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Abstract − The heating characteristics of a radio 
frequency rectangular resonant cavity applicator excited 
by various antennas are investigated for use in 
hyperthermic treatment. The coupled electromagnetic 
and heat-transfer equations are solved to obtain the 
heating characteristics. Two types of antennas and three 
types of dielectric phantoms are used in the calculations 
and measurements. Clear differences in the heating 
characteristics are observed for these phantoms and 
antennas. Previously, we were only able to heat up the 
surface or end regions of the phantom, while it is now 
possible to uniformly heat up the deeper regions with 
the current applicator. Therefore, this applicator is 
suitable for hyperthermic treatment. 
 
Keywords − Cavity resonators, dielectric phantom, 
FDTD methods, finite element methods, and 
hyperthermia. 
 

I. INTRODUCTION 
 

World Health Organization (WHO) statistics suggest 
that six million humans in the world die of cancer and 
ten million new patients are added every year [1]. 

Hyperthermia is a cancer treatment which exposes 
human tissues to high temperatures in order to 
irreparably damage or kill cancer cells. The treatment 
focuses on the difference in heat sensitivity between 
nomal (alive until 44 C° ) and cancer cells (dead above 
42.5 C° ) [2]. In this method, the region around the 
tumor including healthy tissue is heated by, for example, 
electromagnetic energy. By comparison with a surgical 
cure, radiation therapy, and anticancer drug therapy, 

hyperthermia has the possibility of decreasing cancer 
patients’ pain and suffering. 

Many heating applicators for hyperthermia have been 
developed. For example, radio frequency heating [3] 
and microwave heating [4] applicators have been used 
for clinical treatment. However, these heating methods 
have several problems since the heating region is 
limited to areas near the surface of the body and 
moreover there are the effects of blood flow and 
complex human organs. Annular phased array (APA) 
systems, using the principle of phased arrays [5], [6], 
can heat deep-seated tumors selectively. However, it is 
difficult to control the phases and the amplitudes of 
multiple antennas in order to focus the electromagnetic 
energy [7], [8]. 

We have previously reported the analysis of, and 
experiments on, a reentrant resonant cavity applicator 
for hyperthermic treatment [9]-[11]. The applicator was 
able to heat a deep-seated region of a disk-shaped 
dielectric phantom, but a torso-shaped dielectric 
phantom similar in length to a human body could not be 
heated. Therefore, we developed a rectangular resonant 
cavity applicator using two antennas to realize heating 
of a deep region for a torso-shaped dielectric phantom. 
In our previous papers, the antennas were not modeled 
but the magnetic energy was supplied at a single point 
[12], [13]. Therefore, it is possilbe to obtain more 
accurate solutions if the antennas are modeled more 
precisely. In addition, we had no proper phantom with 
regard to electrical properties, especially electrical 
conductivity leading to poor experimental results. Note 
that we had already considered the various organs and 
metabolism including blood flow, and found that the 
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most critical issue is the design of the heating system, 
in particular, how the electromagnetic energy is 
directed towards the targeted region [11]. 

In this paper, we describe the analysis and the 
experiments of the heating technique for a deep-seated 
region in an RF rectangular resonant cavity applicator. 
In the experiments, we prepared TX-151 (a commercial 
powder for dielectric phantom fabrication designed 
with electrical and thermal constants close to muscle), 
clay, and the original phantoms and measured the 
frequency and temperature dependencies of the 
electrical constants. Then, dipole and L-type antennas 
were constructed and placed inside the applicator. First, 
two kinds of phantoms (TX-151 and clay phantoms) 
were used because we wanted to investigate how 
electrical constants affect the heating patterns. Next, we 
applied the original phantoms that have electrical 
constants close to that of human muscle by adjusting 
the initial temperature. It is possible to heat the center 
of the phantom if the antenna is moved appropriately. 
In addition, we had already found that the applicator 
fed by two antennas was better at heating the deeper 
region [13]. Therefore, we moved the antennas away 
from the applicator’s center. In the analyses, the 
coupled electromagnetic and heat-transfer equations are 
solved to obtain the heating characteristics by using the 
FD-TD method [14] and FEM [10], [11], [13]. The 
antennas were modeled exactly. The experiments 
demonstrate the validity of the electromagnetic-heat 
transfer calculations and the possibility of heating deep-
seated tumors. 
 

