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Increasing demands for hyperthermia (HT) as an adjuvant therapy is caused from 

the contributions of thermal therapy to the traditional treatments. Latest improvements in 

hyperthermia make it popular among thermal therapies to cure cancer in any organ or 

body parts. HT takes advantage of EM radiation inside the tumor that provides 

temperature and blood perfusion increment that helps radiation therapy and 

chemotherapy to be more efficient. Therefore, some advantages makes HT preferred 

when compared to similar treatments. Being noninvasive and painless with an efficient 

cooling system, and helping to shorten the application period and session number of 

conventional treatments are most important advantages of HT. However, existing HT 

systems require high input power per elements on the applicators and long application 

time. Designing conformal and patient specific applicators with mild application can 

solve this issue. Moreover, mild HT application can make cancer treatment cheaper and 

more accessible. 

The main goal in this study is to design conformal HT applicators through 

optimization for liver and provide a patient specific and cost-effective local hyperthermia 



 

 

treatment that can be widely used in local clinical cancer treatment centers without 

expensive applicators. 
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CHAPTER I 

INTRODUCTION 

1.1 A Brief Overview 

Principles of electromagnetics (EM) and antennas have been used in medical 

treatments for many years. Promising results have kept scientists investigating the 

advantages and effects of EM in medicine. Thermal therapies especially require extensive 

application of EM and antennas. Directed EM waves are used to heat cancerous cells in 

the tissue. In this dissertation, I design microwave (MW) antenna arrays for hyperthermia 

applicators to heat the tissue and enable thermal treatment. 

Existing hyperthermia systems use bulky whole body applicators. There is no 

available applicator for a specific organs like breast, the liver etc. Current systems also 

require a shielded room because of high input power per element on the applicator thus 

increasing treatment cost. Therefore, there is an increasing demand for local 

hyperthermia applicators that are aimed at a specific organ instead of whole body. 

For this purpose, I am designing a MW mild-hyperthermia applicator for the liver. 

This applicator requires low input power for each MW antenna on the applicator that 

eliminates higher costs. It is small and conformal, somehing that also decreases the cost 

of the treatment, and increases the efficiency of the input power by focusing on the 

specified organ. 
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My main goal is to provide a patient specific and cost-effective local 

hyperthermia treatment that can be widely used in local clinical cancer treatment centers 

without expensive applicators. 

1.2 Thermal Therapies 

Nowadays, discovering a non-invasive and economical cure is the main challenge 

in  medicine for cancer treatment. Applications of electromagnetics in medicine are 

gaining more importance. Technologies related to electromagnetics such as monitoring 

and imaging have already been used for decades. Thermal therapy is one of the most 

intensive areas as an application of electromagnetics and antennas in medicine. Recently, 

the diagnosis and treatment techniques for cancer have improved greatly because the 

most common threat for human health is rapidly growing malignant tumors [1, 2]. The 

traditional treatments of cancer cells are chemotherapy (CT), radiation therapy (RT) and 

surgery; however, all of these treatments have strong side effects and clinical limitations. 

Thus, researchers are in need of adjuvant therapy to decrease the side effects and duration 

of the treatments. At this point, thermal treatments such as ablation and hyperthermia can 

be considered as the best adjuvant therapies. 

1.2.1 Ablation 

The main description of tumor ablation is to exterminate the cancerous tissue by 

applying any clinical treatment techniques. However, the disadvantages and invasive 

nature of current techniques make the doctors and researchers search for adjunctive 

treatment. For instance, some tumors cannot be cleaned off completely with surgical 

resection due to the placement of the cancerous cells inside the organ. This results in  
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leaving a part of the tumor inside the body and may lead to further growth of the 

unhealthy cells. Today, thermal therapies – ablation and hyperthermia – are popular as an 

adjunct method. There are quite convincing developments that show the advantages and 

simplicity of thermal therapies. One of the main purposes of thermal therapies is not to 

damage normal tissue while killing the unhealthy one. 

Thermal ablation is one of the types of thermal therapies. It can be defined as 

destroying tumor cells using electromagnetic (EM) energy or heat. There are many 

ablation modalities mentioned in literature. Cyroablation, laser ablation, ultrasound 

ablation, radiofrequency (RF) ablation, and MW ablation are some of these techniques. 

Recently applied ablation techniques already meet the desired criteria. MW ablation, 

which is a minimally invasive method, eliminates the disadvantages of other techniques 

and is in the limelight. Moreover, it is open to improvements by new clinical trials and 

experiments. Early results of this technique can be obtained in [4,5] and show that the 

success of the treatment depends on the size of the tumor. 

Before MW ablation, RF was used for the same purpose due to its simplicity and 

effectiveness [22]. The disadvantages of this technique are high input power levels and 

ground pad requirement to allow AC current moving in a complete circuit. While 

applying RF ablation, tissue is considered as a circuit component; however, it is not 

perfect in terms of conduction. Therefore, RF ablation causes resistive heating. Since 

resistive heating only affects the superficial tissue, temperature can be increased by 

conductive heating in deep tissue tumors [25]. During the application, degradation in 

water content causes death in tissue due to coagulation necrosis at high temperatures 
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(>50°C) [10, 15]. Figure 1.1 shows what the simplified system looks like with applicator, 

ground pad, and generator [104] for RF ablation.  

 

Figure 1.1 Simplified RF ablation system 

 

RF ablation may be superior to the previous techniques, but it also has some 

disadvantages associated with the procedure. A single probe can be used due to the nature 

of the procedure (electric current conduction). This means that the ablation zone cannot 

be increased with multiple probes. Moreover, application of electrical current can result 

in heating of tissue. This causes changes in cells including protein denaturation and water 

loss. Therefore, the tissue becomes more resistant to the current. Water loss causes this 

impedance increment that limits ablation zone size after 100 °C (Figure 1.2) [3, 27, 28, 

29]. Thus, monitoring tissue impedance during the treatment is used to indicate the 

completion of ablation. Furthermore, one of the most important problems is skin burns 

due to the ground pad. These undesired results have shifted attention from RF to MW 

ablation. 
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Figure 1.2 Change in impedance with increasing temperature 

 

MW ablation emerged as an alternative method to eliminate the  disadvantages of 

RF ablation. It relies on the propagation of EM energy instead of the flow of electrical 

current which helps to minimize the pain. Moreover, the nature of EM waves provides 

rapid uniform heating with energy focused  inside the target tissue. The first clinical 

application of MW ablation was performed in Japan in 1990s [4]. In the United States, 

the first MW ablation operation was perfomed a decade later at 915 MHz [31]. The 

Federal Communications Commission (FCC) allowed for only two frequency bands for 

ablation applications (915 MHz and 2.4 GHz). 

The main advantages of MW ablation are providing adjustable ablation zone by 

manipulating the amplitude and phase of the input power and using multiple probes 

unlike RF ablation. Furthermore, it does not require a grounding pad which causes skin 

burns. The probes (MW applicator) are directly applied to the target to create an ablation 

zone in surrounding tissue. Regular MW ablation equipment and the sample application 
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from University of California can be seen in the Figure 1.3 [1] and Figure 1.4 [33] 

respectively. The system includes probes, generators and monitoring equipment. 

