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ABSTRACT 

Hyperthermia using electromagnetic energy has been proven to be an effective method in the 

treatment of cancer. Hyperthermia is a therapeutic procedure in which the temperature in the tumor 

tissue is raised above 42˚C without causing any damage to the surrounding healthy tissue. This 

method has been shown to increase the effectiveness of radiotherapy and chemotherapy. Radio 

frequencies, microwave frequencies or focused ultrasound can be used to deliver energy to the 

tumor tissue to attain higher temperatures in the tumor region for hyperthermia application. 

In this dissertation the use of a near field focused (NFF) microstrip antenna array for the treatment 

of stage 1 cancer tumors in the breast is proposed. The antenna array was designed to operate at a 

resonant frequency of 2.45 GHz. A hemispherical two-layer model of breast consisting of fat and 

glandular tissue layer was considered. The tumor, of the size of a typical stage 1 cancer, was 

considered at different locations within the breast tissue. The permittivity and conductivity of the 

breast and tumor tissue were obtained from literature. For a specific location of the tumor, the NFF 

array is positioned outside the breast in front of the tumor. The radiation from the array is focused 

onto the tumor and raises the temperature of the tumor. Regardless of the position of the tumor, 

when placed at the right distance, the array produced a focused spot at the tumor without heating 

the surrounding healthy tissue. Different placement locations of the antenna array were studied to 

analyze the depth of the focused radiation region. The antenna array can be placed on a rotating 

arm allowing it to be moved around the breast based on the tumor location. Results for the power 

density distribution, specific absorption rate and temperature increase in the tumor and surrounding 

breast region are presented.  
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CHAPTER 1: INTRODUCTION 

Rapid technological advances in radio frequency, microwave technology and 

computational techniques have opened a new realm of new therapeutic and diagnostic methods. 

RF/ microwave frequencies find applications in areas such as cancer therapy, cardiology, surgery 

and diagnostic applications such as cancer detection, MRI and more. Electromagnetic signals have 

the advantages of low health risk, low cost to implement, low operational cost, easy to use, and 

user friendly [1]. Electromagnetic signals have the capability to be transmitted, guided and 

focused.  

Bioelectromagnetics rely on the property of electromagnetic waves to transmit or receive 

without making a direct contact at the point of interest. Bioelectromagnetic applications are 

affected by the dielectric nature of the human body, body size and tissue properties. The lossy 

nature controls the penetration of electromagnetic fields into the body. The penetration of 

electromagnetic fields also depends on the applied frequency. At high frequencies, the field 

penetration to the interior of the body is less, while the penetration is more at low frequencies. But 

at low frequencies the fields are not focused or localized.  

1.1. Biomedical applications of Radiofrequencies and microwave frequencies 

  Radio frequencies as low as 400 KHz to microwave frequencies and milli meter wave 

frequencies are currently being used for therapeutic applications such as cancer diagnostic 

application, skin cancer detection and cancer therapy. The frequency range that receives the most 

attention for biological interaction is the microwave frequency spectrum from 300 MHz- 10 GHz 

[2]. The attractive feature of RF/ microwave frequency is that they are non-ionizing.  
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 Antennas for biomedical applications can be broadly classified into two different types: 

antennas for diagnostic imaging and antennas for therapeutic applications. 

1.1.1. Antennas for diagnostic imaging 

 Antennas for diagnostic applications are usually placed outside the body as noninvasive 

applicators or can be placed in direct contact with the body. Diagnostic applications usually include 

monitoring the physiological movements and measuring and detecting vital signs such as pressure 

and temperature variation, heartbeat, respiratory rate etc. in the human body. Magnetic resonance 

imaging (MRI) uses radio frequency and strong magnetic field to create detailed image of internal 

organs and tissues within the body and offers much distinct advantages when compared to other 

imaging modalities. Antennas used for sensing applications passes a beam of electromagnetic 

energy to the desired tissue and the reflected signal from the body is processed to get the 

information about the target [3]. Microwave tomography supplements current clinical techniques 

of deep brain tissue imaging and stroke detection. It exploits the principle of dielectric permittivity 

variation among the different tissue region to reconstruct the image associated with it [4, 5].   

1.1.2. Antennas for therapeutic applications 

 Antennas for therapeutic applications can be classified into antennas for hyperthermia 

cancer treatment and antennas for ablation treatment. Hyperthermia treatment uses high 

temperature to selectively kill the tumor cells without causing any damage to the surrounding 

normal tissue. Poor blood circulation in tumor helps to accumulate heat in the tumor to destroy it. 

Patch antennas, waveguide antennas and phased arrays have been proved to be effective in 

hyperthermia treatment [6]-[8]. Antennas for ablation treatment mainly use interstitial antennas to 

raise the temperatures up to 50-90 ˚C applied for a shorter duration of time. They are mainly used 
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to treat cardiac arrhythmia or endometrial disorders. Catheter ablation is an invasive procedure 

used to remove a faulty electrical pathway from the heart of those who are suffering from cardiac 

arrhythmia. Embedded antennas are usually used for ablative treatment, where they are inserted 

through flexible catheters into the blood vessels [9]. The performance of these antennas involves 

solving Maxwell’s equation together with bioheat equation considering the effect of the 

electromagnetic source and the target tissue to be treated. 

1.2. Motivation 

 According to the studies conducted by American Cancer Society, cancer is considered as 

the second leading cause of death in United States [10]. Surgery, chemotherapy or radiation 

therapy are used for the treatment for cancer. Hyperthermia has been proved to enhance the effects 

of chemotherapy and radiotherapy without causing any side effects. Many clinical trials in a variety 

of tumor types show the potential of hyperthermia to improve both local tumor control and survival 

after radiation therapy [11, 12]. Hyperthermia can be applied to a local region, a specific part of 

the body or the entire body. The purpose of hyperthermia is to elevate tumor temperatures to the 

order of 42- 45˚C.  

 Two major problems associated with hyperthermia are supplying uniform heating over the 

entire target volume and heating a deeply located tumor in a controlled and localized manner. It 

should be ensured that whole of the cancerous tissue reaches the desired therapeutic temperature 

and is destroyed. Also, when treating deep tumors, other nearby healthy tissue regions should not 

be affected. The effectiveness of treatment depends on the type and size of the applicator, duration 

of treatment, frequency of applied energy and dielectric permittivity of the tissue to be treated.  
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 The aim of this research is to investigate the use of hyperthermia for breast cancer 

treatment. A near field focused antenna array was designed and the electromagnetic energy from 

the antenna array was used to produce a small focused spot sufficient enough to treat a stage I 

breast cancer without causing any damage to the surrounding healthy breast tissue. The antenna 

array to be used for the treatment is compact and can be used non-invasively without causing any 

discomfort to the patient.  

1.3. Dissertation outline  

 This dissertation consists of 7 major sections. The first chapter is an outline of the 

applications of radio frequency/microwave frequency in medicine. It presents an overview of 

hyperthermia treatment method for cancer and the motivation behind this research.  

 Chapter 2 covers the biological and electromagnetic characteristics of hyperthermia. This 

chapter deals with the propagation of electromagnetic waves in biological tissues and the changes 

in the wave property with the electrical parameters of human body. 

 Chapter 3 deals with the different type of hyperthermia applicators and their properties. It 

also explains the process by which the different applicators achieve the required temperature 

needed for hyperthermia. This chapter also covers the heat transfer process in microwave 

hyperthermia using the Penne’s bioheat equation.  

 Chapter 4 introduces the grid antenna array proposed for hyperthermia treatment. The 

advantages of grid antenna array for this application are explained and the effect of applicator on 

a breast and tumor model is studied. 
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 Chapter 5 proposes a near field focused antenna array for hyperthermia treatment. The 

antenna array was used to treat a spherical tumor in a hemi-spherical breast tissue and the results 

for power density, specific absorption rate and temperature increase are presented. 

 Chapter 6 outlines the conclusion of this dissertation. 
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CHAPTER 2: BIOLOGICAL AND ELECTROMAGNETIC ASPECTS OF 

HYPERTHERMIA 

2.1. Biological effects of microwave frequencies 

 The biological effects of microwave frequencies depend on the dielectric fields inside the 

body. The intensity of electric fields inside the body is determined by the frequency of the applied 

field, polarization, size, shape and dielectric properties of the body [13]. The depth to which 

microwaves can penetrate the body is a function of the electric and magnetic properties of the body 

and the frequency of the applied microwave power. At lower frequency, the depth of penetration 

is more due to skin effect. For a given frequency, the depth of penetration is inversely proportional 

to the water content in the tissue. Lower the water content in the tissue, deeper will be the depth 

of penetration.  

 When electromagnetic waves travel from one medium to another, boundary conditions 

need to be satisfied at the interface of two different materials. These conditions determine the 

behavior of the wave interactions in biological system. Biological materials are lossy and hence 

power will be deposited in the lossy material as the wave propagates through it. If power is 

deposited in the material, the material will heat up and this is the basic principle used in 

hyperthermia application.  

2.2. Electromagnetic wave propagation  

 The human body is an inhomogeneous lossy dielectric material. This lossy nature affects 

the way in which the electromagnetic wave propagates through human body. As the wave 

propagates through the body, power will be deposited in the body allowing it to heat up.  This 
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property allows RF/ microwave frequency to be used for hyperthermia application which will be 

described in detail in a later chapter.  

In a lossy biological material as the wave propagates through the tissue, its magnitude 

decreases exponentially. A propagating electromagnetic wave along z direction is of the form  

𝑬(𝒛)⃗⃗⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐸(0). 𝑒−𝛼𝑧 . sin(𝜔𝑡 − 𝛽𝑧) �̂�      (1) 

where α represents the attenuation constant and 𝛽  is the propagation constant in the medium. E 

(0) is the incident field at the surface of the body and z is the distance the field penetrated the body.  

 The attenuation constant denotes the rate at which the wave attenuates as it propagates 

through the medium. It is a function of permittivity and conductivity of the material and the 

frequency of the electromagnetic wave. The attenuation constant is given by 

𝛼 = 𝜔√
𝜇′𝜀′

2
 (√1 + (

𝜎𝑒𝑓𝑓

𝜔𝜀′ )
2

− 1)           (2) 

where σeff is the effective conductivity, 𝜔 is the frequency of the propagating electromagnetic 

wave, μ′and ε′ represents the real part of complex permittivity and permeability of the material. 

Biomaterials are non-magnetic and hence μ′ = μ0. From equation (2), it is seen that the attenuation 

increases with increase in conductivity and frequency.  

The propagation constant denotes the amount of phase shift a propagating wave undergoes 

as it propagates through the medium. This constant is also a function of permittivity, conductivity 

and frequency. The propagation constant is given by  
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𝛽 = 𝜔√
𝜇′𝜀′

2
 (√1 + (

𝜎𝑒𝑓𝑓

𝜔𝜀′ )
2

+ 1)        (3) 

The attenuation, 𝛼 is used to determine an important parameter called skin depth. Skin 

depth is defined as the distance within the material that the wave propagates before its magnitude 

has dropped to about 37 % of its original value. The skin depth is given by 

𝛿 =
1

√𝜔𝜇𝜎/2
           (4) 

where σ is the conductivity, 𝜔 is the frequency of the propagating electromagnetic wave and 

𝜇  represents the permeability of the material. The skin depth decreases when the frequency 

increases and is inversely proportional to the square root of frequency and the conductivity. This 

implies that, when high frequency microwaves are used for medical application, the smaller will 

be the depth of penetration. When a human body is subjected to a microwave field, the internal 

organs are not affected if higher frequencies are used.  

2.3. Layered body model and wave propagation 

The electrical properties of human body are described in terms of permittivity and 

conductivity. These properties of biological tissue are mainly determined by the water content in 

the tissue. Biological tissue can be classified as tissues with low water content and high-water 

content [14]. Low water content tissues have comparatively low permittivity and conductivity, 

which leads to reduced attenuation, when penetrated by an applied electromagnetic wave [15]. Fat 

or breast tissue, bone and inflated lungs are all examples of low water content tissue. Skin and 

muscle are examples of high-water content tissue. 
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To characterize the wave propagation and absorption of electromagnetic field inside human 

body, a simple three-layer tissue model as shown in Figure 1 is used for basic analysis. 

Electromagnetic fields can be transmitted from the exterior to the interior of the body through the 

different layers of the body. Each layer has a permittivity and conductivity which are frequency 

dependent. The typical thicknesses of the layers are given in [16]. The field will be attenuated by 

the lossy tissues and reflections occur within the layers. Required boundary conditions need to be 

satisfied at the interface between the layers. The absorbed fields in the fat layer will be much larger 

than the field in the skin and muscle layer due to the low permittivity of the fat layer. These higher 

field concentrations heat up the fat layer producing surface heating. 

 

 

 

 

Figure 1: Layered planar tissue model 

Table I presents the permittivity and conductivity of some of the body tissues at 900 MHz, 

1.8 GHz and 2.45 GHz [16]-[18]. 
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Table 1. Dielectric properties of body tissues 

Tissue 

type 

900 MHz 1800 MHz 2450 MHz 

Permittivity Conductivity 

(S/m) 

Permittivity Conductivity 

(S/m) 

Permittivity Conductivity 

(S/m) 

Skin 41.4 0.87 38.9 1.18 38 1.46 

Fat 5.42 0.05 5.27 0.09 5.15 0.14 

Muscle 55 0.94 53.6 1.34 52.7 1.74 

Bone 12.5 0.14 11.8 0.28 11.4 0.39 

Breast 5.42 0.049 5.27 0.09 5.15 0.14 

Heart 59.9 1.23 56.3 1.77 54.8 2.26 

Lungs 36.7 0.66 35.2 0.96 34.4 1.24 

Liver 46.8 0.85 44.2 1.29 43.0 1.69 

Kidney 58.7 1.39 54.4 1.95 52.7 2.43 

 

When a propagating electromagnetic wave travels from one medium to another, the waves 

can get reflected, transmitted or absorbed depending on tissue conductivity, permittivity and the 

frequency of the source. The waves undergoing reflections at the tissue layer interface can create 

standing waves and increased energy absorption in some of the layers based on the permittivity 

and conductivity of the layers. This absorbed energy is converted into heat. Energy absorbed will 

be high in tissues with high water content than in tissues with low water content. 
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2.4. Energy absorption 

 As the electromagnetic wave propagates through a biological medium energy is absorbed 

by the medium as discussed above. This absorbed energy is quantified in terms of specific 

absorption rate or SAR. SAR is directly proportional to the effective conductivity of the tissue. 

Specific absorption rate is defined as the rate at which energy is absorbed by the body when 

exposed to electromagnetic fields. It is defined as transferred power divided by mass of the object.  

  𝑆𝐴𝑅 =
𝜎𝑒𝑓𝑓𝐸𝑟𝑚𝑠

2

𝜌
  W/Kg       (5) 

where 𝜌 denotes the mass density of the object and Erms is the rms value of the electric field and 

𝜎𝑒𝑓𝑓 is the effective conductivity.  

 SAR tells us how much energy is absorbed by the body, when an electromagnetic wave is 

incident on the body tissue. Different permittivity and conductivity of the various tissues of the 

body make the SAR values vary throughout the body. Several methods of SAR determination are 

based on thermal measurements, when a tissue is exposed to RF or microwave energy. The rate of 

temperature change in the tissue exposed to microwave energy is related to SAR as  

∆𝑇

∆𝑡
=

𝑆𝐴𝑅

𝐶
        (6) 

where  ∆𝑇 is the temperature increase, ∆𝑡 is the duration of exposure and C is the specific heat.  

The thermal effects resulting from the absorption of electromagnetic waves inside 

biological tissue is described in terms of bioheat equation. The levels of SAR influences thermal 

effects. One W/Kg of SAR generates an increase of 1℃ in the human body.  
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Even though electromagnetic energy provides several benefits, it also constitutes hazards 

to individuals through uncontrolled and excessive emissions. A limit needs to be set on the amount 

of exposure that individuals can accept safely, and these limits are frequency dependent. At higher 

frequencies, the depth of penetration is less, radiation is limited to superficial tissue layers. The 

limits of energy absorbed is usually defined in terms of 1 or 10 g of tissue. Guidelines for limiting 

electromagnetic exposure provide protection against adverse health effects.  

In conclusion the electrical properties of tissue such as permittivity and conductivity 

control the behavior of propagation in tissues. Choice of antenna types for biomedical application 

considers factors such as frequency of operation, time duration of exposure, the type of tissue that 

needs to be treated etc. The medical devices using microwaves depend mainly on the ability of 

microwaves to penetrate deeply into the living tissue. 
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CHAPTER 3: OVERVIEW OF HYPERTHERMIA  

3.1. Hyperthermia 

 Hyperthermia is a therapeutic procedure used for the treatment of some case of cancer. It 

is used to raise the tumor temperature to a higher value than the surrounding normal body tissues 

to destroy the cancerous cell. It involves achieving and maintaining temperatures of the order of 

42-45 ̊ C for several minutes at the tumor location. A higher level of water content present in tumor 

cells increases its conductivity leading to higher absorption of electromagnetic energy. The use of 

heat to destroy tumors dates back to hundreds of years. In addition to killing the tumor cells, 

hyperthermia treatment has also been shown to increase the effectiveness of chemotherapy and 

radiotherapy [19].  

 Heat is generated, when electric dipoles in the tissue oscillate in response to an applied 

electric field, generated by the applied electromagnetic energy. This heating is proportional to the 

permittivity and conductivity of the tissue. As the frequency of electromagnetic wave increases, 

the wave will not penetrate to an appreciable depth and hence heating cannot be achieved in deeper 

region of the tissue. For lower frequency applications, field can penetrate well into the body with 

little control and spread widely. A trade-off between penetration and focusing, low and high 

frequencies and controlling the power within the body needs to be considered when selecting 

applicators for hyperthermia for cancer therapy.  

Hyperthermia can be performed on the whole body, or be regional or localized, depending 

on the size of the tissue region to be heated. In whole body hyperthermia, the entire body 

temperature is raised to 42 ˚C, which may be uncomfortable for the patient and tumors may not 
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reach the required temperature. Regional hyperthermia heats moderately large volumes including 

the cancerous region and the surrounding healthy tissue. In localized hyperthermia, only the local 

tumor region is heated and is mainly used for the treatment of surface tumors.  

 Two most important challenges associated with hyperthermia for cancer treatment, are 

providing uniform heating of the entire target volume to ensure that all the tumorous tissue reach 

the required temperature to destroy it and at the same time not overheat the surrounding healthy 

tissue region. Quality of hyperthermia treatment depends on achieving higher tumor temperatures 

and treatment planning. Clinical applications of hyperthermia treatment planning are proper 

selection of applicator, analysis of heating ability and online treatment guidance. Ongoing 

developments of treatment planning focus on dielectric imaging, advanced thermal modelling and 

biological modelling to predict the radiation effect in terms of equivalent radiation dose needed 

[20].    

3.2. Hyperthermia applicators 

 Hyperthermia applicators can be broadly classified into noninvasive and invasive 

applicators. Non-invasive applicators use external devices to produce the electric field, while 

invasive applicators penetrate the body through skin or other natural body opening.  

 Based on the mechanism used for heating, they can be classified as capacitive applicators, 

inductive applicators and radiative applicators. Each of these will be discussed in the next section. 

3.2.1. Capacitive applicator 

 These applicators are normally used for deep heating and the applied frequency is relatively 

low. An example of this type of applicator is presented in [21]. Here RF current flow is produced 
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by a pair of capacitively coupled electrodes and heating is achieved in the center portion of the 

phantom without causing any superficial heating. The advantage of capacitive applicator is its 

simplicity and the ability of the electrodes to curve to match the skin’s contour. A common 

disadvantage of these type of applicator is that they burn the superficial areas of the body when try 

to heat the deeper tissue. To reduce the risk of skin burn, a water bolus can be placed between the 

electrodes and the tissue region.  

3.2.2. Inductive applicator 

 An inductive applicator uses an external coil to produce a magnetic field inside the body. 

The magnetic field by itself will produce no heating, but when there is a time variation of magnetic 

field, it will induce an internal electric field for heating. These applicators are designed to operate 

at low to moderate frequencies and typically operate at frequencies of the order of 13 to 27 MHz.  

Since they are operating at a low frequency, they are mainly used for deep tumor heating. One of 

the major disadvantages of inductive applicator is that the E field pattern is not optimum for deep 

heating of the tissue. The heating pattern has a parabolic shape. Surface heating is another 

important problem associated with inductive applicators. In [22] a heat focusing method onto a 

deeper portion of the phantom using a pair of inductive aperture type applicator is well explained.  

3.2.3. Radiative applicators 

 These types of applicators rely on the coupling of electric field and magnetic field to 

deposit electromagnetic energy into the tissue for both surface heating and deep tissue heating. 

When localized surface heating is needed, they operate at higher frequencies and for deeper 

penetration they operate at lower frequencies.  They use either a waveguide applicator or a patch 

antenna applicator. For heating large tissue volumes, low frequency radiators are used. Deep body 
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heating is achieved with an array of antennas to focus the heat energy to the desired tumor region. 

At low frequencies the penetration depth is less, and the applicator becomes bulky. Localized 

heating is hard to achieve at low frequency. No localization of heat at deeper tissue regions is 

possible with these types of applicators. 

3.2.4. Invasive applicators 

 To obtain localized heating pattern at deeper tissue regions, invasive applicators are used. 

They can be inserted using flexible catheters into the blood vessels or directly through skin. They 

usually use a single antenna or one or more antennas around the tumor region. In [23],  a floating 

sleeve coaxial dipole antenna is used to achieve localized SAR pattern for hepatic microwave 

ablation. The advantage of the interstitial applicator is that localized heating can be achieved in a 

smaller volume at greater depths. 

3.3. Antenna array applicators for hyperthermia  

  A literature review of antenna arrays used for hyperthermia treatment and operating in the 

near field region was done and is summarized in Table 1. The Table shows their frequency of 

operation, the type and size of the array and the targeted tissue region. In addition, it shows whether 

any matching medium was used with the applicator to provide impedance matching and how far 

the applicator was positioned from the tissue. In each case the type of result considered are shown.  
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Table 2. Antenna arrays reported for hyperthermia operating in the near field region 

Freq. Tissue type Size Array Position 

from 

tissue 

Matching 

medium 

Results 

presented 

915 

MHz 

 

[24] 

 

Breast 

15 cm 

cylindrical 

cavity  

Tapered 

microstrip 

patch (12 

element 

array) 

Breast in 

prone 

position 

7.5 cm 

 

 

Water bolus 

 

Power 

distribution 

915 

MHz 

 

[25] 

 

Arm 

 

17 cm dipole 

antenna 

8 dipoles in 

circular array 

of diameter 

22 cm 

 

 

2 cm 

 

 

Water bolus 

 

E-field 

distribution 

433 

MHz 

[26] 

 

Homogeneous 

Fat 

Microstrip 

Patch 

(56 cm x 50 

cm) 

 

4 x 2 planar 

array 

 

174 mm 

 

Water bolus 

 

SAR 

distribution 

915 

MHZ 

[27] 

 

Breast 

 

Waveguide 

(size not 

reported) 

 

2 waveguide 

arrays 

2 -3 mm 

from 

patient 

skin 

 

No 

 

E-field 

pattern 
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434 

MHz 

[28] 

 

Four-layer 

tissue 

 

13cmx 13cm 

 

Single patch 

 

2.7 mm 

 

Water bolus 

 

SAR 

distribution 

 

 A similar survey was conducted for antenna arrays operating in the far field region and is 

summarized in Table 2. The Table summarizes the frequency of operation of the array, the type of 

array used and its size and the tissue region that was targeted. In addition, it shows whether any 

matching medium was used with the applicator for impedance matching and how far the applicator 

was positioned from the tissue. In each case the type of result considered are also shown.  
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Table 3. Antenna arrays reported for hyperthermia operating in the far field region 

Frequency Tissue 

type 

Size Array Position 

from 

tissue 

Matching 

medium 

Results 

Presented 

 

2.45 GHz 

[29] 

 

Muscle 

 

20 mm x 

14 mm 

 

4 horn 

antennas 

 

89 mm 

 

Water 

bolus 

 

Power 

pattern 

 

4.2 GHz 

[30] 

 

Breast 

 

45mm x 

45mm 

 

 

4 sub 

arrays 

(3 tapered 

slot 

antennas) 

 

80 mm 

 

No 

 

Radiation 

pattern & 

SAR 

 

433 MHz 

[31] 

 

Head 

and 

neck 

28.7 mm x 

8 mm 

patch 

 

12 (2rings 

of 6 each) 

 

40 mm 

 

Water 

bolus 

 

E-field 

 

4.86 GHz 

[32] 

Breast 150 mm x 

175 mm 

Grid array 60 mm No Radiation 

pattern 
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3.4. Thermal effects of hyperthermia 

In biological tissue, the absorption of electromagnetic energy produces an increase in its 

temperature. The thermal effects due to the exposure to electromagnetic energy is described in 

terms of Penne’s bioheat transfer equation. The equation describes the magnitude of heat transfer 

between tissue and blood and is used to solve the temperature distribution for thermal therapy [33]. 

The bioheat equation gives the relationship between time rate of heat accumulated per unit volume 

at a point inside the body and the corresponding time rate of temperature increase.  

3.4.1. Penne’s bioheat equation 

 Once the electromagnetic field inside the target tissue is defined, the corresponding 

temperature increase due to the absorbed electromagnetic field can be described using equation 

(7) shown below: 

𝜌𝑐
𝜕𝑇

𝜕𝑡
= 𝛻. (𝑘𝛻𝑇) + 𝜌𝑏𝑐𝑏 𝜔(𝑇𝑎 − 𝑇) + 𝑞𝑚𝑒𝑡 + 𝑄𝑒𝑥𝑡        (7) 

where ρ denotes the tissue density, T is the temperature inside the medium, c denotes the tissue 

specific heat, k is the tissue thermal conductivity, ω is the blood perfusion rate, ρb is the density of 

blood, cb is the blood specific heat, Ta is the arterial blood temperature, qmet denotes the volumetric 

heat generation due to the basal metabolism and Qext denotes the heat generated by the external 

source, which in this case is the electromagnetic energy absorbed by the tissue. The heat generated 

by the absorption of electromagnetic energy, Qext is given by equation (8) as  

𝑄𝑒𝑥𝑡 = 
1

2
 𝜎 |𝐸|2          (8) 

where σ denotes the conductivity of the tissue and |𝐸| denotes the electric field magnitude 

produced by the applied electromagnetic wave. 
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The thermal parameters for most of the body tissues are available in the literature [34]. 

Tumors have high blood perfusion rate at the surface and low blood perfusion near the center. This 

low blood perfusion in the tumor center helps in the accumulation of electromagnetic energy in the 

center, thereby easing the heating process during hyperthermia treatment. The bioheat equation is 

used to predict the temperature rise and helps in ensuring that safety standards are met.  

3.5.  Electromagnetic Regulations 

Allowable guidelines and regulations for electromagnetic field exposure are based on the 

amount of applied electromagnetic power produced from different electromagnetic exposure 

conditions. There are regulations on allowable frequency, allowable absorbed power in the body, 

localized exposure limits etc [35].  

Allowable frequencies for medical applications cover ISM (Industrial, Scientific and 

Medical) bands and MICS (Medical implant communication services). ISM bands mainly include 

433 MHZ, 915 MHz and 2.45 GHz which are used in external body applications in hyperthermia 

treatment, cardiac ablation etc. MICS is allocated for implantable devices that will stay in the body 

for a period of time. 

The absorbed power limitation is defined by the specific absorption rate in the tissue. As 

per the guidelines set by IEEE-ANSI C95.1 standard, a whole body averaged SAR of 0.4 W/Kg is 

recommended for occupational situations and a value of 0.08 W/Kg for general public [36]-[37]. 