II.    RF HYPERTHERMIC SYSTEM AND 
RESONANT CAVITY APPLICATOR 

 
As shown in Fig. 1, the system consisted of a signal 

generator (Tokyo HY-Power Labs., Inc. G1057VG), a 
set of high frequency electric power amplifiers (Niigata 
Tsushinki Co., Ltd., PA2000J), two power meters 
(BIRD Electronic Corp., Model 43), three custom 
impedance matching boxes, a set of dipole antennas or 
a set of L-type antennas, a custom balloon [15] with a 
coaxial line (Kyowa Ltd., 10D2V) used for dividing the 
RF power into two parts of the antenna, and a resonant 
cavity applicator. One L-type antenna, one matching 
box, and the balun are removed to make a single L-type 
antenna system. 

The arrangement of the setup is shown in Fig. 2. The 
resonant cavity applicator is formed from 0.5 mm thick 
copper with dimensions 1300 mm × 1450 mm × 1500 
mm. The wooden table consisted of a top plate with 
dimensions 1200 mm × 35 mm × 400 mm and four legs 
70 mm in diameter and 555 mm in length. The 

dielectric phantom was placed on the table. The dipole 
antennas were placed beside the phantom at the center 
of the applicator in the x-direction. We were able to 
heat the distal parts (surface or end regions) of the 
phantom [13] and it was possible to heat the center of 
the phantom if the antennas were displaced 
appropriately [16]. Therefore, we placed the antenna 
450 mm from the center with regard to the x-axis, as 
shown in Fig. 3. In addition, we had already found that 
the applicator fed by two antennas was better able to 
heat the deeper region [13]. We placed the antennas 
450 mm and – 450 mm from the center with respect to 
the x-axis, as shown in Fig. 4. A dielectric phantom was 
used for the experiments to heat the deeper region 
before considering the clinical stage. The resonant state 
and the heating process for the rectangular cavity are 
discussed in the next section. 
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Fig. 1. Hyperthermic system schematic drawing. 
 

III. VARIOUS DIELECTRIC PHANTOMS 
 

 We prepared three types of static dielectric 
phantoms: a TX-151 dielectric phantom 280 mm in 
diameter and 1200 mm in length, a clay phantom 300 
mm in diameter and 1000 mm in length and an original 
dielectric phantom 280 mm in diameter and 1200 mm 
in length. The original dielectric phantom was 
composed of TX-151 solidifying powder (12.8 %) (Oil 
Center Research, Inc.), water (85.7 %) and additional 
agar powder (1.5 %) (Junsei Chemical Co., Ltd.). As 
compared to the TX-151 phantom, this original 
phantom has electrical properties similar to human 
muscle for a wide temperature range. As shown in Fig. 
5, the temperature dependences of the electrical 
properties for these phantoms were measured using our 
measurement system prior to the calculations [17]. The 
electrical conductivity σ and the relative permittivity εr 
of human muscle in the RF range are approximately 0.7 
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S/m and 70, respectively [18]. Therefore, proper 
electrical constants are obtainable when the original 
dielectric phantom temperature is approximately 
20 C° . Before the experiments, we kept both the room 
temperature and the dielectric phantom’s temperature at 
approximately 20 C°  for more than 12 hours by using 
an air conditioner. The properties were measured at the 
resonant frequencies (50 MHz, 60 MHz, and 85 MHz) 
in the cavity as shown in section 2. The thermal 
properties of these phantoms are shown in Table 1 [10], 
[19]. The electrical properties of the wooden table, only 
used for electromagnetic field analysis were assumed to 
be εr = 1.88 and σ = 0.0003 S/m [20]. 
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(a) A set of dipole antennas. 
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(b) L-type antenna. 
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(c) A set of  L-type antennas. 

 
Fig. 2. Arrangement of a rectangular resonant cavity 

applicator, a phantom, an antenna(s), on the 
wooden table. 
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Fig. 3. Two locations of the L-type antenna (x = 0 mm 

and 450 mm): x = 450 mm from the center with 
respect to the x-axis was found to be appropriate. 
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Fig. 4. Two locations for the L-type antennas (x = 450 

mm and – 450 mm). 
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Fig. 5. Measured relative permittivity and electrical 

conductivity of the three phantoms. 
 
 

IV.  CALCULATION METHOD 
 

The flow diagrams of the electromagnetic field 
calculations and heat-transfer calculations are shown in 
Fig. 6. We have modeled the cavity containing the 
dielectric phantom, the antenna(s), and the wooden 
table for the electromagnetic calculations. Note that the 
cavity walls were assumed to be perfect electrical 
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conductors. 
We have used the three-dimensional finite-difference 

time-domain (FDTD) method [14] to solve Maxwell's 
equations: 
 

t∂
∂

−=×∇
HE µ ,                     (1) 

t∂
∂

+=×∇
EEH εσ                 (2) 

 

where, µ, σ, and ε are respectively permeability, 
electrical conductivity, and permittivity. A current 
excitation source with a load impedance of 50 Ω at the 
gap was assumed for the dipole antennas. A voltage 
source with a pure sinusoidal wave was applied to the 
L-type antenna. Thin wire approximation [21] was used 
to model the dipole and L-type antennas. The whole 
volume of the cavity applicator was divided by our 
automatic mesh generator [22] into regular cells with a 
side length of 25 mm, as shown in Fig. 7.  

After analyzing the electromagnetic field 
distributions, the electromagnetic energy applied to the 
phantom was evaluated as, 
 

∫= dt
T
1Q 2Eσ .                  (3) 

 

The output data Q  were interpolated at regular 
intervals of 12.5 mm. 

The heat-transfer equations 
 

QT
t
T 2 +∇=

∂
∂ λρc ,                 (4) 

 ( )cc TTq −= α                        (5) 
 
are solved using three dimensional FEM because it is 
easier to set boundary conditions for FEM than for 
FDM. ρ, c, λ, q, αc, and Tc denote respectively volume 
density of mass, specific heat capacity, thermal 
conductivity, heat flux, heat transfer coefficient, and the 
external temperature. The thermal constants of the TX-
151 and original phantom were assumed to be as shown 
in Table 1 as both phantoms consisted of mostly water. 
In the heat-transfer calculations, only the phantom was 
modeled as it was discovered that the wooden table did 
not affect the temperature distributions. Brick elements 
12.5 mm on each side were used, as shown in Fig. 8, 
such that the calculated electromagnetic energy from 
the FDTD calculation could be transferred precisely. 
That is, the average value of the eight-point nodal data 
obtained by FDTD analysis is considered to be the data 
of one element for FEM analysis. 
 

Table 1. Thermal constants of dielectric and clay 
phantom. 
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(a) Electromagnetic field analysis. 
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(b) Heat-transfer analysis. 
 
Fig. 6. Flow diagrams of electromagnetic field and heat-

transfer analysis. 
 

 
 
Fig. 7. FDTD mesh used for electromagnetic field 

analyses, where a resonant cavity applicator, 
dielectric phantom, a wooden table, and L-type 
antennas are modeled. 
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Fig. 8. FEM mesh used for heat-transfer analyses. Only 

the dielectric phantom is modeled. 
 

