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Codirector: D. Juan Monzó Cabrera
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Chapter 1

Introduction

Uniform heating on the entire sample volume, or definition of prescribed heating patterns
to increase the heating efficiency on determined zones of the sample, is a generally desired
capability of modern microwave heating systems. However, the synthesis of heating patterns is
still a challenging objective in microwave heating applications.

In this project [1], a phased array of antennas has been proposed with this objective on
mind [2–4]: by properly exciting each individual radiator amplitude and phase, near-field
focused patterns can be synthesized. Phased-array antennas need for complicated feeding
network which distribute the input signal to each radiator with the appropriate amplitude and
phase.

Another type of antennas which can synthesize near-field focused patterns, while avoiding
complicated feeding networks are Leaky-wave antennas (LWAs). To this aim, the antenna can
be curved along its length [5] [6], or the antenna dimensions can be modulated [7], so that
the radiated electromagnetic energy is focused in the prescribed zone where the sample is to
be heated. On the other hand, the LWA can be curved and modulated at the same tame to
optimize the focusing pattern as proposed in [8] [9]. Also, it must be mentioned that LWAs
provide a simple mechanism to dynamically shape the focusing pattern by using multi-tone
signals as described in [10]. For all these reasons, LWAs are a promising radiator technology to
consider in future microwave heating ovens where specific heating patterns need to be obtained.

However, all previous studies with near-field focused LWAs have treated the synthesis of a
near-field focused zone in free space, but no attempt has been done yet to synthesize different
heating patterns considering the sample to be heated and the microwave oven. In this work,
a preliminary study using a phased array of antennas is developed to consider in the future
the use of cylindrically curved LWAs which radiate inside a cylindrical metallic oven, with the
general aim to demonstrate its capability to shape the heating pattern inside a given sample
at a frequency of 2.45GHz, used in microwave applications.

The motivation of this project is the wide variety of possibles applications involved in this
research. For instance, those with biomedical purposes as hyperthermia therapy in cancer
treatment. Hence, it would be interesting being aware of this concept related to the creation of
heating patterns to finally develop advanced techniques which helps society.
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Chapter 1. Introduction

1.1 Objectives

The main objective of this project is to obtain a good result that demonstrates the creation
of different heating patterns by properly creating a structure capable of heating a dielectric
sample of high losses while avoiding overheating on edges or an uneven heating distribution in
its whole volume.

Also, this project suposes a starting point to keep investigating about shaping and provides
a path to develop other improved techniques and synthesis to take incto acccount in the future
of not only microwave applications, but also radiating antennas.

1.2 Report Structure

This report has been subdivided in a total of 5 chapters.

In this first chapter an initial approach of the contents of the report is covered, as well as
the main objectives of this study and the design approach to be followed.

The second chapter will lead us to take a look at the fundamentals of concepts treated as
hyperthermia, leaky-wave antennas and array of antennas in order to understand better the
motivation and objectives of this work.

In the third chapter we will start dealing with the structure design implementation, showing
the dimension of the cavities and antennas whose measurments have been properly chosen and
optimized to provide the best adaptation result at the resonancy frequency.

In the fourth chapter we will begin the results section which have been represented with
the results exported from CST to Matlab. Moreover, it illustrates the unsimilar heating
distribution collected depending on which antenna or combination of antennas are exciting the
oven.

Then, we will move to the fifth and last chapter of the report where we will interpret the
findings solved in the previous chapter thus, several conclusions will be drawn. Also, the design
techniques needed in the future to achieve our objectives and to enhace research, will take part
in this final chapter.

1.3 Software Tools Involved

This project is mostly optimization-based, thereby there are not many software implementa-
tions. Instead, commercial software such as CST Microwave Studio Suite has been used [11].
Besides, some Matlab scripts have been developed to allow the file conversion and represent
the final results.

CST offers products suitable for a wide range of electromagnetic design tasks, capable of
simulating numerous components and systems.
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1.3 Software Tools Involved

Together, the products in the CST STUDIO SUITE family can carry out electrostatic and
magnetostatic, stationary, low-frequency and high-frequency simulations, as well as being able
to calculate the effects of EM fields on substances as diverse as magnetic materials, biological
tissues and charged particles. Tight integration with third party tools extends the application
range even further.

Passive microwave & RF component design is a major application of CST STUDIO SUITE,
and supporting it is one of CST’s core competencies. Design engineers use the exceptional
performance of CST MICROWAVE STUDIO (CST MWS) for developing a wide variety of
applications, such as antennas, filters and couplers. CST STUDIO SUITE is characterized
by its easy-to-use interface, diverse import filters, versatile parameterization capabilities and
automatic optimization tools, and includes the powerful post-processing options that get your
development process up to speed.

Figure 1.1: CST MWS Interface.

The data obtained after simulating our structure design in CST (total solver time about
3h 42’ 56”) will be exported to be calculated, painted and illustrated by Matlab. When we
compare both results we will demonstrate their similarity and the correct performance of both
programs.

12



Chapter 2

Fundamentals and Related Concepts

In this chapter, different concepts related to this project are being commented, present-
ing a theoretical point of view about some of them, like Hyperthermia, Array of Antennas
and Leaky-wave antennas in order to understand better the marked objectives we want to fulfill.

In the first part of the chapter a brief explanation about Hyperthermia can be found. This
fundamental has the purpose to show an important and interesting application of microwaves
and has motivated the carrying out of this project from the beginning.

The second part of the chapter deal with the concept of Array of Antennas, which tackles
one of the main issues created and developed during this process.

Finally, a good starting point for future work will be proposed, Leaky-wave Antennas, the
main subject of this project.

13



2.1 Hyperthermia: Microwaves as Cancer Treatment

2.1 Hyperthermia: Microwaves as Cancer Treatment

2.1.1 Introduction: Backgrownd

Historically, the treatment of cancer with hyperthermia can be traced back to 3000 B.C.
when smouldering sticks of wood were inserted in tumors. At the end of the 19th century,
Coley’s toxin was introduced to patients to produce whole body hyperthermia which resulted
in tumor regression. Over a hundred years ago, doctors first noticed that high heat, such as
that resulting from a fever, killed cancer cells and shrank tumors [12].

Research into hyperthermia as a cancer treatment began soon after. During the last decade,
especially in recent years, the interest in using hyperthermia and/or in combination with other
forms of therapy has increased tremendously [13].

2.1.2 A medical approach

Hyperthermia (or thermotherapy) is a cancer treatment that involves heating tumor cells
within the body. Currently, hyperthermia is an experimental treatment in which body tissue
is exposed to high temperatures and usually applied to late stage patients. Elevating the
temperature of tumor cells results in cell membrane damage, which, in turn, leads to the
destruction of the cancer cells. Heating methods include whole body heating using hot wax, hot
air, hot water suits, infrared, or partial body heating utilizing radiofrequency (RF), microwave,
ultrasound, hot blood, or fluid perfusion [12]. Clinical and experimental results from various
countries have indicated a promising future for hyperthermia [13]. By killing cancer cells and
damaging proteins and structures within cells, hyperthermia may shrink tumors. However, the
main problem is the generation and control of heat in tumors.

