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Abstract
Microwave imaging techniques have shown excellent capabilities in various fields such as civil
engineering, nondestructive testing, industrial applications, and have in recent decades experienced
strong growth as a research topic in biomedical diagnostics. Many research groups throughout the world
work on prototype systems for producing images of human tissues in different biomedical applications,
particularly breast tumor detection. However, the research community faces many challenges and in
order to be competitive to other imaging modalities one of the means is to put emphasis on experimental
work. Consequently, the use of flexible and accurate measurement systems, together with the design
and fabrication of suitable antennas, are essential to the development of efficient microwave imaging
systems.

The first part of this thesis focuses on measurement systems for microwave imaging in terms of antenna
design and development, robot controlled synthetic array geometries, permittivity measurements, and
calibration. The aim was to investigate the feasibility of a flexible system for measuring the fields around
an inhomogeneous object and to create quantitative images. Hence, such an aim requires solving of
a nonlinear inverse scattering problem, which in turn requires accurate measurements for producing
good quality experimental data. The presented solution by design of a flexible measurement system is
validated by examination of microwave imaging from experimental data with a breast phantom.

The second part of the thesis deals with the research challenges of designing high performance antennas
to be placed in direct contact with or in close proximity to the imaged object. The need for novel antenna
applicators is envisaged in the framework of the Mamacell measurement system, where the antenna
applicators have to be designed and constructed to effectively couple the energy into the imaging object.
For this purpose the main constraints and design requirements are a narrow lobe of the antenna, very
small near-field effects, and small size. Numerical simulations and modeling shows that the proposed
ridged waveguide antenna is capable of fulfilling the design requirements and the performance goals,
demonstrating the potential for the future microwave imaging system called Mamacell.
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Sammandrag

Mikrov̊agsavbildningstekniker har p̊avisat utmärkta möjligheter inom
olika omr̊aden s̊asom anläggningsarbeten, oförstörande provning, indus-
triella tillämpningar, och har under de senaste decennierna haft en stark
tillväxt som ett forskningsämne inom biomedicinsk diagnostik. Många
forskargrupper runt om i världen jobbar p̊a prototypsystem för att fram-
ställa bilder av mänsklig vävnad i olika biomedicinska tillämpningar,
särskilt för brösttumördetektion. Dock st̊ar forskarvärlden inför m̊anga
utmaningar och för att vara konkurrenskraftiga bland andra avbild-
ningsmetoder s̊a är ett av medlen att lägga tonvikten p̊a experimentellt
arbete. Följaktligen är användningen av flexibla och noggranna mätsys-
tem, tillsammans med design och tillverkning av lämpliga antenner,
avgörande för utveckling av effektiva mikrov̊agsavbildningssystem.

Den första delen av avhandlingen fokuserar p̊a mätsystem för mikro-
v̊agsavbildning i form av design och utveckling av antenner, robotgene-
rerande syntetiska antenngeometrier, permittivitetsmätningar och kali-
brering. Syftet var att undersöka möjligheten att med ett flexibelt sys-
tem mäta fälten runt ett inhomogent objekt och att skapa kvantitativa
bilder av objektets inre. Med detta m̊al i sikte krävs en lösning i form
av ett icke-linjärt inverst spridningsproblem, vilket i sin tur kräver nog-
granna mätningar för att producera högkvalitativ experimentell data.
Den presenterade lösningen, genom utformningen av ett system för flex-
ibla mätningar, validerades genom undersökning av mikrov̊agsavbildning
fr̊an experimentella data med en bröstfantom.

Den andra delen av avhandlingen behandlar forskningsutmaningar
för design av högprestanda-antenner som placeras i direkt kontakt med,
eller i nära anslutning till det avbildade objektet. Behovet av nya an-
tennapplikatorer planeras inom ramen för mätsystemet Mamacell, där
antennapplikatorer m̊aste konstrueras och tillverkas för att effektivt kop-
pla energi in i avbildningsobjektet. För detta ändam̊al är de huvudsak-
liga begränsningar och konstruktionskrav en smal antennlob, mycket sm̊a
närfälts-effekter, och liten storlek. Numeriska simuleringar och modeller-
ing visar att den föreslagna v̊agledarantennen uppfyller design- och pre-
standakraven, vilket visar potentialen för det framtida mikrov̊agsavbild-
ningssystem Mamacell.
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tem, tillsammans med design och tillverkning av lämpliga antenner,
avgörande för utveckling av effektiva mikrov̊agsavbildningssystem.

Den första delen av avhandlingen fokuserar p̊a mätsystem för mikro-
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Nikola Petrović, Väster̊as, April, 2014

List of Publications

The following is a list of publications that form the basis of the thesis:

Paper A

Robot Controlled Data Acquisition System for Microwave
Imaging
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Chapter 1

Introduction

This chapter introduces and describes the concept of microwave imaging
with some applications in the biomedical field. Then following a sum-
mary of related research overview of experimental setups with highlight
on the hardware design. Also, a short description of a clinical system
is summarized. The remaining part of this section will discuss some
of the image reconstruction algorithms, following the motivation with
an emphasis on alternative techniques for breast imaging. The thesis
organization will be described at the end of this Chapter.

1.1 Basic Concept of Microwave Imaging

The concept of using microwave frequency electromagnetic waves for
imaging of dielectric bodies has extensively interested engineers and re-
searchers for some decades. Microwaves refer to alternating current sig-
nals in the frequency range from 300 MHz to 300 GHz, which allow
penetration into many optically not transparent mediums such as bio-
logical tissues, soil, wood, concrete, etc. Some of the applications that
have been deployed for microwave imaging systems are ground penetrat-
ing radar, weapon detection, imaging through wall, and non-destructive
testing for structural reliability.

Microwave imaging for biomedical applications is nowadays of very
significant interest, having the potential of providing information about
both physiological states and anatomical structures of human tissues.
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Introduction

This chapter introduces and describes the concept of microwave imaging
with some applications in the biomedical field. Then following a sum-
mary of related research overview of experimental setups with highlight
on the hardware design. Also, a short description of a clinical system
is summarized. The remaining part of this section will discuss some
of the image reconstruction algorithms, following the motivation with
an emphasis on alternative techniques for breast imaging. The thesis
organization will be described at the end of this Chapter.

1.1 Basic Concept of Microwave Imaging

The concept of using microwave frequency electromagnetic waves for
imaging of dielectric bodies has extensively interested engineers and re-
searchers for some decades. Microwaves refer to alternating current sig-
nals in the frequency range from 300 MHz to 300 GHz, which allow
penetration into many optically not transparent mediums such as bio-
logical tissues, soil, wood, concrete, etc. Some of the applications that
have been deployed for microwave imaging systems are ground penetrat-
ing radar, weapon detection, imaging through wall, and non-destructive
testing for structural reliability.

Microwave imaging for biomedical applications is nowadays of very
significant interest, having the potential of providing information about
both physiological states and anatomical structures of human tissues.
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The imaging with microwaves allows non-destructive evaluation of bio-
logical tissues due to the non-ionizing nature of microwaves, since changes
in the dielectric properties of tissue can be related to their physiological
condition. Several microwave imaging applications have been proposed
in the biomedical field. One of the most promising application deployed
is detection of breast tumors [1–4]. This is particularly eligible due to the
easy approach of the breast for imaging, as well as the breast anatomy
where the fatty tissue (with low loss) has a low attenuation impact on
the signal. The contrast in permittivity for different in-vivo tissues (fat,
glandular, malign tumour, vascular tissue etc.) is higher for microwaves
than the most successful tool used today—X-ray Computed Tomogra-
phy (CT)—is able to produce. For this reason, microwave imaging has
been developed and has the potential to be a complementary modal-
ity to standard mammography. However it remains a field with many
uncharted domains, and microwave imaging techniques need to over-
come many challenges and be improved. This includes the enhancement
of both more sophisticated hardware (antenna, electromechanical parts
and RF-design) as well as in the software (imaging algorithms) to be
considered as a reliable modality for biomedical application.

1.2 Related Work – Microwave Imaging
Systems and Techniques

The emerging microwave imaging technique is a multidisciplinary area
involving several research fields such as microwave engineering, electro-
magnetics, computer science, mathematics and clinical research. The
joint work and advances in these areas have made the progress in mi-
crowave imaging techniques possible.

Microwave imaging systems for biomedical applications can roughly
be divided into two main groups: active and passive systems. In passive
systems, the radiation energy is received from the imaged object in the
form of low level electromagnetic fields from warm human tissues [5].
The majority of the systems are active systems which mean that the
illumination energy is generated by the measurement system. In this
thesis, we focus on active systems and today there are two main ap-
proaches to active microwave imaging: microwave tomography [3, 6–11]
and radar-based imaging [12–17]. In the former method the object is
illuminated with microwaves and the scattered field is measured around

1.2 Related Work – Microwave Imaging
Systems and Techniques 3

the object at a number of different positions. Multiple transmitter and
receiver antennas can be used, or single transmitter or receiver config-
urations can illuminate the object and sample the scattered fields at
multiple positions. Then by solving an inverse scattering problem the
image of the object can be produced in terms of the spatial distribu-
tion of the complex permittivity. In the radar approach, the object is
normally illuminated with short microwave pulses and the scattered re-
sponse is received by one or several antennas. The image reconstructed
from the measured scattering is based on the strong significant scatters
of the imaged object and the most common algorithm in radar based
systems is the confocal or delay-and-sum focusing algorithm.

1.2.1 Experimental Setups

Microwave imaging techniques and its application to medical imaging
have attracted the interest of many research groups around the world
since the first experiments with hardware systems in the late 1970s [18–
20]. The pioneers, Larsen and Jacobi, developed a system where the
transmission coefficient between two antennas, one transmitting and one
receiving, was measured and images of the internal structure of a ca-
nine kidney was presented [18]. In their hardware setup, the antennas
with the imaged object are immersed into a tank filled with water as
a coupling liquid [19]. This arrangement is one of the fundamental ap-
proaches, even in many microwave imaging systems today, to effectively
couple the microwave energy into the tissue. The results opened up for
another hardware setup with the initial design and experiments of the
planar microwave camera by researchers in Paris [20, 21]. This planar
microwave system is constructed by two horn antennas, one transmit-
ter and one receiver. In the front of the receiving antenna a matrix of
32x32=1024 sensors (dipole antennas) is used, a so called Modulated
Scattering Technique (MST) [22], to enable quick data acquisition. This
is quite an interesting hardware solution, because the sensors only use a
frequency of 200 kHz and modulates the planar carrier wave frequency of
2.45 GHz. One of the applications with the planar microwave camera was
to produce qualitative images of the temperature distributions of biolog-
ical tissues to control the effect during hyperthermia treatment [23, 24].
The camera has been further developed since then to produce quan-
titative results [25], as well as qualitative results in a quasi real-time
manner [26]. In the early 1990s the circular 2.45 GHz camera was de-
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veloped with 64 antennas, which produced reconstructed images of a
human forearm [27, 28]. The circular geometry of the receivers around
the object was confirmed as a better choice for image reconstructions
than the linear experimental geometry [27, 29]. Many research groups
have followed this course thereafter and developed other experimental
setups [30, 31].

One of the main potentials of microwave tomographic imaging is that
it can provide quantitative information of the imaged object’s dielectric
properties, which makes it possible to identify tissues and materials.
It has been shown that the microwave tissue dielectric properties are
strongly dependent on physiological condition of the tissue [30], which
plays a major roll to open opportunities for microwave imaging technol-
ogy within medical diagnostics.

An experimental setup, of a microwave imaging prototype system
developed by Semenov et al. utilize 64 waveguide antennas in a circular
array, divided into 32 emitters and 32 receivers avoiding the isolation
problems between the channels, operating at a frequency of 2.45 GHz
[30]. With this system the group reconstructed a systolic and diastolic
image of the beating canine heart and the total acquisition times was
less than 500 ms. The antennas are located on the boundary of the
cylindrical chamber filled with various solutions including distilled water.
The waveguide antennas, operating in TE10 mode, are constructed with
a three time wider field pattern in the horizontal plane compared to the
vertical plane. This adjustment was done to try if it was possible to use
a 2D diffraction model and create 2D images slicing a 3D object similar
to the X-ray tomography technique. Their conclusion and suggestion
where, to reconstruct a quantitative 3D object it is necessary to have a
3D system, so the ”slice” technology used in X-ray tomography could
not be used.

Meaney et al. developed a circular microwave imaging system, similar
to Semenov et al., for reconstruction of 2D electrical property distribu-
tions. In the first setup they also used waveguide’s antennas (four) for
transmitting, but monopole antennas (four) as receivers. The system
operates at frequencies between 300 - 1100 MHz [31].

The Debye relaxation of water results in minimal penetration between
15 and 30 GHz, so one has to use either much lower or higher frequencies.
However, other phenomena limit the microwave penetration at terahertz
frequencies in tissues with high water content to some few millimetres.
Today most of the microwave imaging systems work in a range between
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0.5 to 10 GHz, where it is expected to have a good trade-off between the
penetration depth and resolution.

Another system, for 3D microwave imaging, by Semenov et al. is
built around a larger metallic chamber and with a network analyzer as
a transceiver [32]. In this system only two waveguide antennas are used,
both tuned to operate in salt solutions at a frequency range between
0.8 and 1 GHz. The waveguide antennas are set on two different arms,
and with the use of a computer controlled robotic system they are po-
sitioned at various points inside the chamber while the object is fixed
in the middle of the chamber. Both antennas can be rotated individu-
ally under the data acquisition, which makes it possible to measure the
components (vertical and horizontal) of the electromagnetic field. The
electromechanical part of the system requires high accuracy and stabil-
ity because the data acquisition time is approximately 9 hours. These
requirements are realized using accurate microwave and electronic com-
ponents and optoelectronic control of mechanic position of antennas.
However, there is still some instability in the technical parameters due
to the long data acquisition time, but more critical is the physiological
instability of the object and the coupling medium inside the chamber,
which are the main reasons for the limited image quality. Another limi-
tation of the image quality is the inadequacy in the mathematical model
of the tomography experiment. Regardless of these limiting factors the
group obtained images of a full size canine and that is an important
milestone in the progress of microwave imaging.

Generally 3D microwave imaging is limited even today with the state-
of-the-art hardware and most sophisticated algorithms, implemented on
multiprocessors and GPU:s, the imaging reconstruction process time can
take several hours. This is due to the full field computations for each
antenna position.

Many other research groups have joined the biomedical microwave
imaging field, especially the breast cancer detection [33–38]. Another
upcoming biomedical application, to identify and categorize strokes ef-
fectively and quickly, has been presented in recent reports [39–41].

