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 Abstract: This study is aimed at investigating the characteristics of various slot sizes of microwave antenna 

suitable for ablation of hepatic and other tumors. The single slot antenna for hepatic MWA was designed using 

COMSOL MULTIPHYSICS 4.3b
 
software. A total number of 140 antennas models were designed out of which 

one was selected based on the variation in its reflection coefficient, total power density and Specific Absorption 

Ratio. The three antennas have different geometry parameters based on the effective wavelength in liver tissue 

at 2.45GHz. The inner and outer conductors of the antenna were modeled using perfect electric conductor 

(PEC) boundary conditions. The model was simulated at multiple discrete lengths of slot between 2.5mm and 

4.5mm, using 0.1mm increment to determine the antenna efficiency. The antenna has a reflection coefficient as 

low as -44.67618 dB, with a corresponding total power dissipation of 9.47744 W at slot size 3.5 mm. The results 

show that the antenna operates with low reflection coefficient which at high power levels prevents overheating 

of the feedline. Feedline overheating may damage the coaxial line, thereby making it is suitable for ablation of 

hepatic and other tumors. 
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I. INTRODUCTION 
Microwave ablation (MWA) represents one of the newest generation of thermal ablation technologies; 

it is increasingly utilized in the treatment of  tumor  and malignancies. A variety of MWA systems are now 

clinically available. [1]. Liver cancer is a significant worldwide public health issue. The disease has a mortality 

rate of 100% at 5 years in untreated cases [2] and results in the deaths of more than one million people each year 

worldwide [3-6]. Although liver cancer can be treated successfully by surgical resection of the malignant tissue, 

approximately 90% of patients with the disease are ineligible for the procedure due to factors such as 

insufficient hepatic reserve and the close proximity of tumors to blood vessels [2, 7]. One promising alternative 

for these patients is microwave ablation (MWA), an experimental procedure in which an antenna is inserted 

percutaneously or during surgery [8] to induce cell necrosis through the heating of deep-seated tumors. 

Microwave technology utilizes energy at frequencies ranging from 915 MHz to 9.2 GHz and differs from other 

thermal ablation modalities, most notably radiofrequency ablation (RFA), in many key aspects. [9]. 

Radiofrequency ablation is susceptible to „heat sink‟ whereby thermal energy is diverted from the target tissue 

by the flow of blood through adjacent vessels. [9–14]. The many perceived advantages of microwave ablation 

have driven researchers to develop innovative antennas to effectively treat deep-seated and nonresectable 

hepatic tumors. These designs have focused largely on thin, coaxial-based interstitial antennas [15-17], which 

are minimally invasive and capable of delivering a large amount of electromagnetic power. These antennas can 

usually be classified as one of three types (dipole, slot, or monopole) based on their physical features and  

radioactive properties.  The propensity of the tissue to be  heated in  the presence  time variable electric  field  is 

determined by  the values of  its electric properties [6], the electric conductivity,  and the dielectric permittivity, 

and   other  physical  properties. The dosimetric quantity that relates  to  heat generation in tissues is the Specific 

Absorption Rate (SAR), defined as: 

                                           
   

 
                                                                                              

 (kg/m
3
) represents the mass density of the tissue and E is the (root mean square) (RMS) value of the time 

harmonic electric field strength inside the  exposed  tissue. To assist in antenna design for MWA, many 

researchers have employed the use of mathematical models rooted in computational electromagnetics (CEM), a 

discipline that employs numerical methods to describe propagation of electromagnetic waves. The finite element 

method (FEM), has been extensively used in simulations of cardiac and hepatic radio-frequency (RF) ablation 

[18,19]. FEM models can provide users with quick, accurate solutions to multiple systems of differential 
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equations and as such, are well suited to heat transfer problems like ablation. Most previous studies of MWA 

were mainly focused on SAR and did not consider the temperature distribution, reflection coefficient and 

treatment duration of the antenna. Antennas operating with high reflection coefficients (especially at higher 

power levels) can cause overheating of the feedline possibly leading to damage to the coaxial line or due to the 

thin outer conductor damage to the tissue [20]. 

