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Hyperthermia is a treatment procedure that applies heat on the target tissue with a 
temperature range of 40º to 45º C for a specific dura<on without affecting the healthy 
surrounding tissue. The efficacy of hyperthermia treatment relies on the suitable frequency 
within the Industrial, Scientific, and Medical (ISM) band. The frequency influences both 
penetration depth and Specific Absorption Rate. This study aims to investigate and compare 
the performance of the applicator with operating frequencies 434MHz, 915MHz, and 
2450MHz with a tumor situated in the middle of the breast phantom. The hyperthermia 
model is simulated with    SEMCAD X. Tissue properties include relative permittivity and 
conductivity represented with the Generic Dispersive Model. The penetration SAR 
distribution varies with different frequencies applied to the applicator. The applicator with 
434MHz has greater penetration than 915MHz and 2450MHz. The SAR distribution on 
2450MHz is more focused on the areola of the breast phantom, while on 915MHz, heat 
focuses on the middle of the breast phantom. For applicator 434MHz, the heat covers the 
middle part of the breast phantom to the chest wall. The appropriate applicator is 
recommended for effective hyperthermia treatment.  
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1. Introduction 

 
The most widely used cancer treatments globally are surgery, chemotherapy and radiation 

therapy. Nevertheless, specific pathological characteristics in the tumor can reduce the effectiveness 
of the available treatment. For example, a hypoxic tumor is characterized by low oxygen level (PO2) 
[1] and disorganized blood vessel development due to insufficient blood supply[2]. Hypoxia induces 
an increase in malignancy [3] and resistance to chemotherapy and radiaQon therapy[4]. Therefore, 
hyperthermia is an opQon for this type of tumor treatment.  

 Hyperthermia is defined as the elevation of tissue temperature from 40º to 45º C for 30 to 60 
minutes while causing a minimal effect on the healthy surrounding tissue[5]. The increment in 
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temperature leads to the destruction of cell cancer. Hyperthermia can be independent or in 
conjunction with chemotherapy and radiation therapy to increase its effectiveness[6].  

In hyperthermia treatment, an applicator generates heat that transfers it to tissue. In healthy 
tissue, this heat causes an increase in blood flow because of blood vessel enlargement. This response 
helps to keep the temperature lower in healthy tissue. However, in the tumor, blood flow slows down 
due to the abnormal structure of blood vessels. As a result, the temperature in the tumor rises, 
leading to cell death or shrinkage of the cancer due to heat exposure [7]. 

 Clinical heating techniques are electromagnetic (EM), ultrasound, perfusion and conductive 
heating. The EM heating applies a frequency alternating sinusoidal (AC) EM field generated through 
one or multiple antenna. The antenna/multiple antenna is called the applicator. The EM field induces 
dielectric heating through molecular dipole rotation, polarization or vibration. At a frequency >1MHz, 
the cell membrane allows the electric field to pass through and make it permeable[8]. EM method 
can be categorized based on frequency, wavelength and penetration depth. The ascending order of 
frequency corresponds to the descending order of penetration depth[9]. 

The interaction between the EM field and biological tissue is commonly investigated through a 
comprehensive model, including dielectric properties. The dielectric properties are relative 
permittivity and electrical conductivity[10]. Electrical conductivity refers to the material/tissue's 
ability to carry current. Healthy tissue and tumors have different electrical conductivity[11]. The 
relative permittivity describes the ability of material/tissue to be polarised due to the EM field. Both 
electrical properties are subject to the type of tissue, frequency and temperature[12].  

 The hyperthermia applicator uQlized frequency within the range designated by Industrial, 
ScienQfic and Medical (ISM) at 434MHz, 915MHz and 2450MHz[13]. The applicator used the ISM band 
to reduce the complicaQons and cost-effecQve device installaQon in the clinic[14]. A previous study 
reported that the frequency uQlized in the applicator design influenced the penetraQon depth. 
PenetraQon depth at high frequency is lesser than at low frequency. For instance, in [15], an applicator 
uQlized 434MHz to treat locally advanced breast cancer, while [16] demonstrated that 434MHz 
provided greater penetraQon depth than 915MHz and 2450MHz.  