A limit was set by IEEE-ANSI C95.1 for the localized SAR as 1-g SAR exposure limit of 1.6 

W/Kg for uncontrolled exposure and 2 W/Kg for controlled exposure.    
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CHAPTER 4: GRID ANTENNA ARRAY FOR HYPERTHERMIA 

TREATMENT 

4.1. Introduction 

In this chapter a microstrip grid antenna array is introduced for hyperthermia treatment of 

breast cancer. This method presents a non-invasive way of cancer treatment to raise the 

temperature of the tumor to levels sufficient enough to destroy it. Electromagnetic and thermal 

simulations were performed on a cubical model of the breast tissue and the results are presented.  

The electromagnetic energy absorption in the breast tissue was studied in terms of specific 

absorption rate (SAR) inside the tissue. The SAR values inside the breast tissue and the tumor 

tissue were plotted and the extent of heating zone was studied by plotting the temperature profile 

with tumor located at the center of the breast tissue. The array is positioned such that the maximum 

power density location coincides with the center of the tumor tissue.  The antenna array was able 

to raise the temperature of the tumor to around 44 ˚C in a short amount of time.  

4.2. Grid antenna Array: Literature review 

 A grid antenna array is a planar, low profile antenna array which was first 

introduced by Kraus in 1964 [38]. Kraus proposed this array as a linearly polarized, travelling 

wave, non-resonant antenna array. Its initial design consisted of grid or mesh array placed parallel 

and close to a conducting sheet which acts as the ground plane. Conti et al.  reported the first 

microstrip version of grid array and the array was a linearly polarized resonant antenna [39]. The 

major advantages of the grid antenna array are its high gain, narrow beam, simple feed, broad 

bandwidth and low side lobe levels [40, 41].  
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Different variations of the grid antenna array and its basic theory and applications are well 

explained in [42]. According to their studies the array finds wide application from low microwave 

frequencies to millimeter wave frequencies. The basic structure of grid antenna array consists of 

rectangular meshes of microstrip lines on a dielectric substrate with a conducting ground plane 

behind the substrate. The array can be fed using a coaxial cable in the center of the array or at one 

of the edges of the array with the other edge terminated. The array can work as a resonant or non-

resonant antenna based on the electrical length of the edges of the mesh. For a resonant grid array 

antenna, the longer side will be one wavelength and the shorter side will be one half wavelength 

in the dielectric. This produces an in-phase current on the shorter side and out of phase current on 

the longer side resulting in a main lobe beam of radiation in the bore sight direction. For a non-

resonant grid array antenna, the shorter side of the rectangular mesh is slightly greater than one 

third of wavelength and the length of the longer side of the mesh is more than two times the shorter 

side and less than three times the shorter side of the mesh. When a non-resonant grid array is fed 

from one end, the current in the shorter side of the mesh will follow a phase progression resulting 

in main lobe beam of radiation in the end fire direction. Thus, in short, for a resonant grid array 

antenna, the shorter side of each rectangular mesh acts as the radiating element and the longer side 

mainly acts as transmission lines. 

 When the grid array operates as a travelling wave non-resonant antenna, there is no 

precise beam control or no scanning beam at a specific frequency. So, a grid antenna array is more 

popular as a non-travelling wave resonant antenna, where the antenna is fed in the center and the 

array produces a fixed beam in the boresight direction.  
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4.3. Proposed grid antenna array for hyperthermia   

In applications for hyperthermia, the antenna array is designed such that it can be placed 

around the region that needs to be radiated. For example, as a circular ring around the torso, head 

and neck, breast etc. Using an array of applicators for hyperthermia provide greater penetration 

depths. Array applicators also provide means for obtaining a narrow radiation beam with high gain 

and better focusing of the radiation on the cancerous tumor. The phase of each individual element 

of the array needs to be adjusted to focus heat onto the desired tissue region. This often requires a 

complex feeding network. In order to overcome this limitation, the use of a compact wide band 

grid antenna array is proposed. As discussed earlier, the array can be fed at the mesh cell center or 

at the mesh cell edge with other edge terminated. The antenna is fed by a metal via through an 

aperture on the ground plane using a coaxial cable. The applicator can be placed on a rotating arm 

allowing it to be moved near to the location of the tumor. Here we are proposing a wide band and 

compact microstrip antenna array for hyperthermia treatment of breast cancer.  

  In [43] a grid antenna array was proposed for hyperthermia breast cancer treatment 

system. The conventional grid array antenna was modified in their study to get suitable radiation 

properties needed for hyperthermia applications. Both electromagnetic and thermal simulation 

results were presented, and a comparison of the conventional grid array and modified grid array is 

also presented. The antenna array was designed for 4.86 GHz and was able to produce a 

temperature increase of 8˚C in breast phantom in 10 minutes with 0.5 W input power. Their design 

raised the temperature of entire breast tissue to 46 ˚C, irrespective of tumor or normal healthy 

tissue. So, the procedure presents the danger of damaging the healthy breast tissue also. Here a 
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2
 

L3 

w1 

w2 

P 

modified design is presented to raise the temperature of a tumor that is located in the center of the 

breast without heating the surrounding healthy tissue.  

4.3.1. Antenna Design 

 The proposed grid antenna array applicator along with its dimensions is shown in 

Figure 2. 

  

 

  

 

 

 

 

Figure 2: Grid array applicator with L1 = 65.6 mm, L2 = 45.5 mm, L3 = 55 mm, w1= 3.6 mm 

and w2 = 8.4 mm 

This design was adopted from [44] as it was compact and had a high frequency bandwidth. 

For applications in hyperthermia, we need an antenna that is compact, has high gain and simple 

feed and this array meets these requirements. The array consists of two types of grid cells of which 

one of them acts as the radiation element and the second one functions as a transmission line. Here 

the radiation elements are elliptical, and the transmission lines are sinusoidal. The elliptical 

radiation elements provide a more compact design and the sinusoidal transmission lines between 

the elements allow for achieving a larger frequency bandwidth.  
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 The antenna is designed to operate at a frequency of 2.45 GHz, which is one of the 

typical frequencies used for hyperthermia application in the ISM band. The array uses a dielectric 

substrate with ɛr = 2.65 with a thickness of 1 mm. The overall size of the grid array applicator is 

170 x 250 x 1 mm3. A metal reflector is placed at the back of the substrate at a distance of 6.42 

mm, which acts as the conducting ground plane and also provides gain enhancement.  Its size is 

set to 10 mm larger than grid array size in both X and Y directions. The space between the substrate 

and the metal reflector is filled with air. The antenna array is center fed directly at point P, with a 

50 Ω coaxial line. The antenna array is linearly polarized. 

4.3.2. Return loss and power density  

 The performance of the antenna array was simulated in HFSS. The radii of the 

ellipse, length of the sinusoidal transmission line and the location of the feed point was adjusted 

to get a resonant frequency of 2.45 GHz. Fig. 3 shows the reflection coefficient variation of the 

patch array in free space and when placed in front of the breast tissue. As can be seen from the 

figure, the array is well matched with a return loss less than -10 dB at the frequency of 2.45 GHz. 

 

Figure 3: Return loss performance of the antenna array 
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Figure 4: Normalized power density along Z direction 

 With antenna placed in free space, the normalized power density along the Z 

direction from the antenna aperture was plotted and is shown in Figure 4. It can be seen that in free 

space the power density is maximum at a distance of 87 mm from the antenna aperture. The depth 

of focus, which is defined as the distance between the two -3 dB points on either side of the 

maximum power density, is found to be 140 mm. In order to find the width of the -3 dB spot area, 

a contour plot of the power density was plotted at the location of maximum power density at Z=87 

mm and is shown in Figure 5. The width of -3dB spot is found to be 60 mm x 80 mm in the X-Y 

plane. The width of this region is very important in medical applications as this is the region where 

the electromagnetic energy is mostly concentrated. Antenna array used for hyperthermia 

application needs to produce a focal spot that is sufficient enough to cover the entire diseased tissue 

region without affecting the healthy tissue region. 
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Figure 5: Contour plot of normalized power density at a distance of 87 mm from antenna 

aperture 

4.3.3. Results with breast model in front of applicator 

 A cubic model of the breast was considered for this study. The breast tissue model 

with a depth of 10 cm along Z direction was considered and the X and Y dimensions of the breast 

tissue model was taken the same as the X and Y dimensions of the antenna array. The permittivity 

and conductivity of the breast tissue used for the simulation at 2.45 GHz are εr = 5.14 and σ = 0.13 

S/m, respectively [45]. A spherical tumor of diameter 1 cm was used to study Stage 1 cancer 

treatment in this study and was placed at the center of the breast tissue.  The applicator was placed 

in front of the breast model at a distance of Z=87 mm.  

 Figure 6 shows the contour plot of normalized power density at a distance of 88mm 

from the antenna aperture where the power density was maximum. The width of -3 dB spot in this 

case is found to be 6.5 cm x 6.5 cm, which is less than that in free space and the depth of focus 

was 110 mm. 
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Figure 6: Contour plot of normalized power density at the maximum power density location 

inside the breast tissue 

 In order to study the amount of electromagnetic energy absorbed in the breast tissue 

and the corresponding temperature increase, the specific absorption rate (SAR) inside the tissue 

was studied. To avoid damage to the healthy tissue, the SAR value must be less than 2W/kg 

averaged over 10 g of tissue and less than 1.6 W/kg averaged over 1 g of human tissues, as per the 

guidelines set by the Federal Communications Commission (FCC) and International Commission 

on Non-Ionizing Radiation Protection (ICNIRP) [46]. Specific absorption rate variation was 

studied using SIM4LIFE software [47].  