The effective temperature range of hyperthermia is very small, 42.5-44◦C. At lower
temperatures, the effect is very minimum. At temperatures higher than 44oC, the normal
cells are damaged [12]. Numerous reports show how various animal or human tumors can
be successfully treated by heat alone where high temperatures can damage and kill cancer
cells, usually with minimal injury to normal tissues. Also, there are many publications
emphasizing how numerous clinical trials have studied hyperthermia in combination with
radiation therapy and/or chemotherapy. These studies have focused on the treatment of many
types of cancer. Many of these studies, but not all, have shown a significant reduction in
tumor size when hyperthermia is combined with other treatments [14–16]. However, not all
of these studies have shown increased survival in patients receiving the combined treatments [16].

Tumor temperatures are usually higher than surrounding tissue temperatures during hyper-
thermia treatment due to the difference in blood flow in normal and tumor tissues. In addition,
it is generally believed that tumors are more sensitive to heat. This is explained by the hypoxic,
acidic, and poor nutritional state of tumor cells. The synergism of radiation and hyperthermia
is accomplished by the thermal killing of hypoxic and S-phase cells which are resistive to radi-
ation. Hyperthermia has been used in combination with chemotherapy, since heating increases
the membrane permeability and the potency of some drugs.
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Chapter 2. Fundamentals and Related Concepts

2.1.3 Microwave Hyperthermia

Microwave energy is very effective in heating cancerous tumors, because tumors typically have
high-water content. Such tissue heats very rapidly when exposed to high-power microwaves.
Furthermore, microwaves can be delivered to tissue by special-purpose antennas that are
located adjacent to the patient’s body. Depending on the tumor size and location in the
body, one or more microwave antennas can be used to treat the tumor. When a microwave
thermotherapy antenna is turned “on,” body tissues with high-water content that are irradiated
with significant amounts of microwave energy are heated. The temperature rise in the tissue
is due to the transfer of microwave energy into heat. Generating heat from microwaves is very
similar to the effect of ordinary mechanical friction such as warming your hands by rubbing
them together. As the microwave energy (oscillating about a billion times a second) passes
through the tissue, water molecules are vibrated. Frictional forces between the water molecules
in the tissue result in the heating of the tissue. By concentrating the microwave energy, it is
possible to selectively heat tumors and protect healthy tissues.

The temperature rise in tumors and tissues is determined by the energy deposited and the
physiological responses of the patient. When electromagnetic methods are used, the energy
deposition is a complex function of frequency, intensity, polarization of the applied fields,
geometry, and size of applicator as well as the dielectric property, geometry, size, and depth of
the tumor. The final temperature elevations are not only dependent on the energy deposition
but also on blood flow and thermal conduction in tissues.

In 1990, Dr. Alan J. Fenn, an electrical engineer at the Massachusetts Institute of
Technology’s Lincoln Laboratory developed a concept for heating deep tumors by means
of adaptive microwaves. These adjust to the properties of a patient’s tissue to concen-
trate the microwave energy at the tumor position. These adaptive microwaves are generated
by multiple microwave antennas (an adaptive phased array) that surround the human body [17].

Microwaves also show promise as a diagnostic tool, where they will act as a sort of radar for
your body. Research in this use of microwaves in medicine, as well as many others, continues.
In present hyperthermia research, thermal dosimetry and treatment planning with microwave
and RF waves is far from adequate. The cooling mechanism of superficial tissue circulation
has made it difficult to heat deep tissue by conductive heating. Diathermy using microwaves,
RF waves, and ultrasound is necessary to bring electromagnetic or acoustic energies to
tissue beneath the subcutaneous fat layers. Further clinical applications cannot fully proceed
without the prerequisite knowledge of how heat is to be delivered in various clinical situations.
The development of advanced hyperthermia equipment and techniques will allow successful
treatment of cancers that are resistant to other methods of therapy [12].

Microwaves occupy the electromagnetic frequency band between 300 MHz and 300 GHz.
The most commonly used frequencies for hyperthermia are 433, 915, and 2450 MHz. They
are the designated ISM (industrial, scientific, and medical) frequencies in the U.S. and Europe
(433 MHz in Europe only). Frequencies higher than 2450 MHz have no practical value due to
their limited penetrations. While RF by definition is between 3 kHz and 300 GHz, generally it
means frequencies below microwave range in hyperthermia. The RF frequencies of 13.56 and
27.12 MHz have been widely used in diathermy and now in hyperthermia.

15



2.1 Hyperthermia: Microwaves as Cancer Treatment

The following heating methods have been used for diathermy in rehabilitation medicine for
four decades. During the last ten years, these techniques have been modified and refined for
heating tumors.

• Capacitive Heating

Tissues can be heated by displacement currents generated between two capacitor plates.
This method is simple, but the overheating of fat remains a major problem. In planar
tissue models, the rate of temperature rise is about 17 times greater in fat than in muscle.
In addition, the blood flow is significantly less in fat, so the final temperature is much
higher than that in muscle.

• Inductive Heating

Magnetic fields generated by solenoidal loops or “pancake” magnetic coils induce eddy
currents in tissue. Since the induced electric fields are parallel to the tissue interface,
heating is maximized in muscle rather than in fat. However, the heating pattern is
generally toroidal in shape with a null at the center of the coil.

• Resistive Heating

The operating frequency should be higher than 100 kHz to prevent excitation of nerve
action potentials. Tissues can be heated by alternating RF currents through the use of
needle or plate electrodes.

• Radiative Heating

The previous three heating methods use frequencies in the RF band where a quasi-static
condition applies. In the microwave frequency range, energy is coupled into tissues through
waveguides, dipoles, or other radiating devices. The shorter wavelengths of microwaves,
as compared to RF, provide the capability to direct and focus the energy into tissues by
direct radiation from a small applicator. Loading an applicator with dielectric material
can reduce the size of its aperture to provide more flexibility in controlling the amount of
energy deposited at tumor sites.

2.1.4 Methods and Clinical Applications

Local Hyperthermia

In local hyperthermia, heat is applied to a small area, such as a tumor, using various techniques
that deliver energy to heat the tumor. Different types of energy may be used to apply heat,
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Chapter 2. Fundamentals and Related Concepts

including microwave, radiofrequency, and ultrasound. Depending on the tumor location, there
are several approaches to local hyperthermia:

1. Interstitial

This approaches are used to treat tumors deep within the body, such as brain tumors.
This technique provides better control of heat distributions within the tumor and allows
it to be heated to higher temperatures as compared with external hyperthermia. Other
advantage includes sparing normal tissue, especially the overlaying skin. Probes or
needles are inserted into the tumor under anesthesia. Imaging techniques, such as
ultrasound, may be used to make sure the probe is properly positioned within the tumor.
The heat source is then inserted into the probe. Radiofrequency ablation (RFA) is a type
of interstitial hyperthermia that uses radio waves to heat and kill cancer cells.

Small microwave antennas inserted into hollow tubings can produce satisfactory heating
patterns with frequencies between 300-2450 MHz. A common frequency used in the
United States is 915 MHz. A small coaxial antenna can irradiate a volume of approximate
60 cc. With a multinode coaxial antenna, the length of the heating pattern can be
extended to about 10 cm in a 3 node antenna [12]. It was calculated the isotherms for
an array of antennas taking into account the absorbed power in tissues and relating it
to the bio-heat equation. Assumptions with or without blood flow were included in the
theoretical modelling.

