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Abstract. This paper presents microwave hyperthermia 
treatment using dielectric heating techniques with the 
curved plate applicator. The 3D breast phantom model 
simulation was used to investigate heat distribution. The 
microwave heating equation was employed to focus the 
power loss density in the deep breast phantom tissues that 
consists of skin, fat, and tumor, 2D maximum (W·cm–3) are 
5.67, 11.92, and 8.42 for tumor size as 10 mm, 16 mm, and 
30 mm, respectively. The dielectric constant and loss factor 
of tumor tissue provides 55.25 and 19.8, respectively. The 
power loss density was analyzed and was excited by 
a microwave power signal generator 2450 MHz inside of 
the breast phantom. This heating technique was imple-
mented based on the electric field generated by the curved 
plate applicator, which is designed by a series resonance 
circuit with an LC matching element. Simulations revealed 
that the heating focused area could be targeted into the 
internal tumor. The measurement of dielectric properties at 
24°C was performed by open-ended coaxial dielectric 
probe kit (N1501A, Keysight Technology) connected to 
a vector network analyzer (E5071C, Keysight Technology) 
that can be operated in the range of 1–10 GHz. The heat 
distribution was measured in agar phantom as a surrogate 
tumor tissue using IR cameras (U5857A True IR, Keysight 
Technology). The used parameters are microwave DC 
input power of 120 W, efficiency of about 20% and micro-
wave power of 24 W to generate a stabilized temperature 
between 39°C and 42°C. 

Keywords 
Dielectric applicator, microwave treatment, deep 
hyperthermia 

1. Introduction 
Currently, microwave hyperthermia is widespread in 

cancer treatment. The primary advