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Abstract 

Microwave medical technologies have become a reliable and affordable method over the 

last three decades. The fact that the dielectric properties of healthy and pathological 

tissues differ showed a potential to examine the possibilities of using the microwave for 

both diagnostic and monitoring applications. Microwave imaging – MWI (tomography - 

MWT) systems have the potential to be an inexpensive, compact and non-harmful 

modality for patients. Despite the lower resolution, it can complement existing 

conventional imaging systems and help to improve healthcare quality in the future. The 

microwave diagnostic method that is considered the most is the early detection of breast 

cancer and the detection or classification of brain stroke, respectively. In addition, 

because of the temperature dependence of the dielectric parameters, the microwave 

thermometry during hyperthermia treatment seems to be a very promising way. 

This dissertation thesis is mainly focused on the contribution to medical applications of 

microwave tomography for the detection of brain stroke and to the feasibility of 

microwave thermometry for hyperthermia based on the differential microwave imaging 

approach. 

In the thesis, the new methodology for comparison of near-field radiation of different 

antenna elements was designed and on its basis, the new compact antenna suitable for 

MWI applications was developed. A laboratory 3D multichannel MWI system for testing 

of brain stroke detection on homogeneous head and stroke phantoms employing 

developed antennas was experimentally verified and parameters of the system such as 

sensitivity were evaluated. Further, the feasibility of microwave thermometry was 

studied. Experimental measurements on muscle phantom proved the ability of the 

differential MWI technique to track the trend of temperature progression based on the 

local change of dielectric properties. To combine hyperthermia and microwave 

thermometry using one hybrid system, some challenges, such as parameters of water 

bolus or antenna radiation, must be addressed in the future. 
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Anotace 

Mikrovlnné technologie v medicíně se za poslední tři desetiletí staly spolehlivou a 

dostupnou metodu. Skutečnost, že se dielektrické vlastnosti zdravých a patologických 

tkání liší, ukázala potenciál pro zkoumání možností využití mikrovln pro diagnostické i 

monitorovací aplikace. Mikrovlnné zobrazovací (tomografické) systémy mají v 

současnosti potenciál být levnou, kompaktní a pro pacienty bezpečnou variantou. I přes 

nižší rozlišovací schopnost mohou doplnit stávající konvenční zobrazovací systémy a 

v budoucnu pomoci zlepšit kvalitu zdravotní péče. Nejslibnějšími aplikacemi 

mikrovlnného zobrazování je včasná detekce rakoviny prsu a detekce nebo klasifikace 

cévní mozkové příhody (CMP). Vzhledem k teplotní závislosti dielektrických parametrů 

se navíc mikrovlnné zobrazování ukazuje jako velmi vhodné pro termometrii při 

hypertermické léčbě tumorů tkání. 

Tato disertační práce je zaměřena především na přínos mikrovlnné tomografie pro detekci 

CMP a na proveditelnost mikrovlnné termometrie pro hypertermii pomocí tzv. 

diferenciálního mikrovlnného zobrazování. 

V této práci byla navržena nová metodika pro porovnání vyzařování různých anténních 

elementů v blízkém poli a na základě této analýzy byla vyvinuta nová kompaktní anténa 

vhodná pro mikrovlnné zobrazování. Dále byl navržen a experimentálně ověřen 

laboratorní 3D vícekanálový mikrovlnný zobrazovací systém pro testování detekce CMP 

na homogenních fantomech lidské hlavy a CMP s využitím vyvinutých antén. Byly také 

vyhodnoceny parametry systému jako je citlivost. Dále byla v práci studována 

proveditelnost mikrovlnné termometrie. Experimentální měření na fantomu svalu 

prokázalo schopnost diferenciálního mikrovlnného zobrazování sledovat trend vývoje 

teploty na základě lokální změny dielektrických parametrů. Aby bylo možné kombinovat 

hypertermii a mikrovlnnou termometrii v jednom hybridní systému, je třeba v budoucnu 

vyřešit některé problémy, především parametry vodního bolu nebo vyzařování použitých 

antén. 
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1 INTRODUCTION 

 

In the rapidly advancing field of medical diagnostics and monitoring, the quest for 

non-invasive, cost-effective, portable, and non-harmful alternative technologies to 

conventional imaging methods such as computed tomography (CT) or magnetic 

resonance imaging (MRI) is more essential than ever. Microwave Imaging 

(MWI)/Microwave Tomography (MWT) has been shown to be an adequate candidate. It 

utilizes the lower part of the microwave frequency band, typically between 500 MHz and 

10 GHz of the electromagnetic spectrum, to probe the human body. The principle is 

grounded in the different scattering of microwaves due to the contrast in dielectric 

properties between different tissues, healthy and pathological tissues or due to changes in 

temperature. The scattered electric field can then be measured and processed to 

reconstruct images of the internal structures of the body.  

The history of microwave imaging, especially within the context of medical 

applications, spans several decades and involves a gradual evolution from theoretical 

concepts to experimental validations and towards ongoing clinical research studies. The 

concept of using microwaves for imaging purposes dates back to the mid-20th century. 

The early applications focused more on industrial and military uses such as radar than on 

medical diagnostics. Only since the end of 1980s have researchers begun to explore the 

potential of using MWI for medical imaging purposes. The main initiative was the need 

for non-invasive and ionizing-radiation-free method. First, theoretical models for 

microwave imaging were developed, focussing on understanding how microwaves 

interact with different materials, including biological tissues. In the late 1990s significant 

progress in computational electromagnetics was made by Taflove and Hagness [1]. The 

Finite Difference Time Domain (FDTD) method allowed for accurate simulations of 

microwave interactions with biological tissues and whole body parts and thus gave rise 

to future medical applications such as early breast cancer detection, prehospital brain 

stroke classification, or non-invasive 3D real-time thermometry during hyperthermia 

treatment. 

Breast cancer accounts for about 25% of all cancer cases in women, making it the 

most frequently diagnosed cancer among women worldwide. In 2020, approximately 2.3 

million women worldwide were diagnosed with breast cancer [2] 
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Each X-ray mammography examination by itself increases the risk of cancer 

formation in the future. Tumorous tissues show increased dielectric properties compared 

to healthy tissues. The potential of MWI systems is to fully eliminate ionizing radiation 

while maintaining the sensitivity and specificity. 

Apart from the parameters mentioned earlier, primarily portability, high operation 

speed, and no need for trained professionals allow MWI systems to improve prehospital 

brain stroke classification in ambulance. Accurate differentiation between ischemic 

(approx. 80 % of all cases) and hemorrhagic stroke (approx. 19 % of all cases) is crucial 

to provide proper treatment. A hemorrhagic stroke is manifested by bleeding from a 

ruptured blood vessel in the brain, and thus, an increase in the values of the dielectric 

properties in the affected area. An ischemic stroke is caused by the blockage of an artery 

by a clot, thereby stopping blood flow and oxygenation in a specific part of the brain as 

shown in Figure 1.1. A decrease in blood content and thus water in the affected area leads 

to a local decrease in the value of the dielectric properties. 

 

 

Figure 1.1 Schematic picture of two types of stroke, hemorrhagic on the left and ischemic on 

the right, adopted and edited from [3]. 

 

A typical patient loses 2 million neurones per minute during which the stroke is not 

treated – “Time is the brain” [4]. According to the WSO (World Stroke Organisation) 

over the last 25 years, stroke has become the second leading cause of disability and the 

second leading cause of death worldwide [5].  
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Last but not least, the prospective use of microwaves as an intersection of diagnostic 

and therapeutic technologies in oncology is undoubtedly thermometry during 

hyperthermia treatment. Hyperthermia involves increasing the temperature of the tumour 

tissues to 40-45°C to enhance the effectiveness of cancer treatments such as radiation 

therapy and chemotherapy. Precise temperature monitoring is crucial during 

hyperthermia to ensure that the therapeutic range is achieved without damaging the 

surrounding healthy tissues. As the dielectric properties of tissues are temperature 

dependent, MWI offers a non-invasive approach to real-time thermometry, leveraging the 

temperature-dependent dielectric properties of tissues. Here again, expensive MRI or 

invasive optical fibre probes are the current “competitors”. 

Today, technological advances have led to the development of prototype 

microwave imaging systems for clinical evaluation. Research efforts have focused on 

improving image resolution, developing efficient image reconstruction algorithms, and 

enhancing system development for practical use. Clinical trials have been conducted, 

particularly in breast cancer detection [6] and brain stroke imaging [7], to evaluate the 

efficacy and safety of microwave imaging. The main disadvantages of MWI still remain 

a lower, but acceptable resolution and a computationally more demanding image 

reconstruction. This could be addressed with computational cluster and accelerations of 

the numerical simulations using graphical processor units (GPUs) or by adapting the 

machine learning algorithms trained on large, measured data sets. On the other hand, the 

utilization of safe radiation, mobility, cost effectivity, and the possibility of untrained use 

are the current advantages of MWI compared to other imaging modalities as summarised 

in Table 1.1. 

 

Table 1.1 Comparison of parameters of current imaging modalities and MWI 

Feature CT MRI US MWI 

Time resolution     

Spatial resolution  ~ 0.5 mm ~ 1 mm ~ 5 mm ~ 5 mm* 

Untrained use     

Safe radiation     

Mobility     

Cost-effectiveness     

*at maximum, depending on used frequency and application  
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1.1 Thesis concept 

Microwave imaging systems for medical applications, despite the potential benefits 

mentioned above, face several significant challenges that must be addressed. It involves 

a list of comprehensive technical, computational, and practical tasks. A huge part of the 

MWI systems development process is dedicated to numerical modelling and solving the 

inverse scattering problem (using the scattered microwave signals collected around the 

human body to reconstruct images of the internal tissues). The relationship between the 

electromagnetic (EM) properties of tissues and the scattered fields is highly nonlinear and 

ill-posed. Thus, before any measurements, a feasibility study based on, e.g., the finite 

element method (FEM) or the finite difference time domain (FDTD) method should be 

performed. Additionally, the heterogeneous and complex nature of biological tissues 

contributes to its difficulty. Tissues have varying, sometimes overlapping, frequency- and 

temperature-dependent dielectric properties, which can change over time.  

First, the operating frequency range selection needs to be done. It is influenced by 

the application's specific requirements for penetration depth of EM waves and spatial 

resolution. We strongly believe that the frequency range with balanced penetration depth 

and resolution must be numerically validated only on realistic 2D and 3D models of 

human body parts, e.g. human head, with realistic frequency-dependent dielectric 

properties. 

The second key factor is to design an antenna element that efficiently transmits EM 

waves in the selected frequency band into the examined domain with minimal loss and 

distortion. One of the tasks is to reach as wide bandwidth of the antenna as possible to 

accommodate the broad range of frequencies used in a microwave imaging system. But 

in our opinion, more important is elimination of backward radiation of antenna and 

symmetrical feeding/near-field radiation pattern. Additionally, in the field of medical 

applications, antennae need to be small and compact to facilitate close proximity to the 

body and to allow the construction of dense antenna arrays. The small physical shape 

influences the bandwidth. If we take mentioned into account, a paradigm shift in the 

antenna elements design is thus necessary: from wide-band, radiating to all directions and 

medium-large antennas to compact antennas, with eliminated backward radiation where 

a large bandwidth is not crucial. 
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 The next essential challenge for the validation of MWI systems is to develop and 

fabricate phantoms that mimic the dielectric properties (permittivity and conductivity) of 

human tissues as well as its anatomical structures. 

Common materials include gels (e.g., agarose or gelatin-based), liquids, and solid 

polymers, often mixed with additives to adjust the dielectric properties as realistic as 

possible. Gels and liquids evaporate over time and thus change their properties. The lower 

conformability could be an issue of solid phantoms. We suggest the use of substances 

such as urethan rubber, acetone, graphite and carbon black powder to create dry phantoms 

of human tissues as presented in [A3] and [A10]. The final mixture/phantom has stable 

dielectric properties over time, is easily reconfigurable, and is also quite flexible. The 3D 

printed moulds are suitable for mixture layering. 

 The last but not least task relates to the reconstruction of dielectric properties 

weighted images from measured data. A variety of algorithms based on different 

approaches such as back projection, inverse scattering, or iterative methods have already 

been developed. Some of algorithms are computationally demanding, others require 

forward linear solver or approximation. Algorithms that offer the highest accuracy often 

lack the necessary speed, making them unsuitable for continuous monitoring applications. 

We firmly believe that differential imaging algorithms using Born's approximation with 

selected regularization method are the approach with such a potential.  
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1.2 Main aims of the thesis 

The dissertation thesis focusses mainly on the contribution to applications of 

microwave imaging/tomography for medical diagnostic and monitoring. The three main 

aims of the thesis are 

(i) design and experimental validation of a suitable antenna element for 

MWI systems (Chapter 5), 

(ii) development and in-laboratory validation of multichannel 3D MWI 

system for brain stroke detection (Chapter 5), 

(iii) feasibility study towards microwave thermometry employing a 

differential microwave tomography approach (Chapter 6). 

 

Some of the topics related to the thesis, such as numerical analysis of EM wave 

propagation through human head models or reconstruction algorithms for microwave 

imaging technique, are described in Chapter 4 or 3, respectively. 

 

1.3 Thesis outline 

This thesis is organized as follows. 

 

 In Chapter 2 the general concept of microwave imaging or radar-based and 

microwave tomography approaches ,respectively, is introduced. In addition, the dielectric 

properties of human tissues and the S-parameters of microwave systems are summarized. 

 

The reconstruction algorithms suitable for the microwave imaging technique are 

introduced in Chapter 3, especially the linear algorithm based on the Born approximation 

is described. 

 

Chapter 4 is focused on numerical studies, especially the study of EM wave 

propagation through human head models, validation of spatial resolution of the MWI 

method, and comparison of different coupling mediums suitable for use in MWI systems. 
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 The following Chapter 5 deals with the design of the new antenna element, analysing 

its sensitivity to changes in dielectric properties, and identifying antenna near-field 

radiation patterns. Comparison with other available antennae for MWI is done as well as 

antenna validation within the developed 3D multilevel MWI system. The experimental 

results are analysed, and limitations as well as future perspectives are discussed. 

 

Last but not least, in Chapter 6, we propose experimental real-time non-invasive 

microwave monitoring of temperature employing implemented linear reconstruction 

algorithm and differential microwave imaging (dMWI). 
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2 MICROWAVE IMAGING 

 

Microwave imaging (MWI) is a technique that uses the interaction of microwaves 

with materials in the imaged area, particularly scattering and attenuation. The interaction 

is governed by Maxwell's equations [8] and depends, among other things, on the 

microwave frequencies and dielectric properties of the imaged objects. During imaging, 

the imaged area is exposed to incident electromagnetic waves and the parameters of the 

reflected and transmitted waves are measured. 

Based on these measurements and solution of inverse scattering problem MWI can 

provide information about distribution of dielectric properties of body tissues which 

differs between the tissues, between healthy and pathological tissue and for different 

temperatures.  

In general, MWI can be distinguished on microwave tomography or so-called radar-

based approach. In this thesis we deal primarily with microwave tomography and for the 

sake of clarity the microwave imaging (MWI) and microwave tomography (MWT) are 

synonymous in this thesis. 

 

2.1 Radar-based approach 

This technique operates in the time domain and the location of dielectric contrast 

can be determined by measuring the delays between incident and both transmitted and 

reflected ultra-wideband signals. Before reconstruction, estimation of the EM waves 

propagation speed is necessary. Radar-based methods are primarily used to detect the 

presence, location or size of scatterers and thus providing “only” qualitative information. 

Reconstruction is rapid, with the potential for real-time monitoring and works well in 

media with high contrast. However, the main challenges include the maximum resolution 

of the reconstructed image, which depends on the pulse bandwidth, potential variations 

in propagation speed, and the multipath effect (multiple reflections from scatterers). 

Confocal microwave imaging (CMI), which incorporates the delay-and-sum algorithm, 

and its improved versions is one of the most commonly used reconstruction method for 

radar approach [9]. 
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2.2 Microwave tomography 

Microwave tomography involves reconstructing an image of the dielectric 

properties distribution within a region of interest by solving the inverse scattering 

problem which is more detailed described in [8]. It provides quantitative as well as 

qualitative information about the internal structure of an object, such as variations in 

permittivity and conductivity or location and size, respectively. The inverse scattering 

problem is usually ill-posed, leading to instability in the solutions thus to be solved it 

requires significant computational power and sophisticated algorithms [10]. When objects 

have low contrast and multiple scattering effects are minimal, the inverse problem can be 

linearized using methods such as the Born or Rytov approximations and their enhanced 

versions [8]. However, if multiple scattering effects are significant, nonlinear 

reconstruction algorithms are necessary. These algorithms use either linearization 

techniques or optimization methods, which can be stochastic or deterministic as 

introduced further in Chapter 3.  

 

2.3 Dielectric properties of human tissues 

The electrical behaviour of human tissues can be described by dielectric properties 

which are defined by so-called complex permittivity 𝜀(𝜔). 

 

 
𝜀(𝜔) =  𝜀′(𝜔) − 𝑗𝜀′′(𝜔) =  𝜀′(𝜔) − 𝑗

𝜎(𝜔)

𝜔𝜀′
, 

(2.1) 

 

where 𝜔 is angular frequency, 𝜀′ is real part of complex permittivity. It reflects the 

ability of any tissue to store the electric field energy. The imaginary part 𝜀′′ describes 

dissipative nature of tissues. The absorbed energy is mainly converted into heat. The 

equivalent electrical conductivity 𝜎 is related to imaginary part by the equation above 

[11]. The dependency of both real and imaginary part of permittivity on frequency is 

depicted in Figure 2.1. 
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Figure 2.1 Dependency of complex permittivity on frequency. The red curve indicates the real 

part, and the blue curve the imaginary part [12]. 

 

In particular, at specific frequencies, polarisations occur and contribute to 

dispersions. These dispersion regions reflect the mechanisms that occur in various 

components of three main dispersion regions, 𝛼, 𝛽 and 𝛾 along with other minor 

dispersions, including the 𝛿 to the tissue dielectric behaviour [13]. 

To describe the frequency behaviour of complex permittivity of human tissues for 

frequencies of interest some models have been developed. The two most common well-

known models are Debey and Cole-Cole model which equations are defined for instance 

in [14]. These models allow import of dielectric properties of human tissues into 

numerical studies which are essential in the field of biomedical application of microwave 

imaging. 

 Debye model is suitable to approximate frequency dependency of complex 

permittivity of chemically pure substances (e.g. pure isopropanol or ethanol). It is not 

adequate for biological tissues. For biological tissues, there are several relaxation 

processes related to different types of polarization and occurring at different frequencies. 