AddiQonally, [14] indicated that applicator 915MHz has a more prominent focus point and deeper 
penetraQon depth than 2450MHz. Meanwhile, the 2450MHz applicator resulted in more focus on 
treatment but with reduced penetraQon depth[17]. The variaQon of penetraQon depth indicates the 
efficacy of tumor treatment depends on the frequency used in the applicator. Therefore, this study 
proposed an applicator that allows precise tumor treatment by selecQng an appropriate operaQng 
frequency based on tumor locaQon. 

 
2. Methodology  
 

The SEMCAD X is a 3D full-wave EM simulation with Finite Difference Time Domain (FDTD) 
method. The FDTD method simulates EM behavior by numerically solving the Maxwell equation in 
discrete space and time domains. The Yee grid scheme provides an effective framework for 
discretizing and solving the Maxwell equation for the numerical modeling of EM waves. Through 
Faraday and Ampere law with Maxwell addition[18], electric field (Ex, Ey, Ez) and magnetic field (Hx, 
Hy, Hz) are placed on a grid system in Cartesian coordinates. These field components are positioned 
at a staggered grid [19]. The equation fundamental of EM wave. Maxwell Eq. (1) Faraday Law explains 
how the change in magnetic field induces an electric field. 

 

𝛻𝑥𝐸 = − !
!"
𝜇𝐻								            (1) 



Journal of Advanced Research Design 
Volume 145, Issue 1 (2026) 1-12 

3 
 

Ampere law with Maxwell addition is shown in Eq. (2), which explains how the magnetic field 
is related to the electric field and current density. Maxwell introduced the concept of displacement 
current that allows direct proportional to the rate of change of electric field,  !

!"
𝐸 as in Eq. (2a) 

 
∇xH = 	 !

!"
𝜀𝐸 + 𝐽																	           (2) 

 
∇xH = 	 !

!"
𝜀𝐸 + 		𝜎𝐸												          (2a) 

 
Rearrange (2a)  
!#
!"
𝜀 = 		 ∇xH − 𝜎𝐸							            (2b) 

 
!#
!"
𝜀 = 		 $

%
(∇xH − 𝜎𝐸)				            (2c) 

                                        
At XY grid cell, Ex with Hy and Hz as: 

 
!#
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− 𝜎𝐸3  (2d) 

 
In the context of solving electrical problems with the FDTD method. By assuming from electric 

field (Ex) change from time step (n) to the subsequent step (n+1) in the X and Y grid, magnetic field 
(Hz and Hy) at spatial interval along grid  Δy and Δz shift by half of the grid point in both X and Y 
direction as indicated in Figure 1. Meanwhile, the conductivity is at a specific location in the grid[20]. 
It shows that the electric field changes based on the magnetic field and material conductivity, as in  
(2e). 
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By considering specific locaQons within the grid (i,j,k), Ex stated as: 
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Assume Ex position at half grid point of the XY : 

𝐸𝑥45%&
= #+#5#+#$%	

6
													         (2g) 

 

 
 
 
 
 
 
 
 
Fig. 1. Yee Cell in the electric and magnetic field 
in a staggered  grid  (FDTD) 

 

Sections 2.1, 2.2, and 2.3 describe the applicator development, breast phantom development, and 
Specific Absorption Rate , respectively. 
 
2. 1 Applicator Development  
 

The applicator was designed with a rectangular microstrip antenna that used RT5880 as the 
substrate with an input power of 10W. Developing the antenna with an RT5880 substrate improved 
several performance aspects, including reduced return loss, increased gain, enhanced directivity, and 
improved efficiency [21]. Besides that, RT5880 has low loss a tangent and low loss dielectric constant, 
which are essential for microstrip antenna. 

