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INTRODUCTION 

The electrical properties of biological tissue play an important role in 

understanding and developing new biomedical applications in the field of 

electromagnetics. Current fields of study include, but are not limited to pulmonary 

edema, chemo-thermotherapy for breast cancer, microwave ablation, metabolic processes 

of brown adipose tissue, in vitro cell culture, and implantable medical devices [1-6]. 

While the basic understanding of these properties has been researched and reviewed for 

well over a century, precise details concerning the manipulation of parameters (such as 

heating, changing the frequency, etc.) have come into question. Defining these results 

will allow for a better understanding of the properties when manipulation occurs, leading 

to an increased development of electromagnetic and microwave medical applications.  

It is well understood that the electrical properties determine the direction and 

pathways of current flow throughout the body. When a tissue is responding to electrical 

stimulation, data is needed on the specific conductivity and relative permittivity of that 

tissue [7-9]. Currently, the electrical properties of any material, including biological 

tissues, can be divided into two main categories: conducting and insulating. If the 

material is categorized as a conductor, the electrical charges move freely once an electric 

field has been introduced. If the material has been specified as an insulator, the charges 

are fixed and unable to move freely [9].  
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If a conductor is placed in an electric field, charges will move within the 

conductor until the interior field is zero. For an insulator, free charges do not exist so net 

migration of the charge does not occur. Polarization can occur when a polar material is 

exposed to an applied electric field. The field orients the dipoles within the material, 

along with the relatively free charges that most materials contain, and the electric field 

inside the material is reduced to its free space value. If the material is an insulator, the net 

field inside the material is significantly lowered relative to the applied field. If the 

material is a good conductor, it is effectively zero [7]. The dielectric properties are related 

to the dielectric losses or reduction associated with the relaxation of electric dipoles. Each 

dispersion is characterized by an average relaxation time defined by the factor 𝜀𝑟, relative 

permittivity or dielectric constant [10]. Relative permittivity is a complex quantity made 

of real and imaginary components and explained by the following equation: 

 𝜀𝑟 = 𝜀′ − 𝑖𝜀"  (1.1) 

where 𝜀′  is the relative permittivity of the material, 𝜀𝑟  is the complex relative 

permittivity, and 𝜀" is the out of phase loss factor and is associated such that 

 𝜀" = 𝜎/𝜀0𝜔   (1.2) 

where σ is the total conductivity of the material. Here 𝜀0 is the permittivity of free space 

and ω is the angular frequency of the field [11].  

At the molecular level, electromagnetic radiation causes dispersions, a decrease in 

relative permittivity in three main divisions known as α, β and γ as seen in Figure 1. 

Dispersions relate to the orientation of the dipoles and motion of the free charges.   The α 

dispersion occurs at low frequencies and is associated with the ionic diffusion processes 
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at the site of the cellular membrane. Polarization occurs, trapping freely charged particles 

at the internal membranes causing permittivity to be extremely high. Because of this, 

biological tissue is essentially conductive at these low frequencies. The β dispersion, 

which occurs in the kilohertz regions, is because of the polarization of cellular 

membranes which act as barriers to the passive flow of ions between the outer and inner 

cellular media. At this frequency range, the reactance of the membrane capacitance short-

circuits the membrane resistance. This will allow the external electric field to penetrate 

into the cell interior [7, 12-13]. β dispersion can also be caused by polarization of 

proteins and other organic macromolecules. The γ dispersion, occurring in the gigahertz 

region, is because of the polarization of water molecules [8, 14-16]. Figure 1.1 depicts the 

occurrences of the three main dispersions. Outlined in red, this experimental data will 

involve testing biological tissue in the frequency range of 500 MHz to 10 GHz. 