According to numerous experimental studies on various tissues, the Cole-Cole equation 

includes multiple dispersion terms [15], [16]. 
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2.4 S-parameters 

S-parameters, so-called Scattering parameters characterize how an N-port network 

reacts to signals applied to any or all of its ports. The first number in the subscript 

indicates the receiving port, while the second number identifies the transmitting port. The 

S-parameters enables us to describe the behaviour of the network without the need to 

know the inner structure of the network. The principle can be shown using the two-port 

network system as presented in Figure 2.2. 

 

Figure 2.2 Generalized two-port network system with characteristic impedance Z0 = 50 Ω, 

adopted and edited from [17]. 

 

In case of a 2-port, the complex-valued S-parameters, S11, S21, etc. can be expressed 

by ratio of complex voltage amplitude waves b1 and a1 or b2 and a1, respectively [17]. 

The ratios for S11 and S21 are derived by setting the incident signal a2 = 0 and solving for 

the above S-parameter ratios as a function of a1. Similarly, S12 and S22 are derived by 

setting the value of a1 = 0 and solving for the other ratios.  

It should be noted here that the above relations are valid in the case of knowledge of 

the value of the reference impedance of the ports (line), which is most often equal to 50 

Ω in the case of microwave measurements. If we want to ensure the highest possible 

transmission of the electromagnetic wave (power) to the investigation domain, it is 

always necessary to match the impedance of the circuits (antennas) with the reference 

impedance. Typically, values of magnitude of S11 under –10 dB are desirable. Then less 

than 10 % of the incident power is reflected back to the generator. 
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3 CHAPTER: RECONSTRUCTION ALGORITHMS FOR MWI 

TECHNIQUE 

 

3.1 Introduction 

In the literature, reconstruction algorithms can be basically differentiated into two 

main categories: (1) linear (model-based) reconstruction algorithms and (2) nonlinear 

(iterative) algorithms [8], [10]. These two kinds of algorithms solve an inverse scattering 

problem to obtain dielectric properties in the investigation domain; they are also known 

as inverse scattering methods. Comparison of their parameters are summarized in Table 

3.1. 

In general, by linear methods, qualitative reconstructions can be obtained, e.g. the 

presence, position, and size of a target. The greatest advantage of these methods is their 

computational effectiveness; they are relatively simple, fast, and robust. These parameters 

favour the linear reconstruction algorithm for real-time monitoring applications. In 

addition, if the condition of weak scatterer is fulfilled, i.e. targets to be imaged inside the 

investigation object have low dielectric contrast against the background, it is also possible 

to obtain not only position and size of stroke, but also quantitative information (dielectric 

properties of object of interest) by these methods. 

The principle of iterative (nonlinear) algorithms is to minimise the error between 

estimated (forward solver) and measured values of the scattered electrical field [8] in 

certain number of iterations. Two different iterative approaches can be distinguished [10]. 

The first approach uses the cost function which is based on the difference between the 

measured and predicted scattered electric fields to estimate the electrical properties of a 

given material. The second approach considers cost functions such as 'contrast sources', 

which relate the electric fields to the contrast of the unknown object of interest. Their 

disadvantage is computationally intensive, especially for large-scale problems or complex 

models, and the dependence of convergence on chosen parameters. Basically, at each 

iteration the algorithms call the forward solver to compute scattered electrical fields and 

then seek the dielectric properties of object (quantitative reconstruction) of interest by 

minimizing the cost function. Iterative methods are also limited by the need for a priori 

information. 
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Table 3.1 Comparison of parameters of linear and iterative reconstruction methods. 

 

Aspect Linear algorithms Iterative algorithms 

Basic principle 

Direct computation of the 

solution using linear 

algebraic techniques 

Solution refinement through 

iterative updates based on 

measured data and a 

predefined objective function 

Convergence 

Converges to the exact 

solution in a finite number of 

steps for well-posed 

problems 

Converges to a solution 

through successive iterations, 

with convergence criteria 

determining stopping 

conditions 

Computational complexity Computationally efficient 

Computationally intensive, 

particularly for large-scale or 

ill-posed problems, due to 

repeated computations and 

memory storage 

Robustness to noise 

May be sensitive to noise and 

measurement errors, 

particularly for ill-

conditioned problems 

Can be more robust to noise 

and errors, as regularization 

techniques and convergence 

criteria can mitigate their 

effects 

Applicability 
Well-suited for real-time 

monitoring applications. 

Suitable for nonlinear, ill-

posed, or noisy problems 

Examples 

Diffraction tomography, 

(Distorted) Born 

approximation 

Distorted Born iterative 

method, Gauss-Newton 
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3.1.1 Linear reconstruction algorithms 

Linear reconstruction methods exploit linear approximations like Born, Rytov, or 

Kirchhoff approximations, making them similar to inversion algorithms in CT. According 

to [8] the most common linear methods are diffraction tomography (DT) and Born 

approximation method (BA)/Distorted Born approximation (DBA). DT is based on the 

collection of the scattered electric field along a straight probing line located at a given 

distance Y0 from the object and outside of the object at the same time. The basic principle 

is shown in Figure 3.1. 

           

Figure 3.1 2D imaging configuration for diffraction tomography, adopted from [8]. 

 

The spatial resolution of diffraction tomography is limited by λ/2 [18] and it is not 

comparable to the resolution of conventional imaging systems based on X-rays. BA/DBA 

can be represented as a linear equation with only one unknown variable since the electric 

field is known everywhere. It is a linear inverse problem. To reach a stable solution, 

regularization schemes such as TSVD (Truncated Singular Values Decomposition) or 

Tikhonov regularization must be used [8]. The total electric field (x, y, z) at the 

measurement points is computed numerically using a forward solver. By the linear 

combination of these electric field components, a linear operator is created.  
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A linear operator is decomposed by TVSD. Calculation of electric fields using the 

forward solver is time consumable, and therefore it is carried out in advance [19]. This 

operator, together with measured S parameters, is the basis for calculating of the object 

function which describes a distribution of complex permittivity in the investigating 

domain. BA for microwave stroke monitoring has been described, for example, in [20], 

[21]. Its mathematical formulation is introduced in one of the following subchapters. 

3.1.2 Iterative reconstruction algorithms 

There coexist different iterative reconstruction methods. For example, Distorted 

Bron Iterative Approximation (DBIM), where an initial object function is iteratively 

updated until a stopping condition is reached. At each iteration, the first-order DBA is 

applied. DBIM is described more in [22]. The DBIM method was presented, for example, 

in 2013 in the study [23]. The authors used synthetic data obtained by numerical 

simulations of a realistic 2D head model. Reconstructions of the distribution of dielectric 

parameters showed individual tissues of a realistic head model. Reconstruction took 4 

hours and is therefore not suitable for real-time measurements. 

 However, quantitative methods can also be divided into deterministic (local 

optimisation) or stochastic (global optimisation) [10]. Deterministic methods minimize 

the cost function using the Newton-type minimization (e.g., Gauss-Newton or Newton-

Kantorovich) and always require some kind of regularization technique, the most often 

Tikhonov regularization, which is described, for example, in [24]. These regularizations 

work well when there are only a few scatterers with a small difference in dielectric 

properties (contrast) [10]. The main advantage of deterministic methods is their 

convergence speed. 

 Data provided by the second generation of MWI system designed at FBME [25] 

were reconstructed using a Gauss-Newton (GN) deterministic algorithm together with 

Tikhonov regularization. The results showed that the use of the GN algorithm led to a 

successful reconstruction of hemorrhagic stroke phantoms placed in the liquid phantom 

of a human head at 23 different positions. Some of the effects that could negatively 

influence measurements were discussed, and recommendations for future measurements 

were specified. Reconstructions were time-consuming, which can be reduced by using 

different forward solver (FDTD-based) and GPU acceleration in the future. 
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Among stochastic quantitative algorithms, there are especially population-based 

evolutionary algorithms such as neural networks (NN) or genetic algorithms (GAs) [10]. 

A stochastic approach is always a better choice if multiple scatterers are presented within 

homogeneous objects. The main disadvantage of this approach is its high computational 

cost and consumability. It is not suitable for high-resolution microwave imaging. To 

speed up this method, the runtime of forward solvers must be reduced or parallelisation 

must be used [10]. For example, the so-called 'supervised learning' algorithm for the 

detection and classification of brain stroke using the MWI method has been introduced 

and described in the study [26]. The use of GAs for brain stroke monitoring is presented, 

for example, in [27]. 

 

3.2 Main aim of the chapter 

The aim of this chapter is to describe selected reconstruction methods in terms of 

problem statements and mathematical formulations. Also, algorithm implementation on 

considered diagnostic and monitoring applications, e.g. microwave-based brain stroke 

detection and non-invasive microwave thermometry, is demonstrated. The crucial 

algorithm parameter, the so-called truncation level, is defined and explained.  
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3.3 Problem statement and mathematical background 

In the selected MWI medical applications explored in this thesis, namely the 

detection of brain stroke and non-invasive thermometry, the monitoring process 

necessitates periodic assessment at short time intervals. Differential microwave imaging 

(DMWI) is a method with such potential. It is imperative that both the algorithm and the 

imaging system should be 3D to enable the detection of potential hotspots across different 

planes of the imaging system. 

In this regard, algorithms developed by the research group led by Prof. Bucci, Dr. 

Crocco, and Dr. Scapaticci [20], [28], [29], utilizing linear sampling method, Born 

approximation (BA) or Distorted Born approximation (DBA), along with various 

regularization schemes such as Truncated Singular Value Decomposition (TSVD) and 

Tikhonov regularization, have already been established. 

Within these algorithms, the linear operator (Le) is built from numerically computed 

electric fields originating from each antenna of reference model, subsequently 

decomposed via TSVD to products U, S and V. This is called an offline phase and can be 

done in advance. Then in the online phase the measurements of the S-parameters of the 

scenarios in time t0 and tn and the evaluation of the object function based on the results of 

the measurements of the S parameters are executed. The mathematical details are 

described further in subchapter Mathematical formulation 3.3.1. The algorithm operation 

scheme is depicted in the flow chart in Figure 3.2. 
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Figure 3.2 Flow chart of the algorithm for differential MWI of brain stroke. Adopted and edited 

from [28]. 

 

The algorithm was implemented for 3D problems and in order to prove its concept, 

the mathematical formulation [19] is defined in Subchapter 3.3.1. Some steps were 

adopted from [28], [29], [30]. 

  

Δ𝑆𝑚𝑛 
δO(δεr, δσ) 

Online stage 

Forward 

solver 
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3.3.1 Mathematical formulation 

Let us consider multiview multistatic system with N number of transmitters T and 

M number of receivers R placed in observing domain Γ around the object to be imaged Ω 

as depicted in Figure 3.3. The number of T/R is often equal, i.e. N = M; for the sake of 

clarity, we preserve the distinction of these two in the following rows. 

 

Figure 3.3 Multiview multistatic system, reprinted with permission of Prof. Jan Vrba Jr. 

 

 This general system can be described by Volume Integral Equation (VIE) defined 

e.g. in [19] and by equation (3.1) or (3.2), respectively, 

 

 𝐄tot(𝐫) =  𝐄inc(𝐫) +  𝐄sca(𝐫) (3.1) 

 
𝐄tot (𝐫) = 𝐄inc (𝐫) + 𝑘0

2 ∫  
Ω

(𝐠̅(𝐫, 𝐫′) ⋅ (O(𝐫′)𝐄tot (𝐫′))) 𝑑𝑉′, 
(3.2) 

 

where 𝐄tot, 𝐄inc and 𝐄sca are total, incident and scattered electric fields, 𝑘0 is the 

lossless wave number in background medium and is equal to 𝑘0 = 𝜔√𝜀𝑏𝜇0. The object 

function O(𝐫′) is defined as reported for example in [30]. 

 

  

Etot 
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The principle of Born approximation is considering that object to be imaged is a so-

called weak scatterer. Thus, the scattered electric field can be neglected, and the total 

electric field is directly equal to the initial electric field, which is typically obtained 

employing the FEM-based forward solver. Distorted Born approximation utilizes total 

electric fields. 

 

For the case of differential imaging approach such as for instance a brain stroke 

follow-up or a non-invasive temperature monitoring, scattering parameters are measured 

at the time instance 𝑡 = 𝑡0 (before stroke/before thermotherapy) and at the time instance 

𝑡 = 𝑡1 ≠ 𝑡0 (when stroke progresses/temperature elevates). The difference in S-

parameters will be equal to differential S-matrix Δ𝑆𝑚𝑛 

 

By sequencing mathematical operations, the so-called linear operator Le is built 

from obtained initial electric field intensities as reported in [29]. Then linear equation 

(3.3) 

 Δ𝑆𝑚𝑛 = 𝐋𝑒𝛿𝑂(𝐫), (3.3) 

 

where 𝛿𝑂 (𝛿𝜀𝑟 , 𝛿𝜎) if differential object function, Δ𝑆𝑚𝑛 is differential S-matrix. 

Number of pixels 𝑁𝑐 of object function is usually higher than number of independent S-

parameters (N+1) N/2. Thus, regularization has to be used. By TSVD (built-in function 

svd() in MATLAB®) linear operator 𝐋𝑒(𝑁2 × 𝑁𝑐 matrix) can be decomposed to 𝐋𝑒 =

𝐔𝐒𝐕𝐻. U is 𝑁2 × 𝑁2, Δ𝑆𝑚𝑛 is 𝑁2 × 𝑁𝑐 and 𝐕 is 𝑁𝑐 × 𝑁𝑐. 

 

The 𝛿𝑂 can be then expressed by equation (3.4) as 

 

 

𝛿𝑂 = ∑  

𝑁𝑇

𝑝=1

𝑈𝑝
𝐻Δ𝑆𝑚𝑛

𝜎𝑝
𝑉𝑝, 

 

(3.4) 

 

where 𝑈𝑝 is the n-th column of 𝐔, 𝑉𝑝 is the n-th column of 𝐕𝑇 and 𝜎𝑝 is the n-th 

diagonal element of 𝐒 (singular value), 𝑁𝑇 is the number of considered singular values in 

the TSVD, so-called truncation level [29]. 
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Truncation level 

The value of 𝑁𝑇 should be equal at maximum to number of independent S-

parameters inside the S-matrix which can be calculated as (N+1) N/2 where N is number 

of transmitters/receivers in MWI system. Taking into account some noise, the value is 

often lower and has to be determined individually or by tracking the changes in slope in 

the plotted curve of magnitude of singular values depending on its indices [31] as shown 

in Figure 3.4. It corresponds to a change in the singular functions involved in the image 

formation. The choice of truncation level involves the stability of the reconstruction and 

its accuracy. To achieve the finest details of images, the level should, in principle, be set 

to as highest number as possible. Nevertheless, the higher level of truncation, the lower 

magnitude (dB) of singular values, which is mostly affected by measurement noise or 

model errors. 

 

Figure 3.4 Magnitude of singular values (dB) of the discretized linear operator versus their 

indices for 24-port MWI system; the colour dots indicate the three main slope changes. 

 

Implementation of reconstruction algorithm 

 These steps are divided to offline (can be done in advance before any 

measurements) and the online stage (periodically repeating during brain stroke or 

temperature monitoring) are also schematically depicted in Figure 3.2. 
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Offline stage includes 

1. Modelling of MWI system (antenna array) and domain to be imaged, for example, 

phantom of human head or phantom of head and neck region with implemented 

frequency and temperature dependent dielectric properties. 

 

2. Computing of initial/total electric fields 𝐄inc/tot as well as initial S-matrix S𝑖𝑛𝑐/𝑡𝑜𝑡
𝑠𝑖𝑚  

using a full-wave numerical forward solver such as COMSOL Multiphysics. 

These parameters are obtained for the initial time t = t0. Therefore, for the case of 

brain stroke detection, the phantom of a human head without any stroke is 

presented inside the MWI system. Or, e.g., neck phantom before initiating of 

thermotherapy. 

 

3. Building of linear operator 𝐋𝑒 from numerically obtained electric fields for each 

antenna combination of considered MWI system. 

 

4. Performing of SVD and storing its outcomes. 

 

Online stage includes 

1. Measurement of S-parameters in time t0 and then in defined time steps tn to get 

differential S-matrix Δ𝑆𝑚𝑛 = 𝑆𝑚𝑛
𝑡𝑛 − 𝑆𝑚𝑛

𝑡0 . 

 

2. Import of outcomes of SVD and obtaining of differential object function 𝛿𝑂 

defined by equation (3.3) 

 

3. Separation of the differential object function to create image of differential 

relative permittivity and conductivity with qualitative as well as quantitative 

information about change of dielectric profile due to ischemic/haemorrhagic 

stroke appearance or temperature increase/decrease, respectively.  
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3.4 Chapter conclusion 

This chapter summarized reconstruction algorithms suitable to use in microwave 

imaging diagnostic applications. Regarding the applications introduced in this thesis the 

suitable linear algorithm based on Born approximation (BA) and regularization scheme 

of TSVD was chosen and its mathematical formulation was described. The favourite 

parameters of algorithm such as high speed and robustness were optimal parameters for 

our applications. 
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4 CHAPTER: NUMERICAL STUDY OF EM WAVE 

PROPAGATION 

 

This chapter is based on the following published papers. 

 

[A12], [A9], [A7] 

 

4.1 Introduction 

Numerical parametric studies using full-wave electromagnetic simulations are an 

important part of the MWI system design. These are based on well-known numerical 

techniques, such as the finite element method (FEM) or finite differences in the time 

domain method (FDTD). To achieve the best possible MWI system performance, each of 

its parts must be properly designed, evaluated, and verified by experimental 

measurements. Due to the diverse dielectric properties of biological tissues in the human 

body, the propagation of electromagnetic waves is intricate, particularly within the 

layered structure of the human head, where waves scatter and attenuate rapidly.  

Conducting measurements with MWI systems requires determining the degree of 

attenuation of electromagnetic waves through the human head or the amount of signal 

power transmitted from one side to the other. This can be achieved through the utilization 

of mentioned numerical solvers and realistic head models. Signal transmission is the 

crucial parameter concerning the dynamic range of commonly used microwave hardware 

components of MWI systems, such as a Vector Network Analyzer (VNA) or switching 

matrix. Another key feature that affects the transmission of microwave frequencies is the 

so-called matching medium, known also as coupling medium. Its placed between the 

transmitting/receiving antenna elements and investigated domain, e.g. model of human 

head, to ensure smooth transition of EM waves from antenna elements into the head. The 

last but not least parameter is used frequency band. According to [32] and [28], the most 

convenient frequency range is from 0,6 GHz to 1,5 GHz and 1 GHz can be considered as 

the most valuable single operation frequency for microwave brain stroke imaging.  
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4.2 Main aim of the chapter 

We proposed several numerical studies focused on the identification of microwave 

signal attenuation at specified frequencies suitable for MWI. In the next step we verified 

the spatial and contrast resolution of the MWI method. Spatial resolution is theoretically 

defined by half of wavelength of planar EM wave inside the given medium of specified 

permittivity and at given frequency. In my opinion, it is the fundamental criterion which 

needs to be clarified prior to MWI system design.  