1.2.2 Clinical Systems for Microwave
Breast Imaging

Experimental systems that can be used for clinical investigations of mi-
crowave breast imaging are not as many as the systems based on phantom
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experiments. Meaney et al. were the first to develop a clinical proto-
type for active microwave imaging of the breast in the early 2000s [42].
The hardware has been designed to have each antenna operate in either
transmit or receive mode. In this case, they used 16 monopole antennas
in a circular array configuration, and a reason for using the monopole an-
tennas is that the monopole can be effectively modelled as a line source
in a 2D imaging problem. Another advantage is that, even if monopole
antennas typically show undesirable characteristics when operating in
a lossless medium (narrow bandwidth and excitation of surface waves),
they are excellent radiators in a lossy environment where the usable
bandwidth is increased with no evident excitation of surface currents.
The purpose of this system is to detect early stage breast tumours with
quantitative images. The system is based on their earlier work [43, 44]
where they have mounted the system on a transportable bed with a hole
for breast insertion. This study has been performed on real patients of
different ages and breast images of five patients have been obtained. The
initial results gave sliced 2D images of the human breast with a reason-
able resolution. One important thing that the group is mentioning in
this setup is to model each nonactive antenna as a microwave sink so the
entering signals (E-field) are absorbed and not re-radiated. In the hard-
ware, they have selected to use matched switches so when an antenna
is in the nonactive state any coupled signal is transmitted through a
coaxial cable into the switch with a matched termination without being
re-radiated. Over the last decade many improvements have been done
on the system both in algorithms and hardware [3,45,46]. So today one
could say that this system is the state-of-the-art regarding microwave
imaging for breast cancer detection. In addition to breast imaging the
group have performed initial clinical trials for bone imaging using the
same system [47,48].

More recently Fear et al. performed a clinical trial of microwave
breast imaging with a monostatic radar-based system [2]. Also a research
group at the University of Bristol in U.K., have reported clinical tests of
a multistatic radar approach [49].

1.2.3 Image Reconstruction Algorithms

Despite of all the possible advantages of microwave imaging, today only
a few prototype systems are usable for real clinical investigations [2–
4, 48, 50]. There are several difficulties that needs to be resolved. The
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propagation of microwaves in comparison to X-rays are very complex
and can not be easily modelled as a pencil beam propagation along a
straight line of an X-ray. Due to this nature of microwaves the wide
beam will create high scattering and diffraction of signals in the imaging
object demanding more complicated computational heavy algorithms for
obtaining an image from the measured data. Notable, in tomographic
microwave imaging it is possible applying a more simple (computation
efficient) linear approach using Born or Rytov approximations [20,27,51].
However, this approximation is only valid for weak scattering- and low-
loss objects [52,53]. The total field at each point inside the object must
be equal to the incident field used for illumination with no object present.
This fact limits the application towards biomedical ones. In [54] the
authors concluded, that in the case of stronger scattering, it is necessary
to assume nonlinear models.

One of the approaches in tomographic microwave imaging is nonlinear
inverse scattering often referred to as nonlinear microwave tomography
introduced in the 90s [55–57]. The algorithm for solving the nonlinear
inverse problem is in most cases based on a Newton scheme, which is an
iterative optimization process where the simulated scattered field from
the current dielectric properties distribution is compared to the measured
scattered field. The problem is solved to obtain quantitative images of
an object. Several implementations of the Newton algorithm have been
reported, one is the Newton-Kantorovich algorithm developed by Joachi-
mowicz et al. [55], and has been used in the planar microwave camera
(section 1.2.1), in an extended version [58, 59] for quantitative image
reconstruction from experimental data. Other examples of the Newton
based algorithm are the Gauss-Newton algorithm [60, 61] and the con-
jugate gradient algorithm [62]. All of these techniques mentioned above
require a forward solver for calculating the scattered field, such as the
methods of moments [55], the finite-element method [63] or the finite-
difference time-domain method [62]. The heavy and large numerical cal-
culation of the inverse formulation of the problem make this algorithm
computationally expensive. Alternative algorithms utilize techniques to
compensate for these problems, e.g. the multiplicative regularized con-
trast source inversion method, which have been successfully used for
solving the nonlinear inverse problem by reducing the computational
complexity. This algorithm has proven to be suitable for high contrast
biological objects (tissues) and have been implemented in a number of
different solutions [64–67].
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The most frequently deployed algorithms for the radar approach is
the confocal or delay-and-sum focusing algorithm [68–72]. The basic
principles of this algorithm are a transmitted short pulse measured as a
response in time at the receiver. The object of interest is divided into a
number of pixels and the image is created by adding the time-delays for
all received signals form the emitted pulse for each pixel. If a significant
scatterer is present all scattered waveforms contain the scattered com-
ponent signature. These waveforms are processed and summed from all
antenna positions for a single pixel, which leads to a maximum of the
signal (strong scatterer). The main advantages of this kind of algorithms
is their simplicity, time efficiency and robustness.

1.3 Motivation

Breast cancer remains the most common cancer among women, with
30.4 percent of all female cancers according to recent Swedish statistic
reports [73]. More than 90,000 women living in Sweden today have
sometimes received a breast cancer diagnosis and 8490 diagnoses were
made during 2012. The incidence has increased from about 80 to 180
cases per 100 000 over the period from 1970-2012. Globally the trends
of incidences are similar [74].

Worth mentioning is that survival in cancer has been gradually im-
proved, which has several explanations. New and improved methods of
diagnosis, and prevention initiatives such as screening activity has led to
more cases of cancer are detected early, which gives a greater chance for
cure. The most successful tool used today for breast cancer screening is
X-ray mammography, which in this case offers clear advantages [75,76].
However, this technique also has some limitations and potential risks,
where the breast is a subject to uncomfortable and painful compres-
sion and it uses ionizing radiation during the examination process. The
breast compression also has the disadvantage that the tumors in the
breast periphery near the chest wall may not be detected. Even though
the ionizing radiation dose nowadays is low, the exposure poses a possible
risk in an increased cancer risk.

Apart from those limitations, mammography also includes low sensi-
tivity, the ability to identify a tumor presence, which is highly dependent
on the radiologist experience, i.e. the human factor. The interpretations
of Mammograms (X-ray images of the breast) are especially difficult for
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dense breast (glandular/fibro-connective tissue), which is particularly
common for younger women. The dense tissue impinging with the iden-
tification of abnormalities associated with tumors, complicating the radi-
ologist’s interpretation work and result in a higher rate of false-negative
and false-positive test results in these cases. Another shortcoming is the
specificity where the patients often needs additional examination tech-
niques or a breast biopsy (invasive examination) to identify the findings
from the mammogram as benign or malignant, and the specificity de-
crease with breast density. As a consequence of these shortcomings,
mammography can have harmful impacts on the screened population.

These limitations of mammography have motivated research for com-
plementary techniques for imaging breast cancer to secure minimal mor-
tality in the future. Other available imaging techniques such as Ultra-
sound, positron emission tomography (PET) and Magnetic Resonance
Imaging (MRI) are either less effective or are too costly for mass screen-
ing. For example, MRI offers higher sensitivity, but a trade-off with high
cost and low specificity which may lead to over diagnosis.

There are many strong reasons that microwaves are assumed to be
tractable in biomedical diagnostics: the contrast in constitutive param-
eters for different in-vivo tissues is higher for microwaves than the most
successful tool used today X-ray computed tomography can produce.
Furthermore, microwave frequencies are nonionizing and exhibit reason-
able penetration depth in breast tissue. Microwave imaging might also
be a mobile and cost-effective complement to current imaging techniques.
This are the main reasons for microwave imaging being developed with
potential as a complementary modality to mammography.

However, the current alternative imaging modalities to mammogra-
phy suffer from their own challenges. In the case of microwaves for
imaging purposes, the main disadvantage is microwaves itself due to
their scattering nature. The problem is to extract information from the
sensitive signals which certainly contains useful information. The re-
search community faces many challenges, and in order to be competitive
to other imaging modalities use the advantages of being cheaper and
safer, the dynamic changes on the tissue properties is also an essential
benefit to achieve this goal for microwave imaging. Hopefully in the near
future the microwave community will overcome the challenges and pro-
vide complementary tools for the radiologist not only to diagnose but
also treat cancer. This is a deserving cause and a noble task.
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1.4 Outline of Thesis

The rest of this thesis is organized as follows. The problem formulation
with the main defined research questions is presented in Chapter 2 to-
gether with the research method. Chapter 3 provides a brief overview
of the algorithm deployed in our system. First, the direct problem is
explained then following the image reconstruction algorithm based on
the Newton-Kantorovich technique. In Chapter 4 parts of our research
project and work is presented. The flexible robotic data acquisition
system developed is described together with validation of the system
and phantom development including permittivity measurements, more-
over descriptions of the antenna and system calibration are provided.
Finally, the quantitative image reconstructions from experimental data
are given at the end of this chapter. In Chapter 5 a short description of
the extended research project Mamacell is presented, following the focus
on the antenna applicator design reasoning with the unveiled results in
form of simulations. Chapter 6 summarizes the included papers and the
contribution of the thesis. Conclusions and proposed ideas for future
work are presented in Chapter 7.

Chapter 2

Problem formulation

The research of the group at Mälardalen University (MDH) is to investi-
gate the usage of microwaves as a possible imaging method in biomedicine,
which means to develop a measurement system for concept studies of
microwave imaging modalities aimed towards a biomedical application.
The aim is concentrated on using microwave imaging for breast tumour
detection, but other potential applications within the area are planned
for future works. The objective of this thesis can be formulated as fol-
lows:

”to develop a measurement platform system for microwave imaging
and associated tool support towards biomedical applications”

Developing a microwave imaging system is a complex problem, which
raises several questions needed to be examined. In order to refine this
general research problem, we narrow our overall research goal into finer
research questions. The following main research question (RQ) have
been formulated as RQ 1-3.

RQ1 How should a flexible system be designed for accurate
measurements?
One part of this thesis focuses on designing a flexible measurement
platform able to scan an object of interest in different geometries.
Hence, accurate measurements are required in order to conduct
good quality data from the acquisition. The inverse scattering
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problem will involve nonlinearity, causing ill-posed numerical com-
putation. As a result, in particular applications, small perturba-
tions in the measured data can cause large errors in the recon-
struction process. Therefore the system also needs to be carefully
calibrated.

RQ2 How can the background medium and the material pa-
rameters for the phantom development be characterized
with a reliable and repeatable method?
To obtain precise control of the background medium, and a good
estimation of the dielectric properties of materials mimicking hu-
man tissues there is a need to develop methods for permittivity
measurement. In addition development of suitable reference phan-
toms is an important issue in order to evaluate and validate the
systems performance in terms of quantitative image reconstruc-
tions.

RQ3 Which antennas (sensors) should be used in the measure-
ment systems?
How to design antennas for other medium than air? This is the
key question. The implementation of an efficient Microwave Imag-
ing (MWI) system requires design and fabrication of suitable an-
tennas, which is a significant challenge for this technique. Antennas
are especially important as they are crucial for the efficiency of the
imaging system. Typical design requirement from the literature
studies involves small size, wide bandwidth, simple manufacturing
as well as simple field equations, i.e. modeling. However, chal-
lenges for innovative, high performance antennas to be placed in
contact or in close proximity with the imaged object, without the
need of coupling liquids, demands the best possible narrowness
of the antenna lobe, reduced influence by the surroundings, very
small near-field effects, and small size.

These questions leave out the important areas of the reconstruction pro-
cess and imaging algorithm, since the algorithm in this thesis is only
used as a numerical tool without any contribution in this research do-
main. However a brief overview of the algorithm deployed in our system
will be presented in Chapter 3.

2.1 Scientific Approach and Research
Methods 13

2.1 Scientific Approach and Research
Methods

In this thesis, the research is both within the area of technology and
the area of science. Hence, the research can be seen as a bond between
natural sciences, such as physics and mathematics, and the art of engi-
neering.

Usually the research process begins with defining a problem and ends
with proposing a solution to the problem. During the research process,
the researcher may use one or several research methods in order to answer
the established research questions. The process in this thesis begins
with the identification and formulation of a general research problem by
studying related work. A flow chart of the research process is shown
in Figure 2.1, in which the main components are: defining the general
research problem associated with related work, the formulated research
questions, performing the research work and ending with validation. The
main goal is to provide a solution to the practical problem, where the
solution is obtained by narrowing down the general problem in form
of refined research questions. A research work is an iterative process
allowing feedback between stages. It starts with separation of the overall
research idea into smaller research goals, which are formulated, studied
and refined. In the research work stage, the tasks have been performed
iteratively by collecting and analyzing data following up with analyzing
and concluding the results. In some cases the research questions can be
updated and extended by new research challenges. Once the research
results are good enough, we carry on with the validation process as a
final stage. The validation stage is the key part of this process, which
assures the scientific value of the established research results. In case
of failure in the validation stage, we have to go back and look over the
research results, improve them if possible otherwise discard the results.

In order to understand the scientific problem, we have studied the
state of the art gathering information from previous work done in the
research area. During this stage, we have used the research method
called literature studies. The purpose of literature research is to explain
the problem and to see what other attempts have been like. The litera-
ture material relevant to our research that has been studied is journals,
proceedings, books and the internet.

Other scientific methods used in our research project is the induction
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Figure 2.1: Flow chart of the research methodology process.

method which means that experimental results will be used to create
theories. In addition, to be able to answer and validate the formulated
RQ empirical measurements are needed, which is a hypothetic deductive
method. Numerical modeling, as well as measurements, are the founda-
tion from which theories will be built.

Chapter 3

Numerical Tool

The main objective of this chapter is to describe the imaging algorithm
deployed for our system by introducing the direct, and inverse scattering
problem as a model based illustration technique.

In microwave imaging, an inhomogeneity of the material will affect
an incident field to scatter, due to the contrast in the constitutive elec-
tromagnetic parameters, i.e. the complex permittivity of the imaged
material. Usually in a microwave imaging system the object of inter-
est is embedded in a background medium with a cretin permittivity
and conductivity representing the imaging domain. The object is illu-
minated by an incident field, Ei, emitted from a transmitting antenna,
producing a scattered field Es. The total field, Et, measured by the
receiving antenna is the sum of the incident field and the scattered field
as following Et = Ei + Es. The total field will change by the scattered
field introduced and thus the complex permittivity contrast distribution
of the object can be obtained. The fundamental equations for describ-
ing electromagnetic phenomena in a physical environment is Maxwell’s
equations, which in this case will be converted to the wave equation.

The most common electromagnetic computational techniques used
to implement the wave equation into the direct problem are Method of
Moments (MoM), Finite Element Method (FEM) and Finite Difference
method (FDM). These numerical techniques have had an important
role during the last decades within computational modeling, where the
availability of high performance computers made this possible. Depend-
ing on the electromagnetic problem to be solved numerical techniques

15
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which have their foundation in mathematics, are chosen for the specific
electromagnetic scenario. Typical scenarios in the area of electromag-
netic modeling to mention a few are electromagnetic field distributions,
scattering problems and antenna design. Further, the problem scenarios
above may be characterized by the way they use frequency or time-
domain. Another technique used in this thesis, as a tool for antenna
design simulations and field pattern analysis, is based on a FDM in time
domain, i.e. the Finite Difference Time Domain (FDTD). A commer-
cially available software called QuickWave c© for electromagnetic design
and simulations based on the conformal FDTD, has been used exten-
sively throughout paper E.

In the next section an imaging algorithm is presented for solving the
direct, and inverse electromagnetic scattering problem due to a model
based illustration method within the microwave range.