  The size of a rectangular microstrip antenna with 434MHz is 349.31(l) x 282.50(w) x 1.575(h) 
mm3. The patch dimension is 231.79(l) x 273.79(w) x 0.035(h) mm3, as displayed in Figure 2a. The size 
of a rectangular microstrip antenna with 915MHz is 166.68(l) x 138.96(w) x 1.575(h) mm3. The patch 
dimension is 110.39(l) x 129.51(w) x 0.035(h) mm3, as indicated in Figure 2b. The size of a rectangular 
microstrip antenna with 2450MHz is 49.473(l) x 57.819(w) x 1.575(h) mm3. The patch dimension is 
40.02(l) x 48.37(w) x 0.035(h) mm3 as shown in Figure 2c. 

The dimension length and width are based on governing equations[22] that represent in steps 1 
to  6. The thickness substrate RT5880 and patch-based datasheet[23]. The substrate has a dielectric 
constant,  𝜀: = 2.2  and loss tangent tand=0.0009[24]. Microstrip line used as feeding method the 
feed line is    l

4
 . The transmission line impedance is 50 W. 

 
Step 1: width of patch for rectangular microstrip antenna 
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2
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Step2: The effective dielectric constant of the substrate 

𝜀:<== =
𝜀: + 1
2 +

𝜀:)$
2 A1 + 12

ℎ
𝑤D A1 + 12

ℎ
𝑤D

)>.@

 
(4) 

Step 3: The effective length of the microstrip antenna 

𝐿<== =
𝑐

2𝑓:F𝜀:<==
							 (5) 

Step 4: The extension  of length  

∆𝐿 = 0.412ℎ
(𝜀:<== + 0.3)(

𝑤
ℎ + 0.264)

(𝜀:<== − 0.258)(
𝑤
ℎ + 0.8)

 

 

(6) 

Step 5: The microstrip antenna length 

𝐿 = 𝐿<== − 2∆𝐿																																																				                                                                                                 (7) 

Step 6: The length and width of the ground plane 

𝐿AB6ℎ + 𝐿                                                                                                                                                                  (8) 

𝑊AB6ℎ +𝑊;                                                                                                                                                               (9) 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2. (a)434MHz Applicator (b) 915MHz Applicator (c) 2450MHz Applicator 

 
 



Journal of Advanced Research Design 
Volume 145, Issue 1 (2026) 1-12 

6 
 

2.2 Breast Phantom 
 

A numerical breast phantom with a radius of 95mm develops in SEMCAD with vital tissue layers 
such as breast fat, tumor and chest muscles, as illustrated in Figure 3. The tumor's location is in a 
bounding box that provides minimum (P1) and maximum(P2) in (x,y,z)  coordinates. P1 and P2 are 
indicated as in Eq. (10). 

 

P (𝑥, 𝑦, 𝑧) = O
𝑥:−16 ≤ 𝑥 ≤ 16
𝑦:			48 ≤ 𝑦 ≤ 80
𝑧:−16 ≤ 𝑧 ≤ 16

 
(10) 

 

 
Fig. 3. The arrangement of hyperthermia model 

 
The tumor has higher relative permittivity than breast fat under all frequencies, as indicated in 

Table 1. The [25] report shows that relative permittivity is tenfold higher than normal tissue. The 
boundary conditions applied in the simulation are the Absorbing Boundary Conditions (ABC), Perfect 
Match Layer (PML), and  Perfect Electric Conductor ( PEC). PML is a type of ABC used to minimize 
reflection at the outer simulation domain boundary.PEC is used to model perfect conductors such as 
metal surfaces or the boundary of the simulation domain. It also ensures that EM waves entirely 
reflect without penetrating the conductive surface. The tangential E field components on the outer 
boundary are set to 0.   

The relationship between frequency and dielectric property is expressed in Eq.(11). The 
dispersive material model assigns breast fat, tumor, and muscle with frequency-dependent dielectric 
properties. The material responses to wave frequency are flexibly and computationally 
manageable[26]. 

In this simulation with SEMCAD, a generic model is used as a dispersive material model, which 
integrates with Drude, Debye and Lorentz. The Generic Dispersive Model (GDM) is expressed in (12-
12a) [20]. GDM describes the frequency-dependent behavior of permittivity material with applied 
frequency. The dielectric properties are listed in Table 1. 

 
f= C
D√%-F-

. (11) 

 

Breast 
phantom 

Microstrip 
antenna 

Tumor 



Journal of Advanced Research Design 
Volume 145, Issue 1 (2026) 1-12 

7 
 

𝜀(𝜔) = 𝜀(∞) − 𝑗
𝜎
𝜔𝜀G

+ 𝐺𝐷𝑀 (12) 

 

𝜀(𝜔) = 𝜀(∞) − 𝑗
𝜎
𝜔𝜀G

+X
𝐴

𝐵𝜔6	 + 𝐶𝑗𝜔 + 𝐷

H

HB$

 
(12a) 

Where 𝜀(𝜔)=complex relative permittivity regarding angular frequency  
𝜀G = 8.85𝑥10)$@𝐹/𝑚 

 σ = electrical conductivity 
𝜔 = 2𝜋𝑓 

 P= no of poles 
 𝜀(∞) = for permittivity 𝜔 → ∞ 
A,B,C,D = coefficient for Generic Dispersive Model 

 
The GDM employs linear dispersion [27], which refers to the material's relationship between 

frequency (wavelength) and EM wave propagation. In SEMCAD X, linear dispersion was added with 
electric poles. Assume there is no magnetic dispersive pole. There are three dispersive poles in 
434MHz, 915MHz and 2450MHz. ABCD is the coefficient used as a fitting parameter to obtain better-
fit data. Tables 2 to 4 represent the coefficient of GDM for tumors with 434MHz, 915MHz and 
2450MHz applicators, respectively. 

 
Table 1 
Tissue Permittivity and Conductivity 

 Frequency (MHz) 
 

Tissue 434 915 2450 
 εr σ (S/m) εr σ (S/m) εr σ (S/m) 

Breast 
Fat 3.987 0.570 3.413 0.651 3.126 0.892 

Tumor 55.224 1.200 43.273 4.738 16.082 33.741 
Chest 
Wall 51.887 5.942 28.790 12.883 13.708 35.728 

 
Table 2 
GDM poles coefficient at frequency 434MHz -Tumor 

Electric Pole A B C D 

1 -1.72x1019 -1 2.38x109 1.18x1013 

2 -2.18x1022 -1 3.23x1010 2.72x1015 

3 -3.14x1018 -1 2.61x108 2.97x1017 
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Table 3 
GDM poles coefficient at frequency 915MHz -Tumor 

Electric Pole A B C D 

1 6.73x1019 -1 2.38x108 5.52x1013 

2 -3.62x1022 -1 3.93x1010 3.45x1015 

3 -8.76x1019 -1 7.35x108 3.21x1014 

 
Table 4 
GDM poles coefficient at frequency 2450MHz -Tumor 

Electric Pole A B C D 

1 -9.88x1022 -1 5.81x1010 3.47x1015 

2 3.37x1021 -1 8.02x109 1.70x1021 

3 -1.12x1020 -1 7.18x109 1.44x1015 

 
2.3 Specific Absorption Rate  

 
 The tissue properties required to solve specific absorption rates are permittivity, electric 

conductivity and density. Complex permittivity has real and imaginary parts. 𝜀C = 𝜀I − 𝑗𝜀II. The real 
part 𝜀I related to the storage of energy, while the imaginary part, 𝜀II is related to loss of energy due 
to conductivity. The relationship between complex and relative permittivity is stated in the following 
equation:   

 
𝜀# = 𝜀$𝜀% − 𝑗

&
'

                                                (13) 

