume fraction, * the conjugate, and † the transposition. 

Then by considering equation 2.13, 𝜺𝑬
′  becomes: 

𝜺𝑬
′ = ( 3γ( 𝐷− 𝐶) (4𝛿)⁄

[(𝛾(3𝑉𝐶−1)+4 𝐷) (4𝑉𝐶𝛿)⁄ ]𝜕 𝐶 𝜕𝑆𝐶⁄
),    (2.18) 

With: 

𝛾 = 𝛿 − 𝜂,     𝛿 = (𝜂2 + 8휀𝐷휀𝐶)
1 2⁄  

𝜂 = 휀𝐷 − 2휀𝐶 − 3𝑉𝐷(휀𝐷 − 휀𝐶). 

As it is mentioned in [Joachimowicz et al., 2018] the term 𝜕휀𝐶 𝜕⁄ 𝑆𝐶  can be inferred from the salted 

water parametric model [Stogryn, 1971], where 𝑆𝐶 represents the salt concentration saline water.  

At iteration step k+1, 𝐱 = (VD, SE)
† the solution reads: 

𝐱k+1 = 𝐱k − 𝐇−1(𝐱k)𝐠(𝐱k)      (2.19) 

This process converges towards a stable solution in a few iterations, most of the time 

independently of the initial NaCl concentration and Triton-X volume fraction, by inverting at each 

iteration, the approximate Hessian matrix H of rank 2. 
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Initial run of the optimization algorithm allowed adjusting numerically the concentration of TX-

100 and salt, required to produce TMMs with dielectric properties similar to 10 biological tissues, 

at room temperature, over a wide frequency range [Abedi et al., 2019]. Table 2.1 shows the results 

at 1.5 GHz provided by the optimization code for 10 mixtures. 

Table 2.1. Outcome of the optimization code for 10 new biological tissues at 1.5 GHz, by using Böttcher's law as the 

binary law. Last two columns belong to Cole-Cole model, which is the reference model of dielectric properties of 

biological tissues in the literature [Abedi et al., 2019]. 

@ 25°C, 1.5 GHz Mixture Böttcher Cole-Cole 

Tissue 
TX-100 

vol  % 
NaCl g/L εr 

σ 
S/m 

εr 
σ 

S/m 

Stomach 12 7 63.7 1.5 63.8 1.5 

Spleen 20 7 55.1 1.5 54.7 1.6 

Liver 30 5 45.1 1.0 44.9 1.1 

Small Intestine 16 14 57.0 2.5 56.8 2.5 

Gall- bladder 16 7 58.6 1.5 58.5 1.5 

Kidney 19 8 56.0 1.6 55.4 1.7 

Colon 19 6 56.1 1.3 55.9 1.4 

Heart 17 7 57.6 1.4 57.2 1.6 

Nerf 44 4 31.5 0.7 31.3 0.7 

Lung  
Inflated  

56  4  21.3  0.6  21.2  0.6  

 

The concentrations given by the optimization process, lead to a good match for all 10 tissues for 

both the permittivity and the conductivity. Next is concerned with the experimental validation of 

the TMM recipes. 
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2.2.6 Experimental validation 

The 10 mixtures were produced according the protocol given section 2.2.2, and their dielectric 

properties are measured using the open-ended coaxial probe method described section 2.2.3. As 

already mentioned this method is simple, non-destructive, in a wide frequency bandwidth and 

suitable for measuring semi-solid materials. 

2.2.6.1 Production and characterization of the 10 mixtures 

Several mixtures including different concentration of TX-100 and saline water for 10 different 

human tissues based on the outcome of the optimization code, were produced. After each 

measurement, results were compared with the Cole-Cole model. To have more accurate results, in 

the other words reducing the error between the measured results and Cole-Cole model, the amount 

of TX-100 or salt was changed slightly. Results presented in figure 2.11 validate the generalization 

of the process to any biological part of the body and show that it is possible to make mixtures 

mimicking the dielectric contrasts between the different tissues on a wideband. Those results were 

validated by the reproduction of the mixtures and their dielectric characterization done at National 

University of Ireland Galway (NUIG).  
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Figure 2.11: Comparison of the dielectric constant and conductivity of 10 different biological tissues of 

the values obtained from the Cole-Cole model with the measured values of produced mixtures at room 

temperature, over the [500 MHz - 3 GHz] frequency range.   

2.2.6.2 Reproducibility of the results–NUIG/CNRS 

One of the reasons that liquid phantoms seem to be more practical is that the mixtures are easily 

reproducible remotely in different labs and this is due to the fact that mixing certain amount of 

salt, water, and TX-100 will result in an exact value of permittivity and conductivity in all around 

the world. Figure 2.12 is a demonstration of that. As a member of the EMERALD group, we are 

designing a protocol for other groups in the project to be able to test their MWI systems and 

algorithms. This process has to be simple and an electrical engineer should be able to remotely 

reproduce the mixtures and obtain same results as we did. 

Cole-Cole 

Cole-Cole Measurements 

(a) 

(c) (d) 

Measurements (b) 
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Figure 2.12: dielectric properties of Colon measured in France and Ireland compared with Cole-Cole 

model. 

Figure 2.12 shows that the results of our measurements on mixtures produced in different labs 

(Supelec-FR / NUIG-IR) are the same. The set-ups used different probes (homemade / Keysight) 

and different network analyzers (Rhode & Schwartz ZVB8 VNA / Keysight E5063A). This proves 

the fact that the process and the results are reliable in different lab and with different set-ups. 

2.2.6.3 Flowchart to produce the mixture 

As the summary of this part, we are presenting a simple flowchart (figure 2.13), which indicates 

the process to follow to have mixtures with similar dielectric properties as biological tissues is 

introduced. Starting with calculating the concentration of the components of the mixture given by 

the optimization process, producing the mixture based on the protocols and in the end 

characterizing the dielectric properties of the mixtures and comparing them with the measured 

values or Cole-Cole model of that specific organ. To reduce the error between the measurements 

and the Cole-Cole model the concentrations need to be changed slightly and the production has to 

be done again. 
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Figure 2.13: Diagram of preparation of the mixtures. 

However, it is noteworthy that the TX-100 - salted water mixtures are significantly easy to 

produce, except when the TX-100 volume percentage is approximately in the 40 − 60% range 

since the mixture is rather viscous at 25°C. This phenomenon decreases by increasing the 

temperature and amount of salt. Indeed, very few TMM are concerned with this problem at room 

temperature. However, for the latter, the mixture components have to be warmed separately, then 

mixed, vigorously stirred and leave to rest at 45° C for a few minutes until air bubbles vanished. 

Note also that for those cases, the quantity of salt and TX100 can be adjusted experimentally to 

obtain a liquid mixture that has dielectric properties close to the expected values at the given 

temperature. 

The next section is devoted to the fabrication of 3D printed anthropomorphic cavities filled with 

the outlined mixtures. 

2.3 Development of anthropomorphic printable cavities 

Choosing liquid phantoms for testing microwave imaging systems lead to make cavities as 

containers. These cavities should have similar shape as the organ of human body. To introduce 

this process, we first review 3D printing used in medical applications. 

2.3.1 3D printing for medical application 

In recent years, some researchers used 3D printing technology to make phantoms. In addition to 

surgical planning applications, 3D printed phantoms are essential for the validation of medical 
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computational models, as well as for medical training and patient education. In [Wang et al., 2017] 

there is a comprehensive recent review of the state of the art along with new developments and 

trends in 3D printed functional medical phantoms (i.e. tissue-mimicking medical phantoms, 

radiologically relevant medical phantoms, and physiological medical phantoms) and 3D bio-

printed structures (i.e. hybrid scaffolding materials, convertible scaffolds, and integrated sensors) 

for regenerated tissues and organs. Another research on 3D printed tumors helps researchers on 

the study of metastasis and leads to facilitate complex treatment, surgery and therapies [Haleem et 

al., 2020]. In this way, 3D printing can significantly improve patient comfort and treatment 

accuracy [Asfia et al., 2020]. In the microwave imaging domain, anthropomorphic head phantoms 

were developed by printing 3D molds intended to be filled with gel-based parts of the head 

[Mobashsher and Abbosh, 2015; Pokorny and Tesarik, 2019] or mixtures based on graphite carbon 

black polyurethane [Garrett and Fear, 2015; McDermott et al., 2017]. A review for the 

development of anthropomorphic breast phantoms is given in [Khuda, 2017].  In this work, we 

took advantage of this recent development in 3D printing technology to engineer anthropomorphic 

cavities. 

2.3.2 Modeling and printing 3D cavities 

To develop realistic phantoms for microwave imaging it is crucial to get as close to the anatomy. 

To obtain the outline of a biological organ there are several options. We can take advantage of 

online phantom libraries like [Plasticboy, online] or obtain the shape of the organ from the 

segmentation of MRI/CT scan. Here we are going to shed lights on the segmentation techniques 

by introducing the 3D Slicer software. Then the files are modified with the CAD software Blender 

to develop printable cavities in such a way that the resulting phantom is fillable and compatible 
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with the experimental system. The numerical version of the obtained phantom at the end of the 

process must be readable by 3D printers, i.e. in STL format. 

2.3.2.1 STL format files 

STL (an abbreviation of "stereolithography") is a file format native to the stereolithography CAD 

software created by 3D Systems [Roscoe, 1988]. STL has several backronyms such as "Standard 

Triangle Language" and "Standard Tessellation Language" [Grimm, 2004]. This file format is 

supported by many other software packages; it is widely used for rapid prototyping, 3D printing 

and computer-aided manufacturing [Chua et al., 2010]. STL files describe only the surface 

geometry of a three-dimensional object without any representation of color, texture or other 

common CAD model attributes. The STL format specifies both ASCII and binary representations. 

Binary files are more common since they are more compact. 

  

Figure 2.14: (a) 2D CAD representation of a torus (shown as two concentric red circles) and an STL 

approximation of the same shape (composed of triangular planes). (b) 3D representation of CAD and STL 

format of an object. 

An STL file describes a raw, unstructured triangulated surface by the unit normal and vertices 

(ordered by the right-hand rule) of the triangles using a three-dimensional Cartesian coordinate 

system. Thus, the STL files define the coordinates of each organ of the human body. 

 

(a) (b) 
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2.3.2.2 Segmentation with 3D Slicer 

3D Slicer is a software application for visualization and analysis of medical image computing 

data sets. All commonly used data sets are supported, such as images, segmentations, surfaces, 

annotations, transformations, etc., in 2D, 3D, and 4D. Visualization is available on desktop and in 

virtual reality. Analysis includes segmentation, registration, and various quantifications. 

 
 

Figure 2.15: Two different functions of 3D Slicer, adding surgical ports and virtual reality. 

It is a research software platform, which allows researchers to quickly develop and evaluate new 

methods and distribute them to clinical users. The software provides product development 

platform, which also allows companies to quickly prototype and release products. Developers can 

focus on developing new methods and do not need to spend time with redeveloping basic data 

import/export, visualization, interaction features. The application is designed to be highly 

customizable (with custom branding, simplified user interface, etc.). 3D Slicer is completely free 

and there are no restrictions on how it is used - it is up to the software distributor to ensure that the 

developed application is suitable for the intended use [3D slicer, online]. 

Uploading the DICOM images in the software, we will have access to all layers of these images 

in three different views. Figure 2.16 shows MRI of head in three views. 
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Figure 2.16: MRI of head in 3D Slicer for three views. 

Using 3D slicer we are able to choose different parts of the head, detected based on contrast 

difference, and extract chosen area. In figure 2.16, there is a tumor inside the brain. By setting the 

right threshold to distinguish the contrast of the tumor tissues from the brain tissues, we can have 

a 3D model of the tumor. This is shown in figure 2.17. 

 

Figure 2.17: 3D model of segmented tumor. 

This technique is applicable to different parts of human body. After extracting the 3D model of 

the target organ, 3D Slicer gives us a tool to export STL format of the model. This file format is it 
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is widely used for rapid prototyping, 3D printing and computer-aided manufacturing. The STL 

format specifies both ASCII and binary representations. Binary files are more common, since they 

are more compact. This means these numerical versions of the model can be used in inverse 

algorithms as well. This topic will be covered in the chapter 4. 

2.3.2.3 Design and realization with Blender 

Blender is a free and open source graphic software helping us adjusting 3D models and preparing 

them for 3D printing.  

  

Figure 2.18: (a) Imported a 3D model of head (object mode) and (b) the meshed version of the model 

prepared by Blender (edit mode) ready for further adjustments.  

Blender offers several interaction modes. Object mode represents the shape of the model after 

3D printing. By entering the edit mode one can observe that the model is meshed by triangles and 

several tools provided by Blender make it possible to change the shape and all corners of the 3D 

model precisely (see figure 2.18 b). After applying these changes, by going to the object mode the 

effect of adjustments can be seen. 

(a) (b) 
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Blender provides a variety of tools for editing meshes. These are tools used to add, duplicate, 

move and delete elements (each triangle is an element), which allow us to shape the 3D model as 

it is desired. Boolean is an operation can be done to selected objects in Blender. This tool is needed 

to make cavities out of the 3D model exported from 3D slicer. Moreover, solidifier is another tool 

to define a thickness to the outer shell of the designed cavity.  

  

Figure 2.19: Selection of one cut of the model to indicate the thickness of the head phantom. 

After designing and finalizing the 3D model of the phantom, in the 3D printing section on the 

software it is possible to check if the model is printable. In case the file is not printable, the software 

gives us the option to see where the problem is. This is a useful tool to avoid loss of materials 

while printing and malfunction of the 3D printer. 
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2.3.2.4 Application to the realization of a brain cavity 

 

To obtain the STL format file of a 3D model, a MRI scan of the organ of interest is needed, as 

for instance, the brain. This image (see figure 2.20) contains three images in different slices of the 

brain then putting these all together, one can obtain the 3D model of the head. 

 

Figure 2.20: MR Image of the head, files were imported to the 3D Slicer for segmentation. 

Since the MRI scan of the head contains different organs like skull, eyes, muscles, teeth, etc. 

then we have to be able to extract the brain from it, as described before. By using the segmentation 

tool provided by 3D Slicer and choosing the right threshold, we will be able to segment and extract 

the brain from the head. The software offers exporting the file in different formats including the 

STL format. 

 
 

Figure 2.21: Segmented brain and the outcome of the software for extracting the brain form the MR 

image of the head. 

The extracted brain shown in figure 2.21 is exported as an STL file.  
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2.4 GeePs anthropomorphic phantoms 

The main goal of this thesis is to develop standardized phantoms, which provides unified 

benchmarks and allow comparing the results achieved by EM imaging with other modalities. 

These phantoms are designed to be used in different microwave imaging systems, by other research 

groups in EMERALD project. They will be realized with 3-D printed technology. The 3D printed 

cavities will be filled with liquid mixtures that mimic different tissues at microwave frequency.  

As it is defined in the framework of the EMERALD project, the manufacturing process used to 

build up accurate ultra-wideband (UWB) phantoms that have to be easily reproducible by an 

electrical engineer in a non-specific environment without extreme precautions, and to some extent 

at low cost. In the next sections, we present three phantoms: head, thorax and ablated liver, adapted 

to the experimental setups developed in the EMERALD project. These phantoms have been 

designed and developed according to the process described in this work. 

2.4.1 Head phantoms designed for POLITO system  

Brain stroke is one of the most common cardiovascular diseases causing permanent injuries or 

even death [World health report, online]. There are two types of strokes either ischemic (having a 

clogged vessel) or hemorrhagic (having a broken vessel) and the treatments are completely 

different. Thus, a clear understanding of the type of stroke is vital before starting any treatment. 

In [Tobon Vasquez et al., 2020] a novel prototype is presented and characterized. The MWI 

device is developed at Polytechnic University of Turin and as a part of our collaboration to the 

EMERALD project we have designed and 3D printed head phantoms for testing this MWI system. 
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2.4.1.1 POLITO system 

 

Figure 2.22: POLITO MWI system. From left to right: VNA, switching matrix and head phantom 

wearing a helmet interconnected to the switching matrix by means of coaxial cables [Tobon Vasquez et 

al., 2020]. 

For providing 3D images of head, 24 antennas are organized as an anatomically conformal shape 

forming a helmet providing the information for 3D image of head.  Each antenna is embedded in 

a box of graphite-silicon material, acting as the coupling medium, and connected to a two-port 

VNA through a 24×24 switching matrix, which allows the whole differential scattering matrix 

required for imaging to be acquired [Tobon Vasquez et al., 2020]. Anthropomorphic head 

phantoms designed in our group are compatible to this system. The phantom is going to be inserted 

in the blocks of antennas upside down.  

2.4.1.2 Head cavities 

Since these cavities have to be fitted in a microwave imaging system in Polytechnic Torino, they 

are designed in upside down configuration (Fig 2.23). Figure 2.23 shows 3D printed phantoms 

with one, two and three cavities from left to right, respectively. The material used to print these 
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phantoms is acrylonitrile butadiene styrene (ABS), which is resistance to Triton-X 100. The 

thickness of the different cavities of the head phantom varies between 2 to 8 mm. 

   

Figure 2.23: Upside down head phantoms, prepared for the POLITO microwave imaging system. 

The reason behind having several cavities is that we need to fill each cavity with a mixture with 

different dielectric properties. These cavities will be filled with mixtures that are prepared before 

mimicking the dielectric properties of different sections of head like brain, CSF, and muscle. 

 
 

Figure 2.24: Head phantoms including on Right: two cavities and on left: three cavities with a 

circumvolution’s brain. 

By using Blender software, a pair of cylinders are added to some cavities. One can fill them and 

as it is shown in figure 2.25 put any object inside the brain for testing different microwave imaging 

systems and imaging algorithms in a differential mode, according to the time evolution of the 

stroke. The brain is cut in two slices then inside of it is reachable to be cleaned after each 
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experiment and the position of the stroke can be easily fixed. Each part is designed as Lego so 

after putting two parts of the brain together there will be no evidence of leakage. 

 

Figure 2.25: A sphere located in the head phantom as a stroke. 

2.4.1.3 TMM recipes and dielectric properties for head phantom 

By following the process shown in the diagram of preparation of the mixtures (figure 2.13), the 

concentrations of TX-100 and saline water for different tissues used in the head phantom are 

obtained. After 3D printing the cavities of the head phantom, each cavity is filled with the 

appropriate Triton-X salted water liquid.  

Table 2.2 displays the results obtained for the head TMMs at 1 GHz. The comparison between 

the measured dielectric properties of the each mixture and the values given by Cole-Cole model 

assures us that the mixtures are mimicking the dielectric properties of the target tissue. The brain 

in this study is considered as a blend of white and grey matters (75% of white matter and 25% of 

grey matter).  
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Table 2.2: Concentration values and properties of head TMMs at 1 GHz and 37 ◦C versus the values inferred from 

Cole–Cole models [Joachimowicz et al., 2018]. 

 mixture composition averaged measurements Cole-Cole 

Tissue TX-100 

(vol %) 

NaCl 

(g/L) 

휀𝑟 𝜎 

(S/m) 

휀𝑟 𝜎 

(S/m) 

Brain 38 5.2 44±1 0.84±0.02 42 1.0 

CSF 6 13.7 70±4 2.7±0.2 68 2.5 

Muscle 24 5 54±1 0.97±0.02 55 1.0 

Blood 14 9.6 61±2 1.72±0.05 61 1.6 

 

2.4.1.4 Alternative material for 3D printing cavities 

[McDermott et al., 2017] proposes an alternative for phantoms made of ABS. In this article a 

novel, anatomically realistic, multi-layered head phantom made from dielectrically accurate, 

stable, low-cost tissue-mimicking materials for testing of microwave diagnostic systems. They 

proposed to use carbon black, graphite, and rubber to make this new phantom. Tissue-mimicking 

materials composed of graphite, carbon black, and polyurethane with small volumes of acetone or 

isopropanol were fabricated and dielectric properties were measured across the [1 – 8.5] GHz band. 

The concentration of components of the tissue mimicking material properties were adjusted until 

their dielectric properties matched those of reference values for target tissues of interest. 

Since mixing these ingredients are not an easy task and it is almost impossible to have a 

homogenous mixture then here we propose to use this technique for small strokes inside the head. 

C-black phantoms do not interact with TX-100. Next step the protocol to make C-black phantoms 

are described. 
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Figure 2.26: Photograph of the fabricated dielectrically and anatomically realistic C-black head phantom 

[McDermott et al., 2017]. 

First, we start to weigh C black and Graphite separately. Rubber is included of two different 

mixtures and need to be mixed to have the polymer. After mixing the right amount of ingredients, 

we will add C black and Graphite slowly to have a homogeneous mixture. Ideally, we would like 

to avoid air bubbles inside the mixture. At a point that the mixture is solid and there is no chance 

mix any more powder, we will start adding isopropanol gradually. This increases the conductivity 

of our solution and at the end, our material will be a bit more fragile compared with the case that 

we do not use these ethanol. 

Next step is to put the solution in a mold. Before pouring it its preferred spraying inside the mold, 

which helps the material not to stick to the mold. In the end after taking out the C-black phantom 

from the mold, have to sand it to have smooth surface for checking the dielectric properties of the 

phantom. Due to the fact that this phantom was made by hand and it is not a perfect homogeneous 

material it is normal to have different results during changing the probe location. 
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Figure 2.27: C-black phantom made in National University of Ireland Galway (NUIG). 

Keysight VNA (E5063A) has an option for multi measurements over on point during a few 

minutes. In this way, one can check the stability of the measurements. If it is not stable, you might 

use paper sand to make surface smooth. In addition, it is important to consider the tension on the 

surface, which is caused by the probe then over time we can find out different dielectric properties. 

The other point that is important during the measurements is to be sure not to bend the probe. Some 

times for putting the probe inside a tissue or material we unintentionally bend it slightly, which 

can cause decalibration of the probe. 

2.4.2 Axillary Phantom designed for FCUL microwave imaging system 

Breast cancer is the most frequently diagnosed and cause of cancer death among women [Bray 

et al., 2018]. Metastases (i.e., cancer’s spread to secondary locations) are the leading cause of 

death for patients suffering from breast cancer. Seventy-five percent of the lymph from the breast 

drains into Axillary Lymph Nodes (ALNs), making them vulnerable area to breast metastases. The 

microwave imaging system developed by our partners at Faculty of Sciences of the University of 

Lisbon, as other MWI systems, needs to be tested by an anthropomorphic phantom before any 

clinical trial.  
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2.4.2.1 FCUL system 

This is a news MWI system designed to be a complementary screening modality helping breast 

cancer staging by detecting axillary lymph nodes [Godinho et al., 2021]. An ultra-wide band low 

power radar pulses in a monostatic configuration is used. Beside the VNA, a single Vivaldi antenna 

with working frequency of [2-5] GHz is implemented in the system. This single antenna covers a 

cylindrical area since it is attached to an angular positioner (figure 2.28).  

To make the axillary region more accessible, the patient would be asked to be in the position 

indicated in Figure 2.28. The antennas should cover the area in a way that receivers get access to 

enough information for reconstruction of the image. The proposed positioning of the patient has a 

direct impact on the phantom development and the axillary phantom is designed based on a CT 

scan with the same gesture from the patient [Savazzi et al., 2020]. 

 

Figure 2.28: Measurement setup (a) with all components (roll positioner [A], antenna support arm [B], 

phantom [C] and the antenna [D]). The yellow and blue pieces [E, F] supporting the phantom are 

Styrofoam. The blue piece at the bottom [G] is an Eccosorb CV type microwave absorber, which is used 

for testing purposes to minimize the table’s reflection [Godinho et al., 2021]. 
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2.4.2.2 Thorax cavities 

The microwave imaging system developed by Faculty of Sciences of the University of Lisbon 

needs to be tested on an anthropomorphic phantom before any clinical trial. First version of thorax 

cavities is developed based on a thoracic CT of a patient diagnosed with breast cancer and was 

undergoing treatment at the Champalimaud Foundation [Fundação Champalimaud, online]. 

Using the segmented models, including skin, muscles, lung, bones and lymph nodes, we created 

printable 3D models and exported them as STL files. Importing these data in a 3D printer, our 

axillary phantom can be inserted into the setup. In this phantom (Figure 2.29), there is a thin layer 

of plastic, which defines the shape of the body and encompasses the rest of the cavities. The lung 

cavity is fixed inside the skin cavity and can be filled through two cylinders attached to it. The 

bone part, which represents the scapula and humerus (upper arm), is made of ABS. Fat cavity is 

between the outer layer and muscle cavity and have lymph nodes inside of it. Lymph nodes are 

elliptical cavities with different sizes. Difference in size represents anomaly. These elliptical 

cavities are connected by a plastic pipe in order to be filled. 

  

Figure 2.29: 3D printed axillary phantom. This phantom includes an outer shell with the shape of skin, fat 

cavity below the skin, lymph nodes embedded inside the fat cavity, and lung cavity and shoulder bone 

fixed in the muscle cavity. 
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As mentioned in previous sections, it is also possible to use online phantom library in which you 

have access to different 3D models related to the anatomy of human body. For instance to have 

the second version of axillary phantom we had to choose couple of lymph nodes and cut the part 

of the shoulder which is the area of interest for us. From the prepared 3D model of the human body 

available online, the second version of thorax cavities has been designed. We considered only 

scapula and humerus and lung, so we had to get rid of the rest of the organs exist in the phantom 

obtained from the library. We used Blender to do all these adjustments and in the end by adding 

cylinders to the lung cavity, we will be able to 3D print and fill it with TMMs. Inside the bigger 

cavity there are some spots to fix the bone and lung cavity. In this way, the system will be more 

stable and resistance toward movements. 

  

Figure 2.30: 3D printed axillary phantom based on online phantom library. 

2.4.2.3 TMM recipes for axillary phantom 

To fill cavities of the axillary phantom introduced in section 2.4.2.2 with TMMs, the 

concentrations of TX-100 and salt are calculated using the optimization code. Based on the 

protocols explained in section 2.2.2 the mixtures are produced and measured. Muscle, fat, lung 

and lymph node are four mixtures provided for the axillary phantom (Table 2.3) for the frequency 

range of [1-8] GHz. 
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Table 2.3: Concentration values and properties of axillary phantom TMMs for frequency band of 1 GHz to 8 GHz 

[Savazzi et al., 2020]. 

Tissue mixture composition 

 TX-100 

(vol %) 

NaCl 

(g/L) 

Muscle 26.5 7.4 

Lung 55 4.51 

Fat 100 0 

ALN 25 8.59 

2.4.3 Liver Phantom designed for CNR-IREA system  

Liver cancer is a major health problem by being ranked fifth in men and eighth in women among 

all cancer diseases [Bosch et al., 1999]. This fatal health issue is increasing yearly despite the 

advanced technologies. Over the last decades, thermal ablation techniques are developed as an 

alternative to surgical approaches. In fact, Microwave thermal ablation (MTA) is a cancer 

treatment targeting focal malignancies, in which a zone in tissue is targeted by high temperatures 

at microwave (MW) frequencies (typically 915 MHz or 2.45 GHz) [Lopresto et al., 2018]. 

 

Figure 2.31: Schematic representation of the zone of ablation from the MTA procedure. The central 

(dark) area is the carbonized tissue, surrounded by the area of (white) coagulated tissue; externally is the 

(red) untreated tissue [Lopresto et al, 2018]. 
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Our partners at IREA-CNR in Naples are developing a microwave imaging system for 

continuous monitoring of liver tumor ablation. 

2.4.3.1 CNR-IREA system 

MWI system developed at IREA in Naples is shown in figure 2.32. The set-up includes of a tank 

made of ABS material filled with a coupling medium which was designed in a way to maximize 

the electromagnetic power delivered to the liver [Wang et al., 2022]. An ellipsoidal phantom 

representing the liver tissue after the ablation treatment is located inside the tank. The phantom is 

a 3D-printed structure made of ABS material and filled with Triton-X-100/water mixture as tissue-

mimicking material. A slot-loaded Vivaldi antenna which was designed specifically for this MWI 

system is placed 35mm away from the phantom, moving in a linear direction measuring the 

scattering parameters [Wang et al., 2022]. 

 

Figure 2.32: MWI system for liver ablation. 

2.4.3.2 Liver cavities 

The phantom should represent different sections of the ablated area as indicated. After agreeing 

on the size of the phantom, a tank made of ABS with different layers representing skin, fat and 
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liver is designed. The size of this container is 21*24*21 cm3. These dimensions are set based on 

the size of the microwave imaging system designed in IREA and the limitation of the 3D printer 

at GeePs. 

   

Figure 2.33: Elliptical phantom representing ablated tissues. (a) Different zones of ablated tissue 

[Lopresto et al, 2012], (b) CAD model, (c) PA printed cavities. 

Inside the liver cavity, there is an ellipsoidal phantom mimicking the ablated Region. In a study 

the ablated part of the liver is divided to 4 zones [Lopresto et al, 2012]. After ablation process, 

those zones with similar tissue damage are considered as one zone. The tip of the antenna is at the 

center of zone zero (figure 2.33a). For the sake of simplification of the phantom and avoiding using 

several cavities in a small space, the ablation part of the phantom is designed as it is shown in 

figure 2.33b,c. mixtures mimicking zone zero will be poured in the inner cavity and the rest will 

be for zone 1 or 3. Based on the dielectric properties of zone two, the concentration of TritonX-

100 will be in such a way that the solution will be gel. To avoid this, zone two is not considered. 

Thus, ablation phantom has two cavities representing carbonized and coagulated tissue. 

(b) (c) (a) 
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Figure 2.34: First prototype of a multilayer abdomen with the ablated liver cavity 

The ablated phantom is hanging from a plate fixed on the top side of the tank. This plate has 

several holes on it. This gives us the chance to move the elliptical phantom and perform the 

experiments with different position of the antennas with respect to the phantom. 

2.4.3.3 TMM recipes and dielectric properties for liver phantom 

Dielectric characterization of liver, muscle, and ablated part for this phantom are provided to us 

by ESR13, who is working on design and realization of a device for non-invasive monitoring of 

ablation treatments. The recipes of three zone out of four zones are going to be provided. Indeed 

as previously mentioned, zone two’s mixture is going to be gel at room temperature since the TX-

100 concentration is in the range of 40-55 %, which makes the solution gel. Thus, this zone is not 

taken into account. Values given in [Lopresto et al, 2012] at 2.45 GHz is used as the input of the 

optimization code and the extrapolation is done on the range of [1-3.5] GHz. Table 2.4 shows the 

recipes of different TMMs for liver phantom that contained an ablated part (Z1 or Z3) and a 

carbonized part (Z0) at 2.45 GHz in the room temperature.  
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Table 2.4 Concentration values and properties of live phantom TMMs at 2.45 GHz. 

Tissue mixture composition 

averaged 

measurements 

Reference 

 TX-100 

(vol %) 

NaCl 

(g/L) 
휀𝑟 

𝜎 

(S/m) 
휀𝑟 

𝜎 

(S/m) 

Zone 0 88 4.5 8.3 0.4 8.33* 0.39* 

Zone 1 60 9 21.6 1.1 21.57* 1.14* 

Zone 3 37 8.5 37.2 1.6 37.24* 1.6* 

Liver 31 5 43.5 1.6 43 1.68 

Muscle 24 5 52 0.2 52.7 0.24 

*From [Lopresto et al., 2012] 

2.5 Conclusion 

This chapter addressed the tools to produce anthropomorphic phantoms for numerical and 

experimental validation of microwave imaging systems. To set up a MW imaging system, several 

simulations need to be done before building up the system in the lab. Having a numerical version 

of human body is essential for these simulations. Moreover, after setting up the imaging system 

many tests are needed to analyze the performance of the system and feasibility of it. These tests 

cannot be done on a human, which is why a 3D printed human phantom with dielectric properties 

of target tissues is desirable.  

After reviewing different types of phantoms in the literature, in this chapter liquid phantoms are 

proposed as anthropomorphic phantoms including 3D printed cavities filled with tissue mimicking 

materials (a mixture of TX-100 and salted water in this case).  For production of TMMs, 

knowledge of relaxation models, dielectric characterization techniques, fluid mixture laws and 

some practical protocols is essential which is explained in section 2.3. The other important part of 
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this chapter is modeling and printing 3D cavities. In section 2.3.2, general tools for creating STL 

files of the human body from MRI and CT scan of the organ are given. These tools give the 

designer the opportunity to segment the target organ and then modify it. In the end, a 3D model of 

the organ can be exported as a STL file. To elaborate on it, several cases are studied as examples. 

The numerical files of different head, axillary and liver phantoms are prepared and used for 3D 

printing of these phantoms as shown in section 2.4. Numerical versions of these phantoms will be 

used in the next chapter for studying the behavior of the phantoms in the microwave imaging 

systems by simulations. Moreover, these numerical versions are used to obtain 3D printed 

phantoms. These 3D printed phantoms will be sent to our partners in the other countries since they 

are compatible to MW imaging systems developed in POLITO (Italy), FCUL (Portugal) and IREA 

(Italy). 
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3 E-Field simulation of 3D anthropomorphic phantoms 

3.1 Introduction 

Several research groups have already introduced phantoms consisting of plastic cavities filled 

with liquid mixtures into their microwave imaging systems. For instance the GeePs-L2S breast 

phantom which has been developed by our group has been used by [Meaney et al., 2016; Casu et 

al., 2017; Koutsoupidou et al., 2017; Felício et al., 2019], as part of the TD1301 cost action (2014-

2017) for simulations and experiments. In this chapter, we propose a simulation-based technique 

to analyze the characteristics of designed the anthropomorphic phantoms developed in the previous 

chapter. The simulations are done using two commercial EM simulators CST and WIPL-D. In the 

first step, STL files of the phantoms are imported into these EM solvers. In this way, the shape and 

the dimensions of the cases studies in simulations are the same as the 3D printed phantoms, used 

in different experimental configurations. This gives us the opportunity to have a proper cross 

validation between simulated and experimental results, as for instance is presented in [Rodriguez-

Duarte et al., 2021]. In this chapter after a brief description of the methods used by CST and 

WIPL-D to solve EM problems, several simulations on different phantoms with the purpose of 

understanding the effect of parameters of the phantom are carried out. Simulation configuration 

on the head is based on the microwave imaging system designed at POLITO [Tobon Vasquez et 

al., 2020] while the ones on the axillary phantom are related to the system which is developing at 

FCUL [Savazzi et al., 2020]. The results of these simulations can be used as the reference for future 

experiments in different laboratories. 

3.1.1 The Finite Integration Technique (FIT) and Method of Moment (MOM) 

The transient high frequency solver inside CST is based on the Finite Integration Technique 

(FIT), first proposed by [Weiland, 1977]. This method describes Maxwell's equations on a grid 
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space and makes handling large radiating structures and even complete arrays with more than some 

hundreds of radiating elements possible. This represents a significant performance advantage 

compared to non-time domain methods, which entail the simulation of a large number of discrete 

frequencies for broadband data extraction. 

FIT discretizes the following integral form of Maxwell’s equations rather than the differential 

one: 

∮ �⃗� . 𝑑𝑠 = −∬
𝜕�⃗� 

𝜕𝑡
. 𝑑𝐴 

𝐴𝜕𝐴
, ∮ �⃗⃗� . 𝑑𝑠 = ∬ (

𝜕�⃗⃗� 

𝜕𝑡
+ 𝐽 ) . 𝑑𝐴 

𝐴𝜕𝐴
  (3.1, 3.2) 

∬ (
𝜕�⃗⃗� 

𝜕𝑡
+ 𝐽 ) . 𝑑𝐴 = 0

𝜕𝑉
,  ∬ �⃗� . 𝑑𝐴 

𝜕𝑉
= 0    (3.3, 3.4) 

To solve these equations numerically, you must define a finite calculation domain, enclosing 

the considered application problem. Creating a suitable mesh system splits this domain up into 

many small elements or volume grid cells. 

On the other hand, the EM modeling software WIPL-D Pro is based on a Method of Moments 

(MoM) solution of the Surface Integral Equations employing higher-order basis functions and a 

quadrilateral mesh.  Flexible modeling of an arbitrary electromagnetic 3D structure is based on 

WIres and PLates, the property that has been highlighted in the very name of the program code 

(WIPL). Right truncated cones are used to approximate the wires, and plates are used to 

approximate flat or curved surfaces. Plates, also called quads, are actually the bilinear surfaces 

determined by four points arbitrarily located in space [WIPL-D, online]. 

An unknown current along a wire is approximated by single polynomial expansion, while a 

current over a plate is approximated using double polynomial expansion. Higher Order Basis 

Functions (HOBFs) satisfying the continuity of currents are used to approximate the currents on a 

mesh element. A large structure can be adequately modeled using approximately an order of 

magnitude fewer unknown coefficients compared with other MoM codes, which use triangular 
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meshing and Rao-Wilton-Glisson (RWG) basis functions. “Unknown” is an unknown coefficient 

in the approximation of the current [WIPL-D, online]. 

 

Figure 3.1: Different orders of basis function [WIPL-D, online]. 

To define unknown coefficients of the basis function, a system of linear equations is obtained by 

applying Galerkin testing procedure. The more complex the problem, the more coefficient (N) are 

required for a good approximation, and more unknown functions need to be determined. The final 

step in the resolution of the problem is the inversion of a N×N matrix [WIPL-D, online]. 

3.1.2 Accuracy of FIT and MOM 

To compare the accuracy of the numerical methods used in CST and WIPL-D, a study is 

conducted here to analyze the interaction of a plane wave and a simple object. In order to define a 

configuration close to our cases of interest (dielectric media), we have chosen a dielectric plate of 

low thickness (0.5 cm) and high permittivity. Knowing that In CST by increasing the number of 

meshes and in WIPL-D by increasing the order of the used basis function higher accuracy in results 

can be achieved, the study focuses on these two parameters. For a same scenario, the convergence 

of outcomes of CST and WIPL-D in high accurate simulation configuration is expected. 

3.1.3 Rectangular plate 

Consider a rectangular cube with dimensions of 0.5 cm x 4 cm x 6 cm (x,y,z) (𝜆0 = 1 𝑚) with 

dielectric properties of εr=70 and σ=1 S/m. The plate is illuminated by a plane wave propagating 

along axis z at 300 MHz. The electric field is linearly polarized along x-axis. 
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Figure 3.2: (a) Field module of Ex for CST and WIPL-D. The representations of the plate created in (b) CST. 

For the CST simulator, the automatic meshing results in a mesh size of 0.166 cm inside the plate 

corresponding to 0.013𝜆𝑑 (𝜆𝑑= 𝜆0/8.3). The size of the mesh outside the brick is 0.3 cm that is 

0.003𝜆0. In WIPL-D, the size of the mesh on each side is the dimension of the plate since the 

software uses low number of meshes and high order of base function. The basis function is set 

automatically so that in next steps it is possible to increase it for more accuracy. Based on this, 

regarding to the figure 3.2, one can see the module of the Electric field around the edges of the 

plate in CST gradually changes but it is an abrupt change at the edges of the plate for WIPL-D. 

The slow change obtained with CST is related to the size of the mesh around the edges, thus by 

increasing the number of the meshes close to the edges the slope of the variation of the electric 

field will be increased approaching the solution given by WIPL-D. 

(a) (b) 
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Figure 3.3: Decreasing the number of meshes (a) inside the plate from 0.16cm to 0.1cm and (b) outside the plate 

from 0.3cm to 0.1cm. 

In the figure 3.3, you can see that when the meshes inside and outside the plate is decreased to 

the size of 0.1 cm, the results are getting closer to WIPL-D outcome. On the other hand, the 

accuracy of the level of electric field inside the plate is not improved by changing the mesh sizes. 

 

Figure 3.4: Comparison of the outcome of CST with mesh size of 0.1 cm and WIPL-D with order of current 

expansion of five. 

By increasing the number of meshes in CST and the order of current expansion in WIPL-D, it 

can be seen, on one hand, that the number of meshes in CST directly has effects on the module of 

E-field on the borders of the object. On the other hand, by increasing the order of basis functions 

(a) (b) 
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in WIPL-D, the module of the E-field inside the object will change and convergence to the solution 

obtained with CST. 

As a conclusion, the calculation of the field in CST and WIPL-D is sensitive to a precise 

description of contours (mesh steps on borders of the object) and order of the basis function, 

respectively. In this section, it is proven that by increasing the accuracy of simulations in CST and 

WIPL-D, a cross validation of obtained results is possible. 

3.2  Importing STL files into an EM solver 

According to what mentioned before, to simulate the interaction of an electromagnetic source 

with a part of the human body, we must have a 3D model that allows us to describe the geometry 

of the body as closely as possible.  

To create simple models, there are various tools in simulators such as CST and WIPL-D. On the 

other hand, more complex shapes need to be prepared in advance using 3D computer graphics 

software (e.g. Blender) and then imported into the EM solver.  As explained in the previous chapter 

we are interested in using STL files because they can be used also for 3D printing and running 

simulation. In chapter 2, the process of preparing 3D phantoms using MRI or CT scans was 

explained and several examples were shown. To use the 3D models of the human body in the 

simulations it is needed to import the STL files of these models into the EM simulator. Most of 

the EM solvers have the option of importing STL files. Since these files contain information about 

the shape and the location of the model then different simulations in various simulators with the 

exact same condition can be done. 

After importing the STL file into the software (figure 3.5a), we need to add the information about 

the dielectric properties of each part of the model by selecting each section and setting the right 
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values for each domain (figure 3.5b). The rest of this chapter is dedicated to results of various 

numerical simulations on different phantoms. 

  

Figure 3.5: Representation of (a) imported STL files of a head phantom and a helmet, (b) the defined dielectric 

domains for each cavity at CST. 

3.3 Numerical simulations on head phantoms 

Having the STL format files of the head ready, we are capable of importing these files to CST 

microwave studio. Using this simulator, we can analyze different scenarios to see for which 

antennas configuration is more adapted to localize and detect abnormal tissues as for example 

ischemic or hemorrhagic strokes in the head. By EM simulations, it is possible to analyze the 

influence of the different parameter used for the phantom and microwave imaging system design. 

Since we are working in the platform of EMERALD project, the configuration of the microwave 

imaging system, developed by [Rodriguez-Duarte et al., 2021] is used here. STL files of the head 

phantom include some cavities, which are made of ABS. Thus, in simulations we define the 

dielectric properties of cavity shells as the dielectric properties of plastic (whose relative 

permittivity and conductivity are 3 and 0.004 S/m, respectively at 1 GHz). In this configuration, 

head phantom is covered by a conformal helmet made of TX-100 with relative permittivity and 

(a) (b) 
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conductivity of 23 and 0.3 S/m, respectively at 1 GHz, according to [Rodriguez-Duarte et al., 

2020]. Moreover, 24 implemented monopole antennas are included in the helmet. Further details 

on the choice of the antenna array (arrangement and number of antennas, the working frequency 

and the matching medium), as well as on the brick-shaped antenna module used in the POLITO 

imaging system are given in [Scapaticci et al., 2018] and [Rodriguez-Duarte et al., 2020] 

respectively. 

 
 

Figure 3.6: The imaging system, including a head phantom with a stroke mimicking anomaly and a 24-antennas 

array conformal to the head (a,b); (c) monopole antenna printed on FR4 substrate; (d): monopole antenna embedded 

into the brick [Rodriguez-Duarte et al., 2020]. 

There are different parameters of the phantom that must be studied before any real experiment. 

For instance, the idea of having several separated cavities inside the head representing different 

tissues needs to be proved.  Moreover, the effect of coupling medium, plastic shell and considering 

vessels in the brain on the E-field distribution inside the head is going to be studied.  

Validation of feasibility of using these types of phantoms in a microwave imaging system is 

essential. It is needed to be sure if the phantom interaction with E-field helps with not only defining 

the shape and location of abnormal tissues but also tracking the changes in dielectric properties of 

tissues. In this section, studying the magnitude variation of E-field inside the head is proposed. In 

order to localize a tissue change, a differential field technique is used. By subtracting the electric 

field obtained inside the head in the absence of the stroke-affected tissue from the one obtained in 

its presence, we will achieve the differential E-field inside the head. The purpose is to obtain a 

(c) (d) 
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final figure that shows the effect of the presence of abnormal tissues. The influence of variation of 

parameters such as the coupling medium and the printed material (ABS) on the E-field distribution 

is more tangible by applying this method. 

Simulations are done while only one of the 24 antennas (the one shown in red in Figure 3.6b) is 

active. Some of the presented results from CST simulations are normalized as follows: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑀𝑜𝑑𝑢𝑙𝑒 = (𝑀𝑜𝑑𝑢𝑙𝑒 − 𝐶𝑚𝑖𝑛)/(𝐶𝑚𝑎𝑥 − 𝐶𝑚𝑖𝑛)  (3.5) 

where Module is the magnitude of total E field (the three components), 𝐶𝑚𝑎𝑥 and 𝐶𝑚𝑖𝑛 are the max 

and min values. The range of the color bar used to display the normalized electric field distribution 

is given in dB between −10 to −40 dB while the differential field distribution is presented in V/m. 

3.3.1 Effect of coupling medium 

The existence of coupling medium in this microwave imaging system is justified by not only the 

enhancement of EM field penetration in the head but also the easiness positioning of the antennas. 

The influence of variation of dielectric properties of the coupling medium is studied when one of 

the 24 antennas is active. The magnitude of the electromagnetic field distribution inside the 

phantom for two different coupling mediums (figure 3.7) indicates that by using TX-100/salted 

water as coupling media with a dielectric constant of around 20 at 1 GHz, as it has been suggested 

in [Tobon Vasquez et al., 2019], the Electric field penetrates better into the head. In the other 

words, the module of the electric field is higher by using TX-100/salted water than when using air 

as coupling medium. Choosing a proper coupling medium is particularly important here, due to 

the high attenuation of different layers of the head, a good coupling medium helps to have a clear 

image of the stroke despite of this higher attenuation. 
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Figure 3.7: Normalized electric field magnitude distributions inside and outside the head for two different coupling 

mediums, (a) TX-100/salted water and (b) air. The corresponding differential field distributions, TX-100/salted 

water (c) and air (d) respectively. 

3.3.2 Effect of Phantom Complexity 

Head is the most complex part of human body. Hence, to design an anthropomorphic head 

phantom we need to consider this complexity (see figure 3.8). There are numerous types of tissues 

in different locations inside the head. To improve the design of our anthropomorphic head 

phantoms, we need to know if it is possible to dedicate a cavity to each tissue type. Moreover, the 

existence of blood vessels and blood flow is one of the other complexity, which needs to be taken 

care of. In this section, we are going to improve the design of the head phantom to reach a more 

complex one and will study the effect of these changes. 
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Figure 3.8: Complexity of human head. Head is a complex structured organ and it is needed to consider different 

tissues inside of it to be able to present a decent head model [brain anatomy, online]. 

3.3.2.1 Number of cavities 

More realistic phantoms can be achieved by taking into account different parts of the brain or 

other tissues such as skin, muscle, and skull and designing additional cavities for them. Thus, 

before the experiments, the validity of the phantom can be evaluated numerically by studying the 

effects of adding new cavities in the simulations. Here, an additional cavity in the lower part of 

the head, filled with a mimicking mixture for muscle tissues (whose relative permittivity and 

conductivity are 55 and 1 S/m, respectively at 1 GHz), is considered. 

 

Figure 3.9: Comparison of the normalized E-field distribution inside and outside of head phantoms with a stroke, 

composed of 2 cavities (a) and 3 cavities (b). 

Comparing the E-field distribution of these two cases (figure 3.9), it can be seen that the 

amplitude of the E-field inside the brain is similar. Due to the experimental configuration 



73 
 

considered (antennas array conformal to the head placed on top of the skull), the dielectric 

properties of the mixture in the lower part of the head and the extra cavity there seem to have a 

low effect on the distribution of the electric field in the brain. 

3.3.2.2 Vessels around a randomly shaped stroke 

A more sophisticated numerical head phantom including a brain model that accounts for blood 

vessels is investigated to check the possibility of recognizing a randomly shaped stroke. The 

vessels occupy a volume of height and width of 2.6 cm and 1.8 cm, respectively. The dielectric 

properties of the blood are 61 and 1.6 S/m for relative permittivity and conductivity, respectively 

at 1 GHz. The simulations are done with and without a plastic shell around the stroke, in the 

presence of the blood circulation. 

 

Figure 3.10. Head phantom including brain vessels and an elliptical stroke inside (a). Normalized magnitude of the 

E- field inside and outside the head by taking blood vessels into account and the elliptical stroke, surrounded by 

ABS (b, left), with no ABS (b, right); the corresponding differential E-field (c, left) and (c, right) respectively. 
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This model, including an elliptical stroke inside, is depicted in figure 3.10a, whereas figures 3.10 

b,c display the total and differential E-field distributions, in the two different cases: with and 

without the plastic shell. In figure 3.10 b,c, it appears that the presence of the ABS structure leads 

to an overestimation of the differential field due to the low dielectric properties of the plastic 

compared with the TMM around it. Other simulations show that in the given experimental 

configuration of the system, the vascularization of the brain does not affect the differential 

distribution of the field, when a stroke is considered. As a result, this quantity ∆E, remains a proper 

quantity to track the status of the stroke over time since the stroke is still visible and well positioned 

in the middle of the brain for both cases. 

3.3.3 Effect of the Plastic 

In clinical tests, skin and fat are the first layers of human body, exposed to the EM wave while 

imaging. Plastic is the alternative of skin in our phantoms. However, even though it has a little 

thickness compare to the wavelength, the difference of the electrical contrast between skin and 

plastic is high. Moreover, the use of plastic in the GeePs-L2S breast phantom was controversial 

[Rydholm et al., 2018]. Then, there is a need to study the effect of plastic in the designed head 

phantom.  

Different configurations are simulated to study the effect of plastic on the field distribution 

depending on its location, i.e., around the stroke, the stroke and the brain, the bone. Therefore, the 

cavities of phantom including head, brain, and stroke made of ABS are considered. The other 

scenario is to consider the containers with the same dielectric properties as the tissues. At first 

sight, using phantoms made of ABS may not seem practical due to the low relative permittivity of 

ABS but the results depicted in figure 3.11 indicate that removal of ABS does not have a noticeable 

effect on the E-field distribution inside the brain, except for the skull whose thickness varies from 
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2 to 8 mm. Thus, an alternative material whose dielectric constant is close to the bone’s dielectric 

constant (around 10 at 1 GHz) should be more suitable to print the head external wall. “3D-Prima 

Conductive ABS” filament seems to be a good candidate [Faenger et al., 2017]. 

 

Figure 3.11: Normalized electric field magnitude distribution inside and outside the head including cavities made of: 

all the ABS shells (a), without ABS for stroke (b), stroke and brain (c) and only bone (d). 

3.4 Simplification of head phantom 

The number of unknowns in WIPL-D software is directly related to the number of the faces we 

use to build the surfaces representing the profile of the object modelized in the simulation. 

Normally importing a STL file in WIPL-D will lead to huge number of plates, which is not 

desirable. To fix this problem we started using different techniques to simplify the STL file of the 

head that is used for printing and simulating. 

In previous chapter, the process of preparing different phantoms for microwave imaging 

purposes is explained. The numerical version of the head phantom, which is printed already, is 

imported in CST Microwave Studio for simulations, and also inserted in a setup including 24 

antennas in POLITO for some experiments. The software Blender is used to simplify this phantom 

by decreasing its number of faces in a way that the simulation will be more efficient in WIPL-D. 
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Figure 3.12: Different steps in using Blender to decrease the number of faces of the head phantom from 19 600 to 2 

488. 

In WIPL-D, after importing the STL file of the phantom we have to re-mesh it and convert the 

triangle meshes to quadrilateral meshes. The results of this conversion is shown in figure 3.13. 

Since WIPL-D merges triangles and creates quads, the number of meshes in WIPL-D are relatively 

lower than in Blender. 

 

Figure 3.13: Using WIPL-D for re-meshing the head phantom, preparing it for new simulations in WIPL-D. 
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3.4.1 Validation of simplified phantom 

To evaluate the effect of this simplification on the variation of the E-field distribution inside the 

head we considered only the head as a plastic shell. There is vacuum inside and outside of the shell 

and an incident plane wave at 1 GHz illuminate the phantom. 

 

Figure 3.14: Three different phantoms and E-field distribution inside of them with the simulation time on a 

computer (using a PC with Intel(R) Xeon(R) W-2135 CPU working at 3.70GHz and 128 GB RAM). 

Figure 14 shows that the electric field distribution inside the head is almost the same for all three 

phantoms used in the WIPL-D software. As depicted in figure 3.14, the simplification of the 

representation of the head phantom leads to less number of faces and unknowns, which means a 

shorter simulation time for same E-field distribution inside the head. Amongst the designed 

phantoms, simplified number 2 has the lowest simulation time while the electric field distribution 

is the same as the ones with dense meshed phantoms. 
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3.4.2 Validation of simulations 

In this section, we compare the two different software: WIPL-D and CST. The numerical 

techniques behind these two EM simulators are explained previously in this chapter in section 3.1. 

The configuration considered here is the homogenous brain simplified phantom with a sphere 

stroke inside of it, illuminated by a plane wave at 1GHz. The phantom is composed of a plastic 

outer shell and homogenous brain inside of it. There is a sphere with dielectric properties of blood 

inside the brain (the relative permittivities and conductivities of brain and blood are given in figure 

3.15). We keep this configuration for the rest of the chapter. 

 

Figure 3.15: The configuration used for simulation validations in CST (image) and WPLD. 

The purpose of this study, is to calculate the electric field inside the head using WIPL-D and 

then compare these results with the one obtained from CST. Since these EM solvers are using 

different methods to calculate the electric field distribution inside the head, this comparison can 

be considered as a cross validation. 
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3.4.2.1 Qualitative comparisons 

Knowing that the working frequency is equal to 1GHz, the associated wavelength in vacuum is 

𝜆0 = 0.3 𝑚. Wavelength in a medium with relative permittivity of 61 (blood) reduces to  𝜆𝑑 =

0.046 𝑚. Hence by choosing a spatial step of 0.5 mm (∼ 𝜆0 100⁄ ) to represent the variations of 

the electric field we expect to have a good representation of it. After exporting the results from the 

software, a Matlab code is used to plot the figures. At a first step, we compare results with no other 

means than our eyes. These results are normalized as explained in section 3.3. In this way, after 

exporting the results from CST and WIPL-D a Matlab code determines the maximum and 

minimum values of electric field (𝐶𝑚𝑎𝑥 and 𝐶𝑚𝑖𝑛) for each field mapping. For instance, in figure 

15 these values are reported in 𝑑𝐵𝜇. Then the outcome of each solver will be normalized regarding 

the maximum and minimum respective values.  

Moreover, it is important to notice that Plotting 20*Log ((Module-𝐶𝑚𝑖𝑛)/ ( 𝐶𝑚𝑎𝑥 -𝐶𝑚𝑖𝑛)) at the 

place that module is minimum will cause infinity so by replacing it with 1.1*𝐶𝑚𝑖𝑛 at the position 

of minimum of the field we can avoid this happening. 

  

13 cells per wavelength near to model 

[min,max]=[96.83,123.90] 𝑑𝐵𝜇 

Automatic current order expansion 

[min,max]=[ 95.56, 127.23] 𝑑𝐵𝜇 

Figure 3.16: Comparison of the normalized E-field distribution inside the head from CST and WIPL-D. 

CST WIPLD 



80 
 

This first comparison (figure 3.16) shows us that in both cases the position and shape of the 

hemorrhagic stroke is slightly detectable. On the other hand, the normalized electric field 

distributions for the two solvers are not the same. To study the origin of the difference between 

two outcomes, it is essential to make the comparison in the same conditions i.e. accuracy level, 

normalization function etc...  

We have two software with different numerical methods to solve the problem and have the 

possibility to increase the accuracy of the calculations for both software. In CST, the accuracy 

defines with the size of meshes, which is set initially to 𝜆/13 while in WIPL-D the initial accuracy 

is set on automatic current order expansion. Moreover, Due to the differences in max and min 

values of the E-field in CST and WIPL-D simulations, the normalization is not applied fairly.  To 

solve this problem, we define a fixed  𝐶𝑚𝑎𝑥 and  𝐶𝑚𝑖𝑛 based on the results previously obtained 

from the simulations. These values are defined as  𝐶𝑚𝑎𝑥 = 2.3 𝑉/𝑚 and  𝐶𝑚𝑖𝑛 = 0.06 𝑉/𝑚. 

 
 

13 cells per wavelength near to model 

[min,max]=[96.56,127.23] 𝑑𝐵𝜇 

Automatic current order expansion 

[min,max]=[95.56,127.23] 𝑑𝐵𝜇 

Figure 3.17: Normalized E-field distribution inside the head from CST and WIPL-D with the same normalization 

parameters. 

The results obtained from CST and WIPL-D with same way of normalization are indicated in 

figure 3.17. Comparing these results with the one that we used different max and min for 

CST WIPLD 
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normalization factors for each software output, one can see that considering the initial accuracy 

for both CST and WIPL-D results are in a close match. The next step is to increase the accuracy, 

which means increasing the number of mesh steps in CST, and current expansion orders in WIPL-

D. 

For checking the results in CST, the mesh steps are decreased from 𝜆/13 to 𝜆/104 while in 

WIPL-D the order of current expansion is increased two times than the initial default value. 

 
 

13 cells per wavelength near to model 

62 s 

Automatic current order expansion 

144.34 s 

  

104 cells per wavelength near to model 

35945 s 

Automatic current order expansion +2 

1495 s 

Figure 3.18: Normalized E-field distribution inside the head from CST and WIPL-D with the same normalization 

parameters and different accuracies. The simulation time for each simulation has reported below it. 

CST WIPLD 
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By increasing the accuracy of the simulations, the simulation time increases as well. This is why 

we have to track the convergence of results and use the best simulation parameters. This means, 

the parameters in which gives us the most accurate results in the shortest time.  

Comparing all results from different accuracies, we can see that the CST results when the mesh 

step is 𝜆/26 and WIPL-D results for Automatic current order expansion+1 are really close. The 

convergence of results for CST by increasing the accuracy of the simulations is acceptable since 

there is not a noticeable difference between CST figures by reducing the mesh steps. The same is 

happening for WIPL-D results and figures with Automatic current order expansion+1 and 

Automatic current order expansion+2 similar to each other. Based on the proposed most efficient 

configuration for two software (figure 3.19), it almost takes the same time for two software to run 

the simulations. 

 
 

26 cells per wavelength near to model 

339 s 

Automatic current order expansion +1 

400 s 

Figure 3.19: Normalized E-field distribution inside the head from CST and WIPL-D. The simulation parameters are 

the most efficient one based on comparison between simulation time and normalized E-field distribution. 

CST WIPLD 
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3.4.2.2 Quantitative comparisons: Root Mean Square Error (RMSE) calculation 

To translate the difference between simulations into number, the “Root Mean Square Error” 

between two data sets can be used on a specific plane. In addition, we will have an idea to choose 

the optimum simulation considering accuracy and simulation time. The RMSE is given by: 

𝑅𝑀𝑆𝐸 = √∑
(𝑥𝑖−�̂�𝑖)

2

𝑛
𝑛
𝑖=1      (3-6) 

Where n is the total number of pixels, equal to 441x 481 = 212121, 𝑥𝑖is the module of the electric 

field obtained at pixel i of the model we are evaluating and 𝑥�̂� is the module of the electric field 

obtained at pixel i of the reference model ( 𝜆/104 for CST and w+2 for WIPL-D). W stands for 

results with the initial automatic accuracy in WIPL-D. +1 and +2 are symbols to show we increased 

the order of current expansion. 

Table 3.1: RMSE values of simulations with different mesh steps and current order expansion compared with the 

highest accuracies in CST and WIPL-D. 

 

 

To quantify the differences between each step after increasing the accuracy we calculate the 

RMSE for each step. Considering the simulation time for each simulation and the convergence 

pattern shared in the table below, one can decide the parameters of simulation efficiently. 
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Figure 3.20: RMSE values of simulations with different mesh steps and current order expansion compared with the 

highest accuracies at the defined window inside the head phantom using CST and WIPL-D. 

A visual comparison between the normalized E-field distributions in CST and WIPL-D for 

different accuracies showed us in the previous section that mesh step with 𝜆/26 and current order 

expansion of +1 in an efficient time gives us the best results and outcomes of two software are in 

good agreement.  Here using RMSE analytically proves that the error between 𝜆/26 and 𝜆/104 is 

not significant while the simulation time is huge. In WIPL-D simulation same conclusion can be 

made, W+1 shows lower error than W while the simulation time differences between W+1 and 

W+2 makes us to choose W+1 as the current order expansion of the simulation. 

It is noteworthy that CST uses the STL files of the phantom and does not change the meshing of 

the file while WIPL-D merges the triangles to quadrilaterals and this causes slight changes in the 

outer layer of the phantom and edges of it. These areas are the main sources of error in our studies. 

One solution to this is considering a window inside the head phantom and calculate the errors in 
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that specific area. Here we are studying the convergence of our results in the shown window by 

using CST and WIPL-D. 

In this new configuration, RMSE is reduced drastically while the effect of edges is not 

considered. Same conclusion can be made by the RMSE values of the introduced window as the 

one made visually. Overall studying the RMSE of each simulation and the most accurate 

simulation is the chance firstly to check the convergence of the simulations and secondly to 

validate the results we get from different EM solvers. 

3.5 Numerical simulations on axillary phantom 

Electromagnetic simulations can be conducted on any phantom. As the second example, we 

consider the first prototype of axillary anthropomorphic phantoms designed to test the ongoing 

microwave device developed by FCUL. As described before in section 2.1.2, the phantoms contain 

lung and lymph node cavities and one piece of bone. In section 2.1.2 two types of phantoms are 

introduced. Here the one obtained from online library is used. In this phantom, a mixture with 

dielectric properties of muscle will fill the outer shell. The bone is made of plastic and the other 

cavities are the lung and lymph nodes, which are filled with relevant TMMs. The phantom is 

illuminated by a plane wave confronting the chest first at 1 GHz. As it is shown in figure 3.21, a 

difference of size instead of dielectric properties between malignant and healthy nodes is 

considered, since a lymph node that grows in size is pathological. 

 

Figure 3.21: Thorax phantom including (a) healthy and (b) malignant lymph nodes. 
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3.5.1 Detection of different types of nodes 

Here we distinguished the malignant and healthy nodes by their size instead of a difference in 

dielectric properties since it is not well developed in the literature. We consider a lymph node 

healthy with a width of 1 cm and malignant with a width between 2 to 3 cm. Figure 3.22 illustrates 

these two cases and the results of simulations. 

 

Figure 3.22: The normalized magnitude of the E-field outside and inside the Thorax phantom for detecting (a) 

healthy and (c) malignant lymph nodes, both in red. (e)The differential of field distributions for (b) healthy and (d) 

malignant lymph nodes. 

It appears as one might expected, that the detection of large lymph node, unlike the small one, 

is more probable from the E-field distribution (figure 3.22b,d). The size of lymph nodes appears 

to affect the distribution of the field, allowing it to be detected despite the low dielectric contrast 

between the muscle and the lymph node. Note that in reality, there will probably be a dielectric 

contrast between the malignant and healthy nodes making the difference more significant. 
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3.5.2 Effect of the plastic 

Effects of using plastic are studied by comparing the differential field distribution between 

malignant and healthy lymph nodes inside the thorax phantom with and without plastic shells in 

the simulations.  

Figure 3.23 shows that this effect is different from the one on the head phantom since the source 

and the dielectric properties of materials used in the two phantoms are different. By only not 

considering the ABS around the lymph nodes, as it is indicated in Figure 3.23b the node is barely 

detectable. The results obtained from the CST simulations show that at the location of the 

malignant lymph node there is a variation of the electric field but the size and shape of the lymph 

node are not clear from it. Using plane wave as a source and different contrast of dielectric 

properties of the TMMs inside the thorax phantom can be counted as the reasons of high effect of 

plastic in this case study. Comparing Thorax phantom with the head phantom, the contrast between 

the dielectric constant of the bleeding case in head and brain is 45% while the contrast between 

the lymph node and the tissue around it is 8%. This leads to the point that by illuminating the 

thorax phantom by a plane wave, detecting the malignant lymph node will be difficult and the 

effect of the plastic shell looks dominant. 