3.1 Direct Problem

Solving Maxwell’s equations for a 3D version of the problem, field prop-
erties along all three dimensions, leads to heavy computational 3D vec-
torial problem. For the direct electromagnetic formulation, we have used
a classical approach considering a 2D scenario of the problem. In the 2D
formulation, the object of interest is considered to be nonmagnetic with
constant dielectric properties along its vertical axis. In this method the
electromagnetic scattering problem is converted into a radiating problem
in free space, and a 2D scalar Electrical Field Integral Equation (EFIE).
The implicit time dependence is introduced as e−jωt, with ω as the radial
frequency. The homogeneous,- and inhomogeneous wave equation in this
context are described, by the scalar Helmholtz equation [59], respectively
as

(∇2 + k21)e
i(�r) = 0 (3.1)

and

(∇2 + k2)e(�r) = 0 (3.2)

where, ei(�r), incident field is the propagation of a TM-polarized, single-
frequency, time-harmonic electromagnetic wave and e(�r) is the total elec-
trical field. The constant wavenumber k1 inside the homogeneous media,
and the wavenumber k, which depends on the dielectric properties of the
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medium of propagation, are

k1 = ω
√
µ0ε∗1 (3.3)

and
k2 = ω2µ0ε

∗(r) (3.4)

where ε∗1 is the complex permittivity inside the homogeneous media, and
ε∗(r) being the complex permittivity of the inhomogeneous region. The
total field e(�r) in equation (3.2) can be seen as a superposition of the
incident field, ei(�r) (without the object), and the scattered field es(�r)
(caused by the object), written as

e(�r) = ei(�r) + es(�r) (3.5)

Defining the contrast C(�r) as

C(�r) = k2(�r)− k21 (3.6)

and introducing equation (3.5) together with equation (3.6) above into
equation (3.2) will result in the following wave equation

(∇2 + k21)e
s(�r) = −C(�r)e(�r) (3.7)

The scattered field in equation (3.7) is related to an equivalent current
J(�r) as

J(�r) = C(�r)e(�r) (3.8)

In order to solve es(�r), a Green’s function formulation for the inhomo-
geneous scalar Helmholtz equation in (3.7) is introduced.

(∇2 + k21)G(�r, �r′) = −δ(�r − �r′) (3.9)

The Green’s function represents the scattered field radiated by a line

source, and is defined as j/H
(1)
0 (k1|�r − �r′)|) where H

(1)
0 is the zero-

order Hankel function of first kind. The index r and r′ represent the
observation and source points, respectively. By using Green’s function
formulation above and the principle of superposition, the scattered field
can be deducted by

es(�r) =

∫∫

S

G(�r, �r′)C(�r′)e(�r′) (3.10)
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frequency. The homogeneous,- and inhomogeneous wave equation in this
context are described, by the scalar Helmholtz equation [59], respectively
as

(∇2 + k21)e
i(�r) = 0 (3.1)

and

(∇2 + k2)e(�r) = 0 (3.2)

where, ei(�r), incident field is the propagation of a TM-polarized, single-
frequency, time-harmonic electromagnetic wave and e(�r) is the total elec-
trical field. The constant wavenumber k1 inside the homogeneous media,
and the wavenumber k, which depends on the dielectric properties of the
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medium of propagation, are

k1 = ω
√
µ0ε∗1 (3.3)

and
k2 = ω2µ0ε

∗(r) (3.4)

where ε∗1 is the complex permittivity inside the homogeneous media, and
ε∗(r) being the complex permittivity of the inhomogeneous region. The
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(∇2 + k21)G(�r, �r′) = −δ(�r − �r′) (3.9)

The Green’s function represents the scattered field radiated by a line

source, and is defined as j/H
(1)
0 (k1|�r − �r′)|) where H

(1)
0 is the zero-

order Hankel function of first kind. The index r and r′ represent the
observation and source points, respectively. By using Green’s function
formulation above and the principle of superposition, the scattered field
can be deducted by

es(�r) =

∫∫

S

G(�r, �r′)C(�r′)e(�r′) (3.10)
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The total field, considering equations (3.5) and (3.10), is expressed as
the following integral formulation

e(�r) = ei(�r) +

∫∫

S

G(�r, �r′)C(�r′)e(�r′) (3.11)

The incident field ei(�r) is given and the complex permittivity is known,
the scattered field es(�r) will be computed as the direct formulation of the
electromagnetic scattering problem. In such context, equations (3.10)
and (3.11) are numerically implemented and solved by MoM [55, 56,
77, 78]. By this numerical method, a two-dimensional configuration, by
cylindrical situated monopoles, is solved in this thesis. By assuming con-
stant fields and dielectric properties in a rectangular cell as the imaged
object, the incident,- and the scattered field will be discretized as

ei( �rn) =

N∑
j=1

[δnj −G( �rn, �rj)C(�rj)]e(�rj), n = 1, 2, ..., N (3.12)

and

es( �rm) =

M∑
j=1

[δnj −G( �rm, �rj)C(�rj)]e(�rj), m = 1, 2, ...,M (3.13)

where the object region is discretized into N cells and also M receiv-
ing points for the observed scattered field. Numerical solution of this
direct scattering problem will be used for creating image reconstruction
algorithms for the inverse problem from which the unknown permittivity
contrast distribution of the object will be found.

3.2 Image Reconstruction Algorithm

In order to produce a tomographic image of large high contrast objects
the inverse electromagnetic scattering problem should be solved. In this
process, the unknown complex permittivity distribution of the object is
deduced from the measured scattered field due to the object and a known
incident electric field. A number of imaging modalities have been used
for solving the nonlinear inverse scattering problem and in most cases
using an algorithm based on the iterative optimization process. In each
iteration, the scattered field from the current parameter distribution is
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computed from the direct problem and compared to the measured field.
The difference between the measured and computed scattered field is
minimized until the error is sufficiently small and a stability criterion
is reached. This optimization process can be implemented in a Least
Square formulation called Newton-Kantorovich (NK) [55].

The 2D scalar NK code, has been used (in an extended version), as
a numerical tool for solving the 2D scalar nonlinear inverse scattering
problem [59]. Before computing the scattered field the total field inside
the N cells of the object must be calculated by solving Equation 3.12
in previous section ( 3.1). The relation between the scattered field and
the contrast permittivity of the object is nonlinear. The Equations 3.12
and 3.13 can be written in matrix form and the scattered field can be
expressed as:

Escatt = KR,O[C][I − CKO,O]
−1Einc (3.14)

The residue is defined as a difference between the calculated scattered
field Escatt, and the measured scattered field Emeas

scatt as:

∆Escatt = Escatt(Cn, r)−Emeas
scatt (r) (3.15)

Solving the nonlinear inverse scattering problem, the solution is obtained
iteratively by minimizing the square norm of the error between the com-
puted scattered field and the measured field:

min‖Escatt(Cn, r)−Emeas
scatt (r)‖2 (3.16)
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where Cn contains the estimate of the object’s dielectric property
distribution at iteration n. Applying regularized Gauss-Newton, gives a
linear relation between the dielectric contrast update step ∆C and the
residue ∆Escatt at iteration n as:

(
J∗J + µI

)
∆C = J∗∆Escatt (3.17)

In Equation 3.17, J is the Jacobian matrix of Escatt(Cn, r), also
called the sensitivity matrix, and J∗ its conjugate transpose matrix. The
regularization-term, µ, is introduced to decrease the condition number
of the J∗J matrix, which is essential to avoid false solutions and obtain
convergence of the iterative process [79]. As can be seen in Figure 3.1,
the iterative process starting with an initial contrast distribution C0, the
difference between the computed and measured scattered field gives the
residue ∆Escatt. The estimation of the contrast function step ∆C, is
done using the Equation 3.17.

Chapter 4

Resarch Project
Description

In this chapter, our research project and work at MDH is presented.
The experimental robot controlled acquisition system developed is de-
scribed together with validation of the system and preliminary simula-
tions. Following the phantom development, antenna design and perfor-
mance, system calibration and finally image reconstructions from exper-
imental data. This chapter of the thesis is tied to and deals with issues
related to all three RQ.

4.1 System Overview of Robot Controlled
Microwave Imaging System

Development of experimental systems able to generate data for providing
the algorithms has encountered a growing attention, especially in the
last decade. The design of the MWI system at MDH is based on the
literature study from the previous works, mentioned in Chapter 1 and
section 1.2, in particular the circular systems developed by Meaney et
al. and Semenov et al.. Also, the experiences gained from the planar
microwave camera, section 1.2, have been taken into consideration during
the design process.

The challenge to design and develop a new feasible system, relating to
the previous MWI systems and research works, a flexible multi-frequency

21
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Figure 4.1: The MDH experimental setup for the robot controlled MWI
system. The receiving antenna is mounted on the robot’s sixth axis with
the tool extension (in right photo I), and the transmitting antenna (in
right photo II) is on a fixture in the water-filled tank. The object is
placed on rotational board controlled by a stepper motor, the computer
with the controlling interface and VNA glimpsed outside the water tank
in the left photo. A close-up of the breast phantom surrounded by
receiving antenna (I), transmitting antenna (II) and the ultrasonic sensor
(III) is shown in the right photo.

MWI system was realized. Intended as a measuring platform system
able to be used in both hardware (antennas and system geometry) and
algorithmic investigations for future MWI systems.

The measurement system utilized for microwave imaging at MDH
consist of an ABB R© robot with the model number IRB140, capable of
moving in six degrees of freedom (six independent rotational axis). Two
photos of the system arrangement during the measurement of the breast
phantom is shown in Figure 4.1. The system also includes: two identical
monopole antennas where the receiving antenna is mounted on the tip
of the robot arm and the transmitting is attached to the main fixture
as shown in Figure 4.1 right. Both antennas are immersed in a water-
tank (filled with tap water) with a diameter of 2 m and in which an
object-fixture has been placed in the center. In addition it is comprised
of an ultrasonic sensor, a stepper motor, a Rohde & Schwarz ZVB 8 R©

Vector Network Analyzer (VNA) connecting directly the transmitting
and receiving antennas to port 1 and 2, respectively and a developed
Matlab R© interface controlling the entire system.

The object of interest is mounted on a fixture with a rotational axis
controlled by a stepper motor to simulate multi-view imaging at dif-
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ferent angular positions of the transmitter and the synthetic receiving
antenna array. The receiving antenna is attached to the sixth robot
axis with a tool extension able to move along planar, cylindrical or half-
spherical surfaces around the object of interest. In Paper D section
II-B, is the details regarding the receiving antenna geometry explained.
Several parameters are adjustable for the different geometries, as the
radius, angular steps and the number of frequency measurement points.
A multi-view examination is possible using the stepper motor, taking
angular steps as small as 1.8◦. This is equivalent of having a rotation
of the antenna; thus a synthetic receiving antenna array rotated with
the transmitting antenna is obtained. In addition, an ultrasonic sensor
is attached to the tool extension for calibration of the system’s center-
point in relation to the rotational axis. The ultrasonic sensor could also
be used to get a priori information from the object’s surface to be used
in the inverse algorithm. The transmitting antenna is arranged in a way
that it can be moved manually in different directions along the fixture
and, in the normal setup, it can be fixed at one position throughout the
examination.

A data acquisition program controls the instruments and the robot.
During a measurement, the control interface will receive wide-band mea-
surements from the GPIB connected VNA at each measurement posi-
tion. First, the incident field (without the object) is measured before
the total field (with the object present) is measured; this is obtained in
form of complex S21-parameters from which the amplitude and phase are
calculated. The control interface stores data from both fields, and the
scattered field can be computed by subtracting the incident field from
the total field.

There are several advantages of the proposed robot controlled mea-
surement system, where the most important one is fulfilling the accuracy
and flexibility according to the formulated RQ 1. Using a robot system,
the receive antenna can be positioned with very high precision, with an
absolute error less than 0.1 mm and even better repeatability. Also, the
possibility to utilize the robot’s degrees of freedom forming synthetic ar-
rays of different geometries making the system flexible. Having flexible
receiving antenna positions enables investigations to be made of different
antenna array geometries without introducing coupling effects between
multiple antenna elements in the system design stage [80]. Furthermore,
examination of the most suitable frequency for the imaging application
by obtaining rapid wide-band measurements is an advantage with such
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a system.

This flexibility enables investigations on different synthetic antenna
array geometries and frequency usage for different imaging applications,
without introducing coupling effects between multiple antenna elements
in the system design stage

The large water-tank will attenuate the reflected signals from the
surroundings in the tank which can be neglected and the disturbances by
scattering objects outside the tank do not influence the system. However,
there are no opportunities for changing the matching liquid (background
medium) adjusting it to investigations of different imaging scenarios.
This is a negative factor to consider. Another disadvantage of the system
is the inability to adjust the complex permittivity and temperature of
the background medium, since the volume is large.

4.2 Preliminary Experimental Validation

This section is a part of the work presented in Paper A, and our pre-
liminary validation of the MWI system intended as a meaningful experi-
mental platform for microwave imaging scenarios. The first experimental
validation is performed by using a sunflower oil (ε∗ = 2.5+j0.1) polycar-
bonate (PC) cylinder with a diameter of 110 mm (3 mm thick), placed
on the object fixture in the tank filled with 10◦C water (ε∗ = 83.2+j7.3).
The measurement configurations of the MWI system are set to cylindri-
cal with a radius of 225 mm, and the receiving antenna is sweeping a
circular arc of 270◦ with the step size of 5◦ between each measurement
point giving 55 receiving points. The transmitting antenna is located
114 mm from the center at 0◦ in angular position. For the sake of val-
idation of the experimental MWI system the direct solver described in
section 3.1 is used and configured for a cylindrical incident field. In Fig-
ure 4.2, the comparison between the simulated and measured scattered
field at 1 GHz is pointed out. As one can see the phase, right Figure 4.2,
has almost a perfect fit with a root mean square (RMS) error less than
14◦, while the amplitude have small differences on the left of Figure 4.2,
and a RMS error between the simulated and measured data less than
1.6 dB.

In order to see the MWI systems capability in the framework of
breast tumour detection, a preliminary simulation is performed for the
cylindrical geometry described above. The complex permittivity values
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Figure 4.2: Comparison between the measured and computed scattered
field from a sunflower oil filled 110 mm diameter polycarbonate cylinder
at 1 GHz, amplitude(left), unwrapped phase (left).

for the simulated breast phantom (110 mm diameter PC cylinder) cor-
responds to an average of three different adipose tissues [81, 82] with
ε∗ = 34 + j11.5. For the simulated tumor phantom (16 mm diameter),
the complex permittivity is set to ε∗ = 57.4 + j17.4. The frequency is
chosen to be 1 GHz and the background medium is considered as tap
water (10◦C ) with a complex permittivity of ε∗ = 83.2+j7.3. The phan-
tom is discretized into 27×27 cells with a wavelength of λ/7 for a single
cell size. The NK code, presented in section 3.2, has been used for the
image reconstruction process with an applied Gaussian distributed noise.
The reconstructed image can be seen in Figure 4.3 during the iterative
process starting with the initial guess of a breast without a tumor, going
through four iterations and ending with the expected value. As can be
seen both the real and imaginary profiles are well reconstructed for the
given settings, and the best results are obtained after three iterations.

Following steps in the research work are related to phantom devel-
opment with permittivity measurements and the characterization of the
image reconstruction capabilities of the system from experimental data.