 The SAR along the depth of the breast tissue was plotted and is shown in Figure 7. 

The maximum SAR value was 2.97 W/Kg at the center of the tumor tissue at Z=137 mm and for 

the entire volume of the tumor tissue the SAR value was 3 W/Kg and was  greater than 2 W/Kg 

limit set by the ICNIRP guidelines. For the surrounding healthy breast tissue SAR was less than 2 

W/Kg. 
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Figure 7: Specific Absorption Rate variation along the depth of the breast tissue 

 An increase in the specific absorption rate produces a corresponding increase in the 

temperature and in order to study the temperature variations, thermal simulations were performed 

using SIM4LIFE software [47]. The thermal properties of breast tissue and tumor tissue used for 

simulation is shown in Table 4.  

Table 4. Thermal properties of breast tissue and tumor tissue at 2.45 GHz 

 

Tissue 

 

Density 

(kg/m3) 

 

Specific 

heat 

(J/kg.K) 

 

Thermal 

conductivity 

(W/m.K) 

 

Metabolic heat 

generation rate 

(W/Kg) 

 

Perfusion rate 

(/s) 

Breast 911 2348 0.209 0.7279 0.0013 

Tumor 1050 3770 0.48 65 0.012 

  

 Fig. 8 shows the variation of temperature along the depth of the breast tissue. The 

maximum temperature of 44.4˚C occurs at the center of the tumor (Z=137 mm) in the middle of X-
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Y plane. Temperatures greater than 42˚C suitable for hyperthermia, extend for depths of around 10 

mm in the tumor, covering the entire tumor region. 

 

Figure 8: Variation of temperature along the depth of the breast tissue 

 The temperature profile was plotted at the location of maximum temperature inside 

the breast tissue. The temperature was maximum at the center of the tumor tissue and the maximum 

temperature was found to be 44.4 ˚C. Figure 9 shows the temperature profile in the X-Y plane at 

the location of maximum temperature inside the breast tissue. The region inside the green circle in 

the temperature profile highlights temperatures greater than 42 ˚C, for the entire tumor volume, 

which is the required temperature for hyperthermia application.  
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Figure 9: Temperature profile in the breast tissue at the plane of maximum temperature  

The transient temperature inside the breast tissue at the location of maximum temperature 

was plotted and is shown in Figure 10. The temperature increases with time and reaches a 

maximum value of 44.4 ̊ C in almost 10 minutes and thereafter remains at steady state temperature.  

 

Figure 10: Temperature variation with time at the location of maximum temperature 

It has been reported in [48] that there is a 100 % survival rate for tumors smaller than 2 

cm, for breast cancer that has not spread to lymph nodes. Based on this we need to have a focused 

42 ˚C 
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spot less than 2 cm for Stage I cancer treatment and that can be attained with the proposed grid 

antenna array.  

4.4. Conclusion 

In this Chapter, hyperthermia treatment method for breast cancer using a grid array antenna 

was presented. The grid array antenna presented here was a compact, wide band antenna printed 

on a dielectric substrate with a metal reflector at the back for gain enhancement. The elliptical 

radiation elements in the array enhances the impedance bandwidth of the antenna, while the 

sinusoidal transmission line helps to have a compact design. Another attractive feature of this array 

was its simple feed, the antenna can be directly fed from a 50 Ω coaxial line.  

The antenna array was used for the treatment of a spherical breast tumor located at the 

center of a cubical model of the breast tissue. The antenna was operated in the near field region 

and the breast tissue was placed at the location of maximum power density of the antenna in free 

space. With this position, the power density inside the breast was maximum close to the surface 

of the breast. The specific absorption rate was analyzed to determine the energy absorbed by the 

tumor and the surrounding healthy breast tissue region. It was seen that the absorbed energy was 

maximum inside the tumor region, while in the healthy breast tissue, the SAR value was less than 

the maximum allowed value of 2 W/Kg.  Thermal simulations were performed to study the 

temperature increase inside the breast tissue due to the absorbed electromagnetic energy. The 

temperature inside the tumor was raised to 42- 45 ˚C in about 10 minutes, while the temperature 

in the healthy breast tissue remain at the normal temperature of 37 ˚C.  
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 The main advantage of this method was that it was noninvasive. It was seen that this 

heating method was sufficient for the treatment of a stage I breast cancer where the diameter of 

the tumor is less than 2 cm. The entire heating region extended up to a depth of 1 cm.  

One of the main drawbacks of this applicator was that there was no control over the depth 

of focus. In other words, the location of the focal plane cannot be adjusted as the array elements 

were fed using a single coaxial feed. Also, the power density was maximum close to the surface 

of the breast which may cause surface heating of the breast tissue. In order to overcome these 

limitations and to have a better control over the focus, a near field focused antenna array was 

proposed. In a near field focused array the phase of excitation of each individual antenna array 

element can be adjusted to achieve better focusing.   
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CHAPTER 5: NEAR FIELD FOCUSED ANTENNA ARRAY FOR 

HYPERTHERMIA TREATMENT 

5.1. Introduction 

  In this chapter a near field focused planar microstrip antenna array is designed and 

is proposed as an applicator for hyperthermia treatment of breast cancer. A 4x4 planar microstrip 

antenna array is designed for a frequency of 2.45 GHz which is one of the commonly used 

frequencies for hyperthermia application. The focusing properties of the array were studied on a 

spherical tumor located inside a hemi-spherical breast tissue. The proposed antenna array was able 

to produce a focused region around the tumor tissue. The array was placed at different location 

around the breast phantom and the specific absorption results were studied. The array was able to 

produce a small focused spot of the size of a typical Stage I breast tumor. Different placement 

locations of the tumor were also considered. Studies were also done on spherical model of the 

breast tissue. Results for the power density distribution and SAR in the breast are presented. 

5.2. Near field focused antennas: Literature review 

 Focused antennas are mainly used in applications requiring higher power densities 

in moderate ranges. For near field focused antennas, the focal point is located in the antenna 

radiative near field region. Due to the field spreading factor, the maximum radiated power density 

is obtained in the radiative near field region not at the focal point, but it is located at a point between 

the antenna aperture and the focal point. The focusing can be obtained by implementing a 

symmetric source-phase tapering, that can compensate for the different distances between each 

source point on the aperture and the focal point [49]. The power-density peak is placed between 



36 

 

the focal point and the antenna’s aperture. Near field focusing is done to increase the 

electromagnetic power density in the radiative near field region close to the antenna aperture. The 

focusing of the array is achieved by controlling the phases of each individual antenna elements in 

the array such that each element’s field contribution is added up in phase to get the maximum at 

the focal point. Near field focused antennas can achieve the required power density in a spot region 

around the focal point with minimum radiation in the far field region where the focusing effect is 

lost. Near field focused antennas find wide applications in wireless remote identification systems, 

local hyperthermia and imaging systems, wireless power transfer systems and industrial 

microwave applications [50].  

Near field focused (NFF) antenna arrays can be characterized by three most important 

parameters which are the depth of focus, focal plane width and the axial and side lobe levels [51]. 

The depth of focus is defined as the distance between two -3 dB points around the point of 

maximum power density along the direction normal to the antenna aperture. Focal plane width 

defines the size of the region around the focal point, in a plane parallel to the antenna aperture, 

where the normalized value of maximum power density is greater than -3 dB. The size of this 

region is very important when the near field focused antennas are used to increase the spatial 

resolution in imaging or inspection systems.  

Proper tapering of the amplitude of the excitation of array elements is used to control the 

level of the secondary lobes around the focal spot region. High level of the secondary lobes may 

reduce measurement accuracy in noncontact sensing applications or heat healthy tissues in 

microwave hyperthermia systems [52]. Also, high secondary lobe level may reduce transmission 

efficiency in wireless power transfer systems, increase the interference with nearby wireless 
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systems, raise the personnel exposure to radiation hazards, and enlarge the number of false positive 

readings in RFID systems. Conjugate-phase approach is the commonly used design criteria for 

NFF antennas, but a number of other optimization techniques have been proposed to reduce the 

side lobe levels, shaping the antenna near field, and achieving a simultaneous control of the near 

field and far field radiation pattern .Different technologies and layouts can be used to implement 

the near field focusing. In [52], near field focused arrays are classified as array of printed patches, 

dielectric resonator arrays, reflect arrays, transmit arrays, Fresnel zone plate lens antennas, leaky 

wave antennas and waveguide arrays.  

When antennas are used for therapeutic application, the electromagnetic field produced in 

the nearby surrounding region of antenna is more important than the far field parameters. When a 

NFF antenna array is to be used for hyperthermia application, the antenna array should be capable 

of heating the entire tumor volume without damaging the surrounding normal tissue. In [53], gain 

optimization was done to have the maximum power deposited at a specific region in the near field 

of the antenna array for hyperthermia application to heat biological tissue. An optimal design 

procedure based on maximization of power transmission efficiency between two antenna arrays is 

well explained in [54].  A 4 x 2 focused microstrip patch antenna array was designed to operate on 

fat mimicking phantom at 433 MHz [55] and the specific absorption results showed that energy 

was focused on the desired region validating the near field focusing procedure for hyperthermia 

application. A planar microstrip NFF antenna array working at 2.45 GHz was used in medical 

applications to produce a small focused spot 10 cm x 10 cm2 [56].   