 

Figure 1.1 Dispersion of Biological Tissues [7] 
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CHAPTER II 

ELECTRICAL PROPERTIES OF BIOLOGICAL TISSUE 

2.1 Materials and Methods 

In order to obtain results similar in dielectric properties to that of human tissue, 

porcine skin, fat, muscle, lung, liver, and heart were chosen [17].  The fresh samples were 

acquired from a local slaughter house and were all tested within 3 hours of animal death 

in order to maintain similar properties to that of in vivo testing using the Agilent Network 

Analyzer and slim probe kit.  

The dielectric probe kit contains three different probe designs: performance, high 

temperature, and slim form. The performance probe kit, shown in Figure 2.1(a), functions 

over a frequency range of 500 MHz to 50 GHz and tolerates a temperature range of -40°C 

to 200°C. This extensive operating temperature range allows for dielectric measurements 

to be mapped against both frequency and temperature. The probe can be autoclaved, so it 

is useful in a variety of applications including food, medical, and chemical industries. 

The high temperature probe kit, shown in Figure 2.1(b), works over a frequency range of 

200 MHz to 50 GHz and also tolerates a  of -40°C to 200°C. This probe also measures 

the dielectric properties versus both frequency and temperature and it is resistant to 

corrosive or abrasive materials. Its wide brim allows for accurate measurements of flat 

surfaced solids or liquids. The slim probe kit, shown in Figure 2.1(c), is responsible for 

all of the testing done on biological tissue for this thesis. It operates over a frequency 
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range of 500 MHz to 50 GHz and tolerates a temperature range of 0°C to 125°C. To 

perform the measurements, this probe is either immerged in a liquid or placed on the 

surface of a material. For accurate measurements, a precise cut was made into the tissue 

and the tip of the probe made full contact with the exposed tissue. 

 

Figure 2.1 Performance Probe, (b) High Temperature Probe, and (c) Slim Probe 

 

Before the tissues properties can be measured, the probe must be calibrated. This 

improves the accuracy of the measurements by removing any systematic errors that may 

occur. The main sources of error that can affect accuracy of the measurements of the 

sample can be: air bubbles in the sample or at the tip of the probe, the stability of the 

cable, air gaps between the material and the probe, or the dimensions of the sample. 

During calibration, three known standards are measured to compensate for these 

systematic errors: air, short circuit, and de-ionized water. Calibration is performed in 
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every study before taking each measurement of each tissue sample. The calibration set-up 

is shown in Figure 2.2. 

 

Figure 2.2 PNA Network Analyzer and Dielectric Slim Probe Kit Calibration Set-Up 

 

The network analyzer measures the electrical signal reflection and signal 

transmission of each biological tissue. Biological tissues absorb power through the 

radiation of electrical signals. The network analyzer allows for these measurements to be 

mapped. A fiber optic temperature sensor (FISO Technologies Inc, Quebec, Canada) was 

used to monitor change in temperature for accurate dielectric property readings. 

Calibrations were made and the fiber optic temperature sensor was tested against an 

IKA® ETS D5 temperature sensor to provide accurate temperature readings of the tissue. 
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The fresh samples were at room temperature as seen in figures 2.3 and 2.4. Using 

the Agilent Network Analyzer and slim probe kit they were tested to gain standard 

dielectric property measurements of the porcine tissue at measured temperatures of 25˚C. 

 

Figure 2.3 FISO Temperature Sensor, Agilent Network Analyzer, and Slim Probe Kit 
Set-up 
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Figure 2.4 Testing Dielectric Properties of Porcine Tissue 

(a) Lung, (b) Liver, (c) Heart, (d) Muscle, (e) Skin, and (f) Fat 

Comparative results of the testing are shown in Figures 2.5 and 2.6. These results 

explain the behavior of the dielectric properties over the frequency range of 500 MHz to 

10 GHz. As expected, these results act similar to those found in the Gabriel et al. 
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comparative data that is used in many studies as reference data for dielectric properties 

[8]. 

 

Figure 2.5 Relative Permittivity Comparison of Porcine Tissue at 25˚C 
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Figure 2.6 Conductivity Comparison of Porcine Tissue at 25˚C 

 

These results display a common pattern that is related to the amount of blood 

found in the organs and tissues. As seen in both Figure 2.5 and 2.6, liver, which has 

largest percent of blood compared to the other organs and tissues, has the highest relative 

permittivity and conductivity. As the amount of blood found in the organ decreases, so 

does the relative permittivity and conductivity. 
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CHAPTER III 

EFFECT OF TEMPERATURE ON ELECTRICAL PROPERTIES 

3.1 Temperature Effects on Electrical Properties 

3.1.1 Temperature Dependent Properties 

Biological samples of porcine lung, heart and liver were chosen because of the 

similarities of electrical property to human organs [17].  The fresh samples were acquired 

from a local slaughter house and were all tested within 3 hours of animal death in order to 

maintain similar properties to that of in vivo testing as seen in Figure 3.1. The fiber optic 

temperature sensor (FISO Technologies Inc, Quebec, Canada) was used to monitor 

change in temperature for accurate dielectric property readings. Calibrations were made, 

and the fiber optic temperature sensor was tested against an IKA® ETS D5 temperature 

sensor to provide accurate temperature measurements. 



 

12 

 

Figure 3.1 Measurement of Dielectric Properties of Porcine (a) Lung, (b) Heart, and 
(c) Live 

 

Porcine samples of liver, lung and heart were then heated to temperatures of 55 to 

80 degrees Celsius using a flat surface heat source. Temperatures of the ablated samples 

were monitored, and dielectric measurements were taken of the sample at increments of 5 

degrees Celsius. The results are displayed in Figure 3.2 through Figure 3.7. It should be 

noted that charred regions of the samples were avoided from being tested because of a 

change in the tissues properties [18]. 
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Figure 3.2 Relative Permittivity Comparison of Porcine Heart 
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Figure 3.3 Relative Permittivity Comparison of Porcine Lung 
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Figure 3.4 Relative Permittivity Comparison of Porcine Liver 
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Figure 3.5 Conductivity Comparison of Porcine Lung 
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Figure 3.6 Conductivity Comparison of Porcine Liver 
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Figure 3.7 Conductivity Comparison of Porcine Heart 

 

These results display a common pattern that is related to the amount of blood 

found in the tissue. As seen in Figure 3.2 through 3.7, as the temperature within the tissue 

increases, blood within the organ begins to either evaporate or dissipate from the location 

of the ablation procedure. This causes both the relative permittivity and the conductivity 

of the tissue to decrease as the temperatures continue to rise. 
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3.2 Radio Frequency and Microwave Ablation 

 

Figure 3.8 Radio Frequency (a) Applicator and (b) Thermocouple Prongs for Ablation 

 

Radio frequency (RF) ablation has been the primary therapy of all ablation 

procedures for many years.  It has mainly been used for the treatment of heart 

arrhythmias and liver tumors by increasing the temperature of the tumor tissue to around 

60 oC [20]. The RF ablation generators operate at very low frequencies (mainly 480 kHz), 

and the power levels can be as high as 200W. This procedure requires a ground pad 

located in the vicinity of the RF probe to create a closed circuit between the probe and the 

ground. RF ablation is preferred because of ease of use and safety in surgical settings 

[21]. However, there are several issues associated with this procedure. It depends on the 

conduction of electrical energy into the tissue, so it is limited to use of one probe. As 

included in studies about RF ablation, the size of the targeted region of the tissue 

increases quickly at the beginning of the heating. Because the impedance rises, the rate of 

increment decays exponentially [22]. Increment in impedance makes water vaporization 

act as an electrical insulator which is one of the limitations for RF ablation [23]. When 

the tissue heats up, the tissue conductivity significantly drops and creates an open circuit 

limiting the ablation zone diameter. Therefore, the ablation zones are small (mm range), 
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and ablation times are extended (more than 10 minutes). In addition, the ground pads can 

cause skin burns, and because of the small ablation zones, RF is often inadequate to treat 

many tumors using single probes [24-26]. 