In this study, the effect of variation of slot sizes on efficiency of antenna for microwave ablation will be 

systematically studied. The simulated results in this study can be used as a guideline for the practical treatment. 

 

II. METHODS AND MATERIAL 
The single slot coaxial antenna is used to transfer microwave power into liver tissue for the treatment 

of liver cancer. The three modeled antenna has a diameter of 1.79mm each because the thin antenna is required 

in the interstitial treatments. A ring-shaped slot, 3.4 mm,3.5 mm,3.6 mm wide were cut-off  from the outer 

conductor 5mm in length from the short circuited tip. The effective heating around the tip of the antenna is very 

important to the interstitial heating because the electric field becomes more stronger near the slot [21]. The 

antennas are composed of an inner conductor, a dielectric, outer conductor and a metal of width 0.145 mm, 

0.325 mm, 0.125 mm and 0.595 mm respectively. The metal is specifically located around the tip of the antenna 

to increase the heating effect and reflect back the electric field towards the slot. The antennas are enclosed in a 

catheter of width 0.895 mm (made of polytetrafluorethylene; PTFE), for hygienic and guidance purposes.Fig.1 

shows the model geometry of the single slot microwave antenna. The single slot Microwave Antenna operates at 

the frequency of 2.45GHz, a widely used frequency in MWA, and the input microwave power is varied between 

10 W and 50 W. The antenna was simulated by varying the slot height, distance from the tip of the antenna and 

the metal height using COMSOL Multiphysics 4.3b.  The goal of MWA is to elevate the temperature of un-

wanted tissue to 50
o
C where cancer cells are destroyed [27].Dimensions of the antennas are given in Table 1. 

 

TABLE 1. Dimensions of a Microwave Antenna. 
Materials Dimensions (mm) 

Inner conductor 0.145 

Dielectric 0.325 

Outer conductor 0.125 

Catheter 0.895 

Slot 3.500 

Metal 0.595 

 

 
Figure 1: Diagram of the simulated single slot antenna. 

 
The liver tissue is considered as a cylindrical geometry. It has a 30mm radius and 80mm in height. The physical 

properties of the materials involved in the model are selected from several literatures: Yang et al. [22], Bertram 

et al. [23], Yang et al. [24] and Jacobsen an Stauffer [25]. The parameters and the values used in the model are 

given in Table 2 considered at frequency of 2.45GHz. 

 

TABLE 2: The parameters and the values used in the model. 

Parameters 
 

Abbreviations Values 

Density of blood rho_blood 103[kg/m3] 

 

Specific heat, blood Cp_blood (3639[J/(kg·K)] ) 

Blood perfusion rate omega_blood (3.6× 10-31/s] 

Blood temperature T_blood (37[oC]) 

Relative permittivity, liver eps_liver   

 

43.03 
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The model uses a frequency-domain problem formulation with the complex-valued azimuthal component of the 

magnetic field as the unknown. [28]. 

 

III.     Domain Boundary Equation - Electromagnetics 
An electromagnetic wave propagating in a coaxial cable is characterized by transverse electromagnetic 

fields (TEM). Assuming time-harmonic fields with complex amplitudes containing the phase information, the 

appropriate equations are 
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Where z is the direction of propagation, and r,  , and z are cylindrical coordinates centered on the axis of the 

coaxial cable.    is the time-averaged power flow in the cable, Z is the wave impedance in the dielectric of the 

cable, while       and       are the dielectric‟s inner and outer radii, respectively. Further,   denotes the 

angular frequency. The propagation constant, k, relates to the wavelength in the medium, λ, as 

 

 

  
  

 
                                                                                                                                     