Based on the literature study, it is seen that near field focused antennas can be effectively 

used for hyperthermia treatment to produce a high energy focused spot in a diseased tissue region 
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without causing any damage to the surrounding healthy region. The depth of focus and the focal 

width needs to be optimized based on the region to be treated and on the size of tumor. In the next 

section the design of a near field focused antenna array that produces a focused spot of 1.5 cm x 2 

cm in breast tissue is presented. 

5.3. Proposed near field focused antenna 

The proposed antenna array is a microstrip planar antenna array with single patch elements 

designed to operate at 2.45 Hz [56]. The antenna array is designed to treat a spherical breast tumor 

1 cm in diameter located at the center of a spherical model of breast tissue.  

5.3.1. Antenna Design (single patch) 

To evolve to the 4 x 4 microstrip patch antenna array, a single microstrip patch antenna 

was designed at a frequency of 2.45 GHz. The patch was designed with FR-4 substrate, ɛr = 4.4, 

loss tangent 0.02 and with a thickness of 3 mm. The patch is fed using microstrip line feeding as 

it is easier to match by controlling the inset feed position. The length (L) and width (W) of the 

patch was designed according to the equations given below [57]: 

 W = 
c

2fr
 √

2

Ɛr +1
                                 (9) 

where c is the velocity of electromagnetic wave in free space. For a dielectric permittivity, ɛr, 

thickness, h and the resonant frequency, fr , the effective dielectric permittivity is given by the 

equation: 

   Ɛ𝑟𝑒𝑓𝑓 =
Ɛ𝑟+1

2
+ 

Ɛ𝑟−1

2
 [1 + 12 

ℎ

𝑊
]
−1

2⁄

       (10) 



39 

 

The effective length of the patch is Leff is given by 

𝐿𝑒𝑓𝑓 = 𝐿 + 2 ∆𝐿          (11) 

The extension of the length of the patch caused by the fringing effects is approximated by the 

relation given below [58]: 

∆ 𝐿

ℎ
= 0.412 

(Ɛ𝑟𝑒𝑓𝑓+0.3)(
𝑊

ℎ
+0.264)

(Ɛ𝑟𝑒𝑓𝑓−0.258)(
𝑊

ℎ
+0.8)

        (12) 

The resonant frequency, fr is related to the length (L) of the patch by  

fr = 
𝑐

2𝐿√Ɛreff 
            (13) 

The inset feed distance from the radiating edge, 𝑦0 is calculated using equation (14) as  

𝑅𝑖𝑛(𝑦 = 𝑦0) = 𝑅𝑖𝑛(𝑦 = 0)𝑐𝑜𝑠2(
𝜋

𝐿
 𝑦0)        (14) 

The optimized dimension of the patch, W= 37.3 mm, L= 28 mm, y0 = 10 mm at f = 2.45 

GHz, obtained using HFSS. The width of the inset feed was calculated using the line calculator 

function in ADS for a 50 Ω input transmission line. The width of the feed, wf was found to be 5.8 

mm. The length of the feed line was 15mm which includes the length of the inset feed. These 

dimensions are shown in Figure 11(a).  Figure 11 (b) shows the return loss characteristics of the 

single patch from 1 GHz to 3 GHz, showing that the antenna is well matched at a resonant 

frequency of 2.44 GHz with a return loss of -22 dB. This single patch is used for the design of a 4 

x4 patch near field focused antenna array. 
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Figure 11: (a) Single rectangular microstrip patch element (b) return loss performance of the 

patch 

5.3.2. Antenna array design procedure 

To achieve near field focusing with a 4 x 4 antenna array the phases of each individual 

patch element needs to be adjusted such that their individual contribution will add in phase at a 

designated focal point.  In other words, in order to attain field focusing proper phase shift needs to 

be applied to each element to compensate for the phase difference caused due to the distance of 

each element from the focal point. This phase shift is obtained by choosing the corresponding 

electrical length for the feed lines for each individual element of the array. 

  For a rectangular antenna array placed in the x-y plane with Z axis normal to the antenna 

aperture, the aperture distribution can be represented as  

𝑓(𝑥, 𝑦) = 𝐸0(𝑥, 𝑦) exp {𝑗𝑘 (
𝑥2+𝑦2

2𝐹
)}        (15) 

y0 

wf 
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 where 𝐸0(𝑥, 𝑦) is the electric field amplitude distribution at the aperture at point (x,y), f is the 

distance along the z direction at which the antenna is focused  and k is the wave number [59]. 

 A quadratic phase tapering as represented by equation (16) will bring the focal spot to a 

distance f from the aperture, with the center of the array as origin with a phase shift of 0˚.  

Ɵ = 𝑘 √𝑥2 + 𝑦2 + 𝑧2 − 𝑓            (16) 

 Uniform amplitude excitation was applied to each individual element of the antenna array. 

The phase shift needed for each individual element was calculated using equation (16) and was 

correspondingly set for each individual element of the array by changing the feed lengths. The 

feed network was designed and simulated using ADS by replacing each patch element by a 50 Ω 

impedance line. The width of 50 Ω line was 5.8 mm. Quarter wave impedance transformers were 

used at the output of each T-junction for impedance matching. The width of the quarter wave line 

was 3 mm. 

  

 

 

 

 

 

 

 

Figure 12: Antenna geometry and quadratic phase distribution 
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With the center of the 4x4 array chosen as the origin, all the 2 x 2 array elements on all 

four quadrants of the array are equidistant from the origin. Therefore, the phase distribution of 

each 2 x 2 sub array on each quadrant will be the same. The patches are separated by 60 mm. The 

focal distance was set at f = 30 cm along the Z axis from the center of the antenna array. The phase 

distribution of each element of the array calculated to get this focal point is shown in Table 5. 

Table 5. Phase distribution of the patch elements in the array 

Array elements Phase shift 

1,5,9,13 138.87 

2,6,10,14 78.56 

3,7,11,15  78.56 

4,8,12,16 16.1 

  

 After designing the entire feed network with the required phases, the antenna array was 

simulated in HFSS. Figure 13 shows the geometry of the 4 x 4 antenna array along with its 

dimensions. The overall dimension of the 4 x4 array was 260 x 260 x 3mm3. 
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Figure 13: Proposed 4 x 4 microstrip patch antenna array geometry with W= 37.3 mm, L= 28 

mm, y0 = 10 mm, wf = 5.8 mm  

 

5.3.3. Return loss and power density 

Figure 14 shows the return loss performance of the antenna array in free space. The antenna 

is perfectly matched with a resonant frequency of 2.5 GHz. Figure 15 shows the normalized power 

density of the antenna array in free space. 
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Figure 14: Return loss performance of the 4 x 4 microstrip antenna array 

 

Figure 15: Normalized power density of the antenna array in free space 

As can be seen from Figure 15, maximum value of power density occurs at a distance of 

130 mm from the antenna aperture. Depth of focus, which is the distance between two -3 dB points 

on either side of the maximum power density, in free space is 255 mm. This distance tells us the 

width of -3 dB region along Z direction. A contour plot of the normalized power density in free 
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space at the location of maximum power density (z=130 mm) was plotted and is shown in Figure 

16. The width of -3 dB region at the plane of maximum power density was found to be 80 x 110 

mm2 in the x-y plane. This region is very crucial in medical application as this is the region where 

the concentration of electromagnetic waves is maximum.  

 

 Figure 16: Contour plot of normalized power density at the maximum power density location 

5.4. Application of antenna array for breast tumor treatment 

The designed 4 x4 microstrip antenna array was able to produce a focused spot at a specific 

distance of 130 mm from the antenna aperture. The antenna was operated in the near field and for 

the hyperthermia treatment of a breast tumor. A spherical portion of the breast tissue was analyzed 

first and then a hemi-spherical breast model was chosen. 

5.4.1. Spherical Breast model 

For our simulation purpose, we used a two-layer spherical breast model comprising of fat 

and glandular tissue and a radius of 68 mm. The radius of the fat and glandular region was 5mm 
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and 63 mm respectively. The electrical properties of fat and glandular tissue are shown in Table 6. 

Figure 17 shows the placement of antenna array with reference to the breast tissue.  

  

Table 6. Electrical properties of breast layers 

Tissue Dielectric Permittivity 

Ɛr 

Conductivity 

σ  (S/m) 

Fat 10.8 0.268 

Glandular tissue 27 0.9 

 

 

Figure 17: Placement of antenna array and breast tissue 

The antenna array is placed at a distance (z=130 mm) such that the center of the breast 

tissue coincides with the plane of maximum power density in free space and Figure 18 shows the 

contour plot at this location. 
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Figure 18: Contor plot of normalized power density at the middle of the breast 

From Figure 18 it can be seen that electromagnetic field is highly concentrated in the 

middle of the plane and the width of the focused spot is very small. The width of the –3 dB spot at 

the center plane was found to be 15 mm x 20 mm.  