 

Figure 1.3 MW ablation system a) probes, b) applicators connected to signal source 

 

 

Figure 1.4 MW ablation in UC, San Diego, 2009 

 

MW ablation is superior to RF ablation. It provides larger zones with higher 

temperature at deeper tissue. MW ablation also requires less input power as it is less 
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dependent on tissue conductivity. Moreover, multiple probe usage is available for this 

method to increase the ablation zone. Figure 1.5 shows the difference between 

temperature increase when RF and MW ablation is applied with 200W and 60W input 

power, respectively. Figure 1.2 and Figure 1.5 indicate that since RF ablation is based on 

the flow of electrical current, when the impedance increases, the system behavior tend to 

that of an open circuit. Therefore, temperature increase is not possible inside the tissue 

after a certain time. However, MW ablation provides continuous temperature increase, 

since it depends on the propagation of EM waves [123]. 

 

Figure 1.5 Temperature vs Time during RF and MW ablation 

 

Although current MW ablation systems provide better results than RF ablation 

systems, they have an important problem: the narrow band nature of the antennas used in 

the applicator. Generally, slot and/or dipole antennas (narrow band antennas) are used for 

the probes (Figure 1.6). Therefore, while temperature increases, dielectric properties of 

the tissue change due to water loss. Since the antenna is designed and optimized 
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according to the specific dielectric properties that affects the operating frequency, this 

change shifts resonation frequency of the antenna and causes undesired power reflection 

from the load. Moreover, the stalk of the probe causes tail heating due to power reflection 

and mismatch (Figure 1.7 [122] – 1.9).  

 

Figure 1.6 S11 of a narrow band slot antenna 

 

 

Figure 1.7 Effect of heat on power transmission at 2.4 GHz (red: normal, blue: 
shifted) 
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Figure 1.8 Power transmission while heating up the liver tissue 

 

 

Figure 1.9 Tail heating during RF ablation 

 

In order to overcome the frequency shift and the power reflection problem, I 

designed a wide band MW antenna for ablation applicator. In this way, even with 

frequency shifts, power transmission levels are satisfactory (at least 95% transmission) to 

continue the treament. The fabricated ablation probe and its reflection coefficient value 

can be seen in Figure 1.10.  Experiment setup and ex-vivo experiment results of our probe 

can also be seen in Figure 1.11 and Figure 1.12 – 1.13, respectively. 
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Figure 1.10 Reflection coefficient (S11) of the fabricated wide band probe (300 MHz – 
10 GHz) 

 

 

Figure 1.11 Experiment setup for MW ablation 
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Figure 1.12 2.4 GHz MW ablation result in porcine liver 

 

 

Figure 1.13 5.8 GHz MW ablation result in porcine liver 
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1.2.2 Hyperthermia 

Hyperthermia (HT), a medical treatment technique of cancer [6-8], heats the 

malignant cells inside the tissue by using EM energy at radio or MW frequencies with 

sufficient input power (~100W) to cure the tumor. Frequencies used for treatment are 

mostly 2.4 GHz and 915 MHz (HT1 8-15). Thermal therapies aim to kill tumor cells 

without damaging the healthy cells. Current HT and ablation techniques are minimally 

invasive. The difference between ablation and HT is that the applicator of HT is placed 

on the surface of the body instead of directly applied to the tumor. 

There are three hyperthermia types: local hyperthermia (LH), regional 

hyperthermia (RH), and whole body hyperthermia (WBH). LH is used to heat a small 

area of any organ with directed energy, and RH is applied for large areas on the body. LH 

is generally used to treat the tumors close to the surface (skin), while RH is applied to 

large body parts like breasts, arms and feet.  WBH is the process of heating the entire 

body. For all types of hyperthermia treatments, microwave (MW) or RF antennas are 

used to deposit EM waves into the cancerous cells. 

In the early history of HT, tissue temperature could be elevated 20 oC above body 

temperature. This means that tissue temperature could go up to 60 oC, which destroys 

healthy cells, too. HT studies on animals began in the early 1900’s [9-12]. Studies done 

by Muller [46] and Warren [47] are known as the earliest clinical applications of 

hyperthermia in 1910 and 1935, respectively. Relatively low temperatures, which can 

selectively damage cancer cells, were also used during these years [13]. This research 

shows the preliminary effect of thermal therapy on the treatment of cancer when 

combined with conventional treatments. Further studies have proven the efficiency and 
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positive effect of HT as an adjuvant therapy on many cancer types [17-45]. According to 

all experiments, tests, and studies, researchers investigated that HT causes apoptosis 

above 45 °C. More recent studies show that heating tissue more than 45 °C and holding 

this temperature for approximately 60 minutes can damage cancerous cells significantly 

with minimal side effects [14-17]. At this temperature, tumor cells cannot tolerate the 

exposure to heat in contrast to benign cells because of low blood flow volume and 

vascularization in tumors [18]. For HT, there are two important parameters, blood flow 

and thermo-tolerance, that need to be considered to determine the heat distribution inside 

the tissue. Thermo-tolerance should be considered when multiple HT fraction is needed 

because heat sensitivity of the tissue may not return the normal levels before 72 hours 

[10]. Therefore, it is required to wait long enough before the second dose of the therapy is 

delivered. The second parameter, blood flow, is the most important one in determining 

the temperature distribution. Temperature distribution varies between healthy cells and 

cancerous cells. Studies show that blood perfusion rate in tumors is lower than the normal 

tissue [19]. 

It is impossible to achieve high temperature value (> 45°C) without destroying 

healthy tissue. Thus, it was discovered that HT can be used more efficiently if it is 

considered as an adjuvant therapy. For adjuvant therapy (mild HT), input power and 

other high cost requirements can be reduced significantly. Scientists researched and 

confirmed that HT increases the patients’ response to conventional treatments (RT and 

CT), and enhances tumor perfusion [80-95]. There are many studies and clinical trials 

done to show the result of combined (RT+HT or CT+RT) therapies for many cancer 
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types [82, 72, 90, 96]. In that way, the size of HT systems and applicators can be 

minimized. 

The effect of HT on radiation sensitivity and drug delivery was demonstrated by 

clinical studies in [20-26]. Moreover, according to recent studies, the combination of 

hyperthermia and traditional treatments enhances the outcome of the therapy in terms of 

survival rate and complete response [17, 27-37]. Some animal studies on heat-triggered 

release by using HT can be found in [38, 39] to show the impact of the treatment. In [40], 

animal studies show the importance of the temperature rise achieved in the tumor in 

analyzing the success of HT. For the combination of CT and HT, Figure 1.14 [103] 

shows the effect of HT on the increase in survival rate. Similarly, there is a change in 

complete response as shown in Figure 1.15 [103] when HT is used as an adjunct therapy 

with RT [32]. In addition, the recurrence of cancer due to microscopic carcinoma may be 

prevented during surgical process by heating the tissue before the surgery [28, 41-45]. 

 

Figure 1.14 Clinical trials for survival rate when CT combined with HT 
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Figure 1.15 Clinical trials for complete response when RT combined with HT 

 

In modern superficial and local HT, the microwave frequency is important 

because of its penetration ability for deep tissue tumors. Local HT focuses on only 

heating the tumor. It may be used on any part or organ of the body such as the breast, 

liver, arm, or head. For both local and surface microwave (MW) HT, electromagnetic 

energy is deposited through MW antennas [65]. Current HT applicators (BSD-2000 

hyperthermia systems- Figure 1.16) uses dipole arrays for energy radiation [66, 67]. 