 
 The interaction between EM waves in tissue-generated heat and heat absorption in treated 

tissue is presented based on Specific Absorption Rate (SAR) results. Specific Absorption Rate (SAR) 
represents the measurement of the level of heat absorption in mass biological tissue in W/kg or 
mW/g[28]. SAR described[29][30] as in Eq. (13) 

 
     SAR=&

(
|𝐸|" = &!)'*""

(
|𝐸|" =&!)"+,*""

(
|𝐸|"                                        (14) 

 
 The equivalent of conductivity is  σ= 𝜎J + 𝜔𝜀II and   𝜎J = static (electrical conductivity of tissue 

at f=0Hz,  𝜔𝜀II=alternating current (electrical conductivity varies with frequency), ρ is the tissue 
density (kg/m3),   E= field intensity. 

SAR measurement typically averages over a 1g and 10g cubic tissue volume as specified by IEEE 
and IEC[31]. This simulation utilized average SAR measurement over 1g tissue volume. The SAR 
results are recorded in the next section. 
   
3. Results and Discussions 
 

Figures 4, 5, and 6 display the simulation results on SAR distribution, penetration depth (PD), and  
SAR peak spatial with an applicator 434MHz,915MHz and 2450MHz, respectively.  
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The SAR distribution refers to heat distribution within the tissue, ensuring the heat distribution does 
not exceed the healthy surrounding tissue. PD is also called skin depth. PD is the effective distance 
of EM radiation travel along the skin surface to the interior. The SAR peak is spatial and represents 
the highest SAR value within the tumor. 

The SAR distribution varies across different regions in breast phantom at distinct frequencies. The 
SAR distribution for the applicator with 434MHz covers the middle to the near chest wall. Meanwhile, 
the 915MHz applicator covers the middle region of the breast, while the 2450MHz SAR distribution 
is near the areola.  

The SAR distribution shows that the applicator 2450MHz can focus more on the tumor near the 
areola. While the 915MHz applicator concentrated more on the tumor in the middle of the breast 
phantom, 434 MHz can be proposed for deep-seated tumors since the SAR distribution covers the 
middle to the near chest wall. 

The relationship between wavelength and frequency is f =c/λ. At low frequencies, waves exhibit 
long wavelengths that enable them to propagate over long distances compared to high frequencies. 
This phenomenon can be associated with PD, where the low frequency can cover long distances 
compared to the high frequency, as illustrated in Figure 7. The simulation of the applicator at 
2450MHz (high frequency) reduces PD, causing the skin adjacent to the applicator to absorb more 
heat. Prolonged exposure at this frequency may lead to skin burns[33]. Meanwhile, the PD for 
434MHz is 90.5mm, the PD for 915MHz is 71.7mm and 15.4mm for 2450MHz. The results show that 
the PD is inversely proportional to the frequency. Also observed in [32] is that the PD decreases as 
the frequency increases. The relationship of skin depth (δ) / PD with frequency stated in this 

equation, PD= a $
KLF=

 [30].  

 The SAR peak spatial value is 70.2mW/g at 2450MHz. Comparatively, at 915MHz, it is 
24.667mW/, while at 434MHz, it is 0.125mW/g. As stated in Eq. (14), the pattern of peak spatial SAR 
is proportional to the frequency.  

 
 

 
Fig. 4. SAR distribution for applicator 434MHz(PD=90.5mm) 
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Fig. 5. SAR distribution for applicator 915 MHz(PD=71.7mm) 
 

 
Fig. 6. SAR distribution for applicator 2450 MHz(PD=15.4mm) 

 

 
Fig. 7. The relationship between PD and frequency 
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4. Conclusions 
 

In this paper, the 915MHz applicator is the suitable frequency based on the tumor location in the 
middle of the breast phantom. The applicator with 434MHz is suitable for deep-seated tumors, while 
the 2450MHz applicator suggests superficial tumors. The results are aligned with the relationship of 
skin depth (δ) / PD with frequency, where the low frequency can cover long distances in contrast to 
the high frequency. 
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