 

Figure 3.23: The differential field distribution inside the thorax phantom with malignant lymph nodes while (a) all 

cavities covered by plastic, (b) without ABS around the lymph nodes in our the simulations. 
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The study conducted by Matteo Savazzi using the same method (the differential field), which 

was practiced during his secondment in our laboratory, led to same conclusions [Savazzi et al., 

2020]. 

3.6 Conclusion 

Simulation is an important part of our research since before conducting any experiment, the 

microwave imaging system configuration and phantom parameters can be studied and the most 

suitable setup can be used for the experiment. There are different commercial EM solvers. CST 

and WIPL-D are used for simulations in this thesis and based on two different numerical solvers, 

FIT and MoM, which are briefly explained in section 3.1.   

There are several phantoms designed and printed during this PhD program. They were presented 

in chapter 2. In the “E-Field simulation of 3D anthropomorphic phantoms “chapter, different 

parameters of some of these phantoms are studied. 

Head is one of the most complex parts of human body, which makes it an important case scenario 

for us. In this chapter, the importance of choosing a decent coupling medium is mentioned by 

studying the effect of two different coupling medium on E-field distribution inside the head 

phantom. The phantom design offers thickness of between 2 to 8 mm for phantom shell. It is shown 

by simulations that the thickness of plastic shell in this range does not have a significant effect of 

the E-field distribution inside the head phantom. The complexity of the head has also applied into 

the design to some extent by studying the number of cavities and adding blood vessels inside the 

brain cavity. It appeared that, in the frame of the POLITO system, it is not necessary to add a third 

cavity. Furthermore, the presence of vessels does not seem to have an effect on stroke detection.  

Moreover, a part of this chapter is dedicated to a new technique in phantom design, which is 

numerical simplification of phantoms. This seems crucial since the STL files of the head originally 
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is densely meshes and it causes long simulation time in CST and WIPL-D. By using this technique, 

we reduce the number of meshes while designed cavities have almost the same shape as before 

simplification. The E-field distribution inside of the simplified head phantom is similar to the 

complex one, while the simulation time is reduced drastically when using WIPL-D. To support the 

simulation, WIPL-D is used to cross validate results obtain from CST.  

Axillary phantom is another case, which enriches our studies, because this phantom is a different 

part of the human body. The objective is new and consists in finding malignant lymph nodes after 

using the differential technique. The dielectric properties of lymph node are different from a stroke 

and the environment around it has different dielectric characteristics. The phantom itself has more 

numbers of cavities and this makes it an important case study. This proves that the simulation-

based technique proposed in this work, can be applied to any anthropomorphic phantom, as long 

as the model is in the format of an STL file. This opens new avenues to improve the design of 

phantoms and the device. 

The axillary phantom used here is based on an online library one, which is justified and designed 

to its present form. The objective is detection of malignant lymph nodes inside the muscle cavity. 

Here we assumed that the malignant lymph node has the same dielectric characteristic as a normal 

node and the difference is only in size. This assumption is because the dielectric properties of 

malignant nodes are not reported precisely. Moreover, in reality malignant lymph nodes can be 

positioned in fat or muscles in axillary region. However, in this study we consider a malignant 

lymph node in muscle, which is more difficult to detect because of close dielectric properties 

between a lymph node and muscle. Results indicate that detection of malignant lymph nodes is 

possible by using differential technique while in the end of the chapter it has shown that the effect 
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of plastic shell around the lymph node cavity has a big impact on this detection, which is not 

desirable. 

In this chapter there are several tools introduced for tissue extraction from MRI and CT scan, 

3D modeling of anthropomorphic phantoms, and EM simulations. Due to the demands of the 

research groups collaborating in the frame of EMERALD project, there are several phantoms 

provided for each developed MWI system. The numerical version of these phantoms are used for 

3D printing (as shown in chapter 2) and in this chapter several simulations are done to study 

different parameters of them before any experiment. 
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4 A priori information in inverse algorithms 

4.1 Introduction 

The work presented in this chapter is realized in collaboration with Lorenzo Crocco and Rosa 

Scapaticci of the CNR-IREA where I benefited from their expertise in the field of inversion during 

my last secondment.  

In chapter two numerical versions of standard anthropomorphic phantoms were developed. This 

followed by studying the properties of the designed phantoms in chapter 3 and by introducing their 

anthropomorphic models into commercial electromagnetic software (CST and WIPL-D). The 

objective of chapter three is twofold, first to verify the accuracy of the electromagnetic field inside 

the anthropomorphic models by cross-validating the results provided by two different methods and 

second to develop a simulation methodology to characterize and improve the phantom and the 

device in the EMERALD project. In the current chapter, the gained knowledge of the phantom 

will be applied, through its numerical version, into the imaging algorithms in order to improve the 

spatial resolution of the microwave images.  

The case study in this chapter is based on the GeePs-L2S breast phantom [Joachimowicz et al., 

2018]. Applying the simplification technique described in chapter 3.4 reduces the number of 

meshes of the anthropomorphic model. From the simplified STL file, a text file of the dielectric 

properties is produced including the dielectric properties of the phantom. This .txt file is the a 

priori information, which will be used to regularize the solution of the inverse algorithms. This 

allows us to calculate the theoretical induced currents in the breast, illuminated by a plane wave at 

2.45 GHz, and to extract its contour. The permittivity map in a text format is also introduced in 

Matlab inversion codes developed by CNR-IREA [Scapaticci et al., 2017]. These algorithms are 

based on the Truncated Singular Value decomposition (TSVD) [Bertero et al., 2021]. 
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This chapter is organized as follows. After introducing the microwave imaging problem (4.2), 

TSVD method is explained in 4.3.1. The next section (4.3.2) is devoted to the application of TSVD 

to a 2D breast phantom composed of only two layers. The effect of different parameters of the 

configuration on the reconstructed image are studied. Then, in section 4.3.3, the process is applied 

to the 3D anthropomorphic GeePs-L2S breast phantom and the reconstructed image’s quality is 

improved by applying a priori information. 

4.2 The microwave imaging problem 

During the last decade, microwave imaging has attracted an increasing interest for biomedical 

applications mainly due to the significant contrast in dielectric properties between normal and 

abnormal tissues. Compared to other conventional imaging modalities, such as X–ray 

mammography, microwave imaging is impressive in several aspects, for instance its non–ionizing 

nature and the low cost and compactness of the equipment associated with the hardware system. 

This is the reason why there are several researches conducted on bio-medical applications of 

microwave imaging right now around the world. This is evidenced by the emergence of several 

COST actions and projects. Among them, the European project “EMERALD” offers a unique 

opportunity for interactions between clinicians, instrumentation developers and researchers.   

Hence, this study benefited from a complementary expertise of the CNR-IREA in the field of 

inverse problems (image reconstruction processes), laboratory where I spent three months and a 

half during my last secondment. 

The imaging problem considered here seeks to retrieve a map of the dielectric contrast of 

biological tissues from measurements of the scattered electric fields that result from their 

interaction with a known interrogating wave (the incident field) in the microwave frequency range 

(herein 500 MHz – 6 GHz).  
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Figure 4.1: EM imaging is an invasive modality to qualitatively (or quantitatively) retrieve the image of 

inaccessible domain through EM probing. 

Modeling of the wave – object interaction is based upon 3D domain integral representations of 

the electric fields that are radiated by Huygens-type sources induced within the object by the 

incident wave. This leads to two coupled integral equations that relate the measured scattered fields 

to the dielectric properties of the object.  

𝐸𝑠(𝑅) = ∫ 𝐺(𝑅, 𝑟′)𝜒(𝑟′)𝐸(𝑟′)𝑑𝑟′
Ω

   𝑅 ∈ Γ  (4-1) 

𝐸(𝑟) − 𝐸𝑖𝑛𝑐(𝑟) = ∫ 𝐺(𝑟, 𝑟′)𝜒(𝑟′)𝐸(𝑟′)𝑑𝑟′
Ω

  𝑟 ∈ Ω  (4-2) 

Γ and Ω are the observation and investigation domains. 𝜒 is the dielectric contrast and accounts for 

the variation of the electric properties of the imaged scenario with respect to the reference one.  

Retrieving the unknown object, while the incident and scattered fields are measured, is denoted 

as the inverse scattering problem. The equations show that the inverse problem is non linear and 

ill-posed. The late means that the solutions do not simultaneously satisfy the conditions of 

existence, uniqueness and stability [Bertero et al., 2021]. Therefore, they must be regularized 

which consists usually in introducing a priori information on the solution.   

The purpose of this chapter is to introduce the contours of the developed anthropomorphic 

models as a priori information in the inverse algorithms developed at CNR-IREA. The study will 

be restricted to the contours of the breast Geeps-L2S phantom.  Moreover, it is placed in the 
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framework of a pathological phenomenon follow-up (evolution of a tumor, or of a stroke, 

temperature increase...). In this context, this work is interested in small variations of a localized 

contrast, so the inverse problem to solve becomes linear. 

4.3 Introduction of the contour as a priori information in TSVD method 

 

4.3.1 TSVD method and Born approximation 

MWI systems developed in the frame of EMERALD project are all aiming to monitor the time 

evolution of abnormal tissues in different organs [Savazzi et al., 2020; Wang et al., 2021; 

Rodriguez-Duarte et al., 2021]. Therefore, an imaging algorithm with differential approach can be 

suitable [Scapaticci et al., 2018]. The TSVD inversion is one of these methods, which is a widely 

adopted way to solve linear ill-posed inverse problems. TSVD provides real-time results since the 

intensive computational part that consists of the computation of the total field distribution inside a 

given domain, can be done beforehand offline. This allows tracking the variations occurring in the 

tissues qualitatively. 

Let us assume that Ω is the volume of interest and this area is probed by means of N antennas at 

the frequency of 𝑓. The scattered field caused by the perturbation of the target will be gathered by 

the same set of antennas. By inputting the difference between scattering matrixes at two different 

times in the algorithm (∆𝑆 = 𝑆11
2 − 𝑆11

1 ), the desired output is a map of electric contrast occurring 

between two measurements. The relationship between unknowns (Δ𝜒 differential contrast) and the 

data (∆𝑆  differential scattering parameter) is provided by the linear integral equation in the 

frequency domain [Scapaticci et al., 2018]: 

∆𝑆 = ∫ 𝐺(𝑘, 𝑟, 𝑟𝑥)𝐺(𝑘, 𝑟𝑥, 𝑟)Δ𝜒(𝑟, 𝜔)𝑑𝑟 = 𝐿0Ω
Δ𝜒  (4-3) 
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Where 𝑟𝑥 is the position of the antenna, 𝑘 is the complex wavenumber in the background medium 

and 𝐺 is the Green’s function for background which is the solution of Helmholtz equation: 

∆𝐺(𝑟, 𝑟𝑥) + 𝑘2𝐺(𝑟, 𝑟𝑥) = −𝛿(𝑟 − 𝑟𝑥)    (4-4) 

with 𝐺(𝑟, 𝑟𝑥) =  𝐺(𝑟𝑥, 𝑟) due to reciprocity [de Hoop, 1995]. Note that the Born approximation 

has been taken into account to derive equation (4-3) as well as the reciprocity property of Green’s 

function which reflects that Green’s function models both the radiation of the induced current to 

the receiving antenna, 𝐺(𝑟𝑥, 𝑟), as well as the field induced by the antenna in Ω, 𝐺(𝑟, 𝑟𝑥). Here the 

Green’s function is not available analytically since the background is the reference scenario 

without anomaly, which is not a homogeneous space. Hence, instead of considering Hankel 

function to estimate (as in the 2D classical case), the Green’s function is assumed to be related to 

the total field at the reference scenario [Shea et al, 2010]. Thus, it is possible to run some 

simulations beforehand using the numerical versions of phantoms and build up the numerical 

Green’s function by using the E-field values calculated by the simulator.  

Equation 4-3 is a linear problem since the relationship between the data and the unknowns is 

expressed through the linear operator 𝐿0. In this inversion problem, the a priori information can 

come into play in the definition of 𝐿0. 