Operating frequencies of HT systems range between 0.1 – 2.45 GHz which includes ISM 

bands with applied power up to 100 Watts [66, 68-79]. 
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Figure 1.16 Commercially available BSD-2000 HT system 

 

Although there are many clinical applications of hyperthermia, uniform heating of 

an organ or a part of the body and short time applications are still problems [31]. Doctors 

want to apply this process during the waiting period before chemotherapy and radiation 

therapy sessions. The fundamental needs of physicians and clinics include less expensive 

equipment, a  specific applicator design process, and short application period lower than 

20 minutes. Therefore, research must concentrate on the combinations of antenna arrays 

with proper low input power for each element in order to get better uniform heating 

pattern inside the tissue. Another problem is to minimize the size of the equipment and 

make them patient specific. For this purpose, I designed two different applicators with a 

different configuration of the MW antennas. 

The antenna designed in [100] is used to create the flexible antenna applicator 

shown in Figure 1.17. It was designed on FR4 substrate, and includes 18 MW antennas. 

However, for this application, the antenna is fabricated on flexible material (PDMS) and 

was tested in air and on human breast-mimicking gels (Figure 1.18) that contain skin, fat 

and fibroglandular layers. As it is seen in Figure 1.20, it resonates at 450 MHz on breast 

tissue well below -10dB, but does not in air. Figure 1.19 shows the test bench including 
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the signal generator, amplifier, temperature sensors and the computer used to monitor the 

temperature changes. The experiment results are also provided in Table 1.1. 

The second applicator is designed considering the breast shape. Thus, it is 

fabricated to be conformal for better fit on realistic shapes of breast mimicking gels. 

Similarly, PDMS is used as the substrate, but it includes 9 MW elements. The operating 

frequency of the antennas shifted unexpectedly (Figure 1.24) which may be caused by the 

shape of the applicator or the fabrication process. This applicator was fabricated by a  

colleague at Stanford Medical School, so there was no opportunity to modify the  

fabrication process. Breast mimicking gels used for the measurements, experiment setup, 

return loss of the antenna, and measurement results are shown in Figure 1.21 – Fig. 24 

and Table 1.2, respectively. 

 

Figure 1.17 Microwave antenna applicator printed on a flexible material (PDMS) 
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Figure 1.18 Breast mimicking gels 

 

 

Figure 1.19 Experiment setup for the first HT applicator 

 

 

Figure 1.20 S11 of the MW antenna on the applicator 
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Table 1.1 Experiment results for the breast hyperthermia 

 
 

According to measurements of the antenna S11 value, tests are performed at 450 

MHz and 1.6 GHz for flat and conformal applicators, respectively, and results are shown 

in Table 1.2  Sufficient temperature increase can be achieved with 2.5W or 5W in 10 

minutes in tumors close to the skin’s surface. Efficiency of the applicator for deeper 

tumors can also be improved by utilizing all the antennas on the applicator and increasing 

the input power with proper equipment and amplifiers. The design process of the 

applicators will be discussed in the Chapter 3. 

 

Figure 1.21 Conformal MW HT applicator 
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Figure 1.22 Breast mimicking gels used for conformal HT applicator measurements 

 

 

Figure 1.23 Experiment setup for the conformal HT applicator 
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Figure 1.24 S11 of the MW antenna on the conformal HT applicator 

 

Table 1.2 Experiment results for the conformal HT applicator 

 
 

In this study, new applicators at 915 MHz and 2.4 GHz were designed for further 

investigation to meet the demands of doctors and eliminate the disadvantages of current 

systems. The applicators are designed for liver mild hyperthermia. The applicator was 

formed with a flexible laminate with high dielectric constant (εr=10.2). There are 12 MW 

antennas located on the substrate. Details of the design process are discussed in Chapter 

3. 
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CHAPTER II 

OPTIMIZATION 

Optimization is a method that requires mathematical procedures to find maximum 

or minimum values of a function to resolve the problems. In engineering, it is almost 

impossible to find a perfect solution. Thus, we seek to determine a solution which 

converges in an optimal way. This convergence can be done by the trial and error 

technique (manual method). However, an effective optimization algorithm can search for 

the best solutions/iterations automatically. 

First, a brief description of the general procedure of optimization used in this 

study is presented.  The optimization goal is defined by the objective function which 

includes the minimum or maximum of the fitness function. The value of the fitness 

function reflects the optimality of the solution. 

Although there are many optimization methods, evolutionary algorithms (EAs) 

are common techniques used for EM applications. EAs eliminate insufficient solutions 

and continue iterations with satisfying solutions using natural selection. EAs include 

evolutionary programming (EP) and GA. Generally EP differs from GA in two ways. 

First, EP does not use crossover, thus GA provides more diversity. Second, there are no 

constraints on the representation of EP. For this reason, GA is choosen for this study 

[120]. Moreover,  GA has been applied to many different applications in 

electromagnetics and engineering since it was introduced [105 – 107]. 
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2.1 Genetic Algorithm (GA) 

A genetic algorithm (GA) is a heuristic method which modifies a randomly 

created population of potential solutions that converge to a local minimum. This step is 

called initialization. In GA, strings are generally represented in binary numbers. The 

process starts after the initiation of the population according to fitness value. 

GA requires some definitions for understanding the process of the algorithm. First 

of all, GA is based on the natural selection idea, so it includes biological terms. 

Chromosomes are the individuals used to generate a population, and each bit in the 

chromosome is called a gene (Figure 2.1). After the generation of population occurs, the 

algorithm goes through the following operators: selection, crossover, and mutation. 

The selection operator keeps the members of the population if the chromosomes 

have sufficient fitness values according to the simulation results; otherwise, they are 

discarded. The sufficiency of each candidate is determined by comparing each calculated 

value with a preset threshold (temperature interval). Then, the randomly selected pairs of 

these candidates are used to generate new children, and the mutation operator takes place 

for diversity if the new generation has identical members. In short, the selection is the 

operator used to select two individuals for the next operator (crossover). These two 

individuals are called parents. For the selection procedure, it is important to keep all 

generated new seed in the population to provide diversity. The selection method used is 

the roulette wheel selection (RWS) out of several methods mentioned in [99]. This 

method classifies each chromosome in different groups according to its fitness value, and 

creates the next generation. The best fit chromosomes will be in the same group. Others 

will be seperated in three to five different groups from the best fit to the least fit. This 
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helps to have more members included in the routine, even if they have a lower fitness 

value. It means that less fit chromosomes can still provide a good result when paired with 

another chromosome during the optimization. 

As previously mentioned, GA uses operators in the routine, including the 

crossover operator used to create a new and unique generation by pairing parents’ genes. 

Crossover is an operator to create a new individual by mating selected ones by RWS, and 

a new individual is called an offspring (Figure 2.2). There are two ways to combine two 

different parents: cutting the chromosomes into two or three pieces from random points. 