 

Figure 3.9 Microwave Ablation Applicator 

(a) Single Probe and (b) Multiple Probes [27] 

Microwave ablation (MA), since its design does not require harmful chemicals or 

grounding plates, gives a more flexible treatment plan and is more accommodating than 

most other ablation techniques because of its simplicity.  It also allows for faster ablation 

times and larger tumor ablation volumes because of the process. MW ablation allows for 

single or multiple probed applicators as seen in Figure 3.10. Depending on the size or 

shape of the tumor, the number of probes is chosen [27]. 
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Figure 3.10 MW Ablation Zones 

(a) Multiple Probes Applicator and (b) Single Probe Applicator 

MA is a form of electromagnetic therapy that when focused on cancerous or 

tumor cells within the body, the electromagnetic waves stimulate necrosis of the cell 

through disruption of the water molecules. A large amount of heat is produced from 

electromagnetic waves that pulse through an antenna which is placed on the region of 

concern. Production of friction and heat from this agitation causes cellular death thus 

eliminating the need for more invasive surgery [28]. In order for optimum results of MA 

to be reached, in depth research of the dielectric properties must be done on the biological 

tissue of interest. This includes exploring the impact of thermal absorption during MA. It 

is commonly understood that negative results occur from radiofrequency and microwave 

ablation therapies because of the “heat sink” effect. There are many parameters that 

influence the “heat sink” which can be dependent on the amount of blood in and around 

the tumor. Results also may vary from previous studies focusing on non-human test 

subjects [29]. Most knowledge of this effect is unknown, but, it is possible that the deep 

penetration of MA can overcome the displaced heat loss, resulting in more effective 
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necrosis of perivascular tissue in the liver, especially with optimal dielectric tuning of the 

MA system to the target tissue [30]. Because most MA functions on a narrowband 

wavelength, power transmission efficiency is degraded once temperature changes, as seen 

in Figure3.11 [31]. 

 

Figure 3.11 The Effect of Temperature on Porcine Liver Electrical Properties [31] 

 

These changes in temperature alter the matching of the antenna impedance to the 

surrounding tissue impedance, resulting in a significant drop in power transmission 

efficiency. Figure 3.12 shows a dipole antenna matched to surrounding liver tissue, 

emulating similar dielectric properties. At 15 degrees Celsius it provides 97.5% power 

transmission. Temperature is increased to 98.9 degrees Celsius, and power transmission 

decreases to 20%. 
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Figure 3.12 Reduction of Power Transmission Because of Changing Temperatures 

 

In order to better understand these changes, the dielectric properties have been 

tested within the temperature range of 55 degrees Celsius to 80 degrees Celsius, the 

targeted temperature range for this study. This is required to determine specific properties 

necessary for proper use of the microwave ablation antenna.  

The dielectric properties determine how the electromagnetic field that will be 

created from the MA will interact and disperse within biological tissue [32]. The results 
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from testing the dielectric properties of ablated tissues from porcine liver, lung, and heart 

will occur at a multi-frequency range from 0.5-10 GHz. Previous experimentation has 

been done on sealed, closed system samples from ex vivo bovine liver at the frequency of 

915MHz [33], and ex vivo bovine liver at 2.45GHz [34]. Recently, research and 

experimentation has been documented for an open system, open sample ex vivo bovine 

liver at 2.45 GHz [35]. However, it is necessary to understand how the biological tissue 

reacts at multi-frequency ranges in order to increase matching of the wideband antenna to 

the tissue. Once this has been documented, research can continue to design a form of MA 

that allows for multi-frequency zones. Currently, any MA technique is done at a single 

frequency thus limiting the ability to vary the thermal ablation zone.  

3.3 Hyperthermia 

Conventional treatments for cancer are chemotherapy, radiotherapy, and surgery. 

Hyperthermia, (thermotherapy) can be used as an adjunctive therapy to target and raise 

the temperature in cancerous cells without significantly damaging normal, healthy cells. 