For the use of this array for hyperthermia, a spherical tumor of 10 mm diameter was 

considered. The assumed contrast between malignant and normal breast tissue was 5:1 for the 

relative permittivity and 10:1 for the conductivity [60]. For our study, we assumed a dielectric 

permittivity of 59 and conductivity of 1.35S/m for the tumor. Figure 19 shows the contour plot of 

normalized power density at the location of the tumor. It can be seen that the width of the -3 dB 

region decreases, and the electromagnetic energy is closely confined to the width of the tumor 

region. The width of -3 dB region was found to be 5 mm x 15 mm. Hence, we can see that the 4x4 

array produces a small focused spot at the tumor location.  
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Figure 19: Contour plot of normalized power density at the center of the tumor 

An off-center position of tumor was also considered, where the tumor was placed at a 

distance of 20 mm from the spherical breast surface in the positive Z direction. The location of the 

antenna array was adjusted or in other words the antenna array was moved backward along the Z 

direction such that the tumor is at the plane of maximum power density. Again, the power density 

was plotted at the center of the tumor tissue and it was seen that the power density was maximum 

at the center and is shown in Figure 20.  
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Figure 20: Contour plot of normalized power density at the center of the tumor for an off-

center tumor position 

Different placement locations of the antenna array were also studied. Rather than placing 

the antenna aperture facing the tip of the breast, the antenna was moved to the right side of the 

breast such that the aperture faces the spherical region of the breast. Power density plots were 

studied and regardless of the placement, the array was able to produce focused spot in the tumor 

region.  

5.4.2. Hemispherical Breast model  

With a spherical breast model, the antenna was able to produce a focused spot of the size 

of a typical Stage I breast tumor at the location of the tumor. In this section a hemispherical breast 

model was considered, and a similar analysis was done.  
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In [61] it is shown that, breast can be assumed to be hemispherical in shape, and can be 

modelled with four different layers closely simulating an actual breast [61]. The breast consists of 

a subcutaneous fat layer, followed by a gland layer and deep muscle layer. The sub cutaneous fat 

layer is covered by the outermost skin layer whose thickness is of the order of 3 mm.  The muscle 

layer lies close to the thoracic wall. The thickness of the subcutaneous fat layer is 5 mm and 

thickness of the glandular layer and the muscle layer are 45 mm and 15 mm respectively. The 

thickness of the thoracic wall is 7 mm. A cross sectional model of a female breast is shown in 

Figure 21 below. 

 

 

 

 

   

Tumor cells are mostly located in the membranes of lobules and lactiferous ducts, and 

therefore for simulation purposes the tumor is typically placed in the glandular region of breast 

tissue [62]. The tumor can be modelled as a sphere of diameter 1 cm.  

5.4.3. Results and discussion  

The antenna array was first placed in front of the hemispherical breast and the distance 

between the array and the breast model is adjusted along the Z direction such that the position of 

maximum power density lies exactly on the center of the tumor. This is shown in Fig. 22 where 

Glandular layer 

Muscle 

Subcutaneous fat 

layer 

Thoracic wall 

134 mm 

Figure 21: A two-dimensional cross-sectional model of female breast 
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the antenna is at z=130 mm from the tumor center. Figure 23 shows the contour plot of normalized 

power density at the tumor location. As can be seen from the Figure, the power density is maximum 

at the center of the tumor and the width of the maximum power density region is very small, as 

desired. 

 

Figure 22:Antenna array placed in front of the breast tissue with tumor at the maximum 

power density position of the array 

 

Figure 23: Normalized power density in the x-y plane at a distance of 130 mm with breast 

center and tumor center at z=130mm from the antenna aperture 
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In order to study the amount of energy absorbed in the tumor and the healthy breast tissue, 

the SAR values were studied. Fig.24 depicts the average SAR inside the breast tissue in the y-z 

plane with antenna facing the breast tissue. The maximum SAR value was found to be 3.66 W/Kg 

at the center of the tumor tissue and in the healthy tissue region surrounding the tumor tissue, the 

SAR value was less than the 2W/Kg limit set by FCC and ICNIRP guidelines [63]-[64]. The SAR 

value in the tumor indicates that the energy absorbed is high enough to destroy the cancer cells.  

 

Figure 24: Average SAR within the breast tissue in the y-z plane with antenna array placed in 

front of the breast tissue 
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Next, with the tumor at the same location, the antenna array was moved to the left of the breast 

tissue at a distance z=130 mm from the tumor center as shown in Figure 25. The SAR results are 

shown in the y-z plane in Fig.26. Again, the maximum SAR was obtained at the center of the tumor 

tissue. 

 

Figure 25: Placement of the antenna array on the left side of the breast tissue and the 

corresponding SAR field 
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Figure 26: Average SAR within the breast tissue in the y -z plane with antenna array placed 

on the left of the breast tissue 

To further study the suitability of this antenna array for hyperthermia treatment two 

different cases were investigated. Case I: changing the position of the antenna array in front of the 

breast with respect to the tumor location and Case II: changing the location of the tumor from the 

middle of the breast.  

Case I: Changing the position of the antenna array in front of the breast with respect to the tumor 

location 

The tumor was located at the center of the hemispherical breast and the antenna array was moved 

outward from z=130 mm, the position of maximum power density, in increments of 10 mm along 

the Z axis. The corresponding SAR value was noted at each position and is recorded in Table 7. 

This was done to see how crucial the location of the array and the corresponding maximum power 

density position is for the effective treatment of the tumor.  
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Table 7. Variation of SAR with movement of antenna array 

Distance between antenna 

array and the center of the 

tumor 

Maximum SAR and location 

of maximum SAR 

SAR value at the chest wall 

200 mm 3.18 W/Kg at tumor center  

190 mm 3.11 W/Kg at tumor center  

180 mm 3.01 W/Kg at tumor center  

170mm 2.76 W/Kg at tumor center  

160 mm 2.17 W/Kg at tumor center  

150 mm 3.54 W/Kg at tumor center  

140 mm 3.67 W/Kg at tumor center  

130 mm (location of maximum 

power density) 

3.69 W/Kg at tumor center  

120 mm 3 W/Kg at tumor center  

110 mm 2.6 W/Kg at tumor center  

100 mm 2.2 W/Kg at tumor center  

90 mm 2.1 W/Kg at tumor center 82% of max. SAR close to 

chest wall 

80 mm 1.94 W/Kg at tumor center 95 % of max. SAR close to 

chest wall 

70 mm 1.95 W/Kg close to chest wall 1.8 W/Kg at tumor center 

60 mm 1.99 W/Kg close to chest wall 1.52 W/Kg at tumor center 
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The SAR value at the tumor decreases as the antenna array is moved back and away from 

Z=130 mm, the maximum power density position, with the lowest value at a distance of 30 mm 

(z=160 mm). The value increases again for 40 mm, which corresponds to a distance of λg , which 

is the microstrip guided wavelength at 2.45 GHz. This value is, however, lower than that at z=130 

mm. Hence it is seen that the SAR is the maximum, when the tumor lies at the maximum power 

density position. These results are shown in Fig. 27. 

A similar trend was observed when the antenna array was moved more closer to the breast 

(moved forward along z axis) from the maximum power density position. The SAR decreases 

linearly as the antenna is moved forward closer to the breast and the value near the chest wall 

becomes greater than that in the tumor region. This can cause high temperatures near the chest 

wall and is not desired. Also, the width of the hot spot region in the tumor gets smaller than the 

diameter of the tumor, which implies that the energy absorbed in the tumor is not sufficient to 

completely heat the entire tumor.  

Hence it is seen that as the antenna array is moved from the position of maximum power 

density (z=130 mm) in front of the breast, up to about +/- 20 %, the SAR is still high enough in 

the tumor for hyperthermia treatment while the SAR in the healthy tissue remains low.  
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Figure 27: Variation of power density with movement of antenna array along the z axis 

Case II: Changing tumor location within the breast 

Three different locations for the tumor were considered for hyperthermia analysis: a) 

surface location b) deep location and c) off-center location. Surface position refers to positions 1-

2 cm close to the surface of the breast and the deep tumor positions are farther from the center and 

closer to the chest wall at about z = 150 mm.  

Surface tumor 

For the case of surface tumor with the antenna at z = 0, the tumor was first placed at a 

distance of 1 cm from the breast tip at z = 106 mm. The SAR value was found to be the maximum 

of 2.02 W/Kg at the center of the tumor tissue. Near to the chest wall the SAR value was 

approximately 88 % of this maximum which is undesirable. In order to compensate for the change 

of the tumor location, to obtain the maximum power density at the tumor location, the antenna 

array was moved backwards. This caused an increase in the SAR value in the tumor tissue, 
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producing SAR of 2.23 W/Kg and the SAR near the chest wall was now 86 % of the maximum. 

Fig. 28 shows a contour plot of the SAR in the y-z plane for the surface tumor for this position of 

the antenna.  

 

Figure 28: SAR plot in the y-z plane. (a). Tumor placed at a distance of 1 cm from breast tip 

and 106 mm from the center of the antenna array  

Now we consider a surface tumor placed at a distance of 2 cm from the breast tip at z = 

116 mm. The SAR value was found to be the maximum of 2.46 W/Kg at the center of the tumor 

tissue and near to the chest wall the SAR value was approximately 70 % of this maximum. Again, 

the antenna array was moved backwards to obtain the maximum power density at this tumor 

location. This caused an increase in the SAR value in the tumor tissue, producing SAR of 2.9W/Kg 

and the SAR near the chest wall was 67 % of the maximum. Fig. 29 shows a contour plot of the 

SAR in the y-z plane for this tumor location.  
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Figure 29: SAR plot in the y-z plane for surface tumor 2 cm from breast tip and 116 mm from 

the center of the array 

Deep tumor 

Here we consider the case of a tumor placed deep inside the breast at a distance of 5.4 cm 

away from the breast tip and 1.4 cm from the chest wall. The SAR value was found to be the 

highest at the center of the tumor, 7.64 W/Kg at z =151 mm. The diameter of the maximum SAR 

value region however was found to be 4-5 mm greater than the tumor diameter which indicates a 

heating up of the surrounding healthy tissue. Near to the chest wall SAR value was 52 % of the 

maximum. The antenna array was then moved forward, along the z direction, closer to the breast 

tissue so that the maximum power density position of the antenna array was at the center of the 

tumor. This caused the SAR value at the center of the tumor to be at 7.44 W/Kg and the SAR value 

at the chest wall was found to be 55 % of the maximum SAR value. Fig. 30 shows the contour plot 

of the SAR in the y-z plane for the deep tumor. 
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Figure 30: SAR plot in the y-z plane for deep tumor 1.4 cm from chest wall and 150 mm from 

the center of the array  

It can be concluded that the array is capable of producing a high SAR region around a 

tumor irrespective of whether it’s a surface tumor or deep tumor. This is achieved by properly 

moving the antenna array along the direction perpendicular to the antenna aperture to a location 

such that the maximum power density position of the antenna array coincides with the tumor 

location. 