In the tissue, the electric field also has a finite axial component whereas the magnetic field is purely in the 

azimuthal direction. Thus, you can model the antenna using an axisymmetric transverse magnetic (TM) 

formulation. The wave equation then becomes scalar in     : 
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The boundary conditions for the metallic surfaces are 

 

                                                                                                                                                          
The feed point is modeled using a port boundary condition with a power level set to 10 W. This is essentially a 

first-order low-reflecting boundary condition with an input field    

    √     √      √                                                                                                              
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Electric conductivity, liver sigma_liver (1.69[S/m]) 

 

Thermal conductivity, liver k_liver (0.56[W/(m*K)]) 

Relative permittivity, dielectric eps_diel (2.03) 
 

Relative permittivity, catheter eps_cat (2.6) 

Microwave frequency F (2.45[GHz]) 

 

Input microwave power P_in (10[W]) 
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for an input power of Pav deduced from the time-average power flow. The antenna radiates into the tissue where 

a damped wave propagates. Because you can discretize only a finite region, you must truncate the geometry 

some distance from the antenna using a similar absorbing boundary condition without excitation. Apply this 

boundary condition to all exterior boundaries. 

 
Domain And Boundary Equations – Heat Transfer 
The bioheat equation describes the stationary heat transfer problem as 

 

  (    )        (    )                                                                                                             
 
Where k is the liver‟s thermal conductivity (W/(m·K)),   represents the blood density (kg/m

3
), Cb is the blood‟s 

specific heat capacity (J/(kg·K)), and   denotes the blood perfusion rate (1/s). Further, Qmet is the heat source 

from metabolism, and Qext is an external heat source, both measured in W/m
3
.This model neglects the heat 

source from metabolism. The external heat source is equal to the resistive heat generated by the electromagnetic 

field: 

 

     
 

 
   [(     )    ]                                                                                                             

 
The model assumes that the blood perfusion rate is           

  , and that the blood enters the liver at the 

body temperature Tb=37 
0
C and is heated to a temperature, T. The blood‟s specific heat capacity is 

Cb=3639 J/(kg·K). At least for external body parts such as hands and feet, it is evident that a temperature 

increase results in an increased blood flow. This example models the heat-transfer problem only in the liver 

domain. Where this domain is truncated, it uses insulation, that is 

 

                                                                                                                                                        
 

IV.    Results 

 
 

 

Figure 2(a)(b)(c): The resulting steady-state axisymmetric temperature distribution  for durations of  120s, 300s 

and 600s in the liver tissue. 

 

 

(2a) (2b) (2c) 
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Figure 3: The computed microwave heat-source density takes on its highest values near the tip and the slot. The 

scale is cut off at 1 W/cm3. 

 

 
Figure 4: The 3D Plot of the temperature distribution on the liver tissue at 600s. 

 

 
Figure 5: The SAR distribution along a line parallel to the antenna. 
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FIGURE 6: The simulated single slot antenna with reflection coefficient, -44.67618 dB, at  slot Size  3.5 mm. 

 

TABLE 4: Result of the measured ablation diameter with time at different power and at 50
0
C for 3.5 mm slot 

antenna design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 7: Comparison of ablation diameter with time at different power for 3.5mm slot antenna design. 
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Time (s) 
Ablation diameter (mm) at different powers 

10 W 20 W 30 W 40 W 50 W 

60 2.4 10.8 13.6 15.5 17.3 

120 6.4 15.8 19.2 21.7 23.7 

180 8.7 19.2 23.1 25.8 28.0 

240 10.2 21.8 26.0 29.0 31.4 

300 11.5 24.0 28.4 31.5 34.0 

360 12.5 25.8 30.3 33.5 36.2 

420 13.2 27.2 31.9 35.3 37.8 

480 13.8 28.2 32.3 36.8 39.8 

540 14.3 29.2 34.2 37.6 40.6 

600 14.8 30.0 35.0 38.8 41.6 
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V.    Discussion 
Figure 2(a)(b)(c) shows the resulting steady-state axisymmetric temperature distribution  for durations 