For 2-piece parents, one part from one parent is combined with the second part from 

another one. For 3-piece parents, two ends of chromosomes are from one parent are 

combined with the middle part from another parent to generate a new offspring. The rest 

of the chromosomes are also used to generate another child. In both scenarios, the 

number of genes remains constant for the new traits, too. Actually, there is no difference 

between these two options in terms of efficiency. It helps to create better individuals by 

recombining the selected parents. 

The last operator, mutation, generally has very low user-defined probability. It is 

used to modify offspring by switching the bits, so the diversity can be increased (Figure 

2.3). Mutation also occurs to modify the genes if there is duplicate members. This 

operator takes place until the required population size is achieved depending on the 

problem type. Termination of the optimization (GA) occurs when initially set criteria are 

met. It randomly selects a gene from one of the chromosomes and replaces it with another 

randomly generated gene. If GA is binary-coded, replacing the genes means switching 

the value from zero to one or vice versa.  The frequency of use of this operator is user 
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defined and normally varies from 1% to 20% [107]. Although the steps explained in GA 

seem easy, each operator must go through the entire computational process. 

 

Figure 2.1 Gene, chromosome, and population representations 

 

 

Figure 2.2 Crossover operator 

 

 

Figure 2.3 Mutation operator 
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In our case, the problem is finding the minimum input power and optimum phase 

of the antennas on the microwave HT applicator to provide uniform heat distribution over 

the tissue volume of interest. The goal of applying GA in our application is to optimize 

the temperature inside the liver with antennas on pre-defined geometry as a HT 

applicator. It can be considered as facility-location problems in the literature [97], [98]. 

P-median problem is known as the most popular facility-location problem and has many 

applications in engineering [97]. In many electromagnetic applications such as antenna 

design and optimizations, genetic algorithm (GA) have been applied successfully [101, 

102]. Therefore, GA is used to solve the problem at hand. In this study, the location of 

the MW antennas is fixed before the optimization process begins. Thus, the problem has 

two antenna variables effecting the the goal (temperature) in the target tissue (liver). 

These variables are the amplitudes and phased of  the MW antennas. After the 

initialization step, the algorithm runs and progresses to obtain the best values for the 

variables. For the HT applicator, 12 MW antennas are to be driven optimally to provide a 

uniform field and the best heating pattern inside the tissue. 

GA is implemented in Python which controls the commercially available EM 

simulation tool CST MWS, providing an automated system. Therefore, no adjustments to  

the geometry or any simulation settings in CST MWS are required once the optimization 

process is started. Matlab can also be used as an additional software to skip the opening 

pop-up window when CST MWS is first run. 

CST MWS can be controlled via the Visual BASIC for Application (VBA) 

scripting language. Thus, the connection of CST MWS and Python requires a VBA 

interface. When the optimization is started, the GA implemented in Python runs and 
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writes the fitness value to the text file. Then, it calls VBA to execute a VBA script that 

includes commands for CST MWS to apply the optimization results to the simulation file. 

After changes are made to the file, the CST MWS simulation runs and gathers the results, 

and the results are saved in a text file by VBA script again. Python then takes the control 

back and compares the results. If the maximum iteration or the goal is achieved, it 

terminates the loop and saves the results, and gives the best values for the amplitude and 

phase of the MW antennas on the HT applicators. Flowcharts for connection of both 

software and the working principle is provided in Figure 2.4 and Figure 2.5, respectively. 

 

Figure 2.4 Flowchart for connection of Python, CST MWS and VBA 
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Figure 2.5 Working principle flowchart 

 

2.2 Code Structure 

Scripting for GA could be a challenge for this study due to the communication 

between the software. Launching the EM simulator sometimes causes an error because of 

misconnection between CST MWS and Python or Matlab. Matlab can be a better choice 

in terms of controlling other commercial software. However, scripting in Python is easier, 

so both schemes were tested.  Using Python, variables of like population size, length of 

the string (chromosome), minimum and maximum temperature limitations, etc. were 

defined. Then a loop was created to determine the bits (genes) in the string. The 

population is formed with an individual created in the previous loop. After that, the 

population is used to obtain the first result from CST MWS. Saved results are compared 

and classified from the best to the worst in different groups with various probability in 

order to be included in the GA operators. The best solutions will have the highest 



 

29 

probability. Then operators begin to take place. First of all, the selection operator picks 

two chromosomes for the crossover stage using the roulette wheel selection method. 

Selected chromosomes are colligated by the crossover operator. It divides both 

chromosomes from a random point, and creates new offspring with its complement from 

another individual. After the crossover, the mutation operator is implemented if the user 

defined probability is met. These processes are repeated until the population capacity is 

filled. This routine runs to satisfy the demands of the user. Thus, it continues until 

satisfactory results are obtained or a manually defined iteration number is reached. The 

required results are saved in a text file during the optimization. A sample structure of the 

optimization script is provided in the following paragraphs. 

For chromosome (individual) definition in the following script can be used. 

def individual(length, min, max):'Create a member of the population.' 

    ind= random.sample(xrange(1,max),length) 

    return ind 

In order to form the initial population, the following script can be used. 

def population(count, length, min, max): 

    """ 

    Create a number of individuals (i.e. a population). 

    count: the number of individuals in the population 

    length: the number of values per individual 

    min: the minimum possible value in an individual's list of values 

    max: the maximum possible value in an individual's list of values 

    """ 
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    pop= [ individual(length, min, max) for x in xrange(count) ] 

Then CST calculates the results (fitness), and the selection operator runs. Before 

the selection operator runs, results are grouped in different colors (from worst to best). 

red=[]      #probability 10% 0.0 - 0.1 

green=[]    #probability 10% 0.1 - 0.2 

blue=[]     #probability 30% 0.2 - 0.5 

black=[]    #probability 50% 0.5 - 1.0 

random_prob1= random.random()  

# first random number to determine which color we will use to crossover, second number 

is picked with the same method 

if random_prob1 < 0.1: 

    i=random.randrange(1,len(red),2) 

    Ind1=red[i-1] 

    Ind1_order=red[i] 

if random_prob1 < 0.2: 

    i=random.randrange(1,len(green),2) 

    Ind1=green[i-1] 

    Ind1_order=green[i] 

if random_prob1 < 0.5: 

    i=random.randrange(1,len(blue),2) 

    Ind1=blue[i-1] 

    Ind1_order=blue[i] 

if random_prob1 < 0.1: 
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    i=random.randrange(1,len(black),2) 

    Ind1=black[i-1] 

    Ind1_order=black[i] 

Then, crossover takes place and a new individual is created until the population 

size reached. 

cross_point=randint(3,9) #random crossover point 

pop= population (i_count, i_length, i_min, i_max)  

Ind1_string= pop[Ind1_order-1] #get first randomly selected individual 

Ind2_string=pop[Ind2_order-1] #get second individual 

Ind1_cross= Ind1_string[:cross_point] # keep the positions before the crossover point 

Ind2_cross= Ind2_string[cross_point:] # keep the positions after the crossover point  

crossed = Ind1_cross + Ind2_cross # crossed individuals are combined 

Finally, the mutation operator is used to provide diversity according to the user 

defined probability. 
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CHAPTER III 

MICROWAVE ANTENNA DESIGNS, SIMULATIONS, AND RESULTS 

3.1 Microwave Antennas 

For HT applications, many antennas – waveguide, horn, spiral patch, micro-strip 

patch antennas, and antenna arrays – are studied in order to provide the best penetration 

[47-50]. Some of the studies focus on the selective tissue heating for tumors [51-54], 

while others concentrate on uniform heating of the whole organ that has multiple tumors 

[55]. During these studies, the operating frequency of the antennas is also analyzed to 

understand the characteristics of the specific absorption rate (SAR) based on frequency 

ranges [56-58]. Since the penetration depth and the size of the heating zone increase with 

decreasing frequency, the position and the size of the tumor need to be considered to 

make a decision for operating frequency. This means that superficial tumors within the 

near-field region can be heated at higher frequencies [27]. Furthermore, the phase of the 

antenna excitation may also affect the heating pattern. That is, a modification of the 

heating zone can be achieved by manipulating the phase [59]. Due to multiple 

controllable parameters such as number of microwave sources and excitation phase, 

antenna arrays can be used to treat large tumors and create custom heating zone by 

adjusting the phases. 