The degree of control of microwave power radiating from these antennas is important
in order to achieve homogeneous heating. Multiple point feedback control would be
important as well.

2. External

This approaches are used to treat tumors that are in or just below the skin. External
applicators are positioned around or near the appropriate region, and energy is focused
on the tumor to raise its temperature.

The majority of studies involve the use of microwaves, usually at 915 MHz. In most
cases, skin cooling was employed if there was no evidence of superficial tumor [18]. The
average complete response rate with irradiation alone is 30 percent in comparison to 70
percent with irradiation and hyperthermia. Toxicities are mainly pain and thermal bums.
Side effects of thermal blistering and bums were correlated with maximum temperatures
attained during heat treatments.

A number of microwave applicators with various sizes operate over a frequency range of
300- 1000 MHz. Most of them are dielectrically loaded and with a water bolus for surface
cooling. Low profile, lightweight microstrip applicators, which are easier to use clinically,
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2.1 Hyperthermia: Microwaves as Cancer Treatment

have also been reported [19]. To reduce the applicator size and weight, methods of using
high permittivity dielectric material, electric wall boundary, and magnetic material have
been applied. Although these applicators are only useful for treatment of tumors at a few
centimeters below the skin, they are much more convenient than waveguide applicators
in phased-array applications for treating deep-seated tumors.

3. Intraluminal or endocavitary

This methods may be used to treat tumors within or near body cavities, such as the
esophagus or rectum. Probes are placed inside the cavity and inserted into the tumor to
deliver energy and heat the area directly.

Regional Hyperthermia

In regional hyperthermia, various approaches may be used to heat large areas of tissue, such
as a body cavity, organ, or limb.

To heat deep-seated tumors noninvasively is difficult. RF energy can be deposited into the
center of the body but a large region is affected. Differential increases of blood flow in the
normal and tumor tissues may result in higher temperature in tumors than normal organs.
However, this temperature differential cannot be assured [18].

The annular phased array systems (APAS) consists of four sets of dual radiating apertures
which operate in the transverse electromagnetic (TEM) mode over the frequency range of
50-110 MHz [20]. The maximum power is 2 kW. The patient is placed inside the octagonal
aperture. Distilled water bolus bags fill the air space within the aperture, and have the function
of improving energy coupling, reducing stray radiation, and providing surface cooling. In
clinical evaluations, the safety, feasibility, and also the limitations of the use of APAS have been
demonstrated for achieving therapeutic temperatures in the abdomen and pelvis. Treatment
of the chest can cause severe heating in the head and neck region. In addition, the invasive
thermometry current employed can puncture the lung or major vessels [12].

Whole-body Hyperthermia

Whole-body heating is being studied as a way to make chemotherapy work better in
treating cancer that has spread (metastatic cancer). Body temperature can be raised by
using heating blankets, warm-water immersion (putting the patient in warm water), or
thermal chambers (much like large incubators). People getting whole-body hyperthermia are
sometimes given sedation (medicine to make them feel calm and sleepy) or even light anesthesia.

A person’s body temperature may be raised as if they had a fever, which is sometimes called
fever-range whole-body hyperthermia. Studies suggest that this may cause certain immune cells
to become more active for the next few hours and raise the levels of cell-killing compounds in the
blood. Several studies are testing hyperthermia and chemotherapy along with other treatments
that are designed to boost the person’s immune system [21].
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Chapter 2. Fundamentals and Related Concepts

Phased-Array Hyperthermia

The temperature rise in tumors is determined by the electromagnetic energy deposited in
the tissue and the physiological responses of the patient. The energy deposition is in turn a
complex function of frequency, intensity and polarization of the applied fields, geometry and
size of the applicator, as well as dielectric properties, geometry, size, and depth of the tumor.
Single external microwave applicators have been used in combination with water or air-cooling
systems to reduce skin temperature and, therefore, can produce deeper therapeutic heating
without damage to surface tissues. However, the degree of freedom for manipulation is very
limited. Thus, an array of applicators with variations of phase, frequency, amplitude, and
orientation of the applied fields can add more dimensions to controlling the heating pattern in
tissues [18].

An array of applicators with variations in phase, frequency amplitude, and orientation
of the applied fields can add more dimensions to controlling the heating patterns during
the treatment. The APAS described by Tuner was composed of 16 synchronized radiating
apertures [17]. When the electrical field in the tissue is increased by a factor of N , the specific
absorption rate (SAR) (and, therefore, the temperature rise) is N2 times higher. By changing
the phase and amplitude of the applied fields incident from different directions, the SAR
pattern can be controlled. Theoretically it is possible to achieve the temperature elevation at
the tumor only [12].

the retro-focusing technique was applied to determine the excitation phases of an array
for heating an inhomogeneous medium. A small probe was first inserted into a tumor. A
signal was radiated from the probe and received by the array of applicators outside the patient.
By reciprocity theory, conjugate fields were radiated from the applicators and focused at the
tumor [18].
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2.2 Conformal Array Antennas

2.2 Conformal Array Antennas

2.2.1 Introduction

Conformal antennas were first introduced in avionics to be integrated with the curve shape of
the aircrafts in order to overcome aerodynamic limitations. Nowadays, in order to decrease
the physical size of the array antenna or fit it with different shapes, conformal arrays are
widely used in various vehicles, high speed trains, satellites, and military surveillance radars.
The implementation of some radiation patterns is more accessible using the conformal arrays
and they can overcome both physical and radiation patterns restrictions. Shaped beam array
antennas are of a great interest in the wireless community.

The key aspect in the design of this type of array antennas is to set the elements excitations
including phase and amplitude and the position of array elements to obtain a desired radiation
pattern [22]. In recent years, with the emergence of evolutionary optimization methods like
genetic algorithms, differential evolution, and particle swarm optimization lots of researches
have been carried out for the design of array antennas.

The design and synthesis of an array antenna for a desired radiation pattern is often affected
by the mutual coupling effect between its elements. In fact, this effect will cause in a difference
between the theoretical synthesis and the practical implementation. In order to consider the
far field mutual coupling of the elements in the synthesis process, the complex active radiation
pattern of each element in the presence of the other elements must be used [23].

Because of the variation of elements orientation and mutual coupling effect, the radiated
fields of elements are different from each other and it must be considered in the array factor
equation. So that, the feeding network has an important role in the array antenna design
because the resulting radiation pattern and bandwidth of the whole system is highly dependent
on it.

2.2.2 Definition

A conformal antenna is an antenna that conforms to a prescribed shape. The shape can be
some part of an airplane, high-speed train, or other vehicle. The purpose is to build the
antenna so that it becomes integrated with the structure and does not cause extra drag. The
purpose can also be that the antenna integration makes the antenna less disturbing, less visible
to the human eye; for instance, in an urban environment. A typical additional requirement
in modern defense systems is that the antenna not backscatter microwave radiation when
illuminated by, for example, an enemy radar transmitter (i.e., it has stealth properties) [23].