Hyperthermia has been defined as temperatures escalating in humans to above 41 degrees 

Celcius. At this temperature, benign tissue can tolerate extended exposure to heat, but in 

tumors, vascularization and blood flow are lower than that of regular tissue. This causes 

the cancer tissue to be more responsive to heat [36-42].  

Standard tumor growth occurs at the margin and tends to extend outwardly as 

cells begin to mulitply. While the innermost region of a tumor characteristically has poor 

oxygenation and a decreased metabolism, the outer boundary maintains good nutrition 

and rapid heat transfer. In fact, the outermost regions of a tumor have been described to 

have high oxygenation and increased nutrition. This allows cancer cells to escape from 
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normal growth controls, but it also allows the cells to be more easily damaged from 

exterior influences, hyperthermia being one [42]. 

This form of therapy, paired with conventional therapies provides more success 

during cancer treatment beacuse of the exposure of electromagnetic energy as heat to the 

cancer cells thus reducing the resistance of the cancer treatment for the affected tissue as 

seen in Fıgure 3.13 [36-44]. 

 

Figure 3.13 Chemotherapy Trail Results vs. Chemotherapy and Hyperthermia Trial 
Results 

 

Hyperthermia causes an increase in permeablitiy of the membranes which 

increases the drug delivery and the radiotherapy efficiacy [38].  This property of tumors 

makes classical treatment more efficient when it is combined with microwave 

hyperthermia. Combining radiotherapy or chemotherapy and hyperthermia treatments 
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provides higher survial and remission rates, and it increases complete response of 

radiotherapy as seen in Figure 3.14 [41].   

 

Figure 3.14 Trial Results of Carcinoma of the Rectum and Esophagial Cancer [45-46] 

 

From this trial, a comparison was made of patients undergoing the triple modality 

of radiochemotherapy and hyperthermia to those patients only recieving surgery. Patients 

were either diagnosed with advanced carcinoma of the rectum or advanced esophagus 

cancer. While the most beneficial effects were seen in those patients presenting in the 

advanced stages of these diseases, results prove a significant difference in the five year 

survival rate which showed to be 91.3% survival with the triple modality versus 64% 

with surgery alone [47].  

3.4 Antenna Applicators for MW Ablation and Hyperthermia 

3.4.1 Microwave Ablation Applicator 

A slot between two different media behaves like a leaky wave antenna. For a 

small width of the slot ws, (compared to the media on either side of the slot) between two 
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different dielectric media the asymptotic value of the complex propagation constant is 

given by 
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The above equation indicates that the direction of the main beam is essentially 

independent of frequency. This phenomenon is utilized to design extremely small 

antennas that can be used for in-body applications. For this, the high dielectric constant of 

human tissues and low permittivity and low loss material like FR4 epoxy on which the 

antenna is printed has been exploited. The geometry of the antenna used for ablation 

consists of slot which is coiled in a small area (5.5 mm x 5.5 mm) printed on FR4 

substrate and microstrip line printed on the back side which provides the excitation as 

seen in Figure 3.15. The antenna is provided with a tapered tip FR4 substrate for ease of 

insertion into the tissue. The slot, when excited with a suitable microstrip excitation, 

generates leaky waves over a very large bandwidth. Because the resulting antenna is 

ultra-wideband in nature, the power transmission efficiency is between 95% and 99.9% 

for all frequencies from 300 MHz to 10 GHz in liver as seen in Figure 3.16. 
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Figure 3.15 Geometry and Dimension of the Antenna (Ultra-Wideband Probe) Used for 
Ablation 

 

 

Figure 3.16 Antenna Reflection from 300 MHz - 10GHz 

 

The top, bottom, and side views and the radiating antenna design and fabricated 

probe are shown in Figure 3.17 (a) and (b), respectively. The initial measurements and 

simulation are performed by using dielectric properties of skin, and Figure 3.18 shows 

the comparison of return losses simulated and measured in skin-mimicking gels. It has an 

ultra-wideband characteristic, meets the desired band (ISM band) and works better in 
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measurements. Dimensions of the probe are seen in Table 3.1. In addition, specific 

absorption rate (SAR) shown in Figure 3.19 is simulated in HFSS to see the effect of the 

antenna conformed on a 13 gauge probe on human tissue.   