Designinh an antenna for a HT treatment is a challenge due to the impact of 

electromagnetic radiation on the human body. During the design and the simulation steps, 
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tissue properties and the environmental conditions are significant factors included to 

obtain the most accurate computational results. When the antenna contacts with the body, 

the resonating frequency and radiation characteristics are affected. Hence, previous 

research regarding modeling living tissue help researchers to create more realistic models 

to design an antenna without in vivo measurements. The published studies about 

dielectric properties of human [60 – 63] and animal tissue [108 – 110] make preliminary 

data possible for applications of antennas in medicine. Dielectric properties of the tissue 

is also related to SAR, e.g. conductivity and relative permittivity. Remarkable differences 

in the dielectric properties of normal tissue and tumors at microwave frequencies are 

clearly demonstrated in [46], and the low blood flow volume in tumors have lead to the 

development of microwave HT. 

In 2012, a small antenna was designed operating at MedRadio (401 – 406 MHz) 

and ISM (433 – 435 MHz) bands [100]. The geometry of the antenna is shown in Figure 

3.1. FR4 substrate was used for the published design. 
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Figure 3.1 Antenna geometry and dimensions 

 

 

Figure 3.2 S11 of the published MW antenna 
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In 2014, another triple band (Figure 3.4) serpentine antenna was designed for 

medical purposes. The antenna design and the dimensions can be seen in Figure 3.3. 

 

Figure 3.3 Triple band antenna geometry and dimensions 

 

 

Figure 3.4 S11 of triple band serpentine antenna 
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These antennas can be used for any purpose on the human body. Thus, the first 

antenna is used in an array to create applicators for hyperthermia of the breast. PDMS, a 

flexible transparent material, is used as the substrate for each of the applicators. One of 

the applicators is demonstrated in Figure 3.5 [63]. 18 small MW antennas were arranged 

along two concentric circles in a radial manner and integrated in a circle-shaped flexible 

PDMS sheet. Each small antenna was made of two parts of machined copper foils, on 

which copper wires were soldered as the feed lines. This applicator was fabricated and 

tested but did not provide an accurate conformal fit to the human breast or mimicking 

gels. Thus, a better conformal shaped design was produced. The conformal design has 9 

MW antennas placed symmetrically on the applicator for uniform SAR distribution. The 

designed and fabricated conformal MW antenna applicator is shown in Figure 3.6 [64]. 

 

Figure 3.5 Design and fabrication of the flexible antenna applicator 
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Figure 3.6 Fabrication procedure of the flexible microwave antenna applicator 

(a) Schematics of fabrication, (b) top and bottom parts of the aluminum mold, (c) 
assembled mold, (d) retrieved PDMS cup, (e) final microwave antenna applicator 

The patch antenna is one of the most popular antenna types that can be used as 

implantable device or thermotherapy applicator. It requires a simple rectangular-shaped 

dielectric material with a conducting patch and a ground plane. As a hyperthermia 

applicator, the ground plane decreases the radiation away from the body.  Various 

feeding techniques are available for patch antennas which makes them attractive for 

applicator design given the required feeding network design. 

Two edge-fed patch antennas are designed for this mild HT application at 915 

MHz and 2.4 GHz. The dimensions of the patch antennas are calculated and designed 

using the following equation [121]:  

 𝑊 =
𝑐

2𝑓𝑟
√

2

𝜀𝑟+1
 (3.1) 
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where W is the width, c is the speed of light, fr is the resonant frequency, and εr is the 

dielectric constant of the substrate. The antenna length is increased by ΔL due to fringing. 

It is calculated using the following equation: 

 𝛥𝐿

ℎ
= 0.412

(𝜀𝑟𝑒𝑓𝑓+0.3)(
𝑊

ℎ
+0.264)

(𝜀𝑟𝑒𝑓𝑓−0.258)(
𝑊

ℎ
+0.8)

 (3.2) 

where L is the length, εreff is efective dielectric constant, and h is the thickness of the 

substrate. The effective dielectric constant of the substrate and the length of the patch are 

also calculated using the following equations. 

 𝜀𝑟𝑒𝑓𝑓 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2
[1 + 12

ℎ

𝑊
]

−1
2⁄

     𝑓𝑜𝑟  𝑊
ℎ⁄ > 1 (3.3) 

 𝐿 =
𝑐

2𝑓𝑟√𝜀𝑟
− 2𝛥𝐿 (3.4) 

Each antenna geometry is shown in Figure 3.7 and Figure 3.8 for 915 MHz and 

2.4 GHz HT applicators, respectively. 

 

Figure 3.7 915 MHz MW antenna geometry 
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Table 3.1 915 MHZ MW Antenna Dimensions 

 
 

 

Figure 3.8 2.4 GHz MW antenna geometry 

 

Table 3.2 2.4 GHz MW Antenna Dimensions 

 
 

The return losses of the 915 MHz and 2.4 GHz MW antennas for the initial design and 

reflection coefficient after the optimization are shown in Figure 3.9 – 3.12, respectively. 
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Figure 3.9 915 MHz MW antenna reflection coefficient before the optimization 

 

 

Figure 3.10 915 MHz MW antenna reflection coefficient after the optimization 
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Figure 3.11 2.4 GHz MW antenna reflection coefficient before the optimization 

 

 

Figure 3.12 2.4 GHz - antenna reflection coefficient after the optimization 

 

3.2 Microwave Antenna Arrays 

After the design and optimization of the patch antennas at 915 MHz and 2.4 GHz 

on human tissue, two different applicators were created for each frequency. A predefined 

size for the applicators was assumed by considering the substrate used in the fabrication 

process and the size of the optimized patch antennas, resulting in 12 elements for each 
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HT applicator and a 4-input feeding network with a 4-output external power divider. The 

applicator elements are equally spaced, where the coupling between the antennas is 

minimized as much as possible. For this purpose, the coupling criterion is set lower than -

30 dB. The constructed HT applicator, the return losses of MW antennas, and the 

coupling simulation results are shown in Figure 3.13, Figure 3.14, and Figure 3.15 for the 

frequency of 915 MHz, respectively. The feeding network is also shown on the 

applicator, where the feeding network design is discussed in what follows. 