4.3 Phantom Development

Phantoms that mimic human tissues have been of great importance for
the development and testing of different medical imaging modalities. Ex-
tension of the work done in Paper A is concerning the reconstruction of
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tom is discretized into 27×27 cells with a wavelength of λ/7 for a single
cell size. The NK code, presented in section 3.2, has been used for the
image reconstruction process with an applied Gaussian distributed noise.
The reconstructed image can be seen in Figure 4.3 during the iterative
process starting with the initial guess of a breast without a tumor, going
through four iterations and ending with the expected value. As can be
seen both the real and imaginary profiles are well reconstructed for the
given settings, and the best results are obtained after three iterations.

Following steps in the research work are related to phantom devel-
opment with permittivity measurements and the characterization of the
image reconstruction capabilities of the system from experimental data.

4.3 Phantom Development

Phantoms that mimic human tissues have been of great importance for
the development and testing of different medical imaging modalities. Ex-
tension of the work done in Paper A is concerning the reconstruction of
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Figure 4.3: Reconstructed real- and imaginary permittivity profile of the
numerical breast phantom with a SNR of 40 dB, starting with (a) the
initial guess, (b), (c), (d) and (e) iteration 1, 2, 3, 4 respectively, and (e)
expected profile.

multi-view data from an inhomogeneous object to test the MWI system’s
ability in terms of quantitative imaging. In order to perform this chal-
lenge, a realistic breast phantom is developed, which needs a reliable and
repeatable method for characterization of materials dielectric properties.
This is a part associated with RQ 2.

Our motivation with this work is realization of a simple breast phan-
tom for our designed and validated robot controlled MWI system. The
goal is to find suitable materials able to mimicking normal breast and
tumor tissue.

Previously reported studies [83–86] of the contrast in dielectric prop-
erties of ex vivo measurement between normal and malignant human
breast tissues at microwave frequencies has gained a base for researchers
on using microwaves for breast tumor detection. The result from these
measurements showed a contrast of approximately 4:1 between normal
and malignant breast tissues and in some cases as large as 10:1. In the
most recent studies, the reported contrast in dielectric properties be-
tween normal and malignant breast tissues was presented in details by
Lazebnik and her colleagues (joint study at the University of Wiscon-
sin and the University of Calgary) [81, 82]. They conducted a large-
scale study measurement characterizing the dielectric properties, at a
frequency range from 0.5 to 20 GHz, of excised normal, benign, and ma-
lignant breast tissues obtained from breast reduction and cancer surg-
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eries. From these measurements, it has been concluded that there is a
large variation in dielectric properties of normal breast tissue due to the
considered tissue heterogeneity [81], and a ratio as large as 10:1 between
malignant and normal adipose tissues [82]. However, the same studies
show that the contrast is reduced to approximately 10 percent between
malignant and normal glandular breast tissues. This imposes a greater
challenge on the design of MWI system that will be able to detect the
small contrast of 10 percent differences in breast tissue dielectric prop-
erties.

Breast phantom development involves measurements of dielectric prop-
erties of different materials (fluids) and mixtures. The dielectric prop-
erties of materials can be measured with several cavity resonance meth-
ods [87]. Methods for measuring the complex permittivity of lossy liquids
at microwave frequencies are especially interesting because lossy dielec-
tric liquids can match the permittivity of biological tissues very well.
The resonant cavity perturbation method is a commonly used technique
for the complex permittivity measurements, i.e. the relative permittivity
and loss factor (conductivity). The sample to be studied is introduced
into a cylindrical resonant cavity, and its complex permittivity is deter-
mined from the shift of the resonant frequency and the change of the
cavity quality factor (Q-factor). The advantage with the cylindrical cav-
ity in comparison to other rectangular cavities is that it offers higher
Q-factor and, therefore, higher accuracy. For our measurements, a so
called reentrant cavity have been used and is presented with a feasibility
study in detail in Paper B. The cavity method in this study proved to
have a repeatability of the measurement system limited to approximately
a permittivity difference of 2 units, which is slightly better than the com-
mercially available coaxial probe. Nevertheless, in the case at hand the
decision taken later on was to use the open-ended coaxial probe for the
possibility of rapid measurements and convenience simplifying the work.

The first breast phantom was created by using a Plexiglas cylindri-
cal structure filled with 50 percent 1.2-propylene glycol, and 50 percent
distilled water mixtures (simulating breast tissue), agar was added for
obtaining a jelly like materials. A smaller Plexiglas tube, filled with
the same mixtures but different proportions and added salt, was placed
inside the bigger cylinder in order to simulate tumor tissue. Image recon-
structions were performed with the phantom, in the planar microwave
imaging system, described in section 1.2.1, by researchers at Suplec in
Paris. These experiments showed an incorrect value of the imaginary
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Figure 4.4: The breast phantom mounted on the object fixture’s ro-
tational axis with one smaller cylinder mimicking tumor tissue (left),
and phantom with two smaller cylinders mimicking tumor tissue and an
anomaly in the breast(right).

part of the phantom’s complex permittivity. The jelly based phantom
proved to create a material with high losses, which is a consequence of
a chemical reaction when mixing 1.2-propylene glycol with water. The
conclusion is that the 1.2-propylene glycol is inappropriate to use as a
breast phantom material for the purpose of image reconstruction.

The second breast phantom is materialized as simplified cylindrical
structure using homogeneous materials, mixture of the surfactant Tri-
ton X-100 and deionized water [59], mimicking the breast tissue and
tumor. The breast phantom consists of two polycarbonate (PC) cylin-
ders shown on the left of Figure 4.4, filled with a mixture of deionized
water and surfactant Triton X-100 for the breast tissue, same for the
smaller cylinder representing the tumor tissue with added salt. As a
starting point the work by Lazebnik et al. [81] was used to set values for
the breast phantom, and these values represent an average of three dif-
ferent breast tissues resulting in a complex permittivity ε∗ = 35.6+ j7.3
(50% of Triton X-100). The cylinder holding the normal breast tissue is
110 mm in diameter with a 2 mm thick PC material. And the tumor
fluid (20% Triton X-100 with 0.5% added salt adjusting the imaginary
part, ε∗ = 58.6+j15), is poured in a smaller PC structure with a 20 mm
diameter and 2 m thick material placed inside the breast tissue mim-
icking material. This phantom is used in Paper C as a realistic breast
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phantom to compare two antenna design and examine the MWI system’s
ability in term of quantitative imaging.

Later on another similar phantom was created with an additional
small PC cylinder (20 mm diameter and 2 mm thick) positioned inside
the breast material and filled with deionized water shown on the right of
Figure 4.4. The material characteristics and dimensions of this phantom
is exactly the same as the one described above except the new small PC
structure simulating one more anomaly in the breast. In Paper D this
phantom is used for the experiments and image reconstructions.

4.4 Antenna Choice, Design and Performance

The antennas are obviously one of the most important part of the imag-
ing system, and their design is essential for the system’s sensitivity. Us-
ing model based optimization in microwave tomography algorithms, such
as NK, it is crucial that the antenna can be modelled accurately with a
quite simple antenna model, to lower the computational burden without
increasing the model errors. Model errors will drive the image recon-
struction into false solutions. With this objective in mind, we have
started with a simple monopole antenna with a ground plane as the
initial antenna design. Using a monopole antenna in the system has
the advantage of being easily modeled as a line source in a 2D imag-
ing problem [31, 88]. In addition, the antenna is compact and can be
placed around the breast model in a number of different and tight ge-
ometries. The linearly polarized monopole antenna design is used as both
the transmitter and receiver antennas. Two identical monopole antennas
were fabricated using a semi-rigid coaxial cable with a physical length
(L) of the exposed part (center conductor) of 11 mm, λ/4<L<λ/2. The
first antenna design was with a ground plane where four wires formed a
cross, and the length of one wire was 25 mm as shown in Figure 4.5 left.

The problem with this design, however, is that the orientation of
the receiver must be maintained at a certain angle to the transmitter
to obtain an incident field as close as possible to the model. That was
done by fine-tuning the antennas by hand, rotating them around their
own axis and fitting the amplitude of the measured incident field to the
amplitude of the simulated incident field model.

The second design was a monopole antenna with a circular ground
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small PC cylinder (20 mm diameter and 2 mm thick) positioned inside
the breast material and filled with deionized water shown on the right of
Figure 4.4. The material characteristics and dimensions of this phantom
is exactly the same as the one described above except the new small PC
structure simulating one more anomaly in the breast. In Paper D this
phantom is used for the experiments and image reconstructions.

4.4 Antenna Choice, Design and Performance

The antennas are obviously one of the most important part of the imag-
ing system, and their design is essential for the system’s sensitivity. Us-
ing model based optimization in microwave tomography algorithms, such
as NK, it is crucial that the antenna can be modelled accurately with a
quite simple antenna model, to lower the computational burden without
increasing the model errors. Model errors will drive the image recon-
struction into false solutions. With this objective in mind, we have
started with a simple monopole antenna with a ground plane as the
initial antenna design. Using a monopole antenna in the system has
the advantage of being easily modeled as a line source in a 2D imag-
ing problem [31, 88]. In addition, the antenna is compact and can be
placed around the breast model in a number of different and tight ge-
ometries. The linearly polarized monopole antenna design is used as both
the transmitter and receiver antennas. Two identical monopole antennas
were fabricated using a semi-rigid coaxial cable with a physical length
(L) of the exposed part (center conductor) of 11 mm, λ/4<L<λ/2. The
first antenna design was with a ground plane where four wires formed a
cross, and the length of one wire was 25 mm as shown in Figure 4.5 left.

The problem with this design, however, is that the orientation of
the receiver must be maintained at a certain angle to the transmitter
to obtain an incident field as close as possible to the model. That was
done by fine-tuning the antennas by hand, rotating them around their
own axis and fitting the amplitude of the measured incident field to the
amplitude of the simulated incident field model.

The second design was a monopole antenna with a circular ground
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Figure 4.5: Antennas mounted on the robot arm: antenna with the cross
ground plane (left), and antenna with a circular ground plane (right).

plane with a radius of 9.5 mm shown on the right of Figure 4.5, and a
rotationally symmetric radiation pattern in the horizontal plane, elim-
inating the need to tune the antenna manually. The antenna is fed
through an N-type to SMA connector with a power of 13 dBm from the
network analyzer. The return loss in water at a temperature of 20◦C and
a permittivity of approximately ε∗ = 77 + j7, is shown in Figure 4.6.
Both the measured and simulated S11 results are shown, and it can be
seen a good level of agreement between the two arrangements of data.
The return loss is below -14 dB at around 1 GHz with a bandwidth of ap-
proximately 200 MHz. In a later experiment, the frequency bandwidth
was improved by putting a sleeve on the tip of the antenna.

A small antenna, like in our case the small monopole antenna, has
a capacitive overflow. When the antenna is surrounded by a high per-
mittivity material, the result is even a higher capacitance, which is not
desirable, because there is no magnetic material present that could match
this. If, instead, a small dielectric sleeve is used as a cover over the pro-
truding tip of the antenna, then the capacitance will decrease because the
antenna is ”further away” from the surrounding medium and the match-
ing will be better. Another thing is if the antenna is 11 mm (physical
length) and it is surrounded by water with a permittivity value of near
81, which will give a wavelength that is 9 times smaller so around 30 mm
at 1 GHz. The physical length of the antenna is between λ/4<L<λ/2,
which will make the wave propagate more upwards.

With the sleeve on the antenna, the radiation pattern is more focused
in the imaging plane. The reason for this is that the antenna, electrically
seen, is longer because there is less capacitance when using the sleeve,
which represents more inductance improving the overall function. The
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Figure 4.6: Measured and simulated S11 characteristics of the monopole
antenna with the circular ground plane.
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facts mentioned above will affect the return loss of the antenna and
improve the frequency bandwidth. In some cases, the antenna could
be used for measurements up to 3 GHz with the return loss around -
10 dB, see Figure 4.7. Measurements have been conducted with this
new antenna using the case with a dielectric sleeve length of 6 mm (best
frequency bandwidth for the antenna), and image reconstructions are
compared to the other antenna design and presented in section 4.7.

4.5 Data Acquisition

A Matlab R© program is used to control the data acquisition, coordinate
the robot and communicate with the VNA. The object under examina-
tion positioned in the water-tank was illuminated by the electromagnetic
wave from the transmitting antenna and the receiving antenna collected
the scattered field at different locations controlled by the robotic system.

The fields were measured with the VNA in terms of the complex
scattering parameters (S-parameters) between the transmitter and the
receiver. The particular scattering parameter used is S21, where the
indices 1 and 2 refer to the transmitter and receiver, respectively. This
is repeated for each receiver position and stored in the Matlab R© interface
as equations (4.1) and (4.2).

Einc
meas(r) = Φ(r) · Sinc

21 (4.1)

Etot
meas(r) = Φ(r) · Stot

21 (4.2)

Equation (4.1) is related to the incident field Einc
meas(r) without an

object in the imaging domain. The total field when the object is present
in the imaging domain is stored as equation (4.2). The index r represents
the receiving points. Φ(r) is a complex calibration vector representing
the unknown amplitude and phase difference between the experimental
system and the numerical model, described in subsection 4.6.2. The
measured scattered field Escatt

meas attributable to the object can be derived
from the incident and total field according to equation (4.3).

Escatt
meas(r) = Etot

meas(r)−Einc
meas(r) (4.3)
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4.6 System Calibration

In order to fulfil the requirements of RQ 1 and work towards the overall
research goal, the system needs to be properly calibrated, as well as
validating the accuracy of the MWI system.

The NK algorithm minimizes the error in an iterative manner be-
tween the measured and the computed scattered field from a numerical
model in the direct problem. As a result, the solution is highly sensitive
to errors in the incident field model inside the object region and to an-
tenna positioning errors. The numerical incident field must agree with
the measured field from the experimental setup. Moreover, since the
measurements must be done with the coordinate system of the object’s
rotational axis in the centre and the robot has its own coordinate system,
calibration is needed to make sure no position errors are introduced in
the synthetic antenna array.

An accurate value for the complex permittivity of the background
medium is one crucial parameter together with the incident field distri-
bution for reduction of the model errors. With this in mind the antennas
in the system are also used for estimating the permittivity of tap water,
as well as, to determine an accurate incident field.

The model errors mentioned are minimized through a calibration pro-
cess, presented in Paper D and parts of Paper C, described in following
sections.

4.6.1 Background Permittivity Estimation

Tap water with different temperature was used as a background medium,
and the theoretical model developed by Stogryn could be used to esti-
mate the complex permittivity knowing the temperature and the salin-
ity [89]. However, to have a more accurate estimation of the complex per-
mittivity, a measurement based method is preferable as this eliminates
errors in the reconstruction process. Method proposed uses the electric
field from N number of measurement points from the monopole antenna
moved along a line of propagation from the transmitter, to estimate the
dielectric properties of any background medium. The measured trans-
mission data is represented as a logarithmic amplitude and unwrapped
phase distribution along a line, as depicted in Fig. 4.8, and, using a least
squares (LS) model a straight line is found to fit the measured data with
very good accuracy.
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Figure 4.8: The measured complex transmission data between the an-
tennas (from 240 mm to 400 mm sampling every 10 mm) fitted with
the LS first-order polynomial, representing the logarithmic amplitude Â
(left) and unwrapped phase θ̂deg (right).