 

4.3 EM wave propagation through human head models 

We conducted a numerical study gradually transited from 1D analysis, through 2D 

analysis with artificial and realistic human head models and ended up with 3D 

simulations. The first 1D model was structured as a cross section of the human head with 

average thickness of each tissue (skin, skull, CSF, grey matter, and white matter) adopted 

from anatomical literature [33]. Based on the IT'IS Foundation database [34] the 

anatomical structure of realistic 2D and 3D models was created. All considered scenarios 

are shown in Figure 4.2. The dielectric properties of head tissues were obtained using the 

fourth-order Cole-Cole model and the parameters of the IT'IS database. Distilled water 

served as the coupling medium. 
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Figure 4.1 Models of human heads (a) 1D model where white matter in the middle of the model 

is surrounded by grey matter, CSF, skull, skin, and water bolus from both sides, (b) simplified 2D 

model of human head, and (c) realistic 2D slice of human head. In (d) realistic extruded slice of 

the human head and the so-called simplified 3D model and ellipsoids that represent the brain 

tissues (e). 

 

 The linear source of the EM wave and the point source were set in 1D or 2D models, 

respectively. In 3D models the slot antenna element designed in [35] was used to generate 

an electromagnetic field in the frequency range of 0,5 to 1,5 GHz. Previous studies [20] 

have shown that the frequency of 1 GHz is well suitable for MWI medical brain imaging 

as a good compromise between penetration depth of the EM wave and spatial resolution.  
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In 2D models, different distances d (mm) of EM wave sources in relation to head 

phantoms and different conductivities of the water bolus (0,005 S/m and 1 S/m) were 

tested. The modules of S-parameters in vertical and horizontal directions (y and x-axis) 

described as transmission coefficients S21 and S43 depend on frequency were observed and 

are shown in Figure 4.2. 
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(e) 

Figure 4.2 Continued. 
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(f) (g) 

 

Figure 4.2 Modules of the S-parameters for different human head models and different 

scenarios. In (b), (c), different conductivities of water bolus (0,005 S/m and 1 S/m) were applied. 

In (d) various distances of the EM wave source from head models. All remaining scenarios were 

computed with conductivity of the water bolus 1 S/m. 

 

Another numerical study focused on effect of different matching mediums to 

transmission coefficients and mutual antennas coupling was performed. On the simplified 

model of MWI system with 4 slot antennas and cylindrical layered phantom inside, we 

demonstrated the importance of lossy matching medium – salt water with conductivity of 

1 S/m compared to distilled water with conductivity of 0,005 S/m. The values of the 

transmission coefficient corelated with the previous analysis and the additional 

distribution of the E field intensity around the antennas and inside the MWI system were 

explored. 
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(a) (b) 

 

  

(c)  (d)  

Figure 4.3 Modules of the S-parameters for different matching mediums (distilled and salt 

water) and mutual antenna position (a),(c). The module of normalized E field intensity in the 

range of 0 – 25 V/m with a step of 5 V/m.  

  

Enorm (V/m) 

Enorm (V/m) 

0 

25 

3 

1 2 

4 

3 

1 2 

0 

25 



CHAPTER: NUMERICAL STUDY OF EM WAVE PROPAGATION 

36 

 

4.4 Spatial and contrast resolution of the MWI technique 

The goal of the following numerical trial was to evaluate the spatial and contrast 

resolution of the MWI technique. A model of 2D MWI system adopted from [25] consists 

of 10 slot antennas positioned equidistantly in one plane around homogenous brain 

phantom was implemented inside COMSOL Multiphysics. To determine the spatial 

resolution, cylindrical inclusions (stroke phantoms) of different diameters 10, 20 and 40 

mm were positioned to specified coordinates inside the system as shown in Figure 4.4. 

The dielectric properties of inclusions were virtually created with respect to the properties 

of brain phantom as increase as well as decrease by approx. 10, 20 and 40 % as 

summarized in Table 4.1. This mimics the change of dielectric contrast inside the brain 

during haemorrhagic – HEM (increase) and ischemic – ICHS (decrease) stroke attack 

[36]. 

 

 

 

 

(a)  (b) 

Figure 4.4 Numerical model of the 2D MWI system with 10 slot antennas and cylindrical 

inclusions. 
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Table 4.1 Dielectric properties, relative permittivity εr and conductivity σ of inclusions and 

difference of each and the brain phantom. 

 Brain HEM1 HEM2 HEM3 ISCH1 ISCH2 ISCH3 

𝜺𝒓 (-) 41,8 46,0 50,0 57,6 38,0 33,0 25,0 

σ (𝐒 · 𝐦−𝟏) 0,97 1,07 1,2 1,4 0,87 0,77 0,6 

𝜹𝜺𝒓 (-) 

𝜹σ (𝐒 · 𝐦−𝟏) 

+4 +8 +15 −4 −9 −16 

+0,1 +0,2 +0,4 −0,1 −0,2 −0,4 

 

 

The numerically obtained data were processed by a reconstruction algorithm based 

on the so-called differential microwave imaging approach described in Chapter 3. The 

method of simplified Born approximation (BA) and regularization by TVSD (Truncated 

Singular Value Decomposition) were employed. The acquired images present a change 

of local complex permittivity known as object function separated to relative permittivity 

and conductivity. 
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(h) (i) 

 

Figure 4.5 Continued. 
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(p)  (q)  

 

Figure 4.5 Reconstructed distribution of differential dielectric properties based on numerical 

synthetic data. The black circles mark the actual position of inclusion. The cut plane in the z-axis 

equal to 10 cm is presented.  
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4.5 Chapter conclusion 

In this chapter, some results of conducted numerical studies focused on EM wave 

propagation through human head models, role of matching medium as well as spatial and 

contrast resolution ability of MWI method were introduced. Trends of transmission 

coefficients confirmed values at minimum approx. –100 dB in the frequency band around 

1 GHz depending on the complexity of used head models, the matching medium and the 

distance of antennas from the models. These values match the parameters of frequently 

used hardware in MWI system, such as the switching matrix and VNA. Its dynamic range 

reaches typically up to 140 or 120 dB depending on the type of VNA, respectively. The 

analysis of lossy and lossless matching mediums (distilled/salt water) showed that 

transmission coefficients for distilled water got distorted due to mutual antenna coupling 

(Figure 4.2 (b)). The surface EM wave travels around the head model and not mainly 

through the head model. This fact was also confirmed by the second numerical study 

presented in Figure 4.3 where the distribution of the E field intensity is shown. In all cases 

values of transmission coefficient can be considered as minimum possible also due to the 

fact that the used slot antenna was not impedance matched for the given medium (water). 

The realistic complex geometry of the human brain plays a key aspect when the 

transmission coefficient decreases about – 30 dB compared to the simplified model. The 

data provided valuable information for future experimental measurements which will be 

presented further. Last numerical analysis validated spatial and contrast resolution of 

MWI technique on 10-port 2D MWI system. Various contrasts in dielectric properties of 

brain phantom and stroke phantoms were simulated, as well as different stroke phantom 

diameters. The suggested and implemented reconstruction routine based on the 

differential MWI approach proved good sensitivity to detect changes in dielectric 

properties, as shown in Figure 4.5. The reconstructed difference was always higher 

(relatively 20 – 50 %) than the simulated. It could be caused by the principle of Bron 

approximation (BA), which will be described in future chapters. The contrast resolution 

of the MWI technique is mainly based on the used reconstruction method. Regarding the 

spatial resolution, the numerical simulations confirmed the theoretical assumption of half 

of wavelength in medium of given relative permittivity. For brain phantom it reached 

approx. 2 cm. Two inclusions at a distance of 2 cm were successfully reconstructed 

separately. However, after bringing two inclusions closer to 1 cm, the differentiation 

failed due to limitation of spatial resolution.  
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5 CHAPTER: DESIGN OF ANTENNA ELEMENTS AND MWI 

SYSTEMS 

 

This chapter is based on following published papers. 

 

[A1], [A2], [A8], [A5], [A6] 

 

5.1 Introduction 

5.1.1 Antenna elements 

Since the human body can be considered as high permittivity and lossy medium, 

the design of antenna elements (AEs) differs rapidly from that for free-space operation. 

The MWI method is based on non-invasive measurements of dielectric properties of 

tissues. The contrast of dielectric parameters or the contrast between healthy and any 

pathological tissue, respectively, causes reflections of EW waves. A very good impedance 

matching between antennas and investigation domain must be achieved to detect scattered 

or transmitted signals.  

A key parameter in antenna design is the so-called reflection coefficient S11 (dB). 

The goal is to reach values of magnitude of the reflection coefficient below -10 dB, which 

is equal to the fact that only 10 % of the power transmitted by the antenna through its 

feeding port is reflected to the generator.  

 Several types and shapes of AEs for microwave-based applications have been 

previously investigated. In principle, a distinction can be made between antennas 

implemented using waveguide technology and those implemented using printed circuit 

board (PCB) technology. Waveguided antennas have proven to have higher potential in 

microwave hyperthermia treatment than in MWI applications [37]. 
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 PCB antennas are more commonly used in the field of microwave-based head 

imaging. A detailed description of PCB antennas is summarised in [38]. 

Richly used antennas for microwave brain stroke monitoring are dipole antennas, 

most commonly the bow-tie antenna. This type of antenna was presented, for example in 

[39]. The great advantage of this antenna is its simplicity. The bow tie antenna could be 

relatively easily designed using a parametric numerical study. Another group of 

frequently used antennas are patch or microstrip antennas, respectively. Unlike dipole 

antennas, which are the most commonly fed directly by the SMA port (symmetric feeding 

must be guaranteed, for example, by balun), the patch antennas use a microstrip 

transmission line for its feeding as presented for example in [40]. The triangular patch 

antenna for brain stroke monitoring was designed by Trefna [41], where cutting a hole in 

the patch enhanced the bandwidth of the antenna [42]. In a study [43] a dipole 

semicircular patch antenna was presented to locate an object in a homogeneous medium. 

 Antenna elements are mostly designed with respect to the fact that a perfect contact 

between the antenna and the investigating domain is provided or the matching medium is 

used, respectively. A different approach was introduced in the study of [44]. A slim 

wideband antenna was designed to overcome the strong reflection of the air-sample 

interface. A great promise for the future can provide textile-based antenna elements, as 

presented in [45] and [46]. 

 Several slot-loaded folded directional dipole UWB antennas were introduced by 

Mobashsher et al. [47]. The main goal of these studies was to design compact and 

lightweight antennas suitable for use in MWI systems. To reach a unidirectional operation 

of antennas, a ground plane was required, which however increased the weight of 

proposed antennas. Therefore, miniaturisation of antennas was very challenging to 

respect the requirements of the MWI system, while unidirectional radiation and 

impedance matching had to be preserved. 

 In the study [25], [35] a slot double layer antenna element was shown to be a 

promising antenna type for MWI of brain stroke. This antenna was designed and 

fabricated on the inspiration of [16]. Here, a one-layer slot antenna with a distorted bowtie 

slot shape was presented. The microstrip line feeding on the top side of the substrate and 

a slotted bowtie ground plane on the bottom side were used. 
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A newly designed double-layer slot antenna adopted the shape of the slot, but a new 

type of feeding by transmission line placed between two substrates was used. Thanks to 

it, a symmetrical feeding was obtained, and no balun had to be used. Also, the 

unidirectional radiating to the investigating domain was reached thanks to the ground 

plane. 

In our opinion, the paradigm of antenna design for microwave-based head imaging 

must focus on the following antenna parameters: 

(a) Choice of optimal antenna bandwidth regarding the trade-off between 

penetration depth of EM waves in the imaged area and spatial resolution, 

respectively. The study [28] showed that multi-frequency data (wideband) 

would not significantly improve the achievable results. Also, the narrow 

frequency band allows us to avoid the problem of modelling the frequency-

dependent dielectric parameters of tissues and preserves low complexity of 

experimental setups, which rapidly speeds up data acquisition and processing. 

(b) Compactness of antennas. Due to the fact that MWI systems should be 

portable, and several tens of antenna elements need to be placed on relatively 

small surface. 

(c) Antenna radiation and directivity. One of the weak points of the MWI 

systems is the distortion of a useful signal by reflections of surrounding 

objects/people, RF devices, or mutual multipath crosstalk of antennas [48]. To 

avoid or reduce it, unidirectional antennas with suppressed backward radiation 

are desirable. Moreover, the symmetrical feeding ensures the elimination of 

backward current flow through antenna port back to generator, and thus 

directive antenna radiation can be obtained. 
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5.1.2 MWI systems for brain stroke detection/classification 

Several research groups and start-ups all around the world deals with development 

of devices for early brain stroke detection and classification utilizing microwave 

imaging/tomography. Basically, the two approaches can be distinguished. First is focused 

on quantitative evaluation of dielectric properties distribution inside the brain and thus 

estimating the type, localization and size of stroke. Typically, this approach requires a 

priori information about scanning region, e.g. geometry, and is computationally costly. 

The second approach exploits machine learning algorithms to classify the type of stroke 

without any information about its position or size. Its advantage is rapid diagnosis, but 

the large set of training data needs to be addressed. 

 

The first research group, led by Prof. Semenov in Vienna, Austria, focuses on 

developing microwave head-imaging systems (BrainScanner EMTensor©) able to 

reconstruct complete map of dielectric parameters distribution inside the brain. Already, 

three generations were introduced. The first generation advanced the technology from 

virtual brain imaging to imaging the normal human brain in volunteer studies, as detailed 

described in [49], [50], [51]. The first-generation system featured 160 ceramic-loaded 

waveguide antennas arranged in 5 rings with 32 antennas each and operated at 0.9-1.1 

GHz. The imaging chamber, filled with a matching medium, utilized a nonlinear 

inversion solver, an iterative algorithm based on gradient inversion and Tikhonov 

regularization. Measurements required capturing an "empty" field (with matching 

medium only) and a "full" field (with the object). In the second generation, the number 

of antennas increased to 177 and in the third to 192. Clinical trials were conducted in 

Vienna and Linz, including testing stroke detection on a human phantom. In [52] it is 

reported that a reconstruction time is around 2 minutes using a parallel high-performance 

computer cluster with 4,096 cores for a 2-D image. 

 

Another research group focused on MWI system design is led by Prof. Amin 

Abbosh at the University of Queensland, Brisbane, Australia. Their work mainly involves 

developing radar-based MWI systems and delay-and-sum reconstruction algorithms. The 

initial versions employed a single UWB antenna rotating around a head phantom [53], 

[54], [55]. The latest prototype uses 16 fixed antennas, operating at 1-2.4 GHz, which can 

be placed on a human head or phantom without the need of a matching medium [56]. The 
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system was verified on realistic head phantom prepared using 3D printed molds and 

tissue-equivalent mixtures [57]. The similarities between the imaging of realistic head 

phantoms and the actual heads of volunteer were demonstrated. The study [58] also 

confirms the consistency of the imaging results across different sizes and shapes of the 

head. 

 

The Strokefinder MD100, developed by the research group around Prof. Mikael 

Persson and Prof. Andreas Fhager (Medfield Diagnostics, Göteborg, Sweden), is the first 

portable microwave device for the classification of brain stroke [59]. It features eight 

antennas encased in gel-filled plastic bags to enhance signal coupling. The adjustable 

antennas ensure a perfect fit for different head shapes. The battery-powered device weighs 

approximately 6 kg, and each measurement takes around 3 minutes. In a clinical study 

with 20 patients having subdural haematoma, the MD100 demonstrated a classification 

accuracy with 100% sensitivity and 75% specificity compared to healthy subjects. Today, 

the next stage of clinical trial is ongoing in Australia. The Strokefinder is equipped inside 

the ambulances to provide scan and stroke classification during transport to the hospital. 

 

Last but not least, the cooperation between the research group of Prof. Francesca 

Vipiana (Trento, Italy) and Prof. Lorenzo Crocco (National Research Council of Italy) 

brought a first prototype of a microwave imaging system dedicated to monitor brain 

stroke progression in the post-acute phase [31], [60], [61]. The developed helmet with 24 

PCB-printed monopole antennas inside dielectric bricks operates at 0.8–1.2 GHz. 

Preliminary experiments and numerical analyses confirmed the system’s ability to image 

strokes of approximately 1 cm in size inside the homogeneous liquid head phantom. The 

differential microwave imaging approach using the Born approximation reconstruction 

algorithm with regularization scheme by truncated singular value decomposition (TSVD) 

were employed. The second stage of experimental validation on human-like 3-D 

phantoms with the brain made of ex-vivo calf brains identified some crucial points, such 

as setting of optimal threshold for singular values or hardware limitations. 
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All mentioned MWI experimental setups and prototype devices fully proved the 

concept of brain stroke detection/classification. Quantitative as well as qualitative 

approaches with different antenna types and numbers, reconstruction methods, and testing 

scenarios were introduced. It is always around 1GHz. It proves that this centre frequency 

is the most suitable as a trade-off between penetration depth and spatial resolution. 

 

5.2 Main aim of the chapter 

The main aim of the chapter is to develop a new antenna element suitable for use 

in a new multichannel MWI system dedicated to the detection of brain stroke. Next, 

validate this MWI system in laboratory experiment to qualitatively and quantitatively 

evaluate its capability to detect stroke phantoms inside homogeneous head phantom. To 

reach this main goal, some subtasks were determined. 

(i) Numerical analysis of different antenna types in terms of antenna sensitivity 

on dielectric contrast and inhomogeneity size. 

(ii) Proposition of the method for the assessment of antenna near-field radiation 

(iii) Development of a new compact antenna element on the basis of conducted 

numerical analysis and its experimental verification. 

(iv) Design and methodical validation of multichannel MWI system on 

geometrically realistic homogeneous head phantom. 

(v) Qualitative and quantitative evaluation of retrieved images. 
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5.3 Bow tie antenna and prototype of MWI system 

In our initial experimental setup (2018) dedicated for testing of brain stroke 

detection we used 8 bow tie antennas (Figure 5.1) equidistantly positioned in one plane 

inside the 3D printed octagonal container as depicted in Figure 5.2. The cylindrical 

inclusion mimics in terms of dielectric properties hemorrhagic (HEM) as well ischemic 

(ISCH) stroke phantoms were positioned at different locations inside the liquid brain 

phantom. All phantoms were prepared from mixture of Isopropyl alcohol, salt and water. 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 5.1 Manufactured bow tie antenna (mm), front view (a) and back view with SMA port 

(b). 
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(a) (b) 

  

(c) (d) 

Figure 5.2 Experimental setup of MWI system with 8 bow tie antennas. (a) VNA R&S® ZNB 

8, switching matrix R&S® ZN-Z84 (both Rohde&Schwarz GmbH, Germany) and MWI system, 

(b) absorbers placed around setup, (c) top view on the stroke phantom placed inside the liquid 

brain phantom and (c) detail on connected SMA ports of MWI system. 
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The measured S-matrices were processed using the already mentioned differential 

MWI algorithm based on Born approximation and regularization by TSVD as detailed 

explained in Chapter 3. The comparison of measured and reconstructed differential 

dielectric properties, relative permittivity, and conductivity are summarized in Table 5.1. 

The successful reconstructions are shown in Figure 5.3. 

 

Table 5.1 Comparison of measured changes in dielectric parameters δ and reconstructed 

changes, green colour marks successful reconstruction, and N/A marks that it was not possible to 

determine which type of stroke phantom was placed in the MWI system. Relative error err (%) 

was calculated. 

 Hem1 Hem2 ISCH1 ISCH2 ISCH3 

𝜹𝜺𝒓 (-) 8 15 -16 -21 -9 

𝜹σ (S/m) 0,3 0,6 -0,1 -0,2 -0,1 

∆𝜺𝒓 (-) N/A N/A -11 -15 -10 

∆σ (S/m) N/A 0,5 N/A N/A N/A 

err (%)  16 31 29 11 

 

 

                       (a) (b) 

Figure 5.3 Continued. 

∆𝜺𝒓 – Hem2 

∆𝜺𝒓 – Hem2 

∆σ – Hem2 

∆σ – Hem2 
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                         (c)  

 

(d) 

 

                        (e)  (f) 

Figure 5.3 Reconstructed change in relative permittivity ∆εr (left) and electrical conductivity 

∆σ (right) for stroke phantoms of one diameter and two positions. HEM2 (a) and (b), ISCH2 (c) 

and (d), and for HEM2 second position (e) and (f). The black circle marks the actual position of 

the stroke phantom. 
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5.4 Numerical analysis of various antenna elements 

In the first step, we analysed by means of numerical simulations three standard antenna 

elements, i.e. a bow tie, slot, and rectangular waveguide-based antenna. Specifically, 

three different numerical analyses were carried out: (1) AEs sensitivity to stroke phantom 

type or dielectric properties change, respectively; (2) AEs sensitivity on stroke phantom 

diameter; and also (3) the antenna's ability to radiate dominantly only to the investigation 

front domain (i.e. antennas directivity) and antennas immunity against plane wave 

exposure (simulation of electromagnetic interference - EMI) were studied. 

Two existing planar PCB antennas, i.e. bow tie (chapter 5.3) and slot [25] and 

purposely designed waveguide-based antenna for this study, were analysed. Both planar 

antennas were designed for an operating frequency of 1 GHz (average brain phantom) on 

a 60 x 60 mm Rogers R04003C RF substrate with a thickness of 1.5 mm (for slot antenna 

the two substrates were used). The antennas were fed by 50Ω coaxial line and panel SMA 

connector as shown in Figure 5.4. The rectangular waveguide-based antenna element was 

designed to operate in the TE10 mode based on analytical equations adopted from [62]. 

Deionized water (𝜀𝑟 ~ 78 and σ ~ 0.2 S/m for 1 GHz and 22 °C [63]) was used to filled 

the inner space of the antenna to reduce waveguide dimensions. A numerical parametric 

study in COMSOL Multiphysics was carried out to determine the value of parameter e 

and d. A water bolus with a width of 1 cm was placed between the head phantom and the 

aperture of the waveguide element to ensure the proper coupling of the EM wave. The 

dimensions of the designed waveguide antenna together with its specifications are 

summarized in Table 5.2 and its image and reflection coefficient are shown in Figure 5.5. 
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(a) (b) 

  

(c) (d) 

Figure 5.4 Models of considered antenna elements and feeding structure, bow tie antenna (a) 

and slot antenna (b). The metal parts are coloured yellow, while the RF substrate and teflon are 

grey. The reflection coefficients of the antennas are shown in (c) and (d). 

 

 
 

 

(a) (b) (c) 

Figure 5.5 The model of designed waveguide-based antenna element with its parameters (a), 

yellow-marked metal parts, grey-marked teflon (b) and its reflection coefficient (c). 
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Table 5.2 Dimensions of the designed waveguide-based antenna element and its specifications. 

fc (MHz) is the cut-off frequency and λg (mm) is the guided wavelength inside water-filled 

waveguide. 

Dimensions (mm) 

a 25.50 
b 12.75 
c 22 
d 10.95 
e 5 

𝑓𝑐 (MHz) 666 

𝜆𝑔 (mm) 45 

 

5.4.1 Antenna’s sensitivity to contrast of dielectric properties 

We compared the sensitivity of transmission coefficients to the contrast of the 

dielectric properties of the antennas introduced above. A simplified rectangular 

model/phantom of a human head with respect to real dimensions of a human head on the 

x-axis = 16 cm, the y-axis = 20 cm, and the z-axis = 16 cm was modelled in COMSOL 

Multiphysics. The dimensions of the model were adopted from MRI scans originating 

from IT´IS database [64]. In the middle of the head phantom, a spherical stroke phantom 

of different dielectric parameters with a diameter of d2 = 20 mm was placed virtually. 

This diameter was chosen with respect to the theoretical λ/2 spatial resolution limit of the 

MWI method (i.e. diffraction limit [8]) inside the head phantom of the relative 

permittivity of 41.8 at frequency 1 GHz. 

 

  
 

(a) (b) (c) 

Figure 5.6 The numerical models for the evaluation of the sensitivity of the transmission 

coefficient to the change of the dielectric parameters of the stroke phantom and its diameter. Bow 

tie (a), slot (b) and rectangular waveguide-based antenna (c) where x = 16 cm, y = 20 cm and z = 

16 cm. The stroke phantom and the water bolus are marked in blue.  
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The dielectric parameters of stroke phantom were increased (HEM - haemorrhagic 

stroke) as well as decreased (ISCH - ischemic stroke) by approx. 20 % compared to the 

dielectric parameters of the head phantom, as summarized in Table 5.3. The magnitudes 

and phases of transmission coefficients for the scenario without stroke phantom inside 

the head phantom and with a HEM/ISCH stroke phantom of diameter 20 mm for each of 

considered antennas were computed and are plotted in Figure 5.7. The absolute 

differences Δ of the magnitude and phase of the transmission coefficients for each antenna 

are shown in Figure 5.8. The simulations were computed for a single frequency of 1 GHz. 

 

Table 5.3 Dielectric parameters of head phantom and HEM and ISCH stroke phantoms which 

were calculated as 20% increase/decrease of dielectric parameters of the head phantom. 

 Head phantom HEM phantom ISCH phantom 

𝜺𝒓  (-) 41.8 50.16 33.44 

σ (S/m) 0.97 1.16 0.77 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

 

Figure 5.7 The magnitudes and phases of transmission coefficient S21 of bow tie antenna (a) and 

(d), slot antenna (b) and (e) and waveguide-based antenna (c) and (f) for the scenario without 

stroke phantom placed inside the head phantom and with ∅20mm HEM/ISCH stroke phantom. 

The single frequency of 1 GHz was considered.  
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(a) (b) 

Figure 5.8 The absolute differences of Δ|S21| (dB) between scenario without stroke phantom 

placed in head phantom and with HEM/ISCH stroke phantom placed in head phantom (a) and 

ΔS21 (°) (b) for considered antennae and frequency of 1 GHz. 

 

5.4.2 Antennas sensitivity to stroke phantom diameter 

HEM stroke phantoms with six different diameters d1 - d6 = 10 – 60 mm were placed 

in the centre of the head phantom. The numerical differences of magnitude and phase of 

transmission coefficients at 1 GHz were fitted by 2nd order polynomial curve and 

Pearson’s correlation coefficient R2 in the 95% confidence interval was calculated. These 

results for each antenna type are shown in Figure 5.9. 
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(a) 

 

(b) (c) 

   

(d) (e) (f) 

 

Figure 5.9 The absolute differences Δ|S21| (dB) and Δ∠S21 (°) between scenario without stroke 

phantom placed in head phantom and with HEM stroke phantom of diameters going from 10 to 

60 mm for the bow tie antenna (a) and (d), for the slot antenna (b) and (e) and for the waveguide-

based antenna (c) and (f). Obtained results were fitted by 2nd order polynomial function and 

Pearson´s correlation coefficient R2 on 95% confidence interval were calculated. 

 

5.4.3 Antennas radiation and immunity of plane wave exposure 

The standard method for determining antenna radiation is to calculate the radiation 

pattern. With respect to antenna theory, the radiation pattern is defined in the far-field 

region, and it is hardly applicable for antennae used in the near-field region such as MWI 

applications. The distance of the far-field region can be calculated as the so-called 

Fraunhofer distance 𝑑𝐹 (5.1). In this study, we determined the antenna radiation intensity 

to back domain (air) compared to radiation into lossy medium and we also determined 

antenna immunity against a plane wave exposure. 

 𝑑𝐹 =  
2𝐷2

𝜆
, (5.1) 

where D (m) is the largest linear dimension of radiator and 𝜆 (m) the wavelength in the 

given medium.  

R2 = 0.992 

R2 = 0.298 

R2 = 0.997 

R2 = 0.998 R2 = 0.997 R2 = 0.758 
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At the same time, the Fraunhofer distance must be much greater than the largest 

radiator dimension D and D must be much greater compared to wavelength [17]. 

Introduced antennae operate in MWI systems in distances of up to 20 cm, which is an 

average front-back dimension of a human head [34]. Also, for radiation pattern 

evaluation, the lossless medium needs to be considered. However, in the MWI 

application, typically the lossy medium (e.g. human head) is placed in front of the antenna 

whereas the air is behind the antenna. 

To overcome this limitation, we suggested a new methodology for estimating near-

field antenna radiation. The sphere with a diameter of 20 cm surrounding each of antenna 

where the front domain (hemisphere) is defined as lossy medium (head phantom) of 

relative permittivity 41.8 and electrical conductivity 0.97 S/m, and the back domain is 

specified as air. The numerical model is shown in Figure 5.10. The magnitude of the 

intensity of the electric field |𝑬|(V/m) excitated by each antenna element depending on 

the angle (°) in xz and yz plane (H- and E-plane) for the front (main lobe)  as well as the 

back (back lobe) domain was evaluated and is presented in Figure 5.11. The electric field 

intensities were computed along the blue-marked edges displayed in Figure 5.10. In each 

plane, the angle was evaluated from -90 to 90 ° regarding the antenna position (top and 

bottom of the hemisphere stand for angle 0°).  

 

Figure 5.10 The example of the numerical model of a sphere with a radius of 20 cm surrounding 

the bow tie antenna element. The position of all antennae regarding the axis orientation was equal 

with respect to antennae polarization. The blue edges mark where |𝑬| (V/m) depended on agle 

was evaluated. 
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(a) (b) 

 
(c) 

 

Figure 5.11 The computed magnitudes of the intensity of the electric field |𝑬| (V/m) depended 

on angle (°), medium (lossy medium vs. air) and observation plane for bow tie antenna (a), slot 

antenna (b) and waveguide-based antenna (c). 

 

Table 5.4 Calculated ratio 𝑬𝑟𝑎𝑡𝑖𝑜 (-) between maximal electric field intensity (angle 0°) of the 

given antenna in the air (back lobe - back domain) and maximal electric field intensity in the lossy 

medium (main lobe - front domain). Also, the maximal values of intensity of electric field in lossy 

medium max |𝑬𝑙𝑜𝑠𝑠𝑦| (V/m) are summarized.  

 Bow tie antenna Slot antenna Waveguide antenna 

~𝑬𝒓𝒂𝒕𝒊𝒐 (-) 40 8 32 

max |𝑬𝒍𝒐𝒔𝒔𝒚| (V/m) 0.13 0.07 0.1 
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To support the results of antennae radiation we evaluated antennae immunity 

against plane wave exposure. From the principle of reciprocity, the antenna with the 

lowest backward radiation should also prove highest immunity against planar wave 

exposure. The rectangular model combining the lossy medium (front domain) and air 

(back domain) was modelled as shown in Figure 5.12a. The user-defined Port 2 as a 

source of the plane wave of |𝑬𝑧| = 1 V/m with propagation constant  (m-1) was excitated 

by frequency of 1 GHz while the Port 1 was set as 50Ω coaxial receiving port. The result 

of the numerical study was magnitudes of transmission coefficient |S12| (dB) of each of 

the examined antennae which are compared in Figure 5.12b.  

 

  

(a) 

 

(b) 

Figure 5.12 The model for evaluation of antenna immunity against the plane wave exposure (a) 

where the lossy medium is a light orange coloured and the air is a light blue. Comparison of 

magnitudes of transmission coefficients |S12| (dB) of each model with the corresponding 

antenna (b). 

 

5.5 H-slot antenna design and experimental validation 

The main aim of this subchapter is to introduce the process of developing a new 

compact antenna element suitable for a multichannel (> 20 antennae) MWI system for 

the detection of brain strokes. The antenna requirements as a reasonable sensitivity of 

transmission coefficient due to dielectric contrast, small dimensions, symmetrical 

feeding, and unidirectional radiation were determined. In addition, based on results of 

numerical analysis presented in previous subchapter and with respect to the concept of 

slot antenna introduced in [25], the new H-slot antenna was designed, fabricated, and 

experimentally verified using for this purpose constructed 2-port test system.  
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 c
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First, the shape of the H was parametrised in COMSOL Multiphysics, and the 

parametric study was conducted to obtain a sufficiently low antenna reflection coefficient 

for the resonance frequency of 1 GHz. The phantom of the human head was carried out 

as shown in Figure 5.13. 

 

  

(a) (b) 

  

(c) (d) 

 

Figure 5.13 The magnitude of |𝑆11| (dB) obtained by parametric study for different dimensions 

of H slot. The blue curve corresponds to |𝑆11|  of antenna with final dimensions.  
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 The double-layered structure (two substrates with a thickness of 1.5 mm) with a 

ground plane was considered. A microstrip line to feed the antenna was placed between 

the substrates, as illustrated in Figure 5.14c, e. The microstrip line was directly connected 

to the 50Ω coaxial line and two ∅1,3mm vias on one side of H slot. Therefore, the 

symmetric feeding was reached without the need of a balun. Other three 1mm vias 

connected the ground plane with the antenna slot plane are depicted in Figure 5.14e, f.  

 

 

 

 

 

(a) (b) (c) 

   
(d)  (e) (f) 

 

Figure 5.14 Designed H-slot antenna with its final dimensions (mm) from a top view (a), from 

perspective view (b) and (d) where metal parts of the antenna are yellow coloured and substrate 

parts together with teflon are grey coloured. In (c) the connection of coaxial line to microstrip is 

shown as well as vias. In (e) and (f) the top view on vias and microstrip and the bottom view is 

displayed. 

 

The magnitude of the intensity of the electric field (V/m) depended on an angle (°) 

in xz and yz plane (H- and E-plane) for the front as well as the back domain was computed 

also for H-slot antenna and is presented in Figure 5.15a. The immunity of H-slot antenna 

against the plane wave exposure was compared with results introduced in subchapter 

5.4.3 and is shown in Figure 5.15b. 
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(a) (b) 

Figure 5.15 The magnitudes of the intensity of the electric field |𝑬| (V/m) depended on angle (°), 

medium (lossy medium vs. air) and observation plane (a) and magnitudes of transmission 

coefficients |S12| (dB) of H-slot antenna regarding plane wave exposure immunity compared with 

other investigated antennae in (b). 

 

In addition, to show the symmetrical antenna E-field radiation the normalized 

magnitude of intensity of electric field of slot of the proposed antenna together with the 

vectors in x and y directions are shown in Figure 5.16. 

 

  

~𝐸𝑟𝑎𝑡𝑖𝑜 = 14 
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(a)  

 

(b) 

Figure 5.16  Normalized magnitude of E-field intensity inside the slot of proposed antenna (a) 

and detail on slot in (b). The black cones show the vectors of E-field intensity in x and y direction. 

 

RF substrates Rogers R04003C of size 30 by 30 mm and thickness of 1.5 mm 

( 𝜀𝑟 =3.55, σ = 0.0004 S/m) covered with 18 Cu layer were used for antenna fabrication. 

Considering the complex structure of H-slot antennas, the fabrication process was realised 

by a Pragoboard s.r.o. company (Prague, Czech Republic) based on Gerber format files 

exported from software EAGLE (Autodesk, USA). The image of the fabricated antenna 

is shown in Figure 5.17a, and b. The high-precision SMA connectors Rosenberg 32K 

10A-40M L5 were soldered to antennas by a hot air soldering station. The accurate 

position of the SMA connector was secured by a cuprextit plate fabricated in-house on a 

CNC cutter, see Figure 5.17c.  

y 

x 
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(a)  (b) (c) 

Figure 5.17 Fabricated H-slot antenna element from a top view (a) and bottom view (b). The 

cuprextit plate, SMA connector and process of soldering by hot air in (c). 

 

For experimental validation, the rectangular box and the 20mm spherical stroke 

phantom were printed on the Prusa i3 MK2S 3D printer (Prusa Research s.r.o., Czech 

Republic). The two H-slot antennas were mounted on the box using plastic screws as 

illustrated in Figure 5.20. The box was filled with the liquid head phantom which was 

prepared mixing of propylene glycol, water and salt [65] as summarized in Table 5.5. The 

HEM stroke phantom was prepared by adding water and salt to the head phantom to reach 

dielectric parameters around 20 % higher. Dielectric parameters of the phantoms were 

measured using the DAK-12 probe in the frequency range 10 MHz – 3 GHz and 

supplemented with an extended uncertainty of type C with a coverage factor equal to 2 

(Figure 5.18). Subsequently we fitted the second order polynomial curve and Pearson’s 

correlation coefficient R2 was calculated on a 95% confidence interval to obtain a realistic 

function of the dielectric properties based on frequency for numerical simulations. The 

functions are reported in Figure 5.19. 
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Table 5.5 Weight percentages of substances used for the preparation of the human head phantom 

and expected target dielectric parameters, relative permittivity  and electrical conductivity σ, as 

well as measured dielectric parameters of head and HEM stroke phantom for the frequency of 1 

GHz supplemented with extended uncertainty of type C. 

w% 

Propylene glycol NaCl Water* 

64.81 0.79 34.40 

Head phantom 

Target 𝜀𝑟 (-) 41.80 

Target σ (S/m) 0.97 

Measured 𝜀𝑟 (-) 41.73 ± 0.82 

Measured σ (S/m) 0.97 ± 0.029 

HEM stroke phantom 

Target 𝜀𝑟 (-) 50.16 

Target σ (S/m) 1.16 

Measured 𝜀𝑟 (-) 50.21 ± 2.80 

Measured σ (S/m) 1.07 ± 0.061 

*distilled water 

 

  

(a) (b) 

Figure 5.18 Measured dielectric parameters of the average human head phantom with extended 

uncertainty of type C displayed as a light shadow, relative permittivity (a) and electrical 

conductivity (b). The frequency of 1 GHz is marked by a black dashed line. 
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(a) (b) 

Figure 5.19 Measured relative permittivity (a) and electrical conductivity (b) of the head 

phantom in the frequency range 500 – 1500 MHz fitted by 2nd order polynomial curve and 

calculated correlation coefficient R2 on a 95% confidence interval. 