 

 

Figure 3.13 MW antenna array for 915 MHz mild HT applicator 
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Figure 3.14 S parameters of each element for 915 MHz MW antenna array 

 

 

Figure 3.15 Coupling simulations between the elements for 915 MHz MW antenna 
array 

 

The same design procedures are applied to create the 2.4 GHz mild HT applicator. 

The array geometry and simulation results are also shown in Figure 3.16, Figure 3.17, 

and Figure 3.18, respectively. 
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Figure 3.16 MW antenna array for 2.4 GHz mild HT applicator 

 

 

Figure 3.17 S parameters of the elements for 2.4 GHz MW antenna array 
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Figure 3.18 Coupling simulations between the elements for 2.4 GHz MW antenna array 

 

3.3 Feeding Network 

Fabrication of a microstrip (MS) feeding network can be done by simple 

techniques such as milling and etching. However, discontinuities at the corners may be a 

challenge because of abrupt changes in dimensions and parasitic reactances. This causes 

a additional attenuation which reduces the MS circuit efficiency due to mismatches. One 

of the easiest way to minimize these effects is to use mitered conductors (Figure 3.19) 

instead of complex circuits and stubs. 

 

Figure 3.19 Bent and mitered conductor 
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The mitering technique can eliminate the parasitic reactances due to sharp bends, 

T-junctions, and discontinuities. This technique helps to decrease the capacitance at the 

point of discontinuity. It can be applied for any bend angle. Practically, the length of the 

miter is determined as a=1.8W [111] where W is the width of the MS transmission line 

(TL). All antennas are designed for 50 Ω TL connection. Thus, W is defined as the width 

of the 50 Ω TL and can be calculated by using the following equations [111]: 

 𝑊

ℎ
= {

8𝑒𝐴

𝑒2𝐴−2
                                                                                                        𝑓𝑜𝑟     

𝑊

ℎ
< 2

2

𝜋
[𝐵 − 1 − ln(2𝐵 − 1) +

𝜀𝑟−1

2𝜀𝑟
(ln(𝐵 − 1) + 0.39 −

0.61

𝜀𝑟
)]      𝑓𝑜𝑟     

𝑊

ℎ
> 2

 (3.5) 

where 

 𝐴 =
𝑍0

60
√

𝜀𝑟+1

2
+

𝜀𝑟−1

𝜀𝑟+1
(0.23 +

0.11

𝜀𝑟
) (3.6) 

 𝐵 =
377𝜋

2𝑍0√𝜀𝑟
 (3.7) 

and h is the thickness of the substrate. 

The whole feeding network is printed on a Rogers 3010 flexible substrate. 

However, the external power dividers are printed on regular FR4 substrate to reduce the 

cost of the fabrication. Dielectric constants of the flexible and FR4 substrates are 10.2 

and 4.28, respectively. The higher relative permittivity allows for smaller MS circuits and 

antennas. 

3.3.1 Basic Power Divider 

A common power divider is used for the feeding network and the external 

dividers. A basic T-junction power divider is shown in Figure 3.20. As indicated in the 

figure, Z0, Z1, and Z2 represent the characteristic impedances of the TLs connected to 
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output of the power divider. P0, P1, and P2 are the power levels at Port 1, Port 2, and Port 

3, respectively. 

 

Figure 3.20 Basic and mitered T-split power divider 

 

Power levels are related to each other such that 

 𝑃1 = 𝑃2 + 𝑃3 (3.8) 

 𝑃2 =
1

1+𝐾2 𝑃1 (3.9) 

 𝑃3 =
𝐾2

1+𝐾2
𝑃1 (3.10) 

where 𝐾2 is the power ratio and determined by designer.  

The relationship between power levels and characteristic impedances of the TL 

are defined with the following equations: 

 𝑍2

𝑍1
=

𝑃2

𝑃3
= 𝐾2 (3.11) 

 𝑍2

𝑍0
=

𝑃1

𝑃3
= 𝐾2 + 1 (3.12) 

 𝑍2 = (𝐾2 + 1)𝑍0 (3.13) 

 𝑍1 =
𝐾2+1

𝐾2 𝑍0 (3.14) 
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Also, the length of each arm of the power divider is equal to one quarter 

wavelength: 

 λ =
𝑐

𝑓√𝜀𝑟𝑒𝑓𝑓

 (3.15) 

where 𝜀𝑟𝑒𝑓𝑓 is effective relative permittivity, c is speed of light, and f is the frequency. 

 𝜀𝑟𝑒𝑓𝑓 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2
(

1

√1+12(
1

𝑊 ℎ⁄
)
) (3.16) 

3.3.2 Designed Feeding Network 

For the mild HT applicator, a microstrip feeding network was designed on the 

applicator. Moreover, another external power divider is needed for each applicator (915 

MHz and 2.4 GHz) due to lack of space on the applicator to place all of the power 

dividers. The HT applicator has 4 inputs, and external power divider has 4 outputs. The 

following figures (Figure 3.21 – 3.52) show the geometry, dimensions and simulation 

results of the designed dividers on the applicators and the external power dividers for  the 

frequency of 915 MHz and 2.4 GHz. In the graphs, the S parameters describe the 

relationship between the ports. S21 defines the power transferred from port 1 to port 2, 

and S31 represents the power transferred from port 1 to port 3. Therefore, the ratio of the 

powers at these ports can be calculated according to the s-parameters. The generalized 

two – port system is shown in Figure 3.21. It is assumed that all ports are terminated in 

the 50 ohm reference impedance.  
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Figure 3.21 Generalized two – port network 

 

𝑆11 =
𝑏1

𝑎1
⁄             (3.17) 

𝑆12 =
𝑏1

𝑎2
⁄             (3.18) 

𝑆21 =
𝑏2

𝑎1
⁄            (3.19) 

𝑆22 =
𝑏2

𝑎2
⁄            (3.20) 

[
𝑏1

𝑏2
] = [

𝑆11 𝑆12

𝑆21 𝑆21
] x [

𝑎1

𝑏1
]                              (3.21) 

 

Figure 3.22 MS power divider used between antenna #1 and #2 at 915 MHz 
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Figure 3.23 S parameters of the divider used between antenna #1 and #2 at 915 MHz 

 

 

Figure 3.24 MS power divider used between antenna #3 and #4 at 915 MHz 
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Figure 3.25 S parameters of the divider used between antenna #3 and #4 at 915 MHz 

 

 

Figure 3.26 MS power divider used between antenna #5 and #6 at 915 MHz 
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Figure 3.27 S parameters of the divider used between antenna #5 and #6 at 915 MHz 

 

 

Figure 3.28 MS power divider used between antenna #7 and #8 at 915 MHz 
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Figure 3.29 S parameters of the divider used between antenna #7 and #8 at 915 MHz 

 

 

Figure 3.30 MS power divider used between antenna #9 and #10 at 915 MHz 
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Figure 3.31 S parameters of the divider used between antenna #9 and #10 at 915 MHz 

 

 

Figure 3.32 MS power divider used between antenna #11 and #12 at 915 MHz 
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Figure 3.33 S parameters of the divider used between antenna #11 and #12 at 915 MHz 

 

 

Figure 3.34 MS power divider used between antenna #1 and #2 at 2.4 GHz 

 