The radiated field from the antenna is a cylindrical wave, but looking
in one point in the far field, we can consider plane wave propagation as:

E(x) = Ae−jk1x = Ae−j(k′
1+jk′′

1 )x (4.4)

From Fig. 4.8, the complex wave number k1 is obtained from the slope
of the amplitude and phase curves. The coefficient k′1 is calculated from
the slope of the unwrapped phase curve, Fig. 4.8 using:
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The imaginary wave number, k′′1 is found by differentiating the logarith-
mic amplitude:
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Using the equation for the wavenumber in combination with equa-
tions (4.5) and (4.6) the complex permittivity ε∗ = ε′ + jε′′ is obtained:
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Frequency Measurement Stogryn’s
(MHz) model

Temperature 12.1◦C
950 ε′ = 81.93; ε′′ = 6.25 ε′ = 82.53; ε′′ = 6.25
1140 ε′ = 81.49; ε′′ = 7.09 ε′ = 82.36; ε′′ = 7.19
1500 ε′ = 80.22; ε′′ = 8.65 ε′ = 81.96; ε′′ = 9.06

Temperature 20.6◦C
950 ε′ = 79.73; ε′′ = 5.88 ε′ = 79.64; ε′′ = 5.98
1140 ε′ = 79.03; ε′′ = 6.50 ε′ = 79.54; ε′′ = 6.50
1500 ε′ = 78.97; ε′′ = 7.60 ε′ = 79.30; ε′′ = 7.67

Table 4.1: Permittivity measurements compared to Stogryn’s model
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Inserting the experimental values into equations (4.7) and (4.8), gives
a complex permittivity for the background medium and compared to the
estimated theoretical complex permittivity value from Stogryn’s model [89]
are presented in Table 4.1. The results prove the experimental method
to be good for estimating the background medium for the MWI system.

4.6.2 Incident Field Calibration

The validation of the incident field model has to be performed in order to
match the measurements to the model. The measured incident field must
agree with the numerical incident field model, where the transmitted field
signals have to be validated in both amplitude and phase. A reference
measurement is needed for the incident field, without the breast phantom
in the imaging domain. This is compared to the computed incident field.
In the numerical incident field model of the algorithm, the radiated field
from the antenna is modeled as a vertical polarized cylindrical wave
emitted by a line source according to equation (4.9).

Einc(r) = −π

2
fµ0H

(1)
0 (k1|r − r′|) (4.9)

The expression H
(1)
0 (k1|r − r′|) is the zero-order Hankel function of the

first kind, k1 is the wave number of the background medium calculated
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Figure 4.8: The measured complex transmission data between the an-
tennas (from 240 mm to 400 mm sampling every 10 mm) fitted with
the LS first-order polynomial, representing the logarithmic amplitude Â
(left) and unwrapped phase θ̂deg (right).
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to be good for estimating the background medium for the MWI system.
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The validation of the incident field model has to be performed in order to
match the measurements to the model. The measured incident field must
agree with the numerical incident field model, where the transmitted field
signals have to be validated in both amplitude and phase. A reference
measurement is needed for the incident field, without the breast phantom
in the imaging domain. This is compared to the computed incident field.
In the numerical incident field model of the algorithm, the radiated field
from the antenna is modeled as a vertical polarized cylindrical wave
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in the previous section, r and r′ represent the observation and source
point, respectively, and f is the frequency.

A validation of the incident field model in one view is shown in Fig-
ure 4.9, where the simulated incident field is compared to the measured
incident field at the receiving points and, as can be seen, the measured
incident field is well matched in both amplitude and unwrapped phase.
It is concluded that the antenna with the circular ground plane has a bet-
ter match for the measured incident field in both amplitude and phase.
Figures for the other monopole antenna design is not shown here, but
can be found in Paper C section 4.
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Figure 4.9: Comparison between the incident field model and the mea-
sured incident field, amplitude (left), and unwrapped phase (right) for
antenna with circular ground plane.

The complex calibration vector Φ(r), used for all measurements as
in section 4.5, is then estimated as the fraction of the reference data sets
as [88]:

Φ(r) ==
Esim

ref (r)

Emeas
ref (r)

(4.10)

Before and after each series of measurement of the total field, a few
samples of the incident field data are conducted. A comparison is carried
out between these two incident fields in order to get an insight of the
idea concerning the repeatability of the system performance during an
examination process collecting total field multiview data. The calculated
RMS error, before and after the data acquisition, at 1140 MHz is 0.15 dB
in amplitude and 1.33◦ in phase, while for the lower frequency 950 MHz
the RMS value is 0.12 dB in amplitude and 1.21◦ in pahse. Going up in
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frequency will increase the RMS error between the incident fields before
and after, and at 2 GHz, which is close to the noise floor the error is
0.6 dB in amplitude and 6.6◦ in phase.

4.6.3 Robot Coordinate System Calibration

The robot’s coordinate system has to be calibrated to the origin of the
object’s rotational axis in order to minimize the position errors of the
synthetic antenna array. To define the center point of the actual geom-
etry to obtain the appropriate distance from the tip of the robot tool
where the receiving antenna is positioned an ultrasonic sensor has been
used highlighted in Figure 4.1 right ( section 4.1). To calculate the center
point of the rotational axis, the robot scans the cylinder and a number of
distance measurements are stored. Then a mathematical model for cal-
culating the center of a known cylinder from the distance measurements
is implemented together with the Matalb R© interface. The absolute error
for the positioning system is calculated to be 0.46 mm. Details concern-
ing this calibration process can be found in Paper D section IV-B.

4.7 Image Reconstruction using the MWI
System

Here we present the quantitative 2D reconstructed images from experi-
mental data measured with the robot controlled MWI system, described
earlier in this chapter, using the numerical tool, i.e., the NK algorithm
(chapter 3).

The first results represents comparison between the performances of
the two monopole antennas with different ground planes using the inci-
dent field validation technique described in section 4.6.2. The phantom
(left Figure 4.4) is based on the mixture of the Triton X-100 material
(section 4.3) with the permittivity values of ε′ = 35.6 and ε′′ = 7.3 (50%
of Triton X-100). This material simulating normal breast tissue is filled
into the 110 mm PC cylinder and the tumor fluid (20% Triton X-100
with 0.5% salt ε′ = 58.6, ε′′ = 15), is poured in the smaller PC structure
placed inside the breast tissue mimicking material. The object region
is discretized into 27×27 cells with a wavelength of λ/7 for a singel cell
size. The cylindrical scanning pattern is utilized, and the scattered field
is measured in the horizontal plane along a circular arc with a radius of
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antenna with circular ground plane.
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frequency will increase the RMS error between the incident fields before
and after, and at 2 GHz, which is close to the noise floor the error is
0.6 dB in amplitude and 6.6◦ in phase.

4.6.3 Robot Coordinate System Calibration

The robot’s coordinate system has to be calibrated to the origin of the
object’s rotational axis in order to minimize the position errors of the
synthetic antenna array. To define the center point of the actual geom-
etry to obtain the appropriate distance from the tip of the robot tool
where the receiving antenna is positioned an ultrasonic sensor has been
used highlighted in Figure 4.1 right ( section 4.1). To calculate the center
point of the rotational axis, the robot scans the cylinder and a number of
distance measurements are stored. Then a mathematical model for cal-
culating the center of a known cylinder from the distance measurements
is implemented together with the Matalb R© interface. The absolute error
for the positioning system is calculated to be 0.46 mm. Details concern-
ing this calibration process can be found in Paper D section IV-B.

4.7 Image Reconstruction using the MWI
System

Here we present the quantitative 2D reconstructed images from experi-
mental data measured with the robot controlled MWI system, described
earlier in this chapter, using the numerical tool, i.e., the NK algorithm
(chapter 3).

The first results represents comparison between the performances of
the two monopole antennas with different ground planes using the inci-
dent field validation technique described in section 4.6.2. The phantom
(left Figure 4.4) is based on the mixture of the Triton X-100 material
(section 4.3) with the permittivity values of ε′ = 35.6 and ε′′ = 7.3 (50%
of Triton X-100). This material simulating normal breast tissue is filled
into the 110 mm PC cylinder and the tumor fluid (20% Triton X-100
with 0.5% salt ε′ = 58.6, ε′′ = 15), is poured in the smaller PC structure
placed inside the breast tissue mimicking material. The object region
is discretized into 27×27 cells with a wavelength of λ/7 for a singel cell
size. The cylindrical scanning pattern is utilized, and the scattered field
is measured in the horizontal plane along a circular arc with a radius of
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Figure 4.10: Reconstructed real and imaginary permittivity profile of
the phantom in Figure 4.4 left using the antenna with the cross ground
plane as in Figure 4.5 left. Starting with (a) the initial guess, (b), (c) and
(d) iteration 1, 2, 3 respectively, and (e) expected profile. Frequency:
1140 MHz.

120 mm around the phantom. The receiving antenna attached via the
tool extension to the sixth robot axis is moved in 37 points (on one half
of the circular arc from 90◦ to 270◦ using 5◦ between each points), while
the transmitting antenna is positioned at the same circular arc at 0◦.
The phantom is rotated for obtaining multi-view data in 40 views. This
is equivalent of having a rotation of the antenna; thus a synthetic receiv-
ing antenna array rotated with the transmitting antenna is obtained,
giving 37×40 complex measurement data points.

In Figures 4.10 and 4.11 the reconstructed real and imaginary permit-
tivity profiles are depicted during the first three iterations, starting from
the initial guess of a homogeneous breast without tumor (Figures 4.10
and 4.11 (a)), for both antenna designs. One can see that results are
better with the second antenna design, the reconstructed images have
fewer artifacts, especially in the imaginary part. The tumor phantom is
clearly reconstructed even if some artifacts appear in the imaginary part.
These results indicate the importance of choosing an antenna design that
enables a minimal incident field model error in the algorithm.

The extended phantom described at the end of section 4.3 is used to
to evaluate the systems ability in terms of multi-frequency. As discussed
in section 4.4, the main impact of the modification in the 2D-case is
assumed to be related to the increased bandwidth of the antenna, there-
fore, four different frequencies have been considered 950, 1140, 1500 and
2000 MHz. In addition, to comprehend how much of the improvement

4.7 Image Reconstruction using the MWI System 39

Figure 4.11: Reconstructed real and imaginary permittivity profile of the
phantom in Figure 4.4 left using the antenna with the circular ground
plane as in Figure 4.5 right. Starting with (a) the initial guess, (b), (c)
and (d) iteration 1, 2, 3 respectively, and (e) expected profile. Frequency:
1140 MHz.

in imaging results comes from the upgraded antenna design we com-
pare the reconstructed images using the antenna with circular ground
plane without and with the dielectric sleeve. The measurement setup
is the same as for the reconstructed scenario in Figures 4.10 and 4.11,
except now the receiving antenna scanned around the breast phantom at
91 equidistant points. Measurements along a circular arc are acquired
moving 3◦ between each point from 45◦ to 315◦ (moving 270◦ in to-
tal), which gives 91×40 data points when 40 views are performed. The
measurement scenario is shown in Figure 4.12.

Comparison of reconstructed permittivity with real and imaginary
part (line that goes through the middle of the phantom and the two
different smaller PC structures) for the two antennas, the standard
monopole and the monopole with the dielectric material on the tip is
shown in Figure 4.13. It is hard to draw any conclusion of the real part,
but from the imaginary permittivity profile figure one can see that the
dielectric monopole is following the expected value better, shown in Fig-
ure 4.13. The figures are similar for the other frequencies (not shown).

In Figure 4.14 the reconstructed real and imaginary permittivity pro-
files are shown for iteration 4 and frequency 950 MHz, individually from
real experimental data and simulated data. Starting with the initial
guess of a breast without a tumor, deionized water inhomogeneity and
PC structure, and the expected permittivity profile in the end. As can
be seen in (b) of Figure 4.14, the imaginary permittivity profile from
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Figure 4.10: Reconstructed real and imaginary permittivity profile of
the phantom in Figure 4.4 left using the antenna with the cross ground
plane as in Figure 4.5 left. Starting with (a) the initial guess, (b), (c) and
(d) iteration 1, 2, 3 respectively, and (e) expected profile. Frequency:
1140 MHz.

120 mm around the phantom. The receiving antenna attached via the
tool extension to the sixth robot axis is moved in 37 points (on one half
of the circular arc from 90◦ to 270◦ using 5◦ between each points), while
the transmitting antenna is positioned at the same circular arc at 0◦.
The phantom is rotated for obtaining multi-view data in 40 views. This
is equivalent of having a rotation of the antenna; thus a synthetic receiv-
ing antenna array rotated with the transmitting antenna is obtained,
giving 37×40 complex measurement data points.

In Figures 4.10 and 4.11 the reconstructed real and imaginary permit-
tivity profiles are depicted during the first three iterations, starting from
the initial guess of a homogeneous breast without tumor (Figures 4.10
and 4.11 (a)), for both antenna designs. One can see that results are
better with the second antenna design, the reconstructed images have
fewer artifacts, especially in the imaginary part. The tumor phantom is
clearly reconstructed even if some artifacts appear in the imaginary part.
These results indicate the importance of choosing an antenna design that
enables a minimal incident field model error in the algorithm.

The extended phantom described at the end of section 4.3 is used to
to evaluate the systems ability in terms of multi-frequency. As discussed
in section 4.4, the main impact of the modification in the 2D-case is
assumed to be related to the increased bandwidth of the antenna, there-
fore, four different frequencies have been considered 950, 1140, 1500 and
2000 MHz. In addition, to comprehend how much of the improvement
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Figure 4.11: Reconstructed real and imaginary permittivity profile of the
phantom in Figure 4.4 left using the antenna with the circular ground
plane as in Figure 4.5 right. Starting with (a) the initial guess, (b), (c)
and (d) iteration 1, 2, 3 respectively, and (e) expected profile. Frequency:
1140 MHz.

in imaging results comes from the upgraded antenna design we com-
pare the reconstructed images using the antenna with circular ground
plane without and with the dielectric sleeve. The measurement setup
is the same as for the reconstructed scenario in Figures 4.10 and 4.11,
except now the receiving antenna scanned around the breast phantom at
91 equidistant points. Measurements along a circular arc are acquired
moving 3◦ between each point from 45◦ to 315◦ (moving 270◦ in to-
tal), which gives 91×40 data points when 40 views are performed. The
measurement scenario is shown in Figure 4.12.

Comparison of reconstructed permittivity with real and imaginary
part (line that goes through the middle of the phantom and the two
different smaller PC structures) for the two antennas, the standard
monopole and the monopole with the dielectric material on the tip is
shown in Figure 4.13. It is hard to draw any conclusion of the real part,
but from the imaginary permittivity profile figure one can see that the
dielectric monopole is following the expected value better, shown in Fig-
ure 4.13. The figures are similar for the other frequencies (not shown).

In Figure 4.14 the reconstructed real and imaginary permittivity pro-
files are shown for iteration 4 and frequency 950 MHz, individually from
real experimental data and simulated data. Starting with the initial
guess of a breast without a tumor, deionized water inhomogeneity and
PC structure, and the expected permittivity profile in the end. As can
be seen in (b) of Figure 4.14, the imaginary permittivity profile from
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Figure 4.12: The experimental measurement setup in 2D (left) and 3D
(right), where R is the receiving antenna, T is the transmitting antenna,
r is the radius and the step size between each measurement point is 3◦.