 

The two-port VNA R&S® ZNB 8 (Rohde & Schwarz GmbH, Germany) with 

dynamic range >120 dB operating up to frequency 8.5 GHz was used to measure 

reflection as well as transmission coefficients of a couple of H-slot antennas attached to 

a 3D printed box. Calibration of the VNA ports was performed using the automatic 6-port 

calibration kit R&S® ZN-Z152 (Rohde & Schwarz GmbH, Germany). The S parameters 

of the system were measured in the frequency range from 0.5 to 1.5 GHz with an 

intermediate frequency bandwidth of 10 Hz and a VNA output power of 10 dBm. The 

results of the measurements were compared with the numerical results and are shown in 

Figure 5.21. In addition, a comparison of the measured magnitudes and phases of 

transmission coefficients of the system without and with the placed 20mm HEM stroke 

phantom was made and is shown in Figure 5.22. The standard deviation of all 

measurements moved in order of 10-6 dB. Last but not least we compared the measured 

magnitudes and phases of transmission coefficients with numerically obtained ones for 

the H-slot antenna and the previously introduced slot antenna, as demonstrated in Figure 

5.23. 

  

𝜀𝑟(𝑓) =  −2.3 ∙ 10−6 ∙ 𝑓2 − 4.9 ∙ 10−3 ∙ 𝑓 + 48.8 𝜎 (𝑓) =  1.4 ∙ 10−7 ∙ 𝑓2 + 9.5 ∙ 10−4 ∙ 𝑓 − 0.13 
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(a)  (b)  

Figure 5.20 The experimental configuration for H-slot antenna validation consisting of 3D 

printed box with dimensions (mm), liquid head phantom, VNA and calibration kit (a). Detail of 

positioning of HEM stroke phantom with the diameter of 20 mm to the middle of the system (b). 

 

  

(a) (b) 

Figure 5.21 Comparison of measured and numerically computed magnitudes of reflection 

coefficient (a) and transmission coefficient (b) of a couple of H-slot antennas mounted in the 

experimental system. The level of -10 dB is marked in (a) by the black dotted line. 
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(a) (b) 

Figure 5.22 Comparison of measured magnitude (a) and phase (b) of the transmission coefficient 

of H-slot antennas for the case without and with the 20mm HEM stroke phantom placed inside 

the 2-port system. 

 

  

(a) (b) 

Figure 5.23 Comparison of measured (meas) differences  of magnitudes (a) and phases (b) of 

transmission coefficients with numerically obtained (sim) of H-slot and slot antenna for frequency 

of 1 GHz and considered HEM stroke phantom inside the 2-port system. 
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5.6 Multilevel 24-port MWI system 

Previously introduced single-plane (antennas positioned in one level) MWI systems 

[25], [66] proved promising potential for methodical testing of brain stroke follow-up. 

Scanning with these systems was possible only for liquid or 2,5D phantoms of the human 

head. The various convexities of human skulls require a new approach to the development 

of MWI systems. More emphasis should be placed on increasing the number of antennas 

and their layout to cover the whole skull geometry. In addition, the adaptability of MWI 

systems due to different skull shapes must be considered. The increased number of 

antennas in the MWI system should also provide a higher optical image resolution, but 

the compactness and portability of the MWI system must be preserved. On the other hand, 

the higher risk of distortion of useful signal due to antenna coupling is obvious. Therefore, 

lossy coupling mediums or small, compact antennas with dominant unidirectional 

radiation and ground plane are desirable to use in such multichannel systems. 

 The newly developed H-slot antenna proposed in previous Chapter 5.5 is suitable 

to be used in multilevel 24-port MWI system. The number of 24 elements was identified 

based on analysis performed in [67], [68]. In addition, the hardware (switching matrix) 

available in the laboratories of BioEM group at FBME CTU in Prague allows to connect 

at maximum 24-port devices. 

 

5.6.1 Numerical study 

We suggested antenna layout in three levels (bottom – 12 AEs, middle – 10 AEs, 

and top – 2 AEs) equidistantly spaced around average realistic human head geometry as 

shown in Figure 5.24. The geometry (the upper part of the human head from the beginning 

of the forehead to top of the head:(x = 20 cm, y = 16 cm, z = 12 cm) was based on MRI-

derived data of human head tissues available from The Population Head Model V1.0 of 

the IT’IS Foundation database [34].The numerical model was extended by 2 mm layer of 

PLA plastic material due to future experimental measurements on homogeneous liquid-

filled 3D printed head phantom.  
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(a) (b) 

 

 

(c) (d) 

Figure 5.24 The H-slot antenna layout of 24-port MWI system from perspective view (a) where 

the individual levels are marked and from the top view (b) where ports are numbered. The 

matching medium between antennas and the head phantom is not displayed here for the sake of 

clarity. In (c) detail on numerical model of head and stroke phantom. (d) numerical S-matrix with 

corresponding pairs of transmission and reflection coefficients. 

 

To validate the 24-port MWI system on synthetic numerical data a full-wave 

electromagnetic field simulations were performed. The two different types of stroke 

phantoms were considered by means of its dielectric parameters, as well as different 

diameters and positions. Based on previous results related to the spatial resolution of the 

2D MWI system, Chapter 4.4, the diameters of stroke phantoms were set to 10, 20 and 

40 mm. The values of the dielectric parameters of stroke phantoms were calculated as 10, 

20% decrease (ISCH) or increase (HEM) against the parameters of the head phantom 

[36], respectively, summarized in Table 5.6.   
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Table 5.6 Dielectric parameters of considered phantoms and the rounded differences δ of 

relative permittivity and electrical conductivity of HEM and ISCH stroke phantoms and brain 

phantom. 

Diel. Param. 
Phantoms 

Head HEM10 HEM20 ISCH10 ISCH20 

𝜀𝑟 (-) 41.8 46.0 50.2 37.6 33.4 

σ (S/m) 0.97 1.1 1.2 0.9 0,77 

δ 𝜀𝑟 (-) +4.2 +8.4 -4.2 -8.4 

δ σ (S/m) +0.13 +0.23 -0.07 -0.2 

 

The numerical S-matrices and intensities of electric field each of antenna port in x, 

y, and z direction for frequency of 1 GHz and different scenarios were computed. The 

differential microwave imaging approach was applied employing again the Born 

approximation and regularization by TSVD (Chapter 3). The differential relative 

permittivity and conductivity profiles obtained by reconstruction of synthetic numerical 

data in a plane through the middle of spherical stroke phantoms are presented in Figure 

5.25. 

 

   
(a) (b) (c) 

   

(d) 

 

(e) (f) 

Figure 5.25 Continued. 
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(g) (h) (i) 

   

(j) (k) 

 

(l) 

Figure 5.25 Reconstructed profiles of differential relative permittivity and conductivity ∆ (a-f) 

for HEM stroke phantoms and for ISCH phantoms (g-l) based on numerical synthetic data 

obtained by 24-port multilevel MWI system. 

 

5.6.2 Experimental validation 

The validation was focused on ability of MWI system to determinate the type of 

stroke phantom based on increase/decrease of local dielectric contrast. Also, on the 

qualitative and quantitative parameters of retrieved dielectric contrast in comparison with 

actual (measured) contrast between head phantom and stroke phantoms. The suggested 

antennas layout was in previous chapter used as a pattern for modelling a helmet-similar 

antennas holder with dimensions as presented in Figure 5.26. 
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Figure 5.26 Scheme of designed holder for antennas layout with dimensions in (mm). 

 

The model was 3D printed and assembled with 24 H-slot antennas as depicted in 

Figure 5.27a. The helmet was suitable for fitting on an average 3D printed head model 

allowing to be filled with homogeneous liquid head phantom as well as on the 3D realistic 

head phantom. The liquid stroke phantoms were imitated by inflatable plastic balloon put 

on plastic loading tube which was possible to place in different positions in axis x, y and 

z-axis (Figure 5.28). The movement in z-axis was determined based on antenna levels 

(Figure 5.24). The middle level was equal to 0 mm, while bottom level to -20 mm and 

top level to +20 mm as illustrated in Figure 5.28. The space between helmet and head 

model was filled with a matching medium equal in terms of dielectric properties to the 

average head phantom. For this purpose, the swim cap was used ( Figure 5.27b). 

 

  

(a) (b) 

Figure 5.27 H-slot antennas assembled inside the 3D printed helmet-based holder/multilevel 

MWI system (a), used swim cap to ensure proper contact of antennas and head model through 

matching medium filled inside the system (b).  



CHAPTER: DESIGN OF ANTENNA ELEMENTS AND MWI SYSTEMS 

74 

 

 

 

 

 

(a)  (b) (c) 

Figure 5.28 The head model from sagittal view (a) where MWI system is marked transparent 

black, antennas grey and spherical stroke phantom with loading tube yellow/red. Transversal 

schematic cut (b) with marked stroke phantom positions P1, P2 and 3D printed head model (c). 

 

Table 5.7 Coordinates of considered positions P1, P2 of spherical stroke phantoms as well as 

diameters D or volumes V, respectively. 

 x (mm) y (mm) z (mm) D (mm)/V (ml) 

P1 40 10 -20 20|40/5|33 

P2 0 -20 20 20|40/5|33 

 

 For the purpose the position of stroke phantom in z-axis were chosen bellow the 

bottom antennas level (-20 mm) and to the top of MWI system where the antennas 

cumulation is the highest. The performance of the designed 24-port MWI system was 

verified by experimental measurements as shown in Figure 5.29. The stroke phantom 

(balloon) was filled using standard syringe. The VNA R&S® ZNB 4, switching matrix 

R&S® ZN-Z84 (both Rohde&Schwarz GmbH, Germany) were employed to acquire data. 

The real dynamic range of matrix is 95 dB. The input power of VNA was set to maximal 

13 dBm, intermediate frequency (IF) bandwidth filter to minimal 10 Hz. One dataset with 

no stroke phantom inside the head phantom – t0 and second in tn when stroke phantom 

was present. Differential data were processed using BA and TSVD. 

  

-20 mm 
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Figure 5.29 Experimental setup for 24-port multilevel MWI system validation on 3D printed 

head model filled with average homogeneous liquid phantom and stroke phantom. 1-peristaltic 

pump and inlet/outlet for liquid head phantom, 2-VNA+switching matrix, 3-MWI system+head 

model, 4-syringe used to fill balloon inside head representing stroke phantom, 5-inlet for 

matching medium. 
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To objectively quantify and qualify the capability of MWI system to detect stroke 

position, size as well as its type we suggested and calculated a several metrics. For the 

verification of stroke phantom location (qualitative information) the sensitivity, 

specificity and accuracy of method was evaluated. We considered the classification of 

each pixel of reconstructed imaged to identified it true or false. In addition, we compared 

reconstructed target with actual one in terms of its area – area ratio as well as absolute 

difference of centre of gravity between reconstructed target and actual - localization 

error. 

Quantitative information i.e. maximal differential dielectric contrast of 

reconstructed target vs. actual target was compared using standard relative error. For the 

application of brain stroke detection, the absolute value of reconstructed contrast vs actual 

is not the main criteria of successful stroke type identification. Rather ratio between peak 

retrieved contrast value and background noise. Therefore, we calculated peak signal-to-

noise ratio PSNR as 

 
𝑃𝑆𝑁𝑅 = 20⸱ 𝑙𝑜𝑔10 (

𝜃𝑀𝐴𝑋

√𝑀𝑆𝐸
), 

(5.2) 

 

where 𝜃𝑀𝐴𝑋 is the maximal pixel value of retrieved image and MSE is mean squared 

error defined as follows 

 
𝑀𝑆𝐸 =  

∑𝑛=1
𝑁  (𝛥(𝑟) − 𝛿(𝑟))2

𝑁
, 

(5.3) 

 

where N is number of samples r of the discretized domain, 𝛥 retrieved differential contrast 

and 𝛿 actual contrast. 

 

The whole process of image evaluation strongly depends on the choice of threshold 

for initial reconstructed image segmentation. By the thresholding of the normalized 

reconstructed image the binary mask is created where 1 is assigned to every pixel with 

higher value then the threshold and 0 to remaining pixels. Observing our normalized 

reconstructed images, we determined the threshold to be 0,5/-6 dB or 0,7/-3 dB, 

respectively, depending on stroke phantom diameter and relative 

permittivity/conductivity. These values correspond well with the ROI (target). 
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Figure 5.30 Example of retrieved normalized differential contrast of relative permittivity, 

retrieved binary mask and actual binary mask for threshold of –6 dB. 

 

Figure 5.31 Comparison of retrieved differential contrast of relative permittivity on the left and 

actual contrast on the right used for quantitative images evaluation. 
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The head as well as stroke phantoms (ischemic ISCH20 – decrease of dielectric 

properties around 20 % [36] and haemorrhagic HEM – phantom of blood were prepared 

as mixture of Isopropyl alcohol (IPA), distilled water, salt and its dielectric parameters 

were measured in frequency range from 500 to 3000 MHz using conventional open-ended 

coaxial probe DAK 3.5 (Schmid & Partner Engineering AG, Switzerland). The measured 

data were statistically evaluated by extended uncertainty of type C in a 95% confidential 

interval with coverage factor k = 2.  

 

 

(a) 

   

(b)  (c) 

Figure 5.32 Measured dielectric parameters of head phantom (a), ISCH20 stroke phantom (b) 

and HEM stroke phantom (c). The exact parameters for frequency of 1 GHz with extended 

uncertainty of type C are plotted. The type C uncertainty is also displayed by shading in whole 

frequency spectrum. 
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The reconstructed differential dielectric profiles Δ𝜀𝑟 (-) and Δσ (S/m) in anatomical 

planes for various stroke phantom types, positions and diameters. 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 5.33 Reconstructed differential relative permittivity Δ𝜀𝑟 (-) in (a)-(c) and conductivity Δσ 

(S/m) in (d)-(f) for HEM stroke phantom on position P1 with diameter 40 mm. The slices in 

anatomical planes leads through maximal detected dielectric contrast. The white circle indicates 

the expected stroke phantom position. Maximal truncation level NT = 300. 
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(a) (b) (c) 

   

(d) (e) (f) 

Figure 5.34 Reconstructed differential relative permittivity Δ𝜀𝑟 (-) in (a)-(c) and conductivity Δσ 

(S/m) in (d)-(f) for HEM stroke phantom on position P1 with diameter 20 mm. The slices in 

anatomical planes leads through maximal detected dielectric contrast. The white circle indicates 

the expected stroke phantom position. Truncation level NT = 200. 
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(a) (b) (c) 

 

 

  

(d) (e) (f) 

Figure 5.35 Reconstructed differential relative permittivity Δ𝜀𝑟 (-) in (a)-(c) and conductivity Δσ 

(S/m) in (d)-(f) for HEM stroke phantom on position P2 with diameter 40 mm. The slices in 

anatomical planes leads through maximal detected dielectric contrast. The white circle indicates 

the expected stroke phantom position. Maximal truncation level NT = 300. 
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(a) (b) (c) 

 

 

  

(d) (e) (f) 

Figure 5.36 Reconstructed differential relative permittivity Δ𝜀𝑟 (-) in (a)-(c) and conductivity Δσ 

(S/m) in (d)-(f) for HEM stroke phantom on position P2 with diameter 20 mm. The slices in 

anatomical planes leads through maximal detected dielectric contrast. The white circle indicates 

the expected stroke phantom position. Maximal truncation level NT = 300. 
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(a) (b) (c) 

 

 

  

(d) (e) (f) 

Figure 5.37 Reconstructed differential relative permittivity Δ𝜀𝑟 (-) in (a)-(c) and conductivity Δσ 

(S/m) in (d)-(f) for ISCH20 stroke phantom on position P1 with diameter 40 mm. The slices in 

anatomical planes leads through maximal detected dielectric contrast. The white circle indicates 

the expected stroke phantom position. Maximal truncation level NT = 300. 
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(a) (b) (c) 

   

(d) (e) (f) 

Figure 5.38 Reconstructed differential relative permittivity Δ𝜀𝑟 (-) in (a)-(c) and conductivity Δσ 

(S/m) in (d)-(f) for ISCH20 stroke phantom on position P1 with diameter 20 mm. The slices in 

anatomical planes leads through maximal detected dielectric contrast. The white circle indicates 

the expected stroke phantom position. Truncation level NT = 265. 
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(a) (b) (c) 

   

(d) (e) (f) 

Figure 5.39 Reconstructed differential relative permittivity Δ𝜀𝑟 (-) in (a)-(c) and conductivity Δσ 

(S/m) in (d)-(f) for ISCH20 stroke phantom on position P2 with diameter 40 mm. The slices in 

anatomical planes leads through maximal detected dielectric contrast. The white circle indicates 

the expected stroke phantom position. Truncation level NT = 200. 
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(a) (b) (c) 

   

(d) (e) (f) 

Figure 5.40 Reconstructed differential relative permittivity Δ𝜀𝑟 (-) in (a)-(c) and conductivity Δσ 

(S/m) in (d)-(f) for ISCH20 stroke phantom on position P2 with diameter 20 mm. The slices in 

anatomical planes leads through maximal detected dielectric contrast. The white circle indicates 

the expected stroke phantom position. Truncation level NT = 265. 
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Table 5.8 Actual differential dielectric properties δ (measured by coaxial probe) calculated as 

differences between head phantom and stroke phantoms vs retrieved maximal differential diel. 

properties Δ using 24-port MWI system. 