 

56 

 

Figure 3.35 S parameters of the divider used between antenna #1 and #2 at 2.4 GHz 

 

 

Figure 3.36 MS power divider used between antenna #3 and #4 at 2.4 GHz 
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Figure 3.37 S parameters of the divider used between antenna #3 and #4 at 2.4 GHz 

 

 

Figure 3.38 MS power divider used between antenna #5 and #6 at 2.4 GHz 
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Figure 3.39 S parameters of the divider used between antenna #5 and #6 at 2.4 GHz 

 

 

Figure 3.40 MS power divider used between antenna #7 and #8 at 2.4 GHz 
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Figure 3.41 S parameters of the divider used between antenna #7 and #8 at 2.4 GHz 

 

 

Figure 3.42 MS power divider used between antenna #9 and #10 at 2.4 GHz 

 



 

60 

 

Figure 3.43 S parameters of the divider used between antenna #9 and #10 at 2.4 GHz 

 

 

Figure 3.44 MS power divider used between antenna #11 and #12 at 2.4 GHz 
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Figure 3.45 S parameters of the divider used between antenna #11 and #12 at 2.4 GHz 

 

 

Figure 3.46 External power divider for 915 MHz 
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Figure 3.47 S parameters of #1 of 915 MHz external divider 

 

 

Figure 3.48 S parameters of #2 of 915 MHz external divider 

 

 

Figure 3.49 S parameters of #3 of 915 MHz external divider 
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Figure 3.50 External power divider for 2.4 GHz 

 

 

Figure 3.51 S parameters of #1 of 2.4 GHz external divider 
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Figure 3.52 S parameters of #2 of 2.4 GHz external divider 

 

 

Figure 3.53 S parameters of #3 of 2.4 GHz external divider 

 

Optimization of the applicator designs includes the selection of the operating 

frequency and the MW antenna array designs. The process should also include 

temperature optimization. In the software (CST MWS), the power losses in the materials 

and SAR are converted into temperature by the thermal solver. SAR gives the power 

absorption over a unit or specific volume. The following equations, including the bioheat 

equation, are used to calculate SAR and temperaure in CST: 
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 𝑆𝐴𝑅 = ∫
𝜎(𝑟)|𝐸(𝑟)|

𝜌(𝑟)
𝑑𝑟 (3.22) 

 𝐶𝜌
𝜕𝑇

𝜕𝑡
= ∇𝑘∇𝑇 + 𝜌(𝑆𝐴𝑅) + 𝐴 − 𝐵(𝑇 − 𝑇𝑏) (3.23) 

 𝐵 = 𝐶𝑏𝑊𝑏 (3.24) 

where 

𝜎 : electric conductivity of the material (S/m); 

𝜌 : material density (kg/m3); 

Cb : specific heat of the blood (J/kg. oC); 

Wb : blood perfusion coefficient (W/K/m3); 

k : coefficient of heat conductivity (W/m. oC); 

Tb : blood temperature (oC). 

The bioheat equation includes the effects of blood perfusion and SAR, and results in 

temperature value. 

The determination of the operating frequency is a very important design 

parameter, affecting the size of the applicator, the penetration depth, the application 

duration, and more. For this purpose, two patch antennas were designed for two different 

frequencies on a simplified human model including skin and fat layers, and a liver 

extracted from human MRI images which was imported into CST MWS for simulations. 

The liver in Avizo, and the simplified model in CST MWS can be seen in the following 

figures (Figure 3.53 – 3.54). Also, the dielectric properties, permittivity and conductivity, 

of each tissue type are provided in Figure 3.55 – 3.57. 
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Figure 3.54 Liver extracted from MRI images via Avizo 8.1 

 

 

Figure 3.55 Simplified human model in CST MWS for EM and thermal simulations 
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Figure 3.56 Dielectric properties of skin 

 

 

Figure 3.57 Dielectric properties of fat 

 

 

Figure 3.58 Dielectric properties of liver 
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3.4 Results 

The simulations are perfomed by Computer Simulation Technology (CST) 

Microwave Studio (MWS) that has complete technology for EM field and thermal 

simulations. After all required elements of the system are designed, built, and optimized 

(applicators, feeding network, and simplified human model), they were combined for 

complete simulations. First of all, the EM solver of CST is used to calculate fields and 

losses, and simulates the behaviour of the EM field. After the EM simulations are 

completed and power loss is calculated inside the tissue, it is time to convert this data into 

temperature using the thermal solver of CST. These simulations are quite time consuming 

if a commercially available whole human body model (HUGO) is used. Therefore, I 

utilized a simplified model as shown  in Figure 3.54. A single iteration for this simplified 

modal requires more than 30 minutes to complete on a standard personal computer. 

Depending on the population size of the optimization routine and specifications of the 

computer system, a complete numerical solution with optimization may take up to 2 

months. The computer system used for this research has the following system 

specifications: 

 Processor: i7 @ 2.60 GHz 

 Memory (RAM): 32 GB 

 System type: 64-bit operating system. 

The simulation and experiment results for the applicator designs are shown in the 

following sections. Experimental measurements were undertaken to demonstrate the 

consistency and connection of the numerical results with real life application. 
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3.4.1 Simulation Results 

The mild HT applicator optimization process focuses on the amplitude and phase 

of the input power for each antenna element on the applicator. In the GA, the antenna 

dimensions (length, width, feeding length, and length of the power divider vertical arms) 

are adjusted for each iteration. The lengths and widths of the two horizontal arms have 

fixed values. The overal size of the applicators are also fixed depending on the plates 

(substrates) used in milling machine. The steps of the optimization proces are shown in  

Figures 3.58 – 3.61 to demonstrate the number of iterations and changes in the variables. 

Table 3.3 indicates the optimized amplitudes and phases for the antenna input powers. 

The effects of the phase (< 0.1 °C) on the temperature increase can be neglected 

according to results compared for constant phase (0°) and optimized applicators. 

 

Figure 3.59 Amplitude optimization steps for the mild HT applicator at 915 MHz 
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Figure 3.60 Phase optimization steps for the mild HT applicator at 915 MHz 

 

 

Figure 3.61 Amplitude optimization steps for the mild HT applicator at 2.4 GHz 

 

 

Figure 3.62 Phase optimization steps for the mild HT applicator at 2.4 GHz 
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Table 3.3 Optimized amplitude and phase of the input power for each antenna 

 
 

Both EM and thermal simulations are required to determine the temperature 

increase inside the tissue. The required electric field characteristics are obtained first for 

the mild HT applications at 915 MHz and 2.4 GHz, which are then used in the thermal 

solver to obtain the SAR graphs and temperature distributions. The  electric field results 

are taken at the end of the 10th minute of the mild HT application. Three different views 

are presented  (side, top, and front) as color maps for the liver model. Then, the SAR 

results are determined from the ‘Post Processing’ menu in CST MWS. The temperature 

distributions are found using the Multi Physics Studio (MPS) component of CST. The 

temperature variation is observed for 20 points inside the liver during the 10 minute 

duration of the mild HT application. The thermal results are sampled at the beginning of 

the application and at 100, 200, 400, and 600 seconds. The following figures (Figure 3.62 