V.     EXPERIMENTAL PROCEDURE 
 

Electromagnetic energy of 400 watts in the frequency 
range of 50 MHz – 85 MHz at the amplifiers’ terminal 
was generated from the amplifiers. While the phantom 
is heated, the reflected power increases because of the 
temperature dependencies of the material properties. 
The amount of reflected power is minimized by 
adjusting the matching box during the heating process, 
i.e. the resonant state is maintained by changing the 
capacitance of the matching box. After a heating 
process of 30 minutes, the phantom was cut, and the 
temperature distribution was observed using a 
thermograph (Fujitsu Infra-Eye210). 
 

VI.    RESULTS AND DISCUSSION 
 
A.  Validity of Calculation 
 

In electromagnetic analysis using finite-difference 
time-domain methods, a stable condition exists if the 
following relationship is valid [23], 
 

                      mesh size ≤  λ wavelength / 10               (6) 
 

where λ wavelength is the wavelength inside the dielectric 
phantom. A mesh size of 25 mm in our calculation is 
sufficient to satisfy this condition as a minimum value 
to achieve a stable condition in this case is 60 mm. 
 
B. Comparison of Measured and Calculated Results 
 

The measured and calculated results obtained in this 
study are shown in Figs. 9 and 10 for TX-151 and clay 
phantoms. The experimental conditions, starting 
temperature T0 of the phantoms, surrounding 
temperature Tc, and resonant frequency fr, are shown in 
the figure captions.  

Whereas the tendencies of the measured temperature 
distributions for the TX-151 phantom and the original 
phantom agree with the calculated ones, the result for 
the clay phantom varies from the calculated one. 

The major reasons for this discrepancy in 
temperature distributions are most likely caused by the 
differences in thermal properties of the clay phantom 
and deformation of the TX-151 and original phantoms 

between the experiments and calculations. It is also 
seen, from Fig. 10 (a), that the deep region of the 
phantom exhibiting low electrical conductivity can be 
heated up easily as we have noted previously [10].  
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(a) Measured result                   (b) Calculated result 
(fr = 51.37MHz – 51.45 MHz)          (fr = 51.37 MHz) 
 
Fig. 9. Measured and calculated temperature 

distributions of the center of the cross section in 
the dielectric phantom fed by two antennas with 
opposite phase, where initial temperature of the 
phantom T0 and external temperature Tc were 
10 C°  and 15 C° , respectively. 
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(a) Measured result             (b) Calculated result 

(fr = 84.80 MHz)                  (fr = 84.80 MHz) 
 
Fig. 10. Measured and calculated temperature 

distributions of the center of the cross section 
in the clay phantom fed by two antennas with 
opposite phase, where T0 and Tc of the clay 
were 21.8 C°  and 23.5 C° , respectively. 

 
Measured and calculated temperatures are compared 

in Figs. 11 through 13 for an original phantom where 
the antenna was located at x = 0 mm in Fig. 11 and at x 
= 450 mm in Figs. 12 and 13. Note that the electrical 
conductivity and the relative permittivity of human 
muscle in the RF range are approximately 0.7 S/m and 
70, respectively [18]. Therefore, the starting 
temperatures were set such that the phantoms’ electrical 
conductivities were closer to that of human muscle. The 
increases in temperature of the deep region from the 
original state in Figs. 11 and 12 were 0.2 C°  and 
1.9 C° , respectively. Therefore, it is very important to 
move the L-type antenna away from the applicator’s 
center to achieve heating of the deep region. Comparing 
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Figs. 12 and 13 reveals that a small difference in 
starting temperature greatly alters the heating pattern, 
that is, the heating properties are sensitive to the initial 
electrical constants.  