of  120s, 300s and 600s in the liver tissue for an input microwave power of 10 W. The temperature distribution 

is near ellipsoidal distribution around the slot and its highest values near the microwave antenna slot. It then 

decreases with distance from the antenna and reaches 25.76 
0
C, 31.012 

0
C and 34.933 

0
C closer to the outer 

boundaries of the computational domain. The perfusion of relatively cold blood seems to limit the extent of the 

area that is heated. In addition, temperature distribution increases with increasing time. This is because the 

microwave power absorbed within the liver tissue attenuates, owing to energy absorption, and thereafter the 

absorbed energy is converted into thermal energy which increases the liver temperature. The maximum 

temperature within the liver tissue at time 120 s, 300 s, 600s are 74.424 
0
C, 90.412 

0
C and 97.768 

0
C which is 

quite lower to the ones simulated by P. Keagin et al., 2011.  

Table 3 shows the computer-simulated results of microwave power absorbed in the liver tissues base on 

a frequency of 2.45 GHz and a microwave power of 10 W. Figure 3 illustrates the volume heating effect 

expected from MWA. Microwaves power emitted from the MCA (Microwave coaxial antenna) propagates 

through the liver tissue, which is converted to heat by dielectric heating. [29]. Figure 3 also shows the 

axisymmetric distribution of the microwave heat source. Clearly the temperature field follows the heat-source 

distribution quite well. That is, near the antenna the heat source is strong, which leads to high temperatures, 

while far from the antenna, the heat source is weaker and the blood manages to keep the tissue at normal body 

temperature. Figure 4 shows the 3D Plot of the temperature distribution on the liver tissue at 600s. 

Figure 5 plots the specific absorption rate (SAR) along a line parallel to the antenna. The results are in 

good agreement with those found by K. saito et al., 2000. For the treatment of deep-seated hepatic tumors, the 

SAR patterns of an interstitial antenna should be highly localized near the distal tip of the antenna [23] which is 

clearly shown in figure 5. 

Figure 6 shows the simulated single slot antenna at a 2.45 GHz MWA frequency with reflection 

coefficient, -44.67618 dB, at slot length 3.5 mm which is lower than the antenna simulated by John M Bertam et 

al., 2006. The frequency where the reflection coefficient is minimal is commonly referred to as the resonant 

frequency and should be approximately the same as the operating frequency of the generator used [23]. 

Antennas operating with high reflection coefficients (table 3) (especially at higher power levels) can cause 

overheating of the feedline possibly leading to damage to the coaxial line or due to the thin outer conductor 

damage to the tissue [26]. 

Figure 7 shows the comparison of ablation diameter with time at different power for 3.5mm slot 

antenna design. This antenna was selected because it has the lowest reflection coefficient. One of the main 

challenges of MWA is the ablation area covered. The goal of MWA is to elevate the temperature of unwanted 

tissue to 50
0
C where cancer cells are destroyed [27]. In this work, we discovered that the ablation width 

increases as the power is increased per time. According to David M. Lloyd et al. 2011, 114 patients were treated 

with MWA and median size of ablated lesions was 2.5cm (range 0.5-9.5 cm) with a power setting of 100W. 

This shows that the antenna designed in this work is more efficient in terms of the power usage and has a high 

ablation width of 4.16cm which is quite wider than the results obtained by David M. Lloyd et al 2011. 

 

VI.    Conclusion 
The result shows that the antennas operate with low reflection coefficients of – 44.67618 dB which at 

high power levels prevents overheating of the feedline which leads to damage of the coaxial line, therefore it is 

suitable for ablation of hepatic and other tumors.  In this work, single slot microwave antenna for interstitial 

MWA in liver is evaluated and it is shown that variation in the slot size of the antenna model has an effect on 

the microwave power absorbed, reflection coefficient, SAR distribution and temperature distribution in the liver 

tissue. It is also found that single slot antenna can be used to obtain a larger ablation depth with lower power and 

temperature. 
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