Figure 4.13: Reconstructed real and imaginary permittivity values for a
line that goes through the middle of the phantom in Figure 4.4 right.
Frequency: 1140 MHz.
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Figure 4.14: Reconstructed real and imaginary permittivity profile of the
phantom in Figure 4.4 right using the antenna with the circular ground
plane with the dielectric sleeve. Starting with (a) the initial guess, (b)
iteration 4, (c) reconstructions from simulation, (d) reconstructions from
simulation with SNR 40, and (e) expected profile. Frequency: 950 MHz.

experimental data shows big artifacts, and therefore in (c) and (d) re-
constructions from simulation are shown with the plastic material around
the smaller objects inside the breast phantom. These results show that
even in noiseless simulation data (c) artifacts appears, and the imaginary
permittivity profile is completely destroyed with SNR of 40 dB in Fig-
ure 4.14 (d). The high contrast in conductivity between the extremely
low loss polycarbonate and the tissue simulation liquids cause too strong
artifacts in the reconstructed imaginary permittivity profile, even if the
PC structure is only 2 mm thick. This confirms that the PC material
will affect the reconstructed images particularly in the imaginary part,
and thus only the real part will be used for comparison of the results.

In Figure 4.15 the real permittivity profiles are shown for four differ-
ent frequencies with column I and III representing the antenna without
and column II and IV with the dielectric sleeve. The column I and II are
the third iteration as in previous case (Figures 4.10 and 4.11), but now
even iteration 4 is presented in column III and IV iteration . As can be
seen, a better result is obtained after four iterations for the frequency at
2 GHz. Comparing the reconstructed images with the expected profile
( Figure 4.15 ((e)), we can see that a better performance is achieved for
the antenna with the sleeve on a wider frequency band at 950 MHz and
2000 MHz. In which the tumor and the deionized water inhomogene-
ity are better reconstructed with less artifacts, while for the frequencies
1140 MHz and 1500 MHz the difference is much smaller. One of the rea-
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line that goes through the middle of the phantom in Figure 4.4 right.
Frequency: 1140 MHz.

4.7 Image Reconstruction using the MWI System 41

Figure 4.14: Reconstructed real and imaginary permittivity profile of the
phantom in Figure 4.4 right using the antenna with the circular ground
plane with the dielectric sleeve. Starting with (a) the initial guess, (b)
iteration 4, (c) reconstructions from simulation, (d) reconstructions from
simulation with SNR 40, and (e) expected profile. Frequency: 950 MHz.

experimental data shows big artifacts, and therefore in (c) and (d) re-
constructions from simulation are shown with the plastic material around
the smaller objects inside the breast phantom. These results show that
even in noiseless simulation data (c) artifacts appears, and the imaginary
permittivity profile is completely destroyed with SNR of 40 dB in Fig-
ure 4.14 (d). The high contrast in conductivity between the extremely
low loss polycarbonate and the tissue simulation liquids cause too strong
artifacts in the reconstructed imaginary permittivity profile, even if the
PC structure is only 2 mm thick. This confirms that the PC material
will affect the reconstructed images particularly in the imaginary part,
and thus only the real part will be used for comparison of the results.

In Figure 4.15 the real permittivity profiles are shown for four differ-
ent frequencies with column I and III representing the antenna without
and column II and IV with the dielectric sleeve. The column I and II are
the third iteration as in previous case (Figures 4.10 and 4.11), but now
even iteration 4 is presented in column III and IV iteration . As can be
seen, a better result is obtained after four iterations for the frequency at
2 GHz. Comparing the reconstructed images with the expected profile
( Figure 4.15 ((e)), we can see that a better performance is achieved for
the antenna with the sleeve on a wider frequency band at 950 MHz and
2000 MHz. In which the tumor and the deionized water inhomogene-
ity are better reconstructed with less artifacts, while for the frequencies
1140 MHz and 1500 MHz the difference is much smaller. One of the rea-
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Figure 4.15: Reconstructed real permittivity profile of the phantom
in Figure 4.4 right. Starting with (a) the initial guess, (b), (c), (d)
and (e) iteration 4 for 950 MHz, 1140 MHz, 1500 MHz and 2000 MHz,
respectively, and (f) expected profile. Column I and III, iteration 3 and
4 respectively for the antenna without the dielectric material. Column II
and IV, iteration 3 and 4 respectively for the antenna with the dielectric
material.
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sons for the clutter artifacts in the images is due to the high dielectric
contrast between the tubes and the breast tissues. That indicates the
importance of designing suitable reference phantoms for validating mi-
crowave imaging systems, even if the frequency is relatively low. Other
small artifacts are related to pure noise and measurement errors, which
are even more important in the case of an object with high losses and rel-
atively low dielectric contrast between the mimicking breast tissue and
the tumor and the deionized water filled cylinder. As reported in [81,82]
the dielectric contrast between normal breast tissue and tumor tissue
might be significantly lower than previous reports [90], [91] requiring a
more sensitive MWI system. In our case, the dielectric contrast is ap-
proximately 1.6:1 which is pretty low, considering a homogeneous breast
tissue with εr = 35.6 and a tumor with εr = 58.6. The reconstructed
images are quite good, and that confirms the system’s ability of handling
a low-contrast scenario and it could be improved even more by increas-
ing the dynamic range of the acquisition system and introducing more
receiving antenna measurement points.
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Applicator Antenna
Design for the
Measurement System
Mamacell

In the framework of our forthcoming work, with the measurement sys-
tem called Mamacell, on designing and implementing a smaller and more
adapted prototype MWI system; that could be used in clinical investi-
gations for breast cancer detection, the need for new antenna applicator
is envisaged. The main idea with the Mamacell design is to develop a
robot based measurement system, similar to our MWI system described
in Chapter 4 but in much smaller scale, for positioning of the measure-
ment antennas. This is a compact device for only two antennas (sensors),
one transmits and one receives, that are placed at different locations di-
rectly on the imaging object. The positioning device is a small, two arm
robot system that will position the antennas with high precision on the
imaging object in any point, in the measurement domain, approximately
25×25×25 cm.

Most of the experimental MWI system setups use a coupling medium
to couple the microwave energy into the body. The coupling medium in-
troduces losses, which attenuates the imaging energy and using a system
without coupling medium would increase the possible dynamic range al-
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lowing reliable acquisition of the weak scattered field. The idea with the
robot system (Mamacell) is to place the antennas directly on the breast
and, therefore, eliminate the need of a coupling medium for energy cou-
pling reasons.

The main focus of our research group, as stated in Chapter 2, is
to investigate the usage of microwaves as a possible imaging method in
biomedicine. This robot prototype system is supposed to be used to im-
age the human breast and thus place the antennas directly on the body.
Hence, the antennas need to be compact for easy placement on and
around the breast surface. The realization of such an imaging system
requires some research to be performed to answer a couple of questions.
One question that arises when considering antenna design, such as an
applicator antenna, to be placed in direct contact or in close proxim-
ity with the imaged object. How can microwave sensors/applicators be
constructed to efficiently couple energy into the imaging object? This
question is tightly connected to RQ3 in the Chapter Problem Formula-
tion, and is one of the main research challenges of this part of the thesis.
For this purpose the main constraints and design requirements remain
in a narrow lobe of the antenna, very small near-field effects, and small
size. This is challenging because of the complex structure of the im-
aged object’s (biological tissues) dielectric properties. Antennas placed
on the body are being designed for maximum energy coupling into the
body is a relatively new approach in MWI systems but has similarities
with antennas used for hyperthermia treatment or food processing. Vari-
ous antenna design has been considered for near-field microwave imaging
and especially for biomedical applications, e.g. the miniaturised bow-tie
antenna [92], the TEM horn antenna [93], a cross Vivaldi [94] and a
balanced antipodal Vivaldi antena [95, 96], the stacked-patch and wide
slot antennas [97], and an applicator design based on a dielectric loaded
Vivaldi element [98, 99].

5.1 General - Basic Constraints and Perfor-
mance Goals

In the Mamacell project, small antennas are needed despite the oper-
ating frequency range being 1 to 3 GHz. A possibility is then to use
quarterwave or shorter pin monopole antennas with or without a ground
plane similar to those explained in section 4.4. Whereas the monopole
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antenna has the advantages of being easily modeled and simple manufac-
turing, and on the other hand disadvantages of omnidirectional radiation
pattern. Having in mind that they should be in direct contact with the
imaged body, thus increasing influences from the surroundings away from
it, and the omni-directivity also causes power losses by waste in wrong
directions. Another disadvantage is the very strong non-radiating near-
fields, which results in a system sensitivity to minor inhomogeneities
close to it, and also in a power loss resulting in a reduction of the re-
ceived signal strength between the transmitting and receiving antennas.

The candidate for our new system is the end-fire contacting an-
tenna. This antenna design is more complicated to manufacture than
the monopole. However, there are many advantages with such antenna
applicator: a) a lobe pattern which is made narrower than from a TE10

waveguide into free space; b) very small near-field effects allowing direct
contact and by that a further increased use of the available power as well
as improved reception; c) by the smaller lobes also a reduced influence
by the surroundings; d) a polarized pattern allowing quite interesting
increases in discrimination of tumors by using particular diffraction ef-
fects caused by it. A disadvantage may be issues related to the precise
descriptive equations for its radiation pattern, i.e. modeling. However,
simplified non-physical antenna models may be employed in the compu-
tations, once their validity has been established, by retro-modelling.

5.1.1 The Basic Constraints and Design Requirements

The manufacturing aspects are a compromise between the microwave
engineering and fabrication possibilities. The idea is to have the antenna
aperture, opening surface, lightly contacting a human female breast or
an intermediate jelly like material, with permittivity higher than about
6 for avoiding breast deformation and reducing field evanescence. The
total aperture area diameter should be less than about 15 mm and the
frequency range of useful operation from 1 to 3 GHz.

5.1.2 The Most Desirable Performance Goals

The most desirable performance goals of the antenna are matching in
the 1.5 to 3 GHz band with less than 3 dB, i.e. 50% of power loss
corresponding to a reflection factor less than 0.7. The narrowness of the
antenna lobe should be the best possible in both perpendicular (x, y)
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planes along the direction (z) of propagation. In particular, propagation
along the breast surface should be low. The performance of the antenna
should have as low sensitivity as possible to the detailed structure of
contacting region and of imperfect contacting over the whole aperture
area, i.e. a short Fresnel region.

5.2 Design Strategies

The applicator is designed in separate parts which simplify the work and
also the optimization will more clearly indicate hurdles and allow closer
analysis towards improved synthesis. To achieve the design requirements
and desirable performance, the applicator is divided in the following
separate parts, from the front end:

1. Protective cover of the antenna aperture (section 5.1.1), also hav-
ing an optimized function of minimizing the system sensitivity to
variations of contacting tissue type and undesired sideways propa-
gation (section 5.1.2).

2. A mode and field transmission section between the coaxial transi-
tion section and the aperture opening feed. In this part the field
pattern is shaped to become more TEM-like, thus resulting in a
minimization of the near-field. There are also compensating match-
ing properties, reducing the overall mechanical complexity and size.

3. The transition from a coaxial line input to the transmission section,
with the coaxial center conductor going all the way through the
waveguide for practical manufacturing reasons.

4. The coaxial transition to the waveguide and its feed section, for
achieving frequency independence of matching and importantly a
narrow lobe.

5.3 The Transmission Section and Antenna
Feed Adaptability

A coaxial line end as antenna is a short electric dipole having E and
H fields such that the propagation away from it is radially outwards,
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along the ground plane, therefore direct connection of a coaxial line sec-
tion to the aperture without mode transformation is not possible. The
applicator to be designed must have the propagation maximum straight
outwards from the aperture. The simplest transmission line modes pro-
viding this are the circular TE11 and the rectangular TE10 waveguide
modes. Therefore, the mode in the transmission section should be one
of those, for facilitating a direct transition to the antenna section.

5.3.1 Frequency Cutoff and Bandwidth Considera-
tions

The lowest usable frequency (1 GHz) implies that the wide (a) dimension
of a rectangular air-filled waveguide must be at least 150 mm (i.e. half
the free space wavelength). Filling it with a dielectric of a permittivity
ε′ = 25 reduces this by a factor of 5, to 30 mm. However, the small cross
section of the aperture shall be even smaller according to the design
requirements around about 15 mm. The factors that are considered for
the choice of the dielectric with which the waveguide must be filled:

• The permittivity of the load which the aperture is contacting should
have a similar ε′, which will minimize the mismatching. The breast
and related tissue ε′ is set to 20, for the purpose of system opti-
mization in this respect.

• According to the performance goal above (section 5.1.2) a short
Fresnel region is the second factor to consider: a higher equivalent
ε′ of the aperture region will result in a faster spatial evanescence of
the wave energy in a low permittivity (air)gap between the aperture
and the tissue. This is a negative factor to consider.

• Commercially available pourable sand type solid dielectrics can
have ε′ up to about 17. For higher ε′ there are only two realistic
choices of commercially high purity ceramic dielectrics: ZrO2 with
ε′ = 35 and TiO2 with ε′ = 90.

• Having a short Fresnel region in mind investigations should first
be made with ZrO2, together with a filling of the ε′ = 17 material.

Even with a complete filling with ε′ = 35, the 1 GHz cutoff rectan-
gular TE10 waveguide gets a dimension of more than 25 mm. Therefore,
a ridged waveguide becomes necessary. Such waveguides have a cross
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section where there are inwards-going metal parts in a centre portion of
one or both a sides. This leads to an increased capacitance, while the
inductance remains relatively unchanged. The result is a lower cutoff
frequency. Ridged waveguides have two other advantages in this case:

• Higher order waveguide modes do not go down in cutoff frequency
as does the normal mode TE10, since they do not have their E field
concentrated to only the center a/2 part. This means that it is
possible to have no other propagating mode up to 3 GHz or even
higher, which in turn results in less change of the lobe pattern with
frequency.

• A transition from coaxial line to the TE10 mode in the ridged
waveguide becomes less complicated with a ceramic body all the
way between the ridges, since good contacting is easier to accom-
plish in a small diameter (the drilled) hole which is needed for ob-
taining impedance matching than with pourable sand type solid
dielectrics.

The permittivity of the ceramic ridge insert and that of the filler of the
remainder has to be balanced against the properties of the contacting
(breast) substance, for the best compromise transmission and insensi-
tivity to air-gaps/deformation. The ridge permittivity should then be
somewhat higher than that of the aperture contacting region, and the
remaining filler permittivity be about half of the ridge.

The cross section of the chosen geometry is shown in Figure Fig-
ure 5.1. The two lowest cutoff frequencies are 998 MHz (TE10) and 3831
MHz (TE20), basically independently of any working excitation field.
They are computed with the commercially available modeling software
Quickwave c©. A very important advantage of the ridged waveguide de-
sign is the fact that only the desired mode can occur in the transmission
section for any frequency between the two.