– 3.80) show the E-field and SAR results at 600 seconds and the transient increase of the 

tissue temperature of the mild HT applications for 915 MHz and 2.4 GHz. 
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Figure 3.63 E-field simulation results of 915 MHz mild HT application (side view) 

 

 

Figure 3.64 E-field simulation results of the mild HT application at 915 MHz (top 
view) 

 

 

Figure 3.65 E-field simulation results of the mild HT application at 915 MHz (front 
view) 
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Figure 3.66 SAR results at 915 MHz  (side view) 

 

 

Figure 3.67 SAR results at 915 MHz (top view) 

 

 

Figure 3.68 SAR results at 915 MHz 
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Figure 3.69 Transient temperature increase inside the liver at 915 MHz  

Results at 0, 100, 200, 400, 600 seconds (from top to bottom) 
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Figure 3.70 Temperature values for 915 MHz application on side and top view (with 
maximum skin temperature of 49.8 °C) 

 

 

Figure 3.71 E-field simulation results of the mild HT application 2.4 GHz (side view) 

 

 

Figure 3.72 E-field simulation results of the mild HT application 2.4 GHz (top view). 
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Figure 3.73 E-field simulation results of the mild HT application 2.4 GHz (front view) 

 

 

Figure 3.74 SAR results at 2.4 GHz (side view) 

 

 

Figure 3.75 SAR results at 2.4 GHz (top view) 
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Figure 3.76 SAR results at 2.4 GHz 

 

 

Figure 3.77 Temperature values for 2.4 GHz application on side and top view (with 
maximum skin temperature of 48.52 °C) 

 

 

Figure 3.78 Whole liver used in human model for simulations 
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Figure 3.79 Transient temperature increase inside the liver at 2.4 GHz 

Results at 0, 100, 200, 400, 600 seconds (from top to bottom) 
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Figure 3.80 Temperature increase at 915 MHz at each selected point 

 

 

Figure 3.81 Temperature increase at 2.4 GHz at each selected point 

 

Due to power amplifier output limitations, the overall applicator designs could not 

be tested in the laboratory based on the power required to heat the liver at the given 
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depths of penetration.  An experimental measurement that required less field penetration 

was proposed.  The whole liver model was replaced with a liver slice near the skin 

surface and the element power levels were replace by normalized values based on the 

available power in order to verify analytical results with ex-vivo experiments. The 

thickness of the slice is 2 cm, and the power amplitudes are normalized by 6.75. 

Normalized input powers are shown in Table 3.4. The liver slice model and the 

simulation results can be seen in the Figure 3.81 and Figure 3.82 – 3.83, respectively. 

Table 3.4 Normalized power levels (Watt) 

 
 

 

Figure 3.82 Liver slice model used in the simulations 
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Figure 3.83 Temperature increase inside the liver slice at selected points 

 

 

Figure 3.84 Color map for temperature increase inside the liver slice 

 

The temperature increase with updated model and power levels is between 0.8 

and 1.3 °C. The increment at the closest point - in the middle of the surface - to the skin 
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is 1.3°C and at the furthest point – the top right - to the skin is 0.8 °C according to the 

simulation results. 

3.4.2 Experiment Results 

Given the optimized applicator design, an applicator was fabricated (Figure 3.84) 

along with the power divider (Figure 3.85) using a milling machine (LPKF ProtoMat 

S62).  A porcine liver was obtained for ex-vivo measurements. The experiment setup 

(Figure 3.88) includes a signal generator, a power amplifier, fiber-optic temperature 

sensors, human mimicking gels (5mm skin and 20 mm fat layers in thickness), and the 

porcine liver (Figure 3.86). During the experiment (~ 12 minutes), the temperature 

increase was observed continuously at two points. One point (Point #1 in Figure 3.81) is 

in the middle of the closer surface of the liver to the fat layer. The other point (Point #2 in 

Figure 3.81) is 2 cm away from the fat layer inside the liver. Temperature values were 

collected at ten different points at the end of the experiment before the power was turned 

off. 

 

Figure 3.85 Fabricated mild HT applicator 
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Figure 3.86 Fabricated external power divider 

 

 

Figure 3.87 Porcine liver – skin mimicking gel – fat mimicking gel 

 

 

Figure 3.88 Skin and fat layers on the mild HT applicator 
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Figure 3.89 Mild HT experiment setup 

 

The monitored temperature increment graph is provided in Figure 3.89. The 

results from the experiment coincide with the analytical results except for the rise in the 

graph at the beginning of the mild HT application. The selected ten points in simulation 

are also compared with experimental values and provided in Table 3.5. 

 

Figure 3.90 Temperature increase during the ex-vivo experiment 
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Table 3.5 Temperature Increase Inside the Liver Slice (°C) 

 
 

The numerical model of the mild HT applicator shows that surface temperatures 

could go up to 50 °C using the power levels for the required field penetration. The 

undesired temperature increase on the skin can be eliminated by using a cooling 

mechanism. There have been many cooling techniques used with HT inccluding  

circulating cold water, alcohol sprays, and air streams which provide rapid cooling up to 

10 °C and keep the tissue at a constant temperature to a depth of 2 cm [112 – 119].  
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CHAPTER IV 

CONCLUSIONS AND FUTURE WORK 

4.1 Conclusions 

The latest advances in technology make hyperthermia popular as an adjunctive 

treatment among thermal therapies to treat cancer in any organ or body part. The most 

important advantages of HT are its noninvasive and painless properties when used with 

an efficient cooling system, and helping to shorten the application time. Furthermore, 

mild HT application can make cancer treatment cheaper and more accessible for patients. 

This dissertation provides MW antennas and antenna array designs as mild HT 

applicators through optimization. Genetic algorithm (GA) is used for the optimization of 

the antenna arrays due to the reference electromagnetics applications of GA in the 

literature. The goal of the algorithms used in this study is to provide the best temperature 

distribution inside the tissue compared to user defined limits. 

Increasing demands for the adjuvant therapy of HT has resulted from the 

contributions of thermal therapy to traditional treatments. EM radiation inside the tumor 

provides a temperature and blood perfusion increment that helps radiation therapy and 

chemotherapy to be more efficient. However, existing HT systems require high input 

power per element on the applicators and long application time. Designing conformal and 

patient specific applicators with mild application can solve this issue. 
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The patch antenna is a good option for HT applicator design due to the ease of 

feeding and ground plane advantages that minimize back radiation. Therefore, two 

different patch antennas are optimized for 915 MHz and 2.4 GHz, and used for the array 

and applicator construction. The two applicators, including 12 microwave antennas, are 

optimized for 915 MHz and 2.4 GHz on a simplified human model. Then, optimized and 

simulated mild HT applicators are tested on ex-vivo porcine liver. According to the 

temperature increase inside the porcine liver, analytical results agree with ex-vivo 

experiment results. Chapter 3 shows the designs and the figures in details. 

4.2 Future Work 

Optimization and design of a conformal patient specific mild HT applicator is 

provided in this study, and further studies may provide better results. First of all, a whole 

human model should be used for simulations to see the effects of a more heterogeneous 

model. Second, animal and/or human tests with proper equipment are required to verify 

whole analytical model simulation results. Finally, different array configurations can be 

tested to see the influence of antenna placements and different antenna topologies. 
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