The IEEE Standard Definition of Terms for Antennas (IEEE Std 145-1993) gives the
following definition:

Conformal antenna (conformal array). An antenna (an array)] that conforms to a
surface whose shape is determined by considerations other than electromagnetic; for example,
aerodynamic or hydrodynamic.

20



Chapter 2. Fundamentals and Related Concepts

Usually, a conformal antenna is cylindrical, spherical, or some other shape, with the radi-
ating elements mounted on or integrated into the smoothly curved surface. Many variations
exist, though, like approximating the smooth surface by several planar facets. This may be
a practical solution in order to simplify the packaging of radiators together with active and
passive feeding arrangements.

The need for conformal antennas is pronounced for the large-sized apertures that are
necessary for functions like satellite communication and military airborne surveillance radars.

Array antennas with radiating elements on the surface of a cylinder, sphere, or cone, and
so on, without the shape being dictated by, for example, aerodynamic or similar reasons, are
usually also called conformal arrays. The antennas may have their shape determined by a
particular electromagnetic requirement such as antenna beam shape and/or angular coverage.
A cylindrical or circular array of elements has a potential of 360◦ coverage, either with an
omnidirectional beam, multiple beams, or a narrow beam that can be steered over 360◦.

The arguments for and against conformal arrays can be discussed at length. The applications
and requirements are quite variable, leading to different conclusions. In spite of this, and to
encourage further discussion, we present a summary based on reflections [18,23] in Table 2.1.

Parameter Planar Array Conformal Array

Technology Mature Not fully established
Analysis tools Available In development
Polarization Sinle can be used Polarization control desired

(dual often desired) (specially if doubly curved)
Beam Control Phase only usually sufficient, Amplitude and phase

fixed amplitude more complicated
Frequency Bandwidth Tipically 20% Wider than planar
Gain Drops with increased scan Controlled, depends on shape
RCS Large specular RCS Lower than planar
Angular Coverage Limited to roughly +-60o Very wide, half sphere
Radome Aberration effects No conventional radome,

no boresight error
Instalation of Platform Planar shape limits due Structurally integrated.

to swept volume Leaves extra space, no drag
Packgaging of Electronics Known multilayer solutions Size restriction if large curvature,

facets possible

Table 2.1: Planar vs. Conformal Array Antennas.

With this comparison, some differences between planar and circular arrays can be understood
to enhance arrays knowledge. Depending on their characteristics, it will be easier choosing the
correct design to obtain the best possible performance.
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2.2.3 History

The field of phased array antennas was a very active area of research in the years from WW
II up to about 1975. During this period, much pioneering work was done also for conformal
arrays. However, electronically scanned, phased array antennas did not find widespread use
until the necessary means for feeding and steering the array became available.

Digital processing techniques made phased array antenna systems cost effective, that is,
they provided the customers value for the money spent. This being true for phased arrays
in general, it also holds for conformal array antennas. However, in the area of conformal
arrays, electromagnetic models and design know-how needed extra development. During
the last 10 to 20 years, numerical techniques, electromagnetic analysis methods, and the
understanding of antennas on curved surfaces have improved. Important progress has been
made in high-frequency techniques, including analysis of surface wave diffraction and modeling
of radiating sources on curved surfaces.

The origin of conformal arrays can be traced at least back to the 1930s when a system of
dipole elements arranged on a circle, thus forming a circular array. The circular array was
attractive because of its rotational symmetry. Proper phasing can create a directional beam,
which can be scanned 360◦ in azimuth. The applications were in broadcasting, communication,
and later also navigation and direction finding.

2.2.4 Near-Field-Focused Antennas

Near-field-focused (NFF) antennas have been studied over a long time. The basic idea is to
control the phase of the radiation sources on the antenna’s aperture (the array-element currents
or equivalent surface currents) in such a way that all their contributions sum in phase at a
specific focal point, located in the antenna’s near-field region. However, their applications are
limited in number when compared to antennas for communication systems and radars, which
are generally focused in the antenna’s far-field region [3].

Specifically, for near-field-focused antennas, a maximum of the radiated field is obtained
in the vicinity of the above focal point (actually, the power-density peak is placed between
the focal point and the antenna’s aperture). This is obtained by implementing a symmetric
source-phase tapering, capable of compensating for the different distances between each source
point on the aperture and the focal point. The result is that for a given amplitude of the
radiated field at a point in the far-field region, such as, for example, the amplitude value
that can be derived from the maximum EIRP (Effective Isotropic Radiated Power) allowed
by international safety standards and regulations, the peak power density given from the
near-field-focused antenna will be greater than that obtained from the corresponding far-field
focused antenna (equal-phase antenna).

Near-field-focused antennas have been applied in several areas, such as local hyperthermia
and imaging systems, both in biomedical and in industrial microwave applications.Design and
performance curves are given as functions of the array size, the inter-element distance, and the
focal distance. Near-field-focused antennas can be realized by pyramidal or conical horns, by
resorting to a lens in front of the antenna aperture.
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Alternative solutions are based on either reflector antennas or Fresnel-zone antennas. On
the other hand, lightweight, low-profile, as well as low-cost near-field-focused antennas can be
obtained by using planar microstrip arrays, with a feeding network exhibiting relatively small
differences with respect to a corporate feeding network of a conventional far-field focused array.
While most previous work on near-field-focused planar arrays (such as those, for instance,
relevant to non-contact microwave inspection [2] and temperature monitoring [4]) were relevant
to microstrip arrays operating at frequencies greater than 10 GHz. More recently, near-field-
focused microstrip arrays have been designed and characterized at relatively lower frequencies
(1.8 GHz and 2.4 GHz), to be used in systems for gate-access control and management [3].

2.2.5 Circular Array Theory

The circular array antenna can be seen as an elementary building block of conformal array
antennas with rotational symmetry, just as the linear array is a building block of planar array
antennas. By studying circular arrays we can understand some basic aspects of conformal array
antennas, especially cylindrical and conical arrays and other shapes with rotational symmetry.

The term “ring array” is sometimes used instead of “circular array” to distinguish it from
a circular area filled with radiating elements, which is a circular planar array antenna (Figure
2.1(a)). We use the term circular array here, however, to mean an array of radiators distributed
with equal spacing along the periphery of a circle, as in Figure 2.1(b).

(a) Circular Planar Array (b) Circular Ring Array

Figure 2.1: Comparison of Circular Arrays.

Circular array antennas with uniformly spaced radiating elements and with equal amplitude
and phase excitation have long been used for the purpose of obtaining good omnidirectional
patterns in the plane of the array (usually the horizontal plane). Later applications include
phase-steered directional beams and arrays with several simultaneous beams, including
broadband circular arrays. A linear variation of phase along the array circumference was
analyzed in the 1930s. He demonstrated that a reduction in the elevation beamwidth and,
consequently, a concentration of the radiation in the horizontal plane could be achieved with
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this phasing arrangement, while still preserving an omnidirectional amplitude pattern in the
azimuth. This was expected to reduce fading in communication systems, since the interference
between a ground wave and signals reflected from the ionosphere was reduced, resulting in an
“antifading antenna”. In fact, the concept phase mode was introduced. Phase mode theory was
later used as an efficient tool for the understanding of the behavior of circular arrays and for
pattern synthesis and the use of directional elements has been shown to considerably improve
the circular array pattern bandwidth compared to using isotropic elements.

This generic array has elements equally spaced along the periphery of a circle (Figure2.2),
and the elements are excited with equal phase and amplitude.

(a) Local coordinates (b) Far-field coordinates

Figure 2.2: Cordinates for the Circular Array.

We will start by an analysis of the radiation in the plane that contains the array, which
we refer to as the azimuth (or horizontal) plane. Local coordinates on the circle are (R,
ϕ), the radius and angle, respectively (Figure 2.2 (a)). Far-field coordinates are indicated
by (r, θ, φ) (Figure 2.2 (b)). We will neglect mutual coupling effects, that is, we consider
element excitations (voltages or currents) as given or specified including the effects of mutual
coupling. Limiting the analysis to the azimuth plane only makes the circular array problem
a two-dimensional problem, that is, it has bearing on other two-dimensional problems like
cylindrical array structures.

The corresponding far-field expression for the circular array (Figure 2.3 (b)), in the azimuth
plane is

E(φ) =
∑
n

VnEL(φ− n∆ϕ)ejkR(cos(φ−n∆ϕ)) (2.2.1)

where the phase has been referenced to the center of the circle. Vn is the excitation
amplitude of element n and k is the propagation constant, k = 2π/λ. The identical elements
are spaced R∆ϕ along the circle, each element pointing in the radial direction. The element
function can, therefore, in general not be brought outside the summation, since it is a function
of the element position; there is no common element factor EL(φ). The radiation function is
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Figure 2.3: Part of a Circular Array.

the product of the element factor and the array factor but with dropped vector signs (overbar)
to simplify notation. Consequently, we can, in general, not define an array factor, unless
the elements are isotropic, that is, have isotropic (omnidirectional) radiation at least in the
horizontal plane. A typical example of the latter is an array of vertical dipoles with their axes
perpendicular to the array plane.

With the circular array, we can impose phase values to each element so that they add up
coherently in the direction φ0. We get the proper phase excitation (beam cophasal excitation)
for each element n by choosing

ψ(n) = −kRcos(φ0 − n∆ϕ) (2.2.2)

Thus, the radiation function for the focused, circular case becomes

E(φ) =
∑
n

|Vn|EL(φ− n∆ϕ)ejkR[cos(φ−n∆ϕ)−cos(φ0−n∆ϕ)] (2.2.3)

Sometimes, it is required to generate a beam with equal radiation in all directions in the
azimuthal plane (an omnidirectional beam). Circular arrays are particularly suitable for this
by virtue of their circular symmetry.
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2.3 Leaky-Wave Antennas

2.3.1 Introduction

Millimeter waveguides, such as coplanar lines, microstrip lines and dielectric guides, are open
structures where energy leakage is bound to occur. This leakage can occur, for example,
when there are discontinuities in the guiding structure, or perhaps when the guide is excited
in an inappropriate mode. In terms of antenna design, this energy leakage may be advan-
tageous and exploited. This is accomplished through intentionally creating discontinuities
in the guiding structure in such a manner that the radiation produced is controlled by the
antenna designer. These antennas are very suitable for integrated designs, seeing that they
are compatible with the waveguides from which they are derived, essentially limiting the
unwanted and imperfect transitions between guiding media. This property also eliminates the
requirement for complex and lossy feed networks present in other types of planar structures [24].

That is the reason why Leaky-wave antennas have received much attention in the recent
years for applications in the millimeter-wave ranges. In particular, the compatibility with
printed circuit board technology, their low profile, easiness of fabrication and integration with
other planar components are the strongest features of these antennas.

The analytical work on this class of antennas has been limited mainly to evaluation of
the leaky-mode propagation constants as a function of the geometrical parameters. From
a knowledge of the leaky-mode eigenvalue and its dependence on geometrical parameters,
the attenuation constant along the antenna can be designed to give the aperture distribu-
tion that will yield the desired radiation pattern. The aperture distribution is assumed to
be governed only by the power input at the antenna input and the attenuation constant
along the antenna. Although an aperture distribution calculated on the above assumption
is only approximate it still yields a pattern in good agreement with experimental measurements.

2.3.2 A brief Definition

Leaky-wave antennas belong to the travelling wave antenna class. Travelling wave antennas
are characterized by a simple feed launching one or more travelling wave modes in a guiding
structure [25]. The modes launched in the guiding structure can be classified as “slow” or
“fast”, if their phase velocity is respectively lower or higher than the free space velocity.
Surface wave antennas and slot arrays are also part of the travelling wave family, where surface
waves are examples of slow waves, whereas leaky waves are examples of fast waves. While they
share some defining features, their performance expectations and design methodologies differ.
The modes travelling in the guiding structure control the field distribution on the radiating
aperture of the antenna and then the radiation mechanism associated to the antenna.

On the other hand, travelling wave antennas that support surface waves, like surface wave
antennas, radiate power flow from discontinuities in the structure that interrupt the bound
wave on the antenna surface. The different radiation mechanism has direct effect on the
mismatch problems of the two structures.
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Focusing on the leaky-wave antennas, it is worth noting that the leaky mode is normally a
small degradation of the feeding mode coming from the feed and then no mismatch problems
are found at this point [26]. Moreover, as already addressed introducing the radiation
mechanism of these antennas, the leaky mode leaks power travelling along the structure and
then an insignificant amount of power is left by the time the wave reaches the end of the
structure. Even if reflected, this vestigial power cannot cause any serious mismatch problem.
Consequently normally leaky-wave antennas, if adequately fed, do not present any mismatch
problem, in contrast with the case of surface wave antennas where both the feed and the end
termination can pose serious design problems.

Mathematically, a leaky wave is treated as a guided complex wave and the resulting
radiation pattern is characterized by a complex propagation constant kt = βt − jαt with
|βt| lower than k0, the free space propagation constant. The leaky-wave mode then trav-
els in the guiding structure faster than the speed of the light and at the same time it
leaks energy in reason of the attenuation constant αt [27]. In the lossless case, this energy is
totally radiated by the structure and so the leaky-mode couples the guided power into free space.

As a subset of travelling wave antennas, leaky-wave antennas are further divisible into
two categories, namely one-dimensional and two-dimensional variants. Similar to other
travelling wave antennas, leaky-wave antennas radiate primarily in the endfire direction, but
they are very suitable for frequency scanning and as such are often implemented for this purpose.

2.3.3 Contextualization

In order to accomplish this project, some research has been presented in this section as a future
line of investigation about this issue.

1. For instance, related to the concepts established in this work, we will analyze the
concept of Conformal Tapered Leaky-wave Antennas [9], where the theory proposed
predicts the distortion in the radiation pattern (deviation of the scanning angle and
loss of directivity) due to the curvature of the antenna. This leads to the necessity
to taper the leaky mode in order to correct for the curvature [28–30], so that the
directive beam pointing at the desired scanning angle is recovered. A simple and
accurate design expression was derived with that purpose. To restore the desired narrow
beam pointing at the required scanning angle, the LWA must be tapered, therefore,
the developed theory was applied to the analysis and design of a conformal leaky-
wave antenna in hybrid technology. The simulated radiated patterns showed excellent
agreement with leaky-mode theory, validating the proposed analysis and design technique.

At the end, this novel theory provided an efficient and general tool to analyze curved
LWAs and to systematically design tapered conformal leaky-wave antennas that maintain
their desired high-directive scanning performance in spite of their curved shape.
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2. Another interesting example would be that one which offers a controllable transversely
polarized Leaky wave Applicator based on an Array of Asymmetric Troughguide An-
tennas to be involved with cancer therapy by using localized hyperthermia [31]. As a
bound-mode structure, the radiation characteristics were weakly affected by lossy tissue
loading. This applicator could be designed to closely simulate the theoretically optimal
cylindrical configuration.

In many ways, this antenna was an improvement over currently used applicators. It
has most of the advantages of microwave horns without the necessity of dielectric
loading. The troughguide is an electrically flexible linear array, and thus simplifies the
power-splitting and phase-shifting feed network. It also has a novel non-perturbing power
monitoring capability. With all these advantages, the troughguide appears to be a good
candidate for a microwave hyperthermia applicator.

3. In Unusual Tapering of Leaky-wave Radiators [8], leaky- wave modes must be tapered to
enhace the performance of leaky-wave radiators in order to control the amplitud and phase
of the radiated fields, with the final objective to tailor the far-field radiation diagram of
the near-fields power distributions and improve the performance of the antenna compared
to the nontapered counterpart. In this way, leaky-wave antennas with flexible control
over the scanning angle, main beam width rejection level out from the prescribed beam,
and insertion of radiation nulls should be designed. Also, the near fields can be tai-
lored to obtain focal region where the energy is concentrated, conceiving leaky-wave lenses.

Moreover, the unusual tapering technique are extensible to CLWA and LW lenses, while
keeping their respective far-field and near-field focusing properties where is required an
unusual simultaneous tapering of the leaky-wave leakage rate and pointing angle along
the leaky radiator.

There are several papers which also refer to this concept as [6,7,10], etc. It was fundamental
providing context for that issue since it will be our first starting point to keep developing this
idea of creating heating patterns while improving other disturbing areas of the phased array
of antennas. In conclusion section it will be explained in depth the proposed design and its
characteristics.
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Chapter 3

Structure Design

This chapter presents the initial structure design we have worked with and its features.
Subsequently, this structure will be optimized to achieve different results and the desired goals.

Figure 3.1 represents the structure which consist of a cylindrical wet clay sample covered
by a cylindrical metallic cavity (Microwave Oven) excited by several coaxial antennas.

As we are working in the microwave range, the operating frequency fo is 2.45 GHz.

Figure 3.1: Cylindrical microwave oven with cylindrical sample.
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3.1 Cylindrical Sample

The cavity is excited by 30 monopole antennas as shown in Figure 3.2 (b) in a top view.
Figure 3.2 (a) shows a CST model of the overall system.

(a) CST Structure Design (b) Matlab Structure Design

Figure 3.2: Simulation Structure in CST and Matlab.

3.1 Cylindrical Sample

This wet clay sample have the following dimensions: La muestra de arcilla mojada (wet clay)
posee las siguientes dimensiones:

Figure 3.3: Cylindrical Sample.

• DSAMPLE= 10 cm

• HSAMPLE= 2 cm

• Wet Clay properties:

– εr = 30

– tgδ =
5

30
=

1

6
= 0.16
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3.2 Coaxial Antenna

This figure illustrates a side view to define the coaxial monopole location and associated
dimensions:

Figure 3.4: Coaxial Antenna.

A standard BNC connector determines the coaxial feeding size.

• DCOAX= 2 cm

• dCOAX= 0.2 cm

• εrCOAX = 1

• HCOAX= 1.2665 cm

• HDOWN= 1.0665 cm

• HMONOPOLE= 0.2 cm

• dMONOPOLE= 3.56 cm

The monopole height and position, HMONOPOLE and dMONOPOLE , have been optimized
to provide good input matching at the design frequency of 2.45GHz.

Figure 3.5 shows the obtained input matching with CST after optimization, in the presence
of a single monopole antenna so that, no coupling can occur with other antennas waveports.
Return losses below -60dB are obtained, thus assuring good coupling to the cavity and efficient
transfer of energy to the lossy sample. We have to take into account that the sample has also
been chosen of cylindrical shape to keep the symmetry of the whole system.
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3.2 Coaxial Antenna

Figure 3.5: S11 parameters with DOV EN = 65.12 cm.

Furthermore, in free space conditions the antennas dimensions, or in this case, the coaxial
antennas measurements should be:

HMONOPOLE = dMONOPOLE =
λ

4
=

c
fo

4
= 3.06 cm

As it can be seen, dMONOPOLE = 3.56 ' 3 cm, however, HMONOPOLE= 0.2. The reason is
that in cavities theory, the antenna is not considered as such, but rather as a coupling circuit.
Thus, its optimum dimension depends on the cavity impedance itself, which makes the monopole
heigth less than λ/4 in some cases [32].

32



Chapter 3. Structure Design

3.3 Cylindrical Cavity (MICROWAVE OVEN)

The microwave oven design consist of a PEC cavity with interior vacuum, resulting:

Figure 3.6: Cylindrical cavity (MICROWAVE OVEN).

• HOV EN= 6.17 cm

- To avoid modes propagation, only TE011 mode. Moreover, HOV EN < λ0
2 = 6.122

cm because of the fundamental mode TE010.

Using the Resonant Frequency Equation [33]:

fnlq =
1

2π
√
µε

√(
ρ′nl
a

)2

+
(qπ
d

)2
(3.3.1)

In the TE011 mode, we want to obtain d which is HOV EN . It is known that
ρ′01 = 3.832, a = 30 cm (default cavity radius) and the Resonant Frequency is 2.45
GHz.

f011 =
1

2π
√
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a

)2

+
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a
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3 · 108

2π
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30 · 10−2
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(51.31268)2 =

(
3.832

30 · 10−2

)2

+
(π
d

)2

(51.31268)2 = 163.158 +
π2

d2

d =

√
π2

2595.085
=

π

50.94
= 6.167cm (3.3.2)

• DOV EN= 65.12 cm

- OR=32.56 cm obtained after an oven cavity radius optimization by a radius
sweep ROV EN = [15 − 35] cm to achieve S11 < −10dB at the resonant frequency
f0 = 2.45GHz and to assure a good electric field concentration in the sample using
an exciting coaxial antenna.
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Chapter 4

Results

This chapter presents the results of the electric fields created by each one of the individual
antennas obtained with CST whose data are extracted to be processed with Matlab. They
show the figures represented when only a single antenna is exciting the oven, as well as several
combinations of antennas create different heating distributions to further comment.

4.1 Simulations with a Single Antenna

Figure 4.1: Single Antenna Structure.

Figure 4.2(a) shows the transverse E-field intensity pattern when antenna number 1 is
excited (Figure 4.2(d)). As it can be seen, the transverse field component is evanescent and
the stored energy is concentrated around the antenna. On the contrary, the normal component
of the electric field (Ez according to the axes in Figure 4.1) is propagative, generating the field
pattern represented in Figure 4.2(b).
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4.1 Simulations with a Single Antenna

(a) Antenna 1 (b) Transverse E-Field Et

(c) Normal E-Field Ez (d) Power Loss Density in the region of sample

Figure 4.2: Field intensity pattern when only antenna 1 is excited.