5.4 The Antenna Part

5.4.1 Properties of the Transmission Line Cross Sec-
tion As Antenna

The images in Figure 5.2 are with a large metal ground plane at the
end of the transmission line shown in Figure 5.1, and directly contact-
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Figure 5.1: The cross section of the TE line. The white numbers repre-
sents the choice of dielectric material, where the ceramic ridge is set to
ε′ = 35 (ZrO2) and the reaming filler ε′ = 17 (sand or acetone). The
black numbers are the dimensions of the ridged waveguide in millimetres.
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Figure 5.2: The momentaneous x-directed magnetic field in the x-
directed central cross section, i.e. in the plane of the waveguide a di-
mension (left image), and in the y-directed central cross section (right
image), at frequency 1.22 GHz.
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ing simple simulated homogeneous breast tissue with ε′ = 20 and very
low constant equivalent conductivity σ = 0.011. The reason for choos-
ing the low value of σ = 0.011, is that the undamped radiation lobe
and impedance matching are of interest here, where the later is quite
independent of ε′′. In this test case, wave reflections at any air bound-
aries are unwanted, since the radiation lobe is of interest. Therefore, the
metal plane is large 200 mm x 200 mm, and with the antenna centred.
The load/breast height is also 200 mm. The FDTD methods suffer from
issues related to wave propagation into infinity: special absorbing sur-
faces must be used and the approximations for these are complicated,
in particular along edges and in corners. Furthermore, the so called
MUR approximation used here works less well when the medium is not
air. Therefore, the method of avoiding outer boundary reflections in
this case is to use such a large load/breast volume that many periods of
the propagation into it occur at the antenna aperture before the fields
reach any outer boundary. In particular the x-directed magnetic field
dominates and can therefore be used for the analysis. It is seen in the
left Figure 5.2 that there is a significant upwards-directed lobe, the ratio
between the amplitude in the z and x directions is 11. However, in the
central y plane (right image) the situation is very different where the
ratio between the amplitude in the z and y directions is almost exactly
unity.

5.4.2 Antenna Design Reasoning

Once the wave propagation approach is chosen, the function of the trans-
mission line (described in section 5.3) as antenna and shown in Figure 5.2
needs to be explained in terms of fields and waves, in some analogy to
what is described in the paper [96] as director. But its function is not
related to geometric optics. Comparing Figure 5.1 with the result in the
left Figure 5.2 indicates the following:

• The group speed of the wave energy is lower in the central section
due to the higher ε′ = 35 there than outside it (having ε′ = 17).
The central retardation results in the curvature radius of the x-
directed H field to increase when it leaves the transmission section,
and the same applies to the phase of the y-directed E field. The
wavefront outside the aperture thus becomes more plane like.

• This distortion of the fields is simple and occurs over a very short
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distance, also in relation to the transmission line wavelength. As a
consequence, the spherical or cylindrical propagation begins almost
immediately in the aperture region.

The following hypotheses can now be made:

1. By introducing a less abrupt termination end of the high permit-
tivity centre part in an antenna section (i.e. no longer just the end
of the transmission section), it is possible to further ”sharpen” the
lobe in the x-directed cross section.

2. There is no centre part with higher ε′ surrounded by parts with
lower ε′ in the y-directed cross section, but this can be accom-
plished by extending the b dimension in the antenna section.

The realization of the first hypothesis results in what is currently
called a ”projectile ceramic director”, and that of the second hypothesis
of a E-plane horn section (with director), which is a sectoral horn flared
in the direction of the E field and containing a higher ε′ director. An
example of the above mentioned antenna design can be found in Paper
E (chapter V, section C).

5.4.3 The Final Proposed Antenna Design

For the final applicator antenna design the commercially available di-
electric zirconium oxide (ZrO2) was chosen for the ceramic ridge insert
with ε′ = 35 and a commercially available filler were set to ε′ = 17. The
design is shown in Figure Figure 5.3. It is seen that the ZrO2 ceramic
becomes symmetrically pyramidal. This is over 15 mm axially, and the
top dimension is 2×2 mm, Figure 5.3.

As stated before, the manufacturing aspects are a compromise be-
tween the microwave engineering and fabrication possibilities. The ap-
plicator is as small as it can reasonably be made in terms of fabrication.
The final design and fabricated antenna is shown in Figure 5.4.

A modeling scenario is arranged in a way that the antenna is contact-
ing a breast tissue with a permittivity value of ε′ = 25 and conductivity
σ = 1. In-between the antenna and the breast tissue there is a 2 mm
thick skin and fat layer with ε′ = 5 and σ = 0. The momentaneous mag-
netic Hx-field is shown in Figure 5.5 using a mode template as on the
right in Figure 5.3, but the antenna applicator is as in Figure 5.4. The
Hx-field strongly dominates in the breast dielectric, and a close study
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example of the above mentioned antenna design can be found in Paper
E (chapter V, section C).
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top dimension is 2×2 mm, Figure 5.3.
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The final design and fabricated antenna is shown in Figure 5.4.

A modeling scenario is arranged in a way that the antenna is contact-
ing a breast tissue with a permittivity value of ε′ = 25 and conductivity
σ = 1. In-between the antenna and the breast tissue there is a 2 mm
thick skin and fat layer with ε′ = 5 and σ = 0. The momentaneous mag-
netic Hx-field is shown in Figure 5.5 using a mode template as on the
right in Figure 5.3, but the antenna applicator is as in Figure 5.4. The
Hx-field strongly dominates in the breast dielectric, and a close study



54 Chapter 5. Applicator Antenna Design for the
Measurement System Mamacell

Figure 5.3: Waveguide applicator antenna in opaque (left) and trans-
parent 3D (right)with an underlying transmission line with a so called
mode template (i.e. well impedance matched) excitation.
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Figure 5.4: The final antenna applicator design showing the overall size
of the antenna (right); and a photo of the manufactured antenna (left);
dimensions in mm.

5.4 The Antenna Part 55

Figure 5.5: The momentaneous Hx-field under stationary condition in
the vertical x plane (left). The image size is truncated to ±70 mm in y-
directions and totally 110 mm in z -directions, of a much larger scenario.
The right image is the momentaneous Ez field intensity. Frequency:
1.5 GHz.

reveals that there is a propagating spherical wave already about 15 mm
from the antenna opening.

The z -directed electric field intensity, all data equal as in previous
case for the Hx-field, is shown in the right Figure 5.5. The Ez field is
that which can create Zennek waves, but it is rather poorly field-matched
and thus mainly a standing wave. Therefore, means to reduce that field
should be sought for. The first order method of reducing disturbances
by direct and Zennek wave propagation between adjacent antennas is by
orienting them 90◦ rotated.

The impedance matching is shown in Figure 5.6 using a mode tem-
plate as on the right in Figure 5.3, but the antenna applicator is as
in Figure 5.4. The modeling scenario is the same as in the previous case
of Figures 5.5. The mode template does not work for frequencies below
the cut-off, which is 998 MHz for the transmission in the modeled an-
tenna. It is seen that the reflection factor has a small transient at the
waveguide cut-off. It is also seen that the variation with frequency is
quite undisturbed by resonance effects. Hence, the system is shown to
be inherently non-resonant.

A simple 50 Ω coaxial feed with 1×1 mm cross section inner conductor
throughout the ZrO2 section is applied 6 mm from the end shorting wall.
The resulting reflection factor from 0.7 GHz to 4 GHz, with a matched
mode template at the other end of the waveguide, is shown in Figure 5.7.
It is seen that a reasonably good system matching is achievable, and the
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Figure 5.6: The impedance matching (reflection factor amplitude) of
the antenna applicator as a function of frequency (0.9...4 GHz), using a
mode template matched to the transmission line input end, and loaded
at the opening.
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Figure 5.7: The reflection factor from 0.7 to 4 GHz for the scenario with
the antenna fed by the coaxial transition and having a matched mode
template at the other end.

5.5 Modeling with the Antenna 57

Figure 5.8: A ceramic Eccostock R© breast model with ε′ = 25 and σ =
0.0034, and a tumor with data ε′ = 20 and σ = 1.3.

reflection factor is below 0.7 in the 1.5 to 3 GHz frequency band, which
fulfils one of the desired performance goals according to subsection 5.1.2.

5.5 Modeling with the Antenna

Modeling is performed in order to analyze the field patterns and get an
understanding of the important factors to consider for improved tomog-
raphy results. A full arrangement of the modeling scenario is shown
in Figure 5.8, where a ceramic breast model with rounded breast sur-
faces are surrounded by air. Dielectric breast data are set to ε′ = 25 and
σ = 0.0034, according to the real fabricated Eccostock R© breast model
built of a dielectric material called HiK 25 [100]. The size of the breast
Model is 100 mm diameter short cylindrical piece with a hemisphere at-
tached to it in air. A tumor is displaced by 25 mm in the +x direction
from the breast (z) axis (not the same reference as the propagation di-
rection in the antennas) and parallel to that; bottom of tumor 20 mm
above the lower end of the breast. Above the breast there is a 20 mm
high layer of methanol, with set permittivity of 20 and conductivity 1.3.
There is a MUR-approximation absorbing plane at all scenario sides.

The horizontal plane of the contacting antenna opening are shown in
the images in Figure Figure 5.9. In all depicted field images the 6 o’clock
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built of a dielectric material called HiK 25 [100]. The size of the breast
Model is 100 mm diameter short cylindrical piece with a hemisphere at-
tached to it in air. A tumor is displaced by 25 mm in the +x direction
from the breast (z) axis (not the same reference as the propagation di-
rection in the antennas) and parallel to that; bottom of tumor 20 mm
above the lower end of the breast. Above the breast there is a 20 mm
high layer of methanol, with set permittivity of 20 and conductivity 1.3.
There is a MUR-approximation absorbing plane at all scenario sides.

The horizontal plane of the contacting antenna opening are shown in
the images in Figure Figure 5.9. In all depicted field images the 6 o’clock
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antenna is energized, and all images are without the tumor present. This
is in order to check the imaging field symmetry and any disturbances by
the receiving antenna. The (a) image is of the momentaneous x -directed
electric field at frequency 1.2 GHz (green = 0), i.e. the left-right-directed
in the image, with a set amplitude for the red/magenta (and light/dark
blue) of 0.01 (relative scale). The (b) image is all the same, except the
electric field is now the y-directed (i.e. up/down in the paper plane). In
(c) the z -directed field at 1.2 GHz is presented, and with a set amplitude
for the colors 5 times higher than in previous images (a) and (b). Many
phenomena can now be observed:

• There is very little leakage out of the breast of the dominating Ez

field.

• There is a significant narrow lobe of the Ez field.

• The Ex and Ey fields are characteristically 5 times weaker (i.e.
each has 4% energy density compared with the z -directed).

• An external standing surface wave (Zennek wave) is the dominant
phenomenon of the Ex and Ey. Both have a dipolar configuration
displaced by 90◦, so the mode is of the external TE2 type.

The phenomena are similar at 2 GHz, as shown in Figure 5.9 (d) and
(e), where the (d) image is the x -directed field and the (e) image is the
z -directed field. It is to be noted that the amplitude scaling is now ten
times lager in the Ez image. Again, the lobe effect is seen, now even
more clearly. Also the surface (Zennek) wave pattern is now very clear.
It should be noted that Zennek waves have a very long so called decay
distance along the surface, i.e. their energy content is damped to 37%
over a distance which is in this case several meters. What then happens
is that a standing wave pattern, which may be partially resonant, is
created. Reduction of Zennek waves is therefore an important task.

5.5 Modeling with the Antenna 59

(a) (b)

(c)

(d) (e)

Figure 5.9: The momentaneous electric field where, (a) x -directed, (b)
y-directed, (c) z -directed, (d) x -directed and (e) z -directed.
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Chapter 6

Contribution

This chapter is divided into two parts. The first part is a summary
of the research work throughout Paper A-E in relation to the research
questions formulated in Chapter 2 will be discussed with the help of the
contributions in the included papers. The second part of the chapter
Paper A-E is presented in short summary with the specific scientific
contribution and the author’s contribution for each paper.

6.1 Summary of The Research Work
throughout Paper A-E

The first step in the research work, after literature studies and putting up
the ideas, is the design process, where we in Paper A present and validate
a flexible robot controlled data acquisition system for the main propose
of microwave imaging. Research challenges in this study are connected
to RQ 1. The receiving antenna positioning enables accurate investiga-
tions of different synthetic antenna array geometries without introducing
coupling effects between multiple antenna elements in the system design
stage. Also, a wideband system for suitable frequency determinations is
achieved with a rapid data acquisition time. This system can be seen as
a platform for investigations of scattering fields around an object and as
a platform for achieving the goal to quantitatively reconstruct it.

In Paper B the research challenges are associated with RQ 2, and
the next phase of the research work are related to the characterization

61
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of dielectric material properties and phantom development. In order
to create phantoms mimicking human breast tissues a feasibility study
was done of a so called reentrant cavity, a sort of a cylindrical cavity.
The first jelly based phantom created, based on 1.2 propylene glycol,
showed to be inappropriate for image reconstruction and was therefore
discarded. On the other hand, the cavity method was confirmed to be
an accurate method for permittivity measurements, however; a decision
was taken to move on with the open ended coaxial probe for convenience
reasons. A new phantom design using Triton X-100 and water mixtures
was created and proved to be a good candidate for the purpose of image
reconstruction.

Paper C is addressing model errors and their impact on the incident
field model. In this study, we are pointing out the importance of choosing
the antenna design that minimizes the errors between the measured and
computed fields. Herein we are starting to scratch on the surface of RQ
3, considering improvements of the simple monopole antenna. The MWI
system was at the same time validated in terms of quantitative image
reconstructions for the first time.

In Paper D, a complete data acquisition prototype system able to
examine biological mimicking targets for quantitative microwave imag-
ing is presented. The system is upgraded from previous Papers A-C in
terms of broadband antennas, permittivity estimation of the background
medium, positioning of the rotational axis and finally quantitative image
reconstructions of an upgraded breast phantom. In this paper, we are
dealing with all three research questions simultaneously reaching in a
certain sense the main objective of the thesis.

At this stage of the research project, the decision within the research
group at MDH was to move further and build a robotic breast imaging
prototype for clinical test on real patients, in that sense moving towards a
“real” biomedical application. The realization of such an imaging system
requires some research to be performed to answer a couple of questions.
The first step was to extend the RQ 3 regarding the question that arises
when considering antenna design, such as an applicator antenna, to be
placed in direct contact with or in close proximity of the imaged object.
For this reason a new antenna applicator is envisaged and introduced
in Paper E. The main constraints and design requirements remain in
a narrow lobe of the antenna, very small near-field effects, and small
size. This is challenging because of the complex structure of the imaged
object’s(biological tissues) dielectric properties.

6.1 Summary of The Research Work
throughout Paper A-E 63

The main contributions of this research work are the results from
a robotic measuring microwave imaging system together with the de-
signed novel applicator for near filed microwave imaging. A successful
attempt is presented in the form of quantitative image reconstruction
of inhomogeneous objects by using experimental data from the flexible
microwave imaging system. The properties of different monopole anten-
nas are investigated, where a model of the incident field together with
the permittivity measurement of the background medium are presented.
Also, the extended breast phantom with the cavity permittivity mea-
surement can have an impact on the community, as a simple realization
of a breast and the experience of using the resonant cavity method for
finding the dielectric properties for the breast mimicking materials. The
contribution of the antenna design, in terms of an applicator, for near
filed microwave, imaging is a candidate for MWI systems where the an-
tenna is to be placed on the surface in direct contact with the breast
tissue.
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6.2 Contribution of Included Papers

This section will present each paper with a short summary following sci-
entific contribution and the author’s contribution to the included papers.