 

Type HEM ISCH20 

𝜹𝜺𝒓 (-) +14,6 -8 

δσ (𝐒/𝐦) +0,5 -0,2 

Pos. P1 P2 P1 P2 

D (mm) 40 20 40 20 40 20 40 20 

𝚫𝜺𝒓 (-) +7,9 +0,95 +12 +3,3 -8 -2,3 -10 -4,6 

Δσ (𝐒/𝐦) +0,35 +0,07 +0,43 N/A N/A N/A N/A -0,1 

 

Evaluation of retrieved images 

 The following tables represents qualitative as well as quantitative parameters of 

obtained dielectric contrast for different scenarios. Specificity and accuracy are not 

displayed here as irrelevant parameters regarding the fact that in all images the number 

of true negative (TN) is always very small (thresholding is limiting the binary mask only 

on target and input data are without any false targets). In all scenarios the average values 

of evaluated parameters through all three anatomical planes (transversal, sagittal and 

frontal) are summarized.  
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Table 5.9 Qualitative and quantitative evaluation of reconstructed images for HEM stroke 

phantom type, diameter od 40/20 mm and positions P1 and P2. All presented values are average 

values from 3 anatomical planes (transversal, sagittal and frontal). 

HEM 

40mm 

  

 

   

P1 
𝚫𝜺𝒓 -6 58 45 [3, 4, 3] 102 12 

Δσ -6 45 30 [8, 4, 20] 126 11 

P2 
𝚫𝜺𝒓 -6 75 18 [3, 3, 3] 68 16 

Δσ -3 38 14 [2, 3, 10] 58 -15 

 

HEM 

20mm 

  

 

   

P1 
𝚫𝜺𝒓 -3 56 93 [10, 1, 2] 127 -4 

Δσ -3 4 86 [20, 1, 10] 115 2,5 

P2 
𝚫𝜺𝒓 -6 98 77 [2, 2, 1] 214 10,5 

Δσ N/A N/A N/A N/A N/A N/A 
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Table 5.10 Qualitative and quantitative evaluation of reconstructed images for ISCH20 stroke 

phantom type, diameter of 40/20 mm and positions P1 and P2. All presented values are average 

values from 3 anatomical planes (transversal, sagittal and frontal). 

ISCH20 

40mm 

  

 

   

P1 
𝚫𝜺𝒓 -6 47 0 [2, 1, 10] 96 17 

Δσ N/A N/A N/A N/A N/A N/A 

P2 
𝚫𝜺𝒓 -6 76 25 [1, 3, 5] 82 22 

Δσ N/A N/A N/A N/A N/A N/A 

 

ISCH20 

20mm 

  

 

   

P1 
𝚫𝜺𝒓 -6 83 71 [10, 2, 10] 230 13 

Δσ N/A N/A N/A N/A N/A N/A 

P2 
𝚫𝜺𝒓 -6 92 42 [2, 5, 1] 227 20 

Δσ -3 38 50 [3, 10, 7] 159 3 
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(a) (b) 

 

(c) 

Figure 5.41 Calculated qualitative (sensitivity, localization error) and quantitative parameters 

(relative error and PSNR) from retrieved differential dielectric contrast of HEM a ISCH20 stroke 

phantoms at positions P1 and P2 inside MWI system or head phantom, respectively. 
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Truncation level analysis 

 It may be noticed that reconstructed differential dielectric profiles presented 

above were obtained for different values of NT – truncation level (number of singular 

values). As described detailed further in Chapter 3, subchapter 3.3.1 – Truncation level 

is the parameter which can significantly influence reconstruction algorithm performance 

in terms of its accuracy vs stability. Typically, its value is determined individually. Its 

limited by maximal number of independent S-parameters which can be calculated as 

(N+1) N/2 where N is number of antennas in MWI system. The highest number results in 

achieving the finest retrieved details (contrast). However, the higher level of truncation 

the lower magnitude (dB) of singular values and it can be affected by measurement noise. 

Therefore, we performed the analysis of truncation level based on singular values 

of retrieved differential object matrix for HEM/ISCH20 stroke phantom of diameter of 

40 and 20 mm and position P1, P2. We plotted differential dielectric contrast for relative 

permittivity, conductivity and magnitude of complex primitivity (Figure 5.43). The 

truncation levels were determined based on slope change of curve of singular values 

magnitude (Figure 5.42) [31]. 

 

 

Figure 5.42 Magnitude of singular values (dB) depending on number of singular values NT 
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Figure 5.43 Truncation level NT analysis for 40mm HEM stroke phantom, P2.  
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Figure 5.44 Truncation level NT analysis for 20mm HEM stroke phantom, P2.  
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Figure 5.45 Truncation level NT analysis for 40mm HEM stroke phantom, P1.  
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Figure 5.46 Truncation level NT analysis for 40mm ISCH20 stroke phantom, P2.  
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Figure 5.47 Truncation level NT analysis for 20mm ISCH20 stroke phantom, P2. 
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 From retrieved dielectric contrast for different levels of truncation is obvious that 

with higher value of NT the finer contrast is obtained and also the qualitative parameters 

of the target of interest like size and shape are improved. This correlates with expectation. 

However, the maximal truncation level 300 for differential relative permittivity images 

subjectively brings some additional noise (for instance Figure 5.43). In our opinion just 

the ratio between power of peak contrast and power of background noise is crucial 

parameter for reliable differentiation of stroke type rather than relative error of retrieved 

and actual dielectric contrast. For that reason, we also analysed the peak signal-to-noise 

ratio (PSNR) for different truncation levels. Its values are summarized in Table 5.11. 

 

Table 5.11 Values of PSNR (dB) for different truncation levels NT of reconstructed differential 

relative permittivity of 40mm HEM stroke phantom at position P2. 

Truncation 

level NT 
100 200 265 300 

PSNR (dB) 2 11,2 14,5 15,3 
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5.7 Hybrid MWI approach for medical diagnostic and monitoring 

applications 

 

As mentioned before the microwave tomography (MWT) method uses signal 

processing in the frequency domain and applies methods capable of estimating the 

dielectric profile of the scanned region – quantitative images. The radar-based imaging 

methods process signals in the time domain and can locate dielectric inhomogeneity 

(scatterers) within a tissue, without the ability to reconstruct the dielectric profile – 

qualitative images. Radar-based reconstruction algorithms are usually significantly less 

demanding on computation and time. The basic principle is to transmit ultrawideband 

(UWB) signals, providing high imaging resolution. The transmitted signal can be formed 

by short periodically repeated pulses, pseudorandom binary sequences, and so on. Such 

radar-based systems for biomedical imaging are presented in [69], [70]. 

By combining these two principles, i.e., the MWT and radar-based imaging, so-

called hybrid approach, the new concept has been introduced in [71] and is described in 

this chapter. Hybrid approach can bring significant advantages to the area of microwave 

imaging-based medical diagnostics, e.g. brain stroke detection or thermometry. Thanks 

to rapid localization of ROI using radar signals (qualitative information) the area to be 

imaged can be reduce to less voluminous. This results in two crucial consequences.  

(i) First, the precision of quantitative information obtained by linear 

reconstruction algorithms such as previously used Born/Distorted Born 

approximation (BA/DBA) can be significantly increased. Especially for 3D 

imaging the algorithm is applied only on ROI determined by radar. Thus, 

undesirable false positive targets which often negatively involves retrieved 

dielectric contrast are eliminated. In addition, the truncation level can be 

increased which allows to retrieve finer image details. By identifying a ROI 

this a priori information can be used in forward model and thus speed up its 

solution.  
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(ii) Second, the hybrid approach carries new opportunities to the field of non-

invasive microwave thermometry in hyperthermia treatment. During 

hyperthermia the temperature has to be monitored is short time periods. 

Differential MWI approach using linear algorithms proved the potential as 

introduced further in Chapter 6. Iterative algorithms could provide higher 

precision and temperature resolution. Nevertheless, it is high 

computationally demanding task to obtain temperature distribution 

iteratively (order of hours) and thus is not feasible for real-time monitoring 

applications such as thermometry. Introducing hybrid approach the iterative 

solution in shorter time sequences could be achievable. The radar identifies 

ROI where the object to be monitored is located. Then each iteration is 

solved inside the ROI and not in whole imaging domain which can rapidly 

speed up dielectric profile reconstruction. The huge potential is evident 

especially for large body parts such as regional hyperthermia in pelvis 

region. 
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To prove the concept of hybrid approach we developed and fabricated UWB bow 

tie antenna operates over frequency bandwidth of 4 GHz while is attached to different 

standard tissues such as brain, bone, skin ,muscle and water (Figure 5.48). The antenna 

was fed through symmetrisation balun. 

 

 

 

 

 

(a) (b) 

Figure 5.48 Magnitudes of reflection coefficient of UWB bow tie antenna for different tissues 

(a), detail of antenna (b). 

 

The UWB imaging system - octagonal container with directly attached antennas 

and filled with average liquid head phantom was used for testing of hybrid approach as 

illustrated in Figure 5.49. 
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(a) (b) 

Figure 5.49 Schematic perspective view on UWB imaging system with marked positions of 

cylindrical targets (a), photograph of UWB imaging system setup (b). 

 

 

In the first step the acquired frequency domain signals with and without target using 

VNA were transformed to time domain by inverse discrete Fourier transform (IDFT). 

After that, time shift for each captured signal and each focal point was calculated. The 

“Delay and Sum” algorithm was employed for target position reconstruction representing 

as normalized intensity in particular focal point as shown in Figure 5.50. Then the ROI 

can be identified (purple dashed rectangle). In the second step the computed electric fields 

by forward model only from ROI and measured frequency domain signals are used for 

reconstruction of differential dielectric profile as presented in Figure 5.51.  
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Figure 5.50 Reconstructed scattering profile (normalized intensity |I|) of liquid brain phantom 

with inserted cylindrical-shaped dielectric target. The position (P1–P4) of the target is marked by 

the red circle. (a) Corresponding to the target position P1. (b) Position P2. (c) Position P3. (d) 

Position P4. The antennas positions are marked by red crosses. The inner container boards are 

marked by the white-dashed line. The ROI is marked by purple-dashed rectangle. 
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Figure 5.51 Reconstructed differential relative permittivity of liquid brain phantom with inserted 

cylindrical target inside the ROI (black-dashed rectangle) identified by radar-based imaging. The 

frequency of 1 GHz was employed. The true position of the target P1 and P2 is marked by the 

white circle. The antennas positions are marked by re d crosses. The inner surfaces of the 

container walls are marked with a white-dashed line. 

 

In Figure 5.51 can be noticed that the range of reconstructed differential relative 

permittivity varies from approx. negative 2 to positive 2 and thus it would not be possible 

to exactly determine which contrast is true positive and which false positive. However, 

employing the hybrid approach the region of true target is clearly identified and therefore 

it can be reliably decided that the true target was the one with positive retrieved dielectric 

contrast approx.  +2,2. The actual contrast measured by commercial dielectric probe was 

+1,56 units of relative permittivity between head and target phantom. The reconstruction 

process was also speed up by approx. 20 % due to hybrid approach. 
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5.8 Chapter conclusion 

Among other things, this chapter introduced the development process and 

experimental validation of an antenna element suitable for a multichannel Microwave 

Imaging (MWI) system. The imaging system underwent both numerical and experimental 

validation, focusing on methodical testing for brain stroke detection using homogeneous 

and realistic 3D head phantoms. The strengths as well as limitations of the MWI system 

for brain stroke follow-up were identified and are discussed in the subsequent paragraphs, 

along with future perspectives for this diagnostic application. 

5.8.1 Bow tie antenna and prototype of MWI system 

Very first promising results were obtained using 8-port prototype of MWI system. 

Nevertheless, in some scenarios the prominent signal, and thus reconstruction distortion 

was recorded. Our assumption was focused on the insufficiency of used antenna elements 

which are, in our opinion, the crucial part of the MWI system. The insufficiency mainly 

in terms of asymmetric antenna feeding and nondirectional antenna radiation. Both of the 

mentioned parameters increased the antenna mutual cross coupling through surroundings, 

and thus eliminated the useful signal transmitting through the investigating domain. 

5.8.2 Numerical analysis of various antenna elements  

Due to the mentioned reasons, in Subchapter 5.4 we provided an extensive 

numerical analysis of different antenna types including bow tie, double-layered slot, and 

waveguide-based antenna. In the first part of analysis the antenna sensitivity to dielectric 

contrast (increase-HEM and decrease-ISCH of dielectric properties of stroke phantom 

placed inside the head phantom) and diameter of stroke phantom were performed. The 

absolute differences in the transmission coefficient of each antenna were compared where 

the slot and the bow tie antenna showed the highest and consistent changes in the 

transmission coefficient.   



CHAPTER: DESIGN OF ANTENNA ELEMENTS AND MWI SYSTEMS 

105 

 

Also, the differences in transmission coefficient for various stroke phantom 

diameters for the slot and bow tie antenna quadratic with a correlation coefficient of over 

99 %, not for the waveguide-based antenna. In the next stage of analysis, we proposed a 

completely new method for studying antenna radiation characteristics in the near-field 

region and in lossy mediums. Since the radiation pattern is defined only for far field 

region and surroundings of air, this new suggested method became a very valuable tool 

for description of antenna radiation and directivity. The slot antenna reached around 80 

% lower backward radiation compared to bow tie antenna. In addition, showed 

completely symmetrical near-field pattern versus the bow tie. 

 

5.8.3 H-slot antenna design and experimental validation 

Based on the results of numerical analysis from Subchapter 5.4 we developed a new 

compact, small-sized H-slot antenna with symmetrical feeding and ground plane. The 

main goal of the antenna design process was to minimise its geometry as much as possible 

and at the same time preserve impedance matching, unidirectional forward radiation, and 

eliminated backward radiation. The H-slot antenna showed similar performance 

compared to the previous introduced slot antenna and behaves much better than the bow 

tie. Its backward radiation was suppressed around 60 % compared to bow tie. This 

corresponds to by 20 % lower values than for the slot antenna. It was caused by the small 

size of the antenna (30 by 30 mm), respectively by the smaller distance of the H-slot from 

the edge of the antenna substrate. On the other hand, the compact small size of antenna 

allows its use in multichannel MWI system, the slot shape of H can be easily parametrized 

and due to its rectangularity, it is suitable for numerical EM field simulators based on 

FDTD which can be accelerated using GPUs.  
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5.8.4 Multilevel 24-port MWI system 

The new generation of 3D 24-port MWI system proved together with implemented 

reconstruction algorithm very good sensitivity to differentiate between HEM stroke 

phantom and ISCH stroke phantom in all 3 anatomical planes sliced through head 

phantom (transversal, sagittal and frontal). In each scenario the system was able to 

identify stroke phantom position typically with sensitivity around 70 %, relative error at 

maximum 25 %, low values of localization error (circa 6 mm) and positive PSNR in rage 

from 12 to 22 dB. These parameters were valid for stroke targets of diameter of 40 mm 

and differential relative permittivity (Table 5.9 and Table 5.10). 

The retrieved dielectric contrast based on differential electrical conductivity was very 

poor especially for ISCH20 stroke phantom where always the differential contrast to 

positive as well as negative values appeared (Figure 5.37, Figure 5.38). Thus, the stroke 

phantom type determination was not possible. The relative actual change of conductivity 

reached lower values than the relative permittivity and thus the conductivity could be 

masked and distorted. 

 

Stroke phantom diameter 

When the diameter of target was decreased to 20 mm which is the theoretical spatial 

resolution limit of given method at frequency of 1 GHz and inside the medium of relative 

permittivity 45, the results showed following (Figure 5.36, Figure 5.40, Table 5.9,Table 

5.10): 

• The objects with size close to spatial resolution limit are detectable but with 

higher relative error and only for specific conditions such as position P2 (+20 

mm) independently on stroke phantom type. 

• The area of retrieved target is about 100 % larger than actual target – it 

induces the distortion of sensitivity to values above 90 %. 

• PSNR was preserved around 20 dB. 
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Stroke phantom position 

The 3D antenna layout together with H-slot antennas showed to be very valuable 

compared to previously obtained 2D scans. The position P2 (inside the MWI system 

enclosed with all antennas) compared to P1 (at the level of bottom antennas) proved 

significant improvements of the qualitative and quantitative parameters. Sensitivity 

increased by 20 %, relative error decreased by 20 % and PSNR increased by 4 dB 

(Table 5.9). 

 

Moreover, if we compare these 3D reconstructions with the previously obtained 2D 

reconstructions (subsection 6.3), we can conclude that there is an increase in quality, 

which we attribute mainly to the H-slot antennas and their key feature: weak back 

radiation and thus higher resistance against noise. The reconstructions could be imaged 

in whole investigated domain and not only in limited region around the stroke phantom 

position, no artefacts related to false positive targets were observed here. 

 

Truncation level 

As described in Chapter 3 the reconstruction algorithm used here in the thesis is 

based on TSVD regularization scheme. Therefore, the singular value truncation level is 

the crucial parameter for obtaining the true dielectric contrast. The expectation is that 

with decreasing amplitude (dB) of singular values or increasing number of singular 

values, respectively, the retrieved contrast will improve (relative error will be lower) as 

well as shape (sensitivity will be higher) and centre position of target, but stronger effects 

of noise will appear (PSRN will decrease). This assumption was not confirmed for all 

scenarios. For 40 mm targets we were always able to retrieve the high quality images with 

maximal truncation level 300 (equal to amplitude of singular values around – 50 dB) 

where the noisy background visually appeared but PSNR was preserved above 10 dB. 

The lower amplitude of singular values around – 35 dB/-25 dB (truncation level 265/200) 

had to be used for scenarios of 20 mm targets and also for some 40 mm ISHC20 stroke 

phantoms to obtain satisfying PSNR. In experimental study of Vasquez et.al. [31] they 

concluded that optimal for their setup was amplitude of singular values -21 dB as trade-

off between stability, noisy background and accuracy. For higher values they commented 

that VNA with higher dynamic range should be used, or more stable head phantom 

fabricated.  
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In our study we were able to use amplitude of singular values at minimum –25 dB 

and at maximum -50 dB for majority number of scenarios. This proves that our 

experimental setup provided less noisy data. On the other hand, more realistic phantom 

with calf brain was employed in the mentioned study. So, validation of our settings and 

whole MWI setup on anatomically and dielectrically realistic head phantom is still 

awaiting. 