To solve such a linear and ill-posed inverse problem the TSVD scheme is used here and the 

unknown contrast is retrieved by means of the explicit inversion formula [Bertero et al., 2021]: 

Δ𝜒 = ∑
1

𝜎𝑛
〈𝑢𝑛, Δ𝑆〉𝜈𝑛

𝑇
𝑛=𝑜      (4-5) 

where 〈. , . 〉 denotes the scalar product in data space. Here Δ𝜒 is a 𝑁𝑐 × 1 matrix including the 

reconstructed differential contrast, with 𝑁𝑐 being the number of the cells used to discretize the 

domain Ω . ΔS is a 𝑁𝑅 ∗ 𝑁𝑇 × 1  vector (where 𝑁𝑅  and 𝑁𝑇  are the number of receiving and 

transmitting antennas) and {𝑢, 𝜎, 𝑣} denotes the singular value decomposition (SVD) of discrete 
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counterpart of the integral operator (𝐿0) which is a 𝑁𝑐 × 𝑁𝑅 ∗ 𝑁𝑇 matrix. 𝜎𝑛 are the singular values 

and their magnitude tend to zero for 𝑛 → ∞, 𝑢𝑛 and 𝜈𝑛 are the left and right singular vectors of 

the linear operator 𝐿0. In order to defeat the ill posed problem, a regularization has to be enforced 

by removing the lowest singular values. T in equation (4-5) is the truncation index of the SVD, 

acting as the regularization parameter being set manually in such a way to meet accuracy and 

stability of the reconstruction [Scapaticci et al., 2017]. However, this operation removes probably 

the information about the presence of the high variations of contrast in the object. Indeed a 

comparison with the spectral algorithm named the diffraction tomography algorithm [Tabbara et 

al., 1988] can be done here. In the latest, the filtering of the high spatial frequencies, which operates 

naturally in the spectral algorithm, should play the same role as the regularization parameter T 

introduced in the TSVD, in a way that the highest spatial frequencies in the spectral domain that 

contain information on the strong variations of the dielectric contrast should correspond to the 

lowest singular values. The introduction of a priori information on the contours, by allowing to fill 

the high frequency domain, should restore part of this information. Similarly, the introduction of 

a priori information in the TSVD method could restore the information included in the removed 

low singular values. Thus, this allows extending this technique to the detection of high contrast 

anomalies, such as tumors in the fatty part of the breast. In this chapter we propose initial 

investigations to explore these assumptions. 

In the next section, the TSVD technique is applied to detect a tumor in a breast phantom by using 

the E-field distribution on a cross section of these phantoms.  At the first stage, the phantom is a 

cylinder assumed to be infinite and we use a 2D version of the algorithm in order to test the effect 

of different parameters. Then we consider the 3D anthropomorphic phantom (GeePs-L2S breast 

phantom), the algorithm which is used is bi-dimensional and scalar instead of vectorial 
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tridimensional. However, note that there is no scalar approximation employed in the computation 

of the total field, since the total fields are computed by using a full-wave 3D numerical method 

(WIPL-D); the approximation is only in the construction of the inverse system. This is a real 

benefit of this technique. 

The study goes further by introducing the outer contour of the phantom in the algorithm to 

improve the detection of the tumor. 

4.3.2 Numerical analysis on a 2D case 

The 2D breast phantom consists of two 500 mm long, cylinders (almost 4𝜆0 at 2.45 GHz) nested 

inside each other. The outer cylinder represents the fatty part and the other represents the tumor. 

The outer and the inner diameters are 96 mm and 20 mm, respectively.  

  

휀𝑟 = 6, 𝜎 = 0.1 𝑆/𝑚 휀𝑟 = 55, 𝜎 = 1.56 𝑆/𝑚 

Figure 4.2: Fatty and tumor part of the breast with their dielectric properties. 

4.3.2.1 Cross-validation of the electromagnetic field computation 

Accurate calculation of the total field in the object is crucial in TSVD technique. In order to 

evaluate the validity of the studied 2D configuration, a comparison between a 2D code developed 

in the laboratory based on an integral formulation solved by a Method of Moments [Joachimowicz 

et al., 1991] and WIPL-D is proposed. The simulations are done at 2.45 GHz and four incident 
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plane wave illuminations are considered.  The center of the bigger cylinder is (0, 0) while the 

smaller cylinder’s center is located at (18 mm, 18 mm). At this frequency, the length of the cylinder 

is around four times of the wavelength, the question is whether it can be compared to an infinite 

cylinder. 

 View 1 View 2 View 3 View 4 

WIPL-D 

 
 

    

2D 

model 

    

Figure 4.3: The magnitude (V/m) of total E-field distribution inside the cylinder for four incident plane 

waves using two different methods. 

In figure 4.3, the magnitude of E-field distribution is shown for the 3D (WIPL-D) and 2D 

approaches [Joachimowicz et al., 1991] at half height of the cylinder. The two results are in good 

agreement showing that the infinite cylinder approximation is valid for the case of study proposed 

here.  

4.3.2.2 Toward a suitable configuration 

In this section, parameters of a suitable configuration including the number of antennas, the 

length of the antennas and the coupling medium are searched for. This leads us to obtain adequate 

information as the input data for the inverse algorithm. The goal here is to detect high contrast 

anomaly such as a tumor in fatty part. 
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For each case, the S matrix is computed for two scenarios (with and without tumor) and the 

differential data constitute the input of the will use TSVD algorithm to reconstruct the image. In 

fact, the knowledge of the structure inside of the breast comes into play in the construction of the 

Kernel of the integral operator, which is both Green’s function, and the electric field of the 

reference scenario. In next steps, we will study different reference scenarios and their impacts on 

the reconstruction of the image. To use the contour of the phantom as an a priori information, we 

will use the STL file of the phantom to create a mask and will apply it to the algorithm in a way 

that it will only focus on the inside of the contour that we know the tumor is there. 

 

Figure 4.4: The same cylinder as figure 4.2 surrounded by 8 antennas with length of 120 mm collecting 

data for reconstruction. 

Effect of the anomaly’s contrast 

To study the effect of the dielectric properties of the target on the reconstruction of the image, 

here the same cylinder as introduced previously is considered. Three different permittivities for 

the tumor are tested. There are eight dipole antennas parallel to the largest axis of the cylinder 

placed in free space, positioned on a circle with the radius of 100 mm on a plane at the mid height 

of the cylinder (see figure 4.4) with the same center as the bigger cylinder. Since in TSVD 
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algorithm some equations are simplified based on the Born approximation, by increasing the 

relative permittivity of the tumor from 8 to 55 the accuracy of the reconstruction will change. The 

singular value curves for these three scenarios are almost identical and the truncation index of 36 

provides the best reconstruction. As expected, the most accurate result is when we use the lower 

contrast for the target (figure 4.5). From relative permittivity of 8 to 20 for the tumor, one can see 

a small shift in the position of its reconstructed image. Then by increasing it to 55, the 

reconstructed image shows false information on the location of the tumor. 

   

휀𝑇 = 8 휀𝑇 = 20 휀𝑇 = 55 

Figure 4.5: Losing the accuracy of the reconstructed image by increasing the dielectric properties of the 

tumor. 

Next a priori information is introduced. 

Effect of the mask as a priori information 

Masking is a technique that can help the algorithm to find the target with more accuracy. To this 

end, we use the numerical model of the phantom (figure 4.6 b) to have the contour of the outer 

shape of it (figure 4.6 a). It is applied to the linear operator giving the algorithm a priori information 

that we are looking for the target only inside the domain defined by the mask.  
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휀𝑇 = 8 휀𝑇 = 20 휀𝑇 = 55 

Figure 4.6: (a) The outer contour of fatty tissue, extracted from (b) the contrast map, is used for masking 

the linear operator. (c) Losing the accuracy of the reconstructed image by increasing the dielectric 

properties of the tumor while using the mask. 

Figure 4.6 c indicates that the reconstructed image has no information outside the fatty cylinder. 

We observe that the a priori information added does not improve the quality of the image, the 

anomaly is still off center and the a priori information did not help the reconstruction for finding 

the target with high contrast permittivity such as tumor in fatty breast.  

Effect of discretization 

After running the reference scenarios and doing the initial computations to be able to build the 

Kernel of the integral operator, we need to extract the data from the EM software. The data can be 

exported with different resolutions, allowing us to study the effect of the resolution on outcome of 

the reconstruction. The behavior of the singular values is represented on the right part of the figure 

4.7 for two different image resolutions and 휀𝑇 = 55. This curve that gives the information on the 

ratio between the singular values and the highest value, allows the choice of the truncation 

(c) 

(a) (b) 
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parameter T, around 35 in this example. As we can see, the same curve is observed when the 

resolution increases, which proves that the 30×30 discretization is satisfactory. Because of that, 

the image of higher resolution has the same quality, in the respect that it does not help to find the 

location of the tumor.  

Resolution 30*30 Resolution 64*64 Singular values 

  

 

  

Figure 4.7: S matrix, reconstructed images for two resolutions of 30*30 (red line) and 64*64 (dashed 

black), and the singular values (in dB). 

Effect of the antenna’s size 

Another interesting parameter to study is the size of the transmitting and receiving antennas. We 

know that using smaller antenna will help to detect the target inside the phantom better. In fact, by 

having a small sized antenna compared to the wavelength, the beam will be uniform and in this 

way, it covers more surface of the phantom. It is noteworthy that by changing the size of antenna, 

the power emitted by the antenna is changed and the emitted power is affected by that.  
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Antenna size: 120 mm Antenna size: 12 mm 

Figure 4.8: The effect of changing the length of antennas around the phantom on reconstructed image. 

Reducing the antenna size showed us that the results obtained are improved if we use smaller 

antennas (see figure 4.8). On the other hand, for the 3D reconstruction, where we need to use 

several arrays of antennas, it is important to create a uniform beam radiated by each antenna to 

cover the surface of the object. Therefore, from this point onward we will use dipoles with length 

of 12 mm as transmitter and receiver. With this new configuration of antennas also it is expectable 

that again a target with lower dielectric properties is easier to be detected as shown in figure 4.9. 

   

휀𝑇 = 8 휀𝑇 = 20 휀𝑇 = 55 

Figure 4.9: Losing the accuracy of the reconstructed image by increasing the dielectric properties of the 

tumor while using the mask (antenna size is 12 mm). 

4.3.3 Numerical analysis on a 3D anthropomorphic breast phantom 

This section is dedicated to reconstruct the image of on cut of a 3D GeePs-L2S breast phantom 

whose cross-sectional size is of the same order as that of the cylinder considered above (about 

lambda in free space). To do that the 3D phantom is simplified in a first step in order to optimize 
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the calculation time and memory space in the WIPL-D software. Moreover the simulations will 

take into account the results of the previous ones on the cylinder, by choosing an experimental 

configuration consisting of 8 dipoles of size 12mm (lambda/10). 

 

 

  

Figure 4.10: Three domains of the breast phantom 

Simplification of the anthropomorphic model 

The original STL file corresponding to the breast phantom comes from the University of 

Wisconsin–Madison [Burfeindt et al., 2012]. This file has been modified by means of a computer-

aided design software to separate two distinct cavities, fatty and glandular cavities [Joachimowicz 

et al., 2018]. Moreover, two cylindrical tumors are added inside the phantom in such a way they 

can be filled by TMMs easily. One tumor is located in the fatty part and the other one in the 

Glandular part (see figure 4.10). 

Domain 1 
Fat 

Domain 3 
Tumor 

Domain 2 
Glandular 

Z 

8
.1

 cm
 

11 cm 

x 
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Due to the high contrast between the dielectric properties of tumor and fat, we expect that the 

algorithm will be able to find the location of this tumor easier than the one in the glandular part. 

Table 4.1: Dielectric properties of different domains of the breast phantom  

@2.45 GHz Domain 1 
Coupling 
medium 

Domain 2 
Fat 

Domain 3 
Glandular 

Domain 4 
Tumor 

Relative Permittivity 1 5 47 53 

Conductivity 0 0.1 1.4 1.8 

As mentioned before WIPL-D is based on a Method of Moment (MoM) using high order basis 

functions. In this way, the number of meshes on the surface of the structure in the simulation has 

a direct relation with the number of unknowns and simulation time. The more dense the meshing 

is the longer the simulation time will be. As mentioned in chapter 2, after extracting the STL file 

of the organ from the MR image or CT scan, we will have a finely meshed phantom.  

  

 

  

Number of meshes: 30262   604 

  

 

  

Number of meshes: 24094   3614 

Figure 4.11: The result of the simplification of different cavities of the phantom breast. 
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In chapter 2, we showed that not all these small details on the phantom are necessary to obtain 

the exact field inside it and at the same time, we know that these unnecessary details lead to a big 

number of unknowns. The solution to this issue is the simplification of the phantom without a 

significant change in the phantom shape (see figure 4.11). Using Blender for this purpose, the 

number of meshes has been reduced, for instance from 30262 to 604 for the outer shell of the breast 

phantom, and from 24094 to 3614 for the inner shell that have a more complex shape. 

Before starting using the simplified phantom in our simulation, we must check that using a 

simplified version of the phantom will not change significantly the E-field distribution inside the 

phantom. The process of simplification is small adjustment of the surface and merging meshes to 

keep the shape of old phantom with less number of meshes. These adjustments are so small 

compared with the wavelength so we do not expect a significant change in the field distribution. 

To prove this, we ran simulation in WIPL-D using the complex and simplified breast phantoms 

with and without tumors in fatty and glandular part. In this configuration a plane wave is 

illuminated to the phantom and the electric field distribution is calculated in the cross section at 

the height z=10 mm (bottom of the breast and the middle of the two tumors). 
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Figure 4.12: Differential total E-field for the breast phantom and simplified version of it for the case with 

and without tumor on the cross section z=10 mm. 

As indicated in figure 4.12, using the differential technique by subtracting the E-field with and 

without tumor, we localize the tumor in the fat easily while the electric distribution does not give 

any information about the tumor in glandular part. In addition, the results obtained from two 

phantoms are similar. Hence, the simplified phantom will be used in all the following simulations, 

and the computation time will be significantly reduced as shown on the table 4.2. Below the details 

of two simulations are reported. 