Currently, the antennas are printed on plane substrate for the sake of simplicity; 

however, in the final prototype, the purpose is to modify the antennas to conform on a 13 

to 17 gauge probes. 

 

Figure 3.17 (a) Ablation Probe Used in Liver Test and (b) Radiating Antenna of the 
Probe 
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Figure 3.18 Simulated (Doted) and Measured (Solid) Return Losses 

 

Table 3.1 Dimensions of Probe 

Symbol Dim.(mm) Symbol Dim.(mm) 
l1 5,5 l15 2,5 
l2 5,5 l16 2,25 
l3 5,5 l17 150,25 
l4 5 l18 5,25 
l5 5 l19 20 
l6 4,5 l20 5,5 
l7 4,5 l21 150 
l8 4 l22 15,5 
l9 4 l23 2 
l10 3,5 l24 3 
l11 3,5 l25 157,5 
l12 3 l26 1,5 
l13 3 w1 0,25 
l14 2,5 w2 0,25 
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Figure 3.19 Specific Absorption Rate (SAR) of Antenna 

 

In this study, the focus is 915 MHz, 2.4 GHz and 5.8 GHz included in ISM band 

(Industrial, Scientific, and Medical Band). The experiment setup which includes signal 

generator, amplifier, ablation probes, fiber optic temperature sensors, porcine liver and 

network analyzer is shown in Figure 3.20. After the probe placed into the liver, signal has 

been amplified up to 20W and pumped through the probe. During this experiment, 

temperature is observed by the sensors. In Figure 3.21, preliminary results are shown 

from ex-vivo porcine liver experiments. These measurements prove that ultra-wideband 

MA eliminates the unwanted ablation regions and allows adjustable ablation zones as 

seen Figure 3.21(b) and 3.21(c) by changing the input frequency. In addition, the power 

levels and ablation times are significantly lower than previously reported in the literature. 

The results in Figure 3.21 were generated using 20W input power with only 4 minutes of 

ablation. Also note that in Figure 3.21, presented is the first ever MW ablation at 5.8 GHz 
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found.4.5 and Error! Reference source not found.4.6 show the theoretical radiometric 

power variation as a function of metabolism (W/m3) for cold and noradrenergic 

stimulation, respectively. In either case the average simulated power is -86.7 dBm. 

 

Figure 4.5 Parametric Simulations to Assess Antenna’s Sensitivity to Metabolic 
Variations Under Mild Cold Simulation (15 °C) 
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Figure 4.6 Parametric Simulations to Assess Antenna’s Sensitivity to Metabolic 
Variations Under Noradrenergic Simulation (15°C) 

 

Error! Reference source not found.4.1 presents descriptive data for average 

BAT temperature at baseline and after 15-fold increased metabolism. Both stimulation 

inductors are compared. Within all simulated scenarios, the antenna sensitivity was 3.9-

12.2 mdBm/°C, corresponding to detection of temperature variations as small as 0.6°C at 

12 mm depth. 

Table 4.1 Sensitivity of Radiometric Antenna and Average BAT Temperature for All 
Model Configurations During Cold and Noradrenergic Stimulation 

BAT volume 
(cm3) 

WAT thickness 
(mm) 

Stimulation Baseline average 
BAT temperature 

(°C) 

Temperature variation 
for 15-fold increased 

metabolism (°C) 

Sensitivity 
(mdBm/°C) 

6 3 
Cold 36.00 1.12 12.19 

Noradrenergic 36.58 0.70 11.34 

6 10 
Cold 36.34 0.89 8.60 

Noradrenergic 36.80 0.62 7.56 

2 3 
Cold 35.74 1.29 7.83 

Noradrenergic 36.42 0.81 7.30 

2 10 Cold 36.31 0.90 4.45 
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