Tumor located at an off-center position 

For surface tumor and deep tumor, the tumor was placed at the center (x=0, y=0) of the 

hemispherical breast. Here the tumor is moved to an off-center position. The antenna array was 

correspondingly moved such that the tumor is along the perpendicular (z direction) from the array 

and at the maximum power density plane. The tumor was located at (20 mm, 20 mm, 130 mm) 

and the center of the array was placed at (20 mm, 20 mm,0 mm). The corresponding SAR values 

obtained are shown in Fig. 31. The maximum SAR value of 1.67 W/Kg was found to be at the 
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center of the tumor and an additional hotspot that has a SAR value close to the maximum was 

found near the chest wall.  

 

Figure 31: SAR plot in the y-z plane with tumor placed at an off-center location  

5.5. Thermal simulations of the breast model with the tumor 

From the electromagnetic analysis presented earlier, it was concluded that the antenna array 

was able to produce a focused spot with high SAR value at the location of the tumor. This high 

SAR value leads to an increased temperature in the tumor needed for hyperthermia treatment. To 

study the temperature elevation produced by the interaction of electromagnetic field with the breast 

tissue, thermal simulations were performed using SIM4LIFE software. SIM4LIFE uses finite 

difference time domain (FDTD) method to solve Pennes bioheat equation discussed in Chapter 3 

Section 4. The equation considers metabolic body processes, blood circulation and the deposited 

energy from the externally applied electromagnetic field as heat sources. The generated heat 

spreads in the body by thermal diffusion.  
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The electromagnetic field generated from the EM analysis acts as the input source for the 

thermal simulations. The thermal properties of breast fat, breast gland and tumor tissues are listed 

in Table 8 [65]. 

Table 8. Thermal properties of breast tissue and tumor tissue at 2.45 GHz 

Tissue Density 

(kg/m3) 

Heat 

capacity 

(J/Kg/˚C) 

Thermal 

conductivity 

(W/m.K) 

Metabolic heat 

generation rate 

(W/Kg) 

Heat transfer 

rate 

(W/m3/K) 

Breast fat 911 2770 0.21 0.73 2892.22 

Breast gland 1041 3770 0.33 2.32 10542.6 

Tumor 1050 3621 0.48 500 51000 

 

Thermal analysis was done on the model with antenna array placed in front of the breast 

with tumor at the maximum power density position of z = 130mm from the array. The tumor was 

at the center of the breast. A target input power of 30 W was applied for a period of 60 minutes. 

The temperature profile inside the breast tissue at the center of the tumor in the x-y plane is shown 

in Figure 32. The temperature inside the green highlighted area represents, where the temperature 

is greater than 42 ˚C, needed for hyperthermia treatment and is over the entire tumor region. The 

healthy tissue remains at safer temperatures. Figure 33 shows the transient temperature at the 

location of maximum temperature inside the tumor. The temperature inside the tumor tissue 
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increases steadily and reaches a maximum of 44.7 ˚C inside the tumor in about 30 minutes and 

thereafter remains at that steady state temperature. 

   

 

Figure 32: (a) Temperature profile in the x-y plane at the center of the tumor at z=130mm (b) 

Temperature plot inside the breast along x axis 

 

Figure 33: Transient temperature at the location of the maximum temperature inside the 

center of the tumor 

 The same analysis was done for a deep tumor location and a surface tumor location. For 

the deep tumor, we consider the tumor to be located at z =150 mm, 14 mm close to the chest wall. 

(a) (b) 
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The antenna array was moved closer to the breast tissue along positive z direction so that the 

maximum power density position was at the center of the tumor. In order to produce temperatures 

greater than 42 ˚C, the target power was increased to 40 W for a duration of 60 minutes. The 

temperature inside the tumor reaches a maximum of 43.1 ˚C covering the entire tumor volume as 

can be seen in Figure 34. Figure 35 shows the variation of temperature with time at the location of 

maximum temperature.  

 

Figure 34: Temperature along z direction at x = y = 0 at the end of simulation period 
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Figure 35: Transient temperature at the location of the maximum temperature inside the 

center of the tumor 

For a surface tumor located at z = 116 mm, 20 mm away from the tip of the breast, the 

antenna array was moved farther along negative z direction such that the maximum power density 

position is at the center of the tumor. Figure 36 shows the temperature plot along the x direction 

at y = 0 and at the center of the tumor (z=116 mm) where maximum temperature was obtained. 

The temperature increases steadily and reaches a maximum value of 43.1 ˚C in about 30 minutes.  
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Figure 36: Temperature along x direction at y = 0 and z=116 mm at the end of simulation 

period 

5.6. Conclusion 

In this Chapter a near field focused planar microstrip antenna array was proposed for 

hyperthermia treatment of breast cancer. Near field focusing increases the electromagnetic power 

density in the near field region of the antenna array in a small region close to the antenna aperture. 

This focusing helps to improve temperature in a limited spot region around a diseased tissue, 

without causing any damage to the surrounding healthy tissue. Near field focusing was achieved 

using quadratic phase tapering along the antenna aperture. This is done by controlling the phases 

of the radiation source on the antenna aperture to compensate for the phase delay introduced by 

the path between each source and the corresponding focal point.  

A two-layer heterogeneous hemispherical breast model consisting of low water content fat 

tissue and high-water content glandular tissue layer was used for the study. A spherical tumor of 

the size of a typical Stage I breast cancer was used for simulation studies. With the location of the 

tumor kept unchanged at the center of the breast, different location of the antenna array was 
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studied, and the SAR results confirm that the array can produce a focused spot at the location of 

the tumor.  Different positions of the tumor were considered for both surface tumors and deep 

tumors. With proper positioning of the array, regardless of the position of the tumor, it was seen 

that the array could produce a focused spot at the location of the tumor. The antenna array can be 

placed on a rotating arm allowing it to be moved as needed.  

Thermal simulations were done to study the increase in temperature inside the breast tissue 

due to the applied electromagnetic energy. The results of the simulations suggest that the antenna 

array can produce temperatures greater than 42 ˚C, needed for hyperthermia, inside the entire 

tumor volume, while keeping the healthy tissue at safer temperature.  
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CHAPTER 6: CONCLUSIONS 

An important aspect of hyperthermia treatment is to raise the temperature of a tumor to a 

higher value while maintaining the temperature of the surrounding body tissue. The treatment 

method used must be capable of heating the entire tumor volume. These two challenges are 

addressed by using a near field focused antenna array for the treatment of breast tumor. Here a 

planar microstrip antenna array was used to raise the temperature of a spherical tumor located 

inside the breast tissue. 

This dissertation explores two different antenna arrays for hyperthermia treatment. A grid 

antenna array and a near field focused antenna array were designed to operate at 2.45 GHz, for 

hyperthermia application. The limitation of grid antenna array to control the depth of focus was 

eliminated by using a near field focused antenna array. In near field focused array, the location of 

maximum power can be controlled by adjusting the phase of excitation of each individual antenna 

array element. Near field focused antenna can increase power density in a region close to the 

antenna aperture. The power absorbed by the tissue from the applied electromagnetic energy raises 

the temperature inside the tissue. Since tumors have reduced blood flow, the heat dissipation will 

be poor in the tumor. This makes the tumor more sensitive to the increased temperature and thereby 

destroying it. 

A three dimensional, two-layer hemi-spherical breast model which closely resembles a 

normal adult female breast was considered for this study. The breast model considered for the 

study consists of low-water content fat layer and high-water content glandular tissue layer. A 

spherical tumor of the size of a typical Stage I breast cancer was studied.  
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With the near field antenna array placed in front of the breast tissue, the power density 

results were studied. Based on the location of maximum power density in free space, the antenna 

array is repositioned such that maximum power density plane lies at the center of the tumor. 

Studies were done to analyze, how crucial is the distance from the maximum power density 

position to the center of the tumor. With the distance between the antenna array and tumor kept 

the same, the array was moved to the left side of the breast tissue and the power density was still 

the maximum at the tumor. Different tumor positions were also studied to validate the results. This 

treatment method can be used when the position of the tumor is known in advance. Different 

placement location of the array was also studied and in each case the power density and specific 

absorption rate results were plotted. Thermal simulations were done to study the temperature 

increase inside the breast model due to the applied electromagnetic energy. The results of the 

simulation indicate the suitability of the antenna array for hyperthermia treatment 

The method proposed here presented a noninvasive method of cancer treatment using 

hyperthermia. The designed antenna array can be attached to a rotating arm and can be positioned 

according to the location of the tumor to focus the energy onto the tumor. Simulation results 

suggests that the array was able to produce a focused spot at the location of the tumor without 

causing any damage to the surrounding healthy breast tissue.  
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