Table 4.2: Information on simulation of the complex and simplified breast phantoms by illumination of a 

plane wave. 

 Complex breast phantom Simplified breast phantom 

Number of faces 54800 5400 

Resolution of figures 80*67 pixels 80*67 pixels 

Simulation time ~ 2 h ~ 1 min 

 

Extraction of the contour of the GeePS-L2S breast phantom 
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By running multiple simulation by WIPL-D, we obtained the contrast map of the breast phantom 

at z=10 mm (figure 4.13). This map provides us a digital contour of different tissues with different 

dielectric properties. In this work, we are going to use only the outer contour of the fatty part to 

define the breast domain. 

  

Figure 4.13: Contrast map of the breast phantom at the height z=10. Fatty, glandular part and tumors are 

recognizable by their contrast. 

Use of the TSVD algorithm 

Here we use the results of the previous study on the cylinder, to reconstruct the anthropomorphic 

phantom with and without a priori information with the bidimensional TSVD algorithm.  

The phantom has three parts as shown in figure 4.9 and the dielectric properties of each part are 

mentioned in table 4.1. As it is shown in figure 4.12, detecting the dielectric perturbation 

corresponding to the tumor in the glandular part, is not possible through the differential electrical 

distribution due to low contrast between tumor and glandular tissue. This is why now we consider 

the tumor inside the fatty part. So in this section, differential scattering parameter (∆S) used in the 

TSVD code is calculated for scenarios of with and without the fatty tumor while the glandular 

tumor presents and located as depicted in figure 4.10.  

By considering free space as the coupling medium and 8 dipole antennas around the breast 

phantom, we run a couple of simulations with WIPL-D for each view to build the linear operator. 
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By collecting the S-parameter of antennas with in the configuration described above, we are able 

to reconstruct the image given in figure 4.14. We use three-dimensional phantom in our 

simulations but we are going to reconstruct only one cut of this setup. The considered plane goes 

through the middle of tumors.  

The singular values obtained for this case show a rapid drop in their values (see figure 4.14 a). 

The main reason for this type of behavior can be the lack of information in the data that can lead 

to a bad reconstruction. Based on the obtained singular values, only the first few ones have 

information and the rest cannot help reconstructing an image. Figure 4.14 b shows the 

reconstructed image for T equal to 15. This reconstruction is a fail and we are not able to see the 

tumor in the reconstructed image. 

  

Figure 4.14: (a) Singular values curve (in dB). (b) Reconstructed image of breast phantom at height z=10 

mm. 

Next, we are going to use coupling medium with dielectric properties of 휀 = 18 and 𝜎 =

0.01𝑆/𝑚 as used in [Scapaticci et al., 2012] to have a better matching and consequently more 

power penetration.  

(a) (b) 
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Figure 4.15: Singular value curves for scenarios with (a) free space and (b) 휀 = 18 and 𝜎 = 0.01 𝑆/𝑚 as 

coupling medium. 

Figure 4.15 gives a comparison of the singular values behavior between the scenario in free 

space and the one with the new coupling medium. The very first singular values drop fast to around 

-60 dB when the coupling medium is free space, while with the new coupling medium, the first 

singular values drop to -15 dB, allowing less singular values to be removed. Calculating the power 

penetration density for these two scenarios also validates our understanding of using the new 

coupling medium. As shown in figure 4.16 the range of power density for the breast in free space 

is much lower that the breast in a coupling medium with higher permittivity.  

  

Figure 4.16: Power density distribution in 𝑑𝐵𝜇 𝑊/𝑚2 for two scenarios: (a) with coupling medium and 

(b) in free space. 

(a) (b) 

(a) (b) 
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To have an efficient detection, the E-field has to penetrate inside the phantom and the 

perturbation of field should change the S parameters. This means the dielectric properties of the 

coupling medium has a critical impact on the reconstructed image and finding a proper coupling 

medium will help us on a better reconstruction. Therefore, the reconstruction with the new 

coupling medium provides more details (figure 4.17). Still it does not show the shape of the tumor, 

we observe contrast variation near the tumor location and outside the outer contour of the phantom. 

Therefore, we expect here that the a priori information, as introduced in the TSVD method, is 

effective. 

  

Figure 4.17: The effect of changing the coupling medium on reconstructed image. The reconstruction is 

done for (a) free space as coupling medium with T=18 and (b) for coupling medium of ε=18 with T=30. 

As before the outer contour of the breast phantom is going to be used to correct the linear operator 

and help the inverse algorithm. In figure 4.18, the reconstruction considering the masking 

technique for scenarios with the different coupling mediums is compared. By using the contour of 

the fatty part as a priori information, the quality of the reconstructed image is improved, allowing 

to determine the correct location and shape of the tumor. 

(b) 

 

(a) 
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Figure 4.18: The effect of changing the coupling medium while applying a priori information on 

reconstructed image. The reconstruction is done for (a) free space as coupling medium with T=18 and (b) 

for coupling medium of ε=18 with T=30. 

Until now in this chapter, the differential S matrixes are obtained from two cases with and 

without tumor in fatty part. By considering the tumor in glandular part of breast, we do not expect 

to have a better view than the tumor in fat. This is due to the fact that the contrast between glandular 

part and tumor is much lower than the contrast between fat and tumor. To be able to detect the 

tumor in the glandular part it is necessary to have optimized antennas designed for medical 

applications with a proper coupling medium. Here we run some simulations with the same 

configuration as before to see if it is possible to see the location of the tumor in glandular part as 

well as in fatty part.  

  

(a) 

 

(b) 

 

(b) 

 

(a) 
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Figure 4.19: Reconstructed image of the breast phantom at the height z=10 mm for two different 

truncation index (a) T=25 and (b) T=35. In this configuration, both tumors in fat and glandular part are 

considered. The red circles show the location of the tumors. 

As shown in Figure 4.19, the spatial resolution of the reconstructed image is not sufficient to 

detect the exact location of the tumor and recognize its shape in the glandular portion. The increase 

of T provides artifacts in the image. 

4.4 Conclusion 

As the conclusion of this chapter, we showed that we are able to use 3D models to reconstruct 

images based on the results of 3D EM solver. We developed a simplified breast phantom including 

three parts with different dielectric properties. By using eight dipoles around this phantom in free 

space at the height z=10mm, we reconstructed an image by using TSVD algorithm. The results 

were showing neither the shape nor the location of the tumor in fat. Thus, we considered different 

ways to help the algorithm and obtain better results. By changing the coupling medium, we have 

shown that better penetration results in a better reconstruction quality. Using STL files of the 

human organs, which are obtained from MRI/CT scans of patients, can help the inverse algorithms 

to reconstruct images with more details. In the example showed in this study, this a priori 

information help in the detection of tumors with high dielectric contrast anomaly such as those 

existing in the fatty part and further research will be necessary for the detection of low dielectric 

contrast anomaly such as those existing in the glandular part. Among them are the use of different 

antennas to increase the power penetration density inside the breast, and a better knowledge of the 

right way to truncate.  The joint use of TSVD and the diffraction tomography algorithms could be 

an interesting approach in this context. 
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5 Conclusion and future work 

The work included in this dissertation was focused on standard phantoms for EM device testing 

in the context of EMERALD, the coherent action of leading European engineering groups for 

medical imaging. The study was made at Labo GeePs in collaboration with several partners from 

National university of Galway (NUIG) in Ireland, WIPL-D in Serbia, Faculdade de Ciências da 

Universidade de Lisboa (FCUL) in Portugal, and CNR-IREA and Politecnico di Torino (POLITO) 

in Italy.  

 

Figure 5.1: Benchmark Phantoms Flowchart for Microwave Imaging 

Gaining skills to be able to prepare numerical version of a phantom for testing MWI systems 

was the key to accomplish the goals of this program. This happened by extracting the shape of the 

target tissue from MRI or CT scan of the organ and building a decent 3D model numerical file out 

of it. There are three main chapters covering three main goals of my PhD program, I dedicated 
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almost one year to get each of them done. As explained in the introduction chapter, each of these 

main chapters elaborates on one usage of numerical phantom files.  

In a flowchart (see figure 5.1), the process of developing benchmark phantoms for the 

assessment of microwave devices is shown. 

(i) The STL files of the organs are obtained from the segmentation of MRI/CT scan or a library 

phantoms.  

(ii) The files are modified with a CAD software to develop printable cavities in such a way that 

the resulting phantom is fillable and compatible with the experimental system. Thus, the STL files 

should be readable by 3D printers. 

 (iii) TMMs are developed for each tissue according to the concentrations of TritonX-100 and 

salt determine from the optimization process. 

(iv) The mixtures are prepared following the experimental process. 

(v) Dielectrics properties of the mixture are measured. Note that at this step, an experimental 

adjustment may be necessary to obtain properties closer to the theoretical values or less viscous 

mixtures. 

The numerical versions of anthropomorphic phantoms were designed and produced. Since these 

files are readable by 3D printers, they were printed successfully and will be filled by the produced 

TMMs. The 3D printed phantoms were prepared to assess the devices in the other groups. 

Particularly, head phantoms were developed for the MWI system in POLITO for the usage of 

David Rodriguez-Duarte (ESR 9) [Abedi et al., 2019], Shoulder phantom was developed and 

designed in collaboration with Matteo Savazzi (ESR 10) from FCUL [Savazzi et al., 2020] and 

liver phantom was designed and produced for the liver ablation study conducted by Mengchu 

Wang (ESR 13) from IREA-CNR [Wang et al., 2022].  
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The STL files of the anthropomorphic phantoms were used for electromagnetic simulations, to 

investigate the MWI device as well as the phantom itself in the particular configurations 

investigated by POLITO [Abedi et al., 2021] and FCUL [Joachimowicz et al., 2021].  

This work was enhanced by our interactions with several groups, during periods of secondment. 

During my first secondment at NUIG in Galway, my knowledge of systematic measurements of 

biological tissues enhanced, several techniques of dielectric measurements were studied, and 

measurement campaigns on animals have been conducted. My collaboration with Niko Ištuk (ESR 

2), led to a journal paper on the dielectric properties at different locations inside and outside of 

ovine heart over the 500 MHz to 20 GHz frequency range [Ištuk et al., 2021].  

In collaboration with WIPL-D, during 2 months of secondment in Belgrade, a simplification 

method was developed to reduce the problem complexity and the simulation time involved in using 

3D anthropomorphic models [Singh et al., 2021].  Training on WIPL-D allowed us to cross-

validate with CST on the calculation of the electromagnetic field as well as to extract the contour 

of the phantom for use as a priori information in the TSVD algorithm. 

The initial work on inversion, presented in chapter 4 is based on the training and the secondment 

held in CNR-IREA in Naples. During 4 months of research with the team there, I was introduced 

with a few inverse algorithms. This led to the use of TSVD to test the effect of introducing a priori 

information on the solutions of the inverse problem. STL files of the phantom gave us the 

opportunity to define the outer contour of the phantom and introduce it in the inverse algorithm. 

In this way, the algorithm reconstructs the location and shape of the high contrast target with more 

precision and higher quality. 

As a result of this collaborative work, there are several anthropomorphic phantoms developed 

for applications like cerebrovascular diseases, hyperthermia, tumor and axillary lymph node 
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detection. As it is shown in the flowchart (figure 5.1) this work was not a stand-alone task of 

producing anthropomorphic phantoms but rather the sum of all blocks indicated in the flowchart 

i.e. segmentation, 3D design, using optimization code to obtain and etc.. There are three main goals 

to be achieve following this flowchart. For future work not only the structure of this flowchart can 

be change by adding or removing some blocks, but also slight development of each part of the 

flowchart can result in a more efficient, accurate and realistic results. Indeed aggregating these 

marginal developments makes a difference. Here are some suggestions regarding the future work: 

- Extending the STL library of anthropomorphic phantoms. This can help to spend less time 

on segmentation part and directly starting with 3D modeling of the specific part of human 

body for the target MWI system. 

- Finding alternative material for 3D printing. The effects of plastic as the printing material on 

field distribution inside the phantom have been studied and this can be improved by 

considering a new material, which is not too costly and has similar dielectric properties as 

skin.  

- Böttcher law was used as the binary law to calculate the dielectric properties of different 

concentrations of TritonX-100 and saline water. This law was used in the optimization code 

as explained in chapter two. There are more binary laws in the literature, which can be 

checked. For instance, we found that Kraszewski law has a simpler equation for calculating 

the dielectric properties of the mixture, which can help the optimization code to calculate the 

concentrations more efficiently [Abedi et al., 2021].  

- There are different commercial simulators in the market and during this PhD program, 

WIPL-D was found as an efficient one regarding the need of the project in terms of accuracy 

and simulation time. Deep work on quantitative and qualitative investigation is required. 
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- Normally due to the high contrast between the abnormal tissue and the medium, Born 

approximation is not valid. This can lead to false image reconstruction. There are several 

inverse imaging algorithms developed in the literature, which can be studied and a priori 

information could be applied to them. 
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