Therefore, only the z-component of the electric field generated by the antenna propagates
and reaches the sample. Using the following well-known heating equation (4.1.1) , the power
loss inside the sample can be computed from the electric field intensity inside the sample
EzSAMPLE (x, y) and the sample loss factor ε

′′
r for the frequency of analysis [34]:

PLOSS(x, y) = ωε
′′
r ε0|EzSAMPLE (x, y)|2 (4.1.1)

Figure 4.2(c) represents the normalized power loss density in a zoomed region around the
sample (area of 6 × 6 cm2), showing the heating pattern inside the sample associated to the
excitation of antenna 1. This power loss pattern shows an uneven heating distribution when
antenna 1 excites the microwave oven.

Furthermore, it has to be illustrated that all the patterns drawn by Matlab are very similar
to the representation given by CST, so there is no doubt of the proper system operation. On
the next page, in figure 4.3, it can be seen how Electric Field, Power Flow (Poynting Vector)
and Power Loss Density of antenna 1 follow the same distribution although in some cases,
maximums and minimums are clearer using CST.
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(a) CST Electric Field (b) Matlab Electric Field

(c) CST Poynting Vector (d) Matlab Poynting Vector

(e) CST PLOSS Density (f) Matlab CST PLOSS Density

Figure 4.3: Comparison of the power loss density with CST and Matlab when Antenna 1 is
exciting the oven.
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4.1 Simulations with a Single Antenna

(a) Antenna 1 (b) Antenna 2 (c) Antenna 3

(d) Antenna 4 (e) Antenna 5 (f) Antenna 6

(g) Antenna 7 (h) Antenna 8 (i) Antenna 9

(j) Antenna 10 (k) Antenna 11 (l) Antenna 12

(m) Antenna 13 (n) Antenna 14 (o) Antenna 15

Figure 4.4: Power Loss Density (Antenna 1-15)
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(a) Antenna 16 (b) Antenna 17 (c) Antenna 18

(d) Antenna 19 (e) Antenna 20 (f) Antenna 21

(g) Antenna 22 (h) Antenna 23 (i) Antenna 24

(j) Antenna 25 (k) Antenna 26 (l) Antenna 27

(m) Antenna 28 (n) Antenna 29 (o) Antenna 30

Figure 4.5: Power Loss Density (Antenna 16-30)
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4.1 Simulations with a Single Antenna

Different heating spatial distributions inside the sample are obtained when other antennas
are used to feed the oven, as shown in Figure 4.4 and 4.5.

(a) Antenna 2 (b) Antenna 2 Pattern

(c) Antenna 4 (d) Antenna 4 Pattern

(e) Antenna 5 (f) Antenna 5 Pattern

Figure 4.6: Power loss Distribution of different Antennas

The power loss patterns are quite different when comparing the power distributions for
antenna 1 in Figure 4.2(d) with those for antenna 2, 4 and 5 in Figure 4.6(a,b,c), respectively.
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Chapter 4. Results

Nevertheless, he differences between some of the heating patterns are mainly due to
rotation created by the azimuthal symmetry of the antennas location and the oven and sample
cylindrical shapes (chosen like this to precisely assure that symmetry).

(a) Antenna 1 (b) Antenna 8

(c) Antenna 5 (d) Antenna 12

Figure 4.7: Symmetry between pairs of antennas

For instance, in the present figure if we take a closer view, the heating pattern for antenna
8 (Figure 4.7(b)), is similar to the one of antenna 1 (Figure 4.7(a)) but rotated 90o as it
corresponds to the relative positions of antennas 1 and 8 (Figure 3.2). Again, the power loss
density pattern for antennas 5 and 12 have similar but rotated distributions. Overall, looking
at the Figure 4.4 and 4.5 we will notice that antennas 16-30 (the second figure) presents even
the same patterns as in first (antennas 1-15), but with a 180o rotation.
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4.2 Combination of Antennas

4.2 Combination of Antennas

Now, we are going to discuss different cases when several antennas at the same time feed the
oven, an the different distribution presented depending on the antennas and their characteristics.

So that, if several antennas are excited at the same time, each one with a complex
weight Ci (with i = 1 . . . 30), which represents the amplitude and phase of each antenna
(Ci = Aiφi = Ai expjφi), the resulting electric field inside the sample is created by the complex
interference of each individual field, multiplied by the weight Ci :

ETOTALSAMPLE
(x, y) =

30∑
i=1

Ci · EizSAMPLE
(x, y) (4.2.1)

Using this total field in equation 4.2.1, the heating pattern due to power loss density inside
the sample can be computed for any combination of excitations in the proposed phased-array
microwave oven with the previous equation 4.1.1.

The following table describes different combination of antennas with different weights
Ci in order to create pattern shapes as uniformly as possible. In spite of the existence of
multiple combinations (so it is impossible to test all of them), in this table, only some examples
are summarized in order to discover how synthesize an algorithm to create patterns in the future.

CASE Excitation vector Ci

A Ci = 10o for all antennas i = 1...30

B C1 = 130o , C5 = 0.7−45o

C C1 = 1180o , C2 = 145o , C3 = 1180o ,C4 = 145o ,
C5 = 1180o , C6 = 145o , C7 = 1180o

D C1 = 10o , C2 = 130o , C7 = 160o ,C8 = 145o ,C9 = 160o , C10 = 130o , C14 = 10o ,
C16 = 130o , C17 = 160o , C22 = 145o , C23 = 160o , C24 = 130o , C25 = 10o , C29 = 130o

E C5 = 0.530o , C10 = 160o , C15 = 0.590o , C20 = 1120o , C25 = 0.5150o , C30 = 1180o

F C1 = 0.70o , C7 = 0.3545o , C13 = 0.790o ,C19 = 0.35135o ,C25 = 0.7180o

G C3 = 0.10o , C6 = 0.5180o , C9 = 0.10o , C12 = 0.3180o , C15 = 20o ,
C18 = 0.1180o , C21 = 0.50o , C24 = 0.1180o , C27 = 0.30o , C30 = 2180o

Table 4.1: Excitation vector Ci for different cases studied.

The figures presented on next pages show the power loss distributions obtained with Matlab
for different combinations of the antennas complex weights Ci. These results were compared
with those obtained directly from CST when using the “Combined Results” option, showing
identical power loss pattern. Our preliminary results demonstrate different heating patterns
synthesis as it will be seen on the following pictures.
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Chapter 4. Results

It must be mentioned that the advantage of using Matlab instead of CST for the
post-processing, resides in the capacity to generate a simple script file to apply a minimax
function [35] using the combined field (equation 4.2.1) and a goal heating power distribution.

This way, the weights Ci can be numerically optimized to synthesize a desired heating
pattern. The best-case scenario would be that one in which the individual antenna
fields at the sample EizSAMPLE

(x, y) would form a complete and orthogonal basis, so that,
any power loss pattern could be created inside the sample. Thus, we are developing such
numerical optimization technique to synthesize different objective shapes in the heating pattern.