 

5.8.5 Hybrid MWI approach for medical diagnostic and monitoring applications 

We introduced a completely new concept for microwave-based brain stroke detection 

in the Subchapter 5.7. The results from Subchapter 5.6.2 showed some limitations of used 

MWI system and reconstruction algorithm to detect stroke phantom based on retrieved 

differential electrical conductivity. The false positive local changes of contrast were 

identified in some scenarios. To eliminate this false positive targets in reconstructed 

images we suggested so-called Hybrid MWI approach where the radar-based imaging and 

differential MWT is combined. Using the radar the qualitative information about target 

position is obtained. After that the ROI around the target is selected and MWI algorithm 

retrieves the contrast only in that ROI. This can lead to elimination of false targets and 

also to speed up the algorithm by 20 %. For the purpose of the measurements the new 

UWB antenna was developed, operating at the frequency band of 4 GHz and virtually 

attached to common human tissue phantoms such as bone, skin, brain, muscle or water.  
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6 CHAPTER: NON-INVASIVE REAL-TIME MICORWAVE 

THERMOMETRY FOR HYPERTHERMIA 

 

This chapter is based on [A4] and on work carried out during Short-Term Scientific 

Mission (STSM) at Chalmers University of Technology, Department of Signal processing 

and Biomedical Engineering, Biomedical electromagnetics group under supervision of 

assoc. prof. Hana Dobsicek Trefna, time period from January till end of May 2020. The 

STSM was supported by COST Action CA17115 - European network for advancing 

Electromagnetic hyperthermic medical technologies. The publication [A4] was supported 

by ICT Conference Grant within mentioned COST Action. 

 

6.1 Introduction 

Hyperthermia (HT) is a therapeutic method inducing a controlled temperature 

elevation of 40 to 44 °C in a tumour for the time period of 60 - 90 minutes. In order to 

achieve full potential and treatment efficacy, temperature control in the treated region is 

crucial. Accurate thermometry is thus an important part of the HT systems. The gold 

accurate and fast standard of temperature distribution monitoring are optic fibre probes. 

However, these probes are inherently invasive (see Figure 6.1) and limited to information 

only from tip of the sensor which is very inadequate especially for strongly heterogeneous 

regions like for instance head and neck region. The optic fibre probes can typically 

provide spatial temperature resolution better than 1°C [72]. 
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Figure 6.1 The left picture is a schematic drawing of the thermal monitoring sheet with eight 

seven-sensor thermocouple invasive probes. The right picture shows a real photograph on the 

chest wall of a study patient. Adopted from [73]. 

 

Currently, only magnetic resonance (MR) systems are clinically used to achieve a 

non-invasive, 3D temperature monitoring during HT treatment with spatial resolution 

reaching 0,5 °C [74]. The most common used method is Proton Resonance Frequency 

(PRF) MR thermometry which utilizes fact that the resonance frequency of water protons 

decreases with increasing temperature approx. 0.01 ppm/°C [75]. Typical reconstructed 

temperature profile is created by acquiring phase maps of tissue before and after heating. 

These two maps are subtracted, and final phase-change map indicates voxels which are 

proportional to the change in temperature as shown in Figure 6.2. 

 

 

Figure 6.2 PRF MR thermometry image of a brain tumour underwent the laser ablation [76]. 
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In view of some parameters such as: 1) lower speed and data acquisition, 2) cost, and 

availability 3) dimensions, 4) low sensitivity to motion artifacts, the development of new 

methods is desirable. In addition, the MRI compatible HT applicators need to be used.  

Due to the temperature dependence of dielectric parameters of biological tissues 

demonstrated for example by Ley et al [77], Microwave Imaging (MWI)/Microwave 

Tomography (MWT) is a technique with such a potential.  

The very first potential of capability of microwave tomography for thermometry 

were demonstrated by Mallourquí et.al. in 1992 [78] on synthetic numerical data. The 

study identified a few essential findings: (i) a system with high repeatability and dynamic 

range 100 dB is required, (ii) the BA algorithm has worked for homogeneous mediums, 

(iii) the optimum frequencies and coupling mediums have been estimated.  

In late 90’s Chang et. al. [79] conducted first experimental multifrequency 

measurements using monopole antenna array around the heated 5cm tube filled with 

different concentrations of saline solution. The results showed that monitoring of 

temperature changes of saline solution using near-field MWI is feasible reaching mean 

precision of 2 °C reconstructed by iterative algorithm such as Gauss-Newton 

optimization. This experiment was repeated by Meaney [80] in in early 2000’s but the 

saline tube was surgically inserted inside the pig torso together with fibre optic probes 

while the torso was whole submerged in plastic tank filled with saline solution. The 

multifrequency analysis for 700, 800, 900, 1000 MHz and different temperatures of saline 

tube (33, 36, 39, 42, 45, 42, 39, 36 and 33 °C) was addressed. The iterative approach 

utilizing the log-magnitude/phase (LMPF) minimization algorithm has been used. The 

recovered values of relative permittivity did not corelate with the saline tube temperature 

increase/decrease for any frequency. The recovered conductivity values for the heated 

tube exhibit significant correlation with temperature for all frequencies. The mean 

temperature accuracy for all frequencies was found to be 1,45 °C. 

The potential of the differential MWI for thermometry was demonstrated 

experimentally also by Haynes et al [81]. In this work, the trend of temperature changes 

of heated spherical water-filled object inside developed MWI system was successfully 

monitored during native cooling process from 55 to 25 °C. The BA and SVD were 

employed, and absolute values of differential object function was imaged. 
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The pixel intensity of absolute differential object function in the centre of detected 

object corelated with temperature change over time with STD 0,6 %. The object function 

was not separated to relative permittivity and conductivity and thus the exact temperature 

of object was not estimated based on change of both parameters. 

Differential microwave thermometry based on numerical data proved very promising 

results in study of Aram [82] or Chen [83] et. al. Iterative reconstruction approach was 

demonstrated on numerical 3D model of breast tissue by Onal et.al. [84]. Nevertheless, 

verification of various reconstruction algorithms in experiments and clinically more 

realistic scenarios where object to be imaged is going to be heated and not natively cooled 

by surrounding phantom/coupling medium is still awaited. 

 

  

(a) (b) 

Figure 6.3 Conceptional scheme of HT system combined with MWT system (a) where is water 

bolus – blue, tissue – orange, heated tissue region – red, HT applicator – grey, MWT antennas – 

black. Typical HT system with invasive thermocouples inside the heated region (b). 
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6.2 Main aim of the chapter 

We explored the feasibility of the differential microwave imaging approach and 

capability of linear reconstruction method (BA/DBA, TSVD) to follow the change in 

temperature of the target during a cooling/heating process. The main aim was to prove 

that these methods could be very promising way to monitor non-invasively and in rea-

time temperature distribution during hyperthermia treatment and identified the 

temperature resolution achievable by differential MWT. The assumption was to detect 

the difference of 2 °C. In the first part of the chapter, we investigated the temperature 

dependency of dielectric properties of different materials such as distilled water, saline 

solution, or muscle phantom. Next, we evaluated numerically as well as experimental 

capability of already designed and in laboratories of Chalmers University available 16-

port monopole MWI system for microwave thermometry. Last but not least the HT 

system designated for head&neck region treatment was undergone testing of potential use 

not only for hyperthermia but also for differential MWI. 

 

6.3 Temperature dependency of dielectric properties 

Before designing of experimental setup for differential microwave-based 

thermometry the temperature dependency of dielectric properties of selected materials 

had to be verified. The human body weight is consisted of 60 % of body fluid or water, 

respectively. Due to that fact water could be considered as ideal material to be heated and 

then monitored by MWI system in terms of dielectric properties variance. In the first 

iteration we measured the dielectric properties of distilled water for temperature range 

from 24 to 50°C with step of 2 °C in frequency band from 0,5 to 1,5 GHz. We employed 

open-ended coaxial reflection probe technique by Agilent 85070E (Keysight, USA) and 

VNA Agilent PNA-L (Keysight, USA). The measurement setup is schematically 

illustrated in Figure 6.4. The measured trends were compared with Ellison’s model as 

shown in Figure 6.5. 
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Figure 6.4 Setup for measurement of thermal dependency of dielectric properties of MUT 

(Material Under Test).  
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Figure 6.5 Measured temperature dependency of relative permittivity (a) and conductivity (b) 

of distilled water and its comparison with Ellison’s model. Change of both dielectric parameters 

depends on temperature for single frequency of 1 GHz (c) and (d). 

  

  

(a) (b) 

  

(c) (d) 
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 The change of relative permittivity for distilled water is equal to approx. 0,3 and 

conductivity 0,004 S/m per 1°C at frequency of 1 GHz. Permittivity proved linear 

dependency on temperature while conductivity changes non-linearly. The conductivity 

change is very low and could be bellow contrast resolution ability of MWI technique. 

Therefore, it could be beneficial for experimental microwave thermometry to use the 

0,9% saline solution as presented earlier by Meaney [80]. The solution is very much 

similar to body fluid except of some dissolved proteins and amino acids. Also, the higher 

difference of conductivity per 1°C can be expected.  

 

  

(a) (b) 

  

(c) (d) 

Figure 6.6 Measured temperature dependency of relative permittivity as well as conductivity of 

saline solution (a), (b) and its comparison with distilled water at frequency of 1 GHz (c) and (d).  
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 The difference step of relative permittivity at 1 GHz behaved the same way for 

saline solution as well as for distilled water, approx. 0,3 per 1°C. The conductivity step 

per 1°C increase to circa 0,06 S/m. Next, we measured temperature dependent dielectric 

properties of liquid muscle phantom. It was prepared as mixture of water, sugar and salt. 

Different recipes for muscle phantom preparation have been already presented for 

instance by Fiser et.al [85]. The mixture of water, salt, agar, TX-151 and PE powder 

proved very similar temperature dependent dielectric properties to data obtained from 

measurements of porcine muscle presented by Ley et.al. [77]. However, the preparation 

of this phantom is time consumable and expensive compared to phantom consisted of 

water, sugar and salt. 

 

 

Figure 6.7 Temperature dependent relative permittivity and conductivity of muscle phantom 

presented by Fiser et.al. up and dielectric spectroscopy of porcine muscle presented by Ley et.al. 

at bottom. 
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Measured data of suggested liquid muscle phantom do not deviate from Fiser and 

Ley and are comparable with Cole-Cole model of muscle especially at frequency of 

interest 1 GHz as presented in Figure 6.8. 
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(a) 

 

(b) 

  

(c) (d) 

  

(e) (f) 

Figure 6.8 Dielectric properties of prepared liquid muscle phantom (a), (b), temperature 

dependency (c), (d) and trend of dielectric properties change depending on temperature at 

frequency of 1 GHz (e) and (f).  
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6.4 Experimental 16-port monopole MWI system 

 

The MWI system designed by Meaney and Rydholm for testing of breast cancer 

detection [86] and available in Bioelectromagnetics group laboratories at Chalmers 

University was used for experimental microwave thermometry. The system consists of 

16 monopole antennas (50 Ω) equidistantly positioned in circle of diameter 150 mm 

inside the cylindrical plastic tank filled with liquid coupling medium. The model of the 

system as well as monopole antenna and its dimensions are shown in Figure 6.9. The 

antennas operate in frequency band from 800 to 1400 MHz. And were previously 

designed for lossy and low permittivity matching mediums such as mixture of glyrecine 

and water. The computed reflection coefficient is shown in Figure 6.10. 
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Figure 6.9 Model of monopole antenna and MWI system with its dimensions.  

137,5 mm 

31,5 mm 

teflon SMA port - 8 mm 

PEC (thickness 0,15mm) 

220 mm 
150 mm 

150 mm 
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Figure 6.10 Numerically computed reflection coefficient of monopole antenna 

 

 Inside the MWI system the lossy coupling liquid prepared of glyrecine and water 

80:20 weight percentages was filled. The lossy coupling medium is essential for 

elimination of monopole antenna mutual cross talks as studied in [48]. The dielectric 

properties of coupling medium are displayed in Figure 6.11. 

 

  

(a) (b) 

Figure 6.11 Dielectric properties, relative permittivity (a) and electrical conductivity (b) of 

coupling medium prepared as mixture of glycerine and water 80:20 weight percentages. 

  

24,3 @ 1 GHz 

1 S/m @ 1 GHz 
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 In the first iteration the cylindrical phantom and inclusion were placed inside the 

system to test MWI capability to detect the local dielectric contrast in terms of 

increase/decrease of complex permittivity. Prior to experimental testing the successful 

numerical analysis was proceeded and is not presented here due to simplicity of problem. 

The phantom and inclusion with diameter of 4 cm were prepared also from glycerine and 

water. The phantom was filled inside the 3D printed cylinder with wall thickness of 2 

mm. The difference between relative permittivity of inclusion and phantom δ measured 

at 1 GHz by dielectric probe was +2,2 or +12,2, respectively and conductivity -0,06 S/m 

or -0,4 S/m, respectively. The experimental setup for S-parameters measurement 

consisted of the VNA R&S®ZNBT (Rohde&Schwarz GmbH, Germany) with dynamic 

range up to 140 dB as illustrated in Figure 6.12. 

 

  

(a) (b) 

Figure 6.12 Experimental setup for first iteration testing of dielectric contrast detection by 

monopole MWI system where in (a) is inclusion – 1, MWI system – 2 and VNA with PC – 3. In 

(b) schematically drawn phantom and inclusion at it position inside the plexiglass container filled 

with coupling medium. 

  

1 

2 
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The measured S-matrices together with computed electric fields by forward solver 

COMSOL Multiphysics were processed by many times mentioned linear reconstruction 

algorithm based on Born approximation and regularization by TSVD. 

 

  

(a)  (b)  

  

(c)  (d) 

Figure 6.13 Reconstructed differential relative permittivity Δεr (a), (c) and conductivity Δσ (b), 

(d) of inclusion which actual position is marked by white circle. 

  

δεr = +2,2 δσ = -0,06 S/m 

δεr = +12,2 δσ = -0,4 S/m 
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As depicted above, the differential MWI imaging using monopole system showed 

very promising reconstruction results based on experimental measurement. Especially for 

higher differences of relative permittivity and conductivity the spatial as well as contrast 

resolution matched with differences δ measured conventionally by open-ended coaxial 

probe with relative error around 12 % at maximum. Except of reconstructed 

conductivity for change of 0,06 S/m where the relative error reached 50 %. It was shown 

earlier (Subchapter 5.6.2) that very small differences of electrical conductivity bring 

higher inaccuracy. 

 

 In the second iteration the goal was to test capability of MWI system to follow the 

temperature change in terms of dielectric properties change of heated object which was 

placed inside the system and was naturally cooled down by surrounding coupling 

medium. No temperature control inside the inclusion during measurement was adapted. 

The inclusion was filled with coupling medium glycerine:water 80:20 heated to 50 °C 

and repetitive scans after 1, 2, 10, 15 and 30 minutes at frequency of 1 GHz were 

performed. The baseline scan was performed for empty MWI system filled only with 

coupling medium of given temperature of 26 °C. The behaviour of dielectric parameters 

of coupling medium based on temperature  is plotted in Figure 6.14. While permittivity 

is decreasing with decreasing temperature, the conductivity increases. The reconstructed 

differential dielectric profiles (Δεr and Δσ) using BA and TSVD in different time steps 

during cooling process of heated inclusion are summarized in Figure 6.15 or Figure 6.16, 

respectively. 
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(a) (b) 

  

(c) (d) 

Figure 6.14 Temperature dependency of relative permittivity (a) and (c), electrical conductivity 

(b) and (d) of coupling medium glycerine:water 80:20. 
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Figure 6.15 Reconstructed differential relative permittivity of inclusion heated to 50°C and 

placed to the MWI system where it was naturally cooled down during the time. The scans by 

MWI system were performed after 1, 2 10, 15 and 30 minutes from the moment of placing heated 

inclusion inside (white circle). 

  

Time = 1 min Time = 2 min 

Time = 10 min Time = 15 min 

Time =30 min 
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 Figure 6.16 Reconstructed differential electrical conductivity of inclusion heated to 50°C and 

placed to the MWI system where it was naturally cooled down during the time. The scans by 

MWI system were performed after 1, 2 10, 15 and 30 minutes from the moment of placing heated 

inclusion inside (white circle). 

  

Time = 1 min Time = 2 min 

Time = 10 min Time = 15 min 

Time =30 min 



CHAPTER: NON-INVASIVE REAL-TIME MICORWAVE THERMOMETRY FOR 

HYPERTHERMIA 

129 

 

 

The maximum of reconstructed differential permittivity or conductivity is always 

located inside the inclusion. For each time step during cooling process the reconstructed 

differential relative permittivity decreased, and conductivity increased which corelated 

with measured thermal dependency of both parameters (Figure 6.14c and d). 

Reconstructed discrete differences are plotted in the following Figure 6.17. 

 

 

Figure 6.17 Reconstructed discrete differential values of relative permittivity and conductivity 

for time 1, 2, 10, 15 and 30 minutes after placing heated inclusion (50 °C) into the MWI system. 

 

 The monopole MWI system proved a concept and ability to follow up the local 

dielectric contrast change related to temperature change during cooling process. In 

clinical practice e.g. hyperthermia treatment more realistic scenario is to heat object of 

interest and then monitor its temperature. Therefore, in the third iteration we designed 

experimental setup allowing to heat the inclusion inside the MWI system, control its 

temperature by fibre optic probes and performing scans after required temperature was 

reached. We prepared liquid muscle phantom by mixing water, sugar and salt as presented 

in Figure 6.8. The phantom was enclosed in 3D printed cylinder. Inside the phantom we 

placed cylindrical inclusion filled with 0.9% saline solution which was circulating 

through heater. The scheme of setup is depicted in Figure 6.18. 
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Figure 6.18 Schematic experimental setup for testing of microwave thermometry using 16-port 

monopole MWI system, muscle phantom (orange) and 0.9% saline solution (blue). 

 

 The measurement procedure was as follow. The requiring temperature of 0.9% 

saline solution was manually set on heater (from 30 to 50 °C with step of 2 °C). The step 

2°C was the lowest reasonable value which was possible to stabilize for time period of 

measurement. The pump provided the circulation of heated solution through inclusion of 

diameter of 4 cm placed inside the muscle phantom. Using the fibre optic probes (FISO 

Technologies, Canada), we controlled the temperature inside the inclusion as well as 

inside the muscle phantom in close proximity of inclusion. After the temperature inside 

the inclusion reached the set value on controller the in-house script written in MATLAB® 

run the measurement of S-parameters using true multiport VNA R&S®ZNBT 

(Rohde&Schwarz GmbH, Germany). Output power of VNA was set to maximal 13 dBm 

and intermediate frequency (IF) bandwidth filter to 1 kHz as a trade-off between accuracy 

and scanning time. The “background” temperature of saline solution saline inside the 

inclusion was considered of 28 °C. 
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(a) (b) 

Figure 6.19 Realistic photo of microwave thermometry experimental setup (a) where 1 – heater, 

2 – pump, 3 – MWI system, 4 – muscle phantom with cylindrical inclusion, 5 – VNA. In (b) detail 

on monopole antennas and muscle phantom with inclusion inside enclosed in plexiglass container 

filled with coupling medium. 