6.2.1 Paper A

Title Robot Controlled Data Acquisition System for Microwave
Imaging

Authors Petrović, Nikola. Henriksson, Tommy. Joachimowicz, Nadine. Ot-
terskog, Magnus.

Source Conference on Antennas and Propagation (EuCAP 2009), p 3356-
3360, VDE Verlag GMBH, Berlin.

Publication type Conference Publications

Summary

In this paper, an experimental prototype of a robot controlled data acqui-
sition system for microwave imaging is presented, where the transmitting
and receiving antennas are immersed in a water-tank. The scattered field
from the object under test is acquired by using the robot and scanning a
single receiving antenna in cylindrical or half spherical coordinates, while
the transmitting antenna is fixed at one position with possibilities to be
manually moved to different positions. Careful design and construction
of the system has given accurate measurements of incident and total field.
A validation of the robot system is performed by comparing measured
and computed data for a sunflower oil object. A good symmetry of the
measured data is achieved with a symmetric object configuration, and
potentially low error between measured and computed scattered field
gives promising condition for future image reconstruction studies.

Contribution

A validation of an experimental setup of a flexible data acquisition sys-
tem for empirical measurements that can be used to evaluate different
measurement scenarios, with high accuracy, for the purpose of microwave
imaging. A simple antenna design with a flexible synthetic array antenna
positioning.

6.2 Contribution of Included Papers 65

Author’s contribution

Main author of this paper and a major part of the idea of designing the
MWI system. Hardware development of measurement platform includ-
ing design and testing. Performed measurements and had role in the
experimental validation.

6.2.2 Paper B

Title Permittivity Measurements with a Resonant Cavity to
Develop Human Tissue Phantoms for Microwave Imaging

Authors Petrović, Nikola. Otterskog, Magnus.

Source The 8th International Conference on Electromagnetic Wave Inter-
action with Water and Moist Substances, ISEMA 2009, Helsinki,
Finland, 2009

Publication type Conference Publications

Short summary

In order to create human tissue phantoms for a microwave imaging sys-
tem, a method to determine the complex permittivity is needed. For
this reason a cavity perturbation method has been analyzed and used
to perform measurements characterizing the complex permittivity of dif-
ferent fluid mixtures. Results show good agreement on single frequency
between the measurement with the reentrant cavity and references. How-
ever the complex part of the final material mixture mimicking human
tissue are higher than expected, which makes 1.2-propylene glycol inap-
propriate as a human tissue phantom material. The cavity perturbation
method is still a suitable method for measuring liquids and with more
work it might even be reliable for gel-based materials. Triton X-100 and
water mixture are used at the present as breast phantom materials and
initial studies have shown promising results.

Contribution

A feasibility study of a method to determine the complex permittivity
using a resonant (reentrant) cavity with measurements on fluids and
materials simulating some biological tissues.
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action with Water and Moist Substances, ISEMA 2009, Helsinki,
Finland, 2009

Publication type Conference Publications

Short summary

In order to create human tissue phantoms for a microwave imaging sys-
tem, a method to determine the complex permittivity is needed. For
this reason a cavity perturbation method has been analyzed and used
to perform measurements characterizing the complex permittivity of dif-
ferent fluid mixtures. Results show good agreement on single frequency
between the measurement with the reentrant cavity and references. How-
ever the complex part of the final material mixture mimicking human
tissue are higher than expected, which makes 1.2-propylene glycol inap-
propriate as a human tissue phantom material. The cavity perturbation
method is still a suitable method for measuring liquids and with more
work it might even be reliable for gel-based materials. Triton X-100 and
water mixture are used at the present as breast phantom materials and
initial studies have shown promising results.

Contribution

A feasibility study of a method to determine the complex permittivity
using a resonant (reentrant) cavity with measurements on fluids and
materials simulating some biological tissues.



66 Chapter 6. Contribution

Author’s contribution

The first author of the paper and responsible for the cavity measure-
ment method. Also created the phantom to be used for collecting multi
incidence set of data from it, by the robot based acquisition system in
order to quantitatively reconstruct the phantom.

6.2.3 Paper C

Title Antenna Modeling Issues in Quantitative Image Recon-
struction Using a Flexible Microwave Tomography Sys-
tem

Authors Petrović, Nikola. Henriksson, Tommy. Otterskog, Magnus.

Source PIERS Progress In Electromagnetics Research Symposium, Cam-
bridge, USA, Volume: 6, NO: 5 Page(s): 450 - 454 , 2010

Publication type Conference Publications

Short summary

In this paper two different monopole antenna designs have been validated
in a flexible microwave tomography system. The results show how the
selection of antenna design impacts the error between the measured in-
cident field and the numerical incident field model. Herein, the radiated
field from the antenna is modeled as a vertical polarized cylindrical wave,
in the numerical incident field model of the algorithm. By comparing
the reconstructed images of a simple breast phantom it was shown how
the quantitative image is affected by this model error. Using an antenna
design that minimizes the error between the model and the measured
values leads to a better reconstruction of the object. This confirms the
importance of minimizing the model error inside the object region. In
this paper the first reconstructed images by the Newton Kantorovich al-
gorithm of a breast phantom was shown and that confirms the microwave
system’s ability to produce quantitative images.

Contribution

Validation of the system in terms of comparison of two different monopole
antenna designs with the incident field model in both amplitude and
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phase, using data conducted by the flexible MWI system. We have
shown that the selection of antenna design impacts the error between
the measured incident field and the numerical incident field model by
comparing image reconstructions.

Author’s contribution

Experimental setup with measurements, model extraction and wrote
most of the paper.

6.2.4 Paper D

Title A Novel Flexible Data Acquisition System for Quantita-
tive Microwave Imaging

Authors Petrović, Nikola. Henriksson, Tommy. Ekström, Mikael. Otter-
skog, Magnus.

Source Submitted to IEEE Transactions on Instrumentation and Measure-
ment

Publication type Journals and Magazines

Short summary

This work presents a novel platform of a flexible measurement system
validated through examination of quantitative microwave imaging from
experimental data of a low-contrast breast phantom. An improved ver-
tical polarized monopole antenna is used, attached to a robot axis pos-
sible to move the antenna in different synthetic array geometries around
the breast phantom. The antenna is designed with a dielectric sleeve
covering the protruding tip of the antenna, enabling broadband mea-
surement with the MWI system. In this study, the breast phantom is
placed in water, as a background medium, and the receiving antenna
is scanning around the phantom in a cylindrical geometry measuring
the scattered field component. In addition measurements are done for
estimating the background complex permittivity using the existing an-
tennas in the system, and a developed method for positioning the rota-
tional axis utilizing an ultrasonic sensor. These features together with
the enhanced monopole antenna design, to produce good reconstructed
images minimizing the model errors between measured and computed
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values, making the MWI system more advanced and effective. By using
the experimental experience gained from this work and designing new
antennas (sensor/applicator) the research group at MDH aims to build
a breast robot prototype, for clinical tests on real breast cancer patients,
capable of imaging in 3D.

Scientific contribution

Complete hardware platform for quantitative microwave image recon-
struction. An upgraded experimental setup with possibilities of mea-
suring the complex permittivity of the background medium and also
an ultrasonic positioning system for the rotational axis. In addition an
enhanced antenna design have been used for image reconstruction for
different frequencies.

Author’s contribution

Hardware development including antenna design and testing. Calibra-
tion including incident field model, permittivity estimation and position-
ing. Validation of the complete MWI system. Furthermore prepared
most of the manuscript.

6.2.5 Paper E

Title Antenna Applicator Design for Microwave Imaging of the
Interior of Human Breasts

Authors Petrović, Nikola. Otterskog, Magnus. Risman, Per Olov.

Source Submitted to IOP Science, Journal of Physics D: Applied Physics,
April 2014

Publication type Journals and Magazines

Short summary

In this paper we introduce a waveguide antenna applicator design in-
tended to be placed on the surface or in close proximity to a human
breast for imaging purposes. Hence, the antenna needs to be compact
for easy placement. The design process is carefully carried out dividing
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the antenna applicator into separate parts, allowing closer analysis to-
wards improved synthesis. A mode applicator antenna was concluded
to be necessary, employing a TE10 mode type with minimized near-
field and surface (Zennek) wave excitation. Numerical simulations have
been used throughout and shows that the proposed ridged waveguide
antenna is capable of fulfilling the design requirements and the perfor-
mance goals. Modeling has been carried out using a scenario with a
simple breast model and confirms the applicator’s capability.

Scientific contribution

A novel antenna applicator for near-field microwave imaging of the breast
has been presented and fabricated. Our proposed applicator concept
provide a small antenna with enhanced plane wave propagation in the
breast, at the same time reducing near-field effects at the antenna aper-
ture as well as excitation of breast surface waves. The compact design
allows good contacting without deformation of the breast and an easy
multiple positioning. An improved lobe pattern by using a ridge waveg-
uide with two dielectrics providing a quite directive lobe pattern.

Author’s contribution

The first author of the manuscript with the idea behind the paper. To-
gether with Risman and Otterskog developed the antenna applicator
through discussions and simulations.
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Chapter 7

Conclusions and Future
Work

This chapter will summarize the work presented in this doctoral thesis.
The continuation and future work within this topic will conclude the
discussion and thesis.

7.1 Conclusions

This thesis deals with the issues related to microwave imaging towards
biomedical applications with the emphasizes on breast imaging. The
problem related to measurement systems with associated tools and an-
tenna design for microwave imaging is addressed in Chapter 2, whereas
the discussion and scientific contribution of the included papers are pre-
sented in Chapter 6.

The problem formulation is divided into three research questions,
and these are derived from the main formulation of the general research
problem that lay the ground for the work presented. The aim is of
course to give the complete answer and solution for all of the presented
research questions in chapter 2, and reach the main objective, which we
in a way are fulfilling. However, our view is that the solutions in this
thesis are not giving the complete answers they have rather opened up
for a new goal to work towards, namely the new measurement system
called Mamacell.
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The work presented in this thesis was focused on a measurement
system for quantitative microwave imaging and an antenna applicator
designed for a new system planned to be built in the near future. A
designed flexible measurement system, validated through examination
of microwave imaging from experimental data of a low-contrast multi-
target breast phantom, shows a successful solution in the form of 2D
quantitative image reconstruction. These results demonstrate the mea-
surement system’s ability to obtain high quality scattering data for quan-
titative image reconstruction for biomedical applications. In this mea-
surement scenario, the breast phantom is placed in water, as a back-
ground medium, and the robot is generating a synthetic antenna array
around the phantom in cylindrical geometry measuring the scattered
field component using different monopole antenna designs. In addition
measurements are done for estimating the background complex permit-
tivity using the existing antennas in the system, and a developed method
for positioning the rotational axis utilizing an ultrasonic sensor. These
features together with the enhanced monopole antenna design reduces
the model errors between measured and computed data, which also im-
proves reconstructed images and making the microwave imaging system
more complete and effective.

By using a robot controlled measurement system we are minimizing
the positioning error of the system since the accuracy is very high. The
robot’s degree of freedom allowing us to use different geometries form-
ing different synthetic arrays for the receiving antenna. Such a flexible
receiving antenna enables a selectable number of measurement points
without introducing coupling effects between multiple antennas in the
system.

A monopole antenna design was utilized in the MWI system and
improved in two steps. The first upgrade was designed to fit the nu-
merical incident field model minimizing the error between the measured
values and the model. Comparison of the reconstructed images of a
breast phantom shown the impact of model errors on the quantitative
images, where the antenna design that minimizes the error leads to a
better reconstruction. The second modification of the monopole an-
tenna demonstrates increased bandwidth, for this reason four different
frequencies were considered and compared through image reconstruction.
Conclusion is that the antenna with the dielectric sleeve on the protrud-
ing tip performs better on a wider frequency band, i.e. at 950 MHz and
2000 MHz in a 2D-case.

7.1 Conclusions 73

Whereas the monopole antenna has the advantages of being easily
modeled and simple to manufacture, on the other hand they are not
suitable for placement in direct contact or in close proximity with the
breast object. The disadvantages in this case are the omnidirectional
radiation pattern causing power losses by waste in wrong directions, and
also increasing influences from the surroundings away from the breast.
Another disadvantage is the very strong non-radiating near-fields, which
results in a system sensitivity to minor inhomogeneities close to it, and
also in a power loss resulting in a reduction of the received signal strength
between the transmitting and receiving antennas. This leads us to design
and develop a new antenna for the measurement system called Mamacell.

A very significant majority of antennas intended for the purposes of
microwave imaging are designed with the background of communication
antenna design. This then includes quite large horn types antennas as
well as small patch antennas, the latter then designed with wideband
multi-pole modes for achieving broadband functionality. These do not
present any specific considerations of disturbing modes and fields.

The starting point for our antenna applicator design was to enhance
the desired plane wave type propagation in the breast, at the same time
reducing near-fields at the antenna aperture as well as excitation of
breast surface waves. A further goal was to reduce the overall size of
the antenna providing good contacting without breast deformation and
for easy multiple positioning.

So far the work shows promising results and will be followed up with
further surface wave reduction, and of course with imaging experiments
and computations.
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7.2 Future Work

Directions of future works include continuation of the work presented
in Chapter 5, i.e. empirical measurements with the objective to fur-
ther explore the applicator antenna performance. Future works include
also finishing the fabrication of a new breast robot measurement sys-
tem called Mamacell, able to put the antennas (one transmitter and one
receiver) in direct contact with the breast surfaces in different half spher-
ical scenarios. As an initial antenna design, the research group at MDH
will use the applicator explained in Chapter 5. The aim is to develop a
clinical prototype system for active microwave imaging of the breast and
perform trials on patients, and the results from our antenna studies can
potentially provide an opening in that direction. At the time of writing
the prototype system is being designed and constructed.

The planned mechanical data acquisition system is mainly intended
for microwave imaging of the breast but could possibly use other types
of sensors for imaging, for example ultrasound and different types of
optical sensors. With a change of sensor on the robot arms the hardware
system could be customized to fit these imaging technologies as well.
This system could also be customized to fit imaging of other parts of the
human body. In addition this two arm robot based system should include
a vision system to locate the boundaries of the imaging object and from
this geometry calculate measurement positions for the two sensors.

Another thinkable feature with the Mamacell system is to include
case based reasoning based on Artificial Intelligence (AI). The AI part
will calculate the optimum measurement positions in order to completely
scan a breast of a certain type (size, density) as well as focusing the imag-
ing attention to a specific domain of the breast. The AI database could
be based on comparison measurements with an alternative technique
such as MRI or Xray.

Together with some local companies we will develop this measure-
ment equipment called Mamacell. The companies will find new markets,
use the developed technology in other projects and create a new products
not yet available on the market. The University will be able to continue
with successful, innovative research that is usable for industry and the
society.

Appendix A

Abbrevations

MWI Microwave Imaging

RQ research question

CT Computed Tomography

MST Modulated Scattering Technique

MRI Magnetic Resonance Imaging

MDH Mälardalen University

VNA Vector Network Analyzer

PC polycarbonate

NK Newton-Kantorovich

MoM Method of Moments

FEM Finite Element Method

FDM Finite Difference method

EFIE Electrical Field Integral Equation

Q-factor quality factor

RMS root mean square

PET positron emission tomography

NK Newton-Kantorovich

AI Artificial Intelligence
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