• CASE A

(a) Antennas Case A (b) PLOSS Case A

Figure 4.8: Normalized Power Loss Density for CASE A.

For instance, when all the antennas are uniformly and in-phase fed (case A in Table 4.1),
a heating pattern concentrated in the center of the sample with two lobes is created as
shown in Figure 4.8. However, it presents a minimum just in the center of the figure, so
it would be interesting to get the center properly heated (as we discuss in other cases).

On the contrary, other phased-array combination as the one of case B in Table 4.1, provide
higher heating in the outer region of the sample as shown in Figure 4.9 or 4.10. By phasing
the array of antennas, the patterns obtained can be rotated, so that different inner or outer
regions of the sample can be heated.
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4.2 Combination of Antennas

• CASE B

(a) Antennas Case B (b) PLOSS Case B

Figure 4.9: Normalized Power Loss Density for CASE B.

• CASE C

(a) Antennas Case C (b) PLOSS Case C

Figure 4.10: Normalized Power Loss Density for CASE C.

Unlike the heating distribution of case A (Figure 4.8) which showed two lobes when all
the antennas were exciting the oven, in this cases different patterns can be seen. In case
B (Figure 4.9) only with two antennas involved, the pattern seems so distinct maybe
because of the variation of amplitude and phase of the antenna 5 (C5 = 0.7−45o).

However, in case C (Figure 4.10) as antennas 1 to 7 are activated, the heating distribution
seems to be focussed on that part of the sample and a little in its center.
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Chapter 4. Results

• CASE D

(a) Antennas Case D (b) PLOSS Case D

Figure 4.11: Normalized Power Loss Density for CASE D.

• CASE E

(a) Antennas Case E (b) PLOSS Case E

Figure 4.12: Normalized Power Loss Density for CASE E.

This time, when trying to combine patterns of Figure 4.4 and 4.5 in Figure 4.11 (case
D), heating focusses on the north-east and south-west region and again presenting two
lobes in the center.

In case E (Figure 4.12), it could be considered that the pattern shape is similar to an
“airscrew” or a “X ” providing a squared distribution in the middle of the sample with
four minimums.
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4.2 Combination of Antennas

• CASE F

(a) Antennas Case F (b) PLOSS Case F

Figure 4.13: Normalized Power Loss Density for CASE F.

• CASE G

(a) Antennas Case G (b) PLOSS Case G

Figure 4.14: Normalized Power Loss Density for CASE G.

Finally, other examples of different heating patterns are case F and G (Figure 4.13 and
4.14). In one hand, the first picture (case F) shows six maximums well distinguished
shaped like a “wheel”, 6 minimums in the azimuthal region and three in the radial one
while five antennas feed the oven forming a pentagon.

On the other hand, case G is one of the most interesting distributions due to the fact that
the sample’s center is properly heated just right in that spot, so changing the exitation
weights and testing them following this path, we could finally understand the behavioural
pattern of this array of antennas.
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Chapter 4. Results

4.3 Creating a GUI (Graphical User Interface) with Matlab

In spite of the fact that all of these results discussed in this chapter could have been illustrated
by creating functions and programming in Matlab as usual, in order to make easier, faster and
more visual all of them, a GUI with Matlab has been created to this aim.

Furthermore, this section has helped to learn more about Matlab and overall to systematize
the whole process to finally get the results and to accelerate it.

By using the guide proposed by Matlab, the implementation of this interface has been
possible.

Figure 4.15: GUI of Matlab.

The data exported from CST are loaded from the beginning to be processed in the interface
program.
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4.3 Creating a GUI (Graphical User Interface) with Matlab

• Antennas

In the interface we can modify the amplitude and phase of each antenna. We can select
one antenna or the combination of antennas we want by pushing the check buttons and
editing their amplitude and phase. After the selection, to store the excitation vector (Ci)
the Apply button has to be pushed.

• Results

It can be chosen what kind of result we want to show. Ez represents the Electric field
of the cavity and sample, Et the transversal component, and Power Loss the heating
distribution in the whole cavity. Zoom is used to see the power loss distribution only in
the region of the sample. Button Draw is selected when we can see the figure painted.

Normalize, Log Scale are used to change the scale of the axis, and Show Antennas
represents the Matlab Structure with the numbered antennas.

• SAVE, LOAD, RESTORE

Button Save consist in saving the picture results in a figure.

Load, as his name says, loads a file (with a predetermined excitation vectors) in the
directory we choose to directly show a defined pattern instead of modifying them in the
interface.

Finally, Restore button is used to refresh and clear all data and to start again from zero.

As it can be observed, this interface is simple and practical to use and it provides the user
saving working time, what happens within long and complicated programs.
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Chapter 5

Conclusions and Future Work

Along this project, it has been demonstrated the capability to shape the heating spatial
distribution inside the lossy cylindrical sample, using a cylindrical phased-array antenna
feeding a cylindrical microwave oven designed and optimized to provide the best results as
possible.

By properly selecting the excitation of each individual radiator, changing its amplitude
and phase, different heating profiles can be obtained thanks to the generation of dissimilar
interference patterns inside the sample and after taking advantage of the symmetry of the
cavity and the sample.

It must be noticed that all these results were obtained for coherent radiation using the same
frequency (2.45GHz) for all the antennas, so that interference patterns are created inside the
sample. This coherent single-frequency interference technique can be combined with multi-tone
heating techniques, so that the fields for each frequency are power-additive, and a large variety
of heating power distributions can be obtained. Future work will develop that synthesis
techniques as the one proposed in [10] using minimax functions [35], in order to systematically
optimize the radiators excitation factors Ci (amplitude and phase) which provide a desired
heating pattern.

Besides, such a simple, low-cost microwave system would be beneficial to applications
where controllable custom-made heating patterns must be created inside the sample to
be heated. In this case we have modified the exitation vectors to create different pat-
tern, however, it would be necessary the development of some algorithm that creates and
synthesize a desired pattern and give us those weights to manipulate and optimize the
good performance of the design to be able to heat a sample the way we want. Hence, that
would be innovative for several microwaves applications as hyperthermia in treatment of cancer.

Moreover, continuity restrictions will be forced between adjacent radiators, so that a
leaky-wave antenna topology can be used instead of a phased-array antenna. In this way,
a single excitation port could create a similar focusing pattern following the methodology
developed in [8, 9], avoiding much more complicated power distribution networks associated to
phased-arrays [2–4].
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We are presenting an idea to develop in the future, which consist in a cylindrical slotted
Leaky-wave antenna or a Meandered (Long Slotted) LWA [36] in order to improve the design
proposed in this work and taking into account the advantages of this kind of antennas in
contrast with the array exposed.

This cylindrical slotted LWA composed of 30 horizontal slots is fed by a single input port
(excited by TE10 mode). The amplitude and phase of the 30 radiating slots can be controlled
by proper selection of the slots position and size, and the feeding waveguide width instead of
the problems that causes selecting every single antenna one by one.

The most important benefit of this initial and preliminary design is that the more compli-
cated distribution network to feed a phased array of 30 individual antennas can be avoided.

Figure 5.1: Cylindrical Slotted Leaky-wave Antenna.
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