 

In first step the S-matrix for “background” (inclusion filled with saline solution of 

temperature 28 °C) was acquired. In next steps, S-matrices for different temperature 

scenarios were acquired sequentially. After each scan of each scenario the reconstruction 

of differential dielectric profile using DBA and regularization scheme by TSVD followed. 

The measurement took approx. 20 seconds and following reconstruction routine approx. 

10 seconds and depended mainly on setting of IF bandwidth. In total 30 seconds which 

define the time resolution of differential MWI approach using linear reconstruction 

algorithm DBA and TSVD. The results of reconstructed differential relative permittivity 

as well las conductivity for different temperatures of heated saline solution inside muscle 

phantom are shown below in Figure 6.20. 
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Figure 6.20 Continued. 
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Figure 6.20  Reconstructed differential relative permittivity Δεr left and conductivity Δσ right 

for temperature scenarios from 50 to 30 °C with step of 4 °C. 2D cuts with the highest contrast 

were chosen. The white circle marks the actual position of the inclusion inside the phantom. 
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 For sake of clarity the reconstructions for temperature step of 4°C are plotted. 

However, the maximal average reconstructed value of dielectric parameter from ROI 

(white circle) for temperature range from 30 to 50°C with step of 2°C was compared with 

measured temperature dependent dielectric parameters of saline solution by conventional 

probe at frequency of 1 GHz as shown in Figure 6.21. The Pearson’s correlation 

coefficient R2 on 95% confidential interval was calculated. 

 

 

(a) 

 

(b) 

Figure 6.21 Comparison of the reconstructed and measured temperature dependency of the 

relative permittivity of saline solution at 1 GHz (a) and electrical conductivity (b). Pearson’s 

correlation coefficient R2 is plotted.  

R2 = 93 % 

R2 = 95 % 
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6.5  Applicator for head&neck regional hyperthermia 

In laboratories of Bioelectromagnetics research group at Chalmers University of 

Technology the regional HT system dedicated for cancer treatment in head&neck region 

was developed by Takook et.al. [87] .The applicator uses as transmitters 10 self-grounded 

bow tie antennas immersed in plastic cavity intended to be filled by water. The antennas 

are held by circular plastic frame and deployed zigzag as depicted in Figure 6.22.  

 

  

(a) (b) 

 

(c) 

Figure 6.22 Model of HT system with zigzag positioned transmitters (a), self-grounded bow tie 

antenna (b) and its S-parameters (c) both adopted from [87]. 
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 The antenna operates in frequency band from 0,4 GHz to 1 GHz and thus could be 

also suitable to use not only for hyperthermia but also for microwave thermometry (MT) 

at single frequency of 1 GHz. The utilization of antenna elements for high power 

distribution as well as for low power S-parameters measurement could result in hybrid 

HT/MT system without need of any additional temperature monitor as invasive fibre optic 

probes, MRI or another antenna elements dedicated only for MT. 

 We first conducted a numerical analysis of HT system in COMSOL Multiphysics 

to determine its requirements and limitations for future experimental validation. The setup 

with muscle phantom enclosed by agar-water bolus was considered as shown in Figure 

6.23.  

 

Figure 6.23 Numerical model of HT applicator from perspective view where water bolus is blue, 

muscle phantom orange and inclusion red marked. 

 

 Inside the muscle phantom the 4cm cylindrical inclusion with decreased relative 

permittivity by -3 units and increased conductivity by +0,3 S/m was placed. Using BA 

and TSVD we were able to reconstruct the following differential dielectric profile, Figure 

6.24. 
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(a) (b) 

Figure 6.24 Reconstructed differential dielectric profile using HT system, (a) relative 

permittivity, (b) conductivity of muscle phantom with cylindrical inclusion inside. 

 

 We observed high mutual cross coupling of antennas through lossless agar/water 

bolus which conductivity at 1 GHz reached 0,2 S/m. By gradual increasing of 

conductivity with step of 0,1 S/m we identified the conductivity threshold to be 0,5 S/m. 

At this value the antenna cross talks are eliminated to get sufficient reconstruction of 

differential dielectric profile inside the muscle phantom by HT system. Additional 

increasing of conductivity of bolus did not improve reconstruction results. The 

reconstructions based on synthetic numerical data are shown in Figure 6.25. 

  

(a) (b) 

Figure 6.25 Reconstructed differential dielectric properties using HT system with conductivity 

of agar-water bolus of 0,5 S/m.  
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It is obvious that lossy bolus is not suitable for hyperthermia regarding the higher 

input power which has to be delivered to the treated area. However, this analysis clearly 

showed that increasing the conductivity of bolus is essential for successful reconstruction 

of dielectric changes using BA/DBA. In the design process of hybrid HT/MT systems 

this has to be taken in account. Second option is to enclosed antennas to the cavity filled 

with lossy medium. This cavity will be directly attached to bolus and thus cross talks will 

be eliminated. 

 Next, the numerical analysis of capability of HT system to detect dielectric contrast 

based on different temperatures of pure water (27, 30 and 45 °C) positioned inside muscle 

phantom was performed. The dielectric contrast was representing by frequency and 

temperature dependent Ellison’s model of pure water and its plotted in Figure 6.26. Initial 

temperature of inclusion was set to 25 °C. The reconstructed results were compared with 

model data as presented in Figure 6.27 and Figure 6.28. 

 

 

 

(a) (b) 

Figure 6.26 Temperature dependent Ellison’s model of dielectric properties of pure water for 

frequency of 1 GHz. (a) relative permittivity, (b) conductivity. 
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Figure 6.27 Reconstructed differential dielectric profile, relative permittivity on the left and 

conductivity on the right for different numerically modelled temperature of cylindrical inclusion 

inside the muscle phantom.  

45 °C 

30 °C 

27 °C 
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(a) (b) 

Figure 6.28 Comparison of modelled changes of relative permittivity (a) and conductivity (b) for 

given temperatures by Ellison’s model and reconstructed using DBA. Initial background 

temperature of inclusion was set to 25 °C. Relative error between model and reconstruction is 

displayed for each temperature. 
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For experimental measurement we prepared the agar-based water bolus with 

increased conductivity to 0,5 S/m  at 1 GHz by adding salt. The bolus was placed around 

the liquid muscle phantom filled inside 3D printed cylinder and with inclusion inside. The 

photo of setup is in Figure 6.29. 

 

 

Figure 6.29 Setup for MWT using HT applicator - 1, agar-based water bolus - 2 and liquid muscle 

phantom – 3 and inclusion – 4. 

 

 Unfortunately, after several measurements we have not been able to reconstruct any 

differential dielectric profile and only noise artefacts were imaged as shown in Figure 

6.30. 
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(a) (b) 

Figure 6.30 Unsuccessful reconstruction of differential dielectric profile based on real data 

obtained by measurement with HT applicator. 

 

6.6 Chapter conclusion 

In this chapter, we introduced some preliminary results of feasibility experimental 

study towards non-invasive temperature monitoring using differential microwave 

imaging approach. In the very beginning, we examined the temperature dependency of 

the dielectric properties of selected materials/tissue phantoms, e.g. muscle phantom or 

0.9% saline solution. These materials showed a reasonable change in both dielectric 

properties based on the temperature change. Thus, we employed the already developed 

monopole MWI system originally dedicated to breast cancer detection, and designed an 

experimental setup of microwave thermometry. Before that, we evaluated the capability 

of the MWI system to detect local changes in the dielectric properties as well as to detect 

changes in both dielectric parameters during a cooling process of the inserted target. 

6.6.1 Microwave thermometry using a 16-port monopole MWI system 

The experimental setup consisted of a liquid muscle phantom with a tube of 

diameter of 40 mm inside filled with 0.9% saline solution. This heterogeneous phantom 

was positioned inside the MWI system, which was filled with lossy coupling medium. 

The differential dielectric contrast of both parameters, relative permittivity and 

conductivity, for various temperatures of saline solution (from 28 to 50°C with step of 
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2°C) was obtained using differential microwave imaging approach and reconstruction 

algorithm based on DBA with TSVD regularization scheme. 

We compared the maximal retrieved contrast with the measured values using a 

coaxial dielectric probe for given temperatures. Both methods were correlated to each 

other with a correlation coefficient of 93 or 95 % for relative permittivity or conductivity, 

respectively. However, the retrieved differential changes in relative permittivity and 

conductivity due to the change in temperature of the saline solution reached values 

approximately ten times lower than the measured changes and thus the exact temperature 

estimation, neither resolution of 2°C, was not possible. It must be noted that these 

experimental studies provided one of the first recent results of the feasibility of 

microwave thermometry employing the differential MWT (dMWT) and clinically more 

realistic phantoms. In addition, the change of temperature was directly related to the 

change in relative permittivity and conductivity. Recent study by Haynes [19] proved the 

concept of dMWT but was based “only” on monitoring change in absolute values of 

complex permittivity over time without direct temperature estimation and on clinically 

non-realistic homogeneous phantom or coupling medium, respectively. 

The monitoring of temperature with a resolution of circa 1,5 ° C in the experimental 

setup with a clinically realistic scenario was reached by Meaney [80] so far. Nevertheless, 

the iterative reconstruction algorithm and not linear algorithm, such as DBA, was used. 

The obtained results could be limited by the following effects: 

• Heat flux from the heated target to the surrounding phantom. When the 

temperature of the saline solution reached 50 °C, the muscle phantom temperature 

was recorded in close proximity to the heated tube and was equal to 35 °C. This 

could negatively involve the measured data in terms of difference of dielectric 

parameters implemented in the forward model and the real setup. 

• The heated saline solution was circulated through the whole system during the 

measurements. Thus, stationary conditions were not presented. 

• The IF bandwidth filter was set to 1 kHz as a trade-off between measurement time 

and accuracy. Another decreasing of IF filter down to 10 Hz can improve 

measured data quality but for the price of increased data acquisition time. 
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6.6.2 Microwave thermometry using regional hyperthermia applicator 

To utilize HT systems for both hyperthermia treatment as well as non-invasive 

microwave thermometry the great attention must be paid on waster bolus. The 

conductivity of the bolus at 1GHz reaches typically 0,2 S/m, and we then speak about 

lossless bolus. We found that this low conductivity is highly inappropriate for microwave 

tomography. The antennas of the HT application “communicate” through this lossless 

bolus and the useful signal going through the investigating domain is suppressed. Thus, 

no reconstructed dielectric profile has been retrieved. In the numerical study, we 

identified the minimal threshold of conductivity for the water bolus to be 0,5 S/m. For 

this value, we were able to retrieve dielectric contrast of the target placed inside the 

system. Another increase in conductivity did not lead to an improvement in the retrieved 

contrast. For this conductivity value the HT applicator proved sensitivity to local 

temperature changes simulated in FEM-based software with relative error between 

retrieve and modelled contrast around 20 % for temperature change of 2°C and 

differential relative permittivity data. The relive error was decreasing with increasing 

temperature difference to be reconstructed. The reconstruction process had to be done in 

a limited region around the target to obtain the mentioned results. We concluded that the 

reason for that was still the water bolus and antennas cross-talks through it. Therefore, 

we suggested to use lossy separators between antennas to avoid the antenna cross-talks 

and to improve reconstructed dielectric profiles. Increasing the water bolus conductivity 

is the issue for real clinical hyperthermia treatment because higher power should then be 

delivered to the treated region and higher bolus warming is expected, which is not 

desirable. 

 We applied the findings in experimental measurement. The lossy water bolus was 

used instead of separators, which has not been available yet. Unfortunately, the 

reconstruction of the dielectric profile based on experimental data was not successful. We 

identified that the problem could be the high complexity of the HT applicator, the antenna 

cavities are not in perfect contact with the water bolus, and thus the large reflections are 

recorded as well as very low values of transmission coefficients. The differences until 14 

dB in measured differential S-matrix were acquired. Therefore, by using the HT 

applicator to combine both approaches, hyperthermia and thermometry, attention must be 

paid to the design of the antenna elements and the elimination of its cross-talks.  
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7 THESIS CONCLUSION 

 

This thesis was focused mainly on utilization of Microwave Imaging 

(MWI)/Tomography (MWT) for medical diagnostic and monitoring applications. The 

applications were namely rapid brain stroke detection and non-invasive temperature 

monitoring for hyperthermia treatment. I concentrated mainly on the following topics 

(Chapter 5 and 6) which I consider to be my own “dissertable” contributions in the field 

of microwave-based medical diagnostics and monitoring.  

(i) Numerical analysis of different antenna elements suitable for the mentioned 

applications 

(ii)  Design and experimental verification of a new antenna element 

(iii)  Development of a new 3D multichannel MWI system and its methodical 

experimental validation 

(iv) Study of a a new concept of hybrid MWI approach 

(v) Feasibility numerical as well as experimental study towards microwave 

thermometry using a MWI system 

(vi) Feasibility numerical as well as experimental study towards microwave 

thermometry using the HT system 

 

These topics were supplemented with Chapter 3 where the linear reconstruction 

algorithm for deferential MWI based on BA/DBA and the TSVD regularization scheme 

was described. In Chapter 4 the initial numerical studies focused on EM wave propagation 

through human head phantoms were conducted. Some important results such as minimal 

levels of expected transmission coefficients or spatial resolution of the MWI technique 

were identified. 

 

In following paragraphs, I would like to summarize the main results related to topics 

(i – vi). 
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Chapter 5: “Design of antenna elements and MWI systems” 

 

In the first part, the numerical analysis of different antenna elements focused on its 

sensitivity to dielectric contrast and to its backward radiation, was conducted. Since the 

antennas operate in near field region and in lossy media I designed and implemented a 

new methodology for evaluating near-field radiation characteristics. Based on result of 

analysis I developed a new compact H-slot antenna which thanks to used ground plane 

supressed the backward radiation and shows symmetrical feeding and mainly forward 

radiation. 

 In the second part I developed new 3D multichannel MWI system suitable for 

methodical testing of brain stroke detection which employed the H-slot antennas. The 

system and used linear reconstruction algorithm proved experimentally very good 

qualitative as well as quantitative parameters to detect spherical stroke targets in all three 

anatomical planes led through head phantom. Compared to previously obtained data by 

2D MWI systems, the 3D reconstructed images reached high values of PSNR which 

proved very high performance of used H-slot antennas especially in suppression of 

backward radiation and immunity against surrounding noise. In addition, 3D antenna 

layout showed significant improvements of both qualitative as well as quantitative 

parameters in terms of stroke phantom detection compared to 2D configuration. 

 In the third part we demonstrated high potential of so-called hybrid MWI approach. 

This approach combines the radar-based imaging and tomography imaging where results 

of retrieved differential contrast could be significantly improved as well as the 

reconstruction routine can be accelerated. 

 

Future perspectives of Chapter 5 

 On the basis of obtained results, I identified the following potential future steps 

which should be addressed in the field of microwave-based brain stroke detection. 

• Data from anatomically and dielectrically realistic phantom have to confirm 

presented results. Attention must be paid to the dynamic range of the used 

hardware due to the expected higher signal attenuation around -110 dB. Also, on 

high fidelity between the forward model and the real scenario.   
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• Analysis of optimal antenna positions and orientation inside the MWI system 

could further improve the results.  

• To perform image reconstruction using multifrequency data instead of single 

frequency seems to be a very promising way. However very challenging part will 

be design of wideband antenna with preserved suppression of backward radiation. 

• Introduced hybrid approach could accelerate iterative reconstruction methods 

from hours to minutes and thus provide more reliable results. 

 

Chapter 6: “Non-invasive real time microwave thermometry for hyperthermia”  

 

In this chapter, I conducted several numerical and experimental studies focused on 

the feasibility of differential microwave tomography for monitoring of the temperature 

distribution inside the phantoms of human tissues. The first sub-chapter dealt with 

analysis of the temperature dependence of both dielectric parameters, relative permittivity 

and conductivity, for various materials such as distilled water, saline solution of muscle 

phantom. Next, I employed the already developed 16-port MWI system for validation of 

microwave thermometry concept. The initial numerical studies as well as laboratory 

measurements with this system showed very promising results in terms of detection of 

local low dielectric contrast and tracking of change in dielectric properties during the 

cooling process of the inserted target. 

Therefore, I designed experimental setup consisting of the monopole MWI system, 

muscle phantom and circulating saline solution through 40mm tube positioned inside the 

muscle phantom. The saline solution was gradually heated from 28 to 50 °C and for each 

temperature step the scan of phantom was acquired. The goal of determining the 

resolution of the temperature of 2 ° C based on the local change in dielectric properties 

was not met. Nevertheless, the trend of retrieved relative permittivity and conductivity 

corelated with conventionally measured values in 93 or 95 %, respectively. Tracking of 

the trend of temperature changes based on the changes in both dielectric properties is thus 

feasible.  
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In addition, the results are based on experimental measurements on clinically more 

realistic phantoms, and the temperature change is directly related to the change of both 

dielectric parameters, which stands for unique results compared to recently published 

studies. 

In the last part, I focused on feasibility of microwave thermometry using HT system 

dedicated primarily for high-power application of microwave hyperthermia in the 

head&neck region. The numerical study showed that the losses of water bolus (values of 

conductivity) have to be increased to eliminate antenna cross-talks and to retrieve the 

dielectric contrast. With an increased value of the bolus conductivity, the HT system 

showed sensitivity to numerically simulated temperature changes. The relative error 

between the simulated and retrieved differential dielectric contrast increased with 

decreasing temperature difference up to a difference of 2°C. 

 

Future perspectives of Chapter 6 

Based on obtained results, I identified the following potential future steps which 

should be addressed in the field of non-invasive thermometry using the differential 

microwave imaging approach. 

• The more robust experimental setups must be developed where possible 

disturbances such as flow through monitored region and heat flux to surrounding 

domains will be eliminated. 

• Using of H-slot antennas with suppressed backward radiation and symmetrical 

front radiation together with lossless coupling medium could increase the 

measured values of transmission coefficients and thus improve the MWI system 

sensitivity to temperature change. 

• Considering the HT systems not only for hyperthermia but also for thermometry 

the big attention must be paid on water bolus or its conductivity, respectively. 

Increasing the conductivity of water bolus is not ideal solution for hyperthermia 

applications. The separators fabricated of lossy materials between antennas could 

eliminate their cross-talks while lossless of water bolus for hyperthermia is 

preserved.  
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In conclusion, I would like to state that in my opinion, the doctoral thesis fulfilled the 

main goals. The work and results were supported by research grants and were published 

either in journals with impact factor or in conference proceedings. 
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