 

20.7
21

22

C°

21.5

22.5

23

20.7
21

22

C°C°

21.5

22.5

23

          

21

21.5

22.5

23

22

below
21

above 23 C°

C°

21

21.5

22.5

23

22

below
21

above 23 C°C°

C°C°

 
 

(a) Measured result             (b) Calculated result 
     (fr = 61.62 MHz)                  (fr = 61.62 MHz) 

 
Fig. 11. An L-type antenna (solid line) was placed at x 

= 0 mm. Calculated and measured temperature 
distributions on a cross section at x = 0 mm, 
where T0 and Tc were 20.5 C°  and 20.8 C° , 
respectively. 
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(a) Measured result            (b) Calculated result 
(fr = 62.23 MHz – 62.27 MHz)          (fr = 62.27 MHz) 

 
Fig. 12. An L-type antenna (dotted line) was placed at 

x = 450 mm. Calculated and measured 
temperature distributions on a cross section at 
x = 0 mm, where, T0 and Tc were 21.4 C°  and 
21.5 C° , respectively. 
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(a) Measured result            (b) Calculated result 
 (fr = 62.20 MHz)               (fr = 62.20 MHz) 

 
Fig. 13. An L-type antenna (dotted line) was placed at 

x = 450 mm. Calculated and measured 
temperature distributions on a cross section at 
x = 0 mm, where T0 and Tc were 19.6 C°  and 
19.9 C° , respectively. 

The measured and calculated results fed by two 
antennas with the same and opposite phases of voltage 
distribution are shown respectively in Figs. 14 and 15 
for the original phantom. Note that opposite phase 
implies that the two energies with a phase difference of 
180o are applied to two antennas. The increases in 
temperature of the deeper region from the original state 
in Figs. 14 and 15 were 1.9 C°  and 1.8 C° , 
respectively. Comparison of the results of the single 
antenna and a set of L-type antennas with the same and 
opposite phases showed that the applicator, fed by two 
antennas with the same phase, heated the deeper region 
more uniformly. These results indicate that better 
heating patterns were obtained than in the previous 
results [9] - [13]. 
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(a) Measured result               (b) Calculated result 
(fr = 62.82 MHz)                   (fr = 62.82 MHz) 

 
Fig. 14. A set of L-type antennas (dotted line) fed by 

the same phase of voltage distribution were 
placed at x = 450 mm and x = – 450 mm. 
Calculated and measured temperature 
distributions on a cross section at x = 0 mm, 
where T0 and Tc were 20.1 C°  and 20.4 C° , 
respectively. 
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(a) Measured result                (b) Calculated result 
(fr = 61.81 MHz)                  (fr = 61.81 MHz) 

 
Fig. 15. A set of L-type antennas (dotted line) fed by 

the opposite phase of voltage distribution were 
placed at x = 450 mm and x = – 450 mm. 
Calculated and measured temperature 
distributions on a cross section at x = 0 mm, 
where T0 and Tc were 20.3 C°  and 21.3 C° , 
respectively. 
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The measured and calculated results shown here are 
only for the cross section located at x = 0 mm, and note 
that the other cross sections as well as the central cross 
section (x = 0 mm) were also heated. If the temperature 
of the external parts of the dielectric phantom is higher 
than the internal parts, then the cooling method using 
pure water can be applied [10], [11]. 

In the future, calculations considering the organs and 
blood flow are necessary with finer FD-TD cells as well 
as measurements to obtain a better heating pattern that 
is capable of treating deep-seated cancer tumors. 
 

VII.    CONCLUSION 
 

The heating characteristics of an RF hyperthermia 
applicator for deep-seated regions have been 
investigated using both calculated and experimental 
results. We have also prepared various dielectric 
phantoms. The initial temperature was adjusted so that 
the torso-shaped phantoms used for the experiments 
had electric characteristics similar to that of human 
muscle. We have constructed dipole and L-type 
antennas and placed them at appropriate positions in a 
rectangular resonant cavity applicator.  

Better heating patterns, exhibited by uniformly 
heating a deeper region can be obtained by moving the 
antenna away from the applicator’s center. In addition, 
it was found that the applicator, fed by a set of L-type 
antennas with the same phase, heated the deeper region 
more uniformly. Better heating patterns with regard to 
heating in a deep-seated region were obtained when 
compared to our previous work.  

In the future, calculations considering the organs and 
blood flow are necessary as well as measurements to 
obtain a better heating pattern that treats deep-seated 
cancer tumors before the clinical stage can be 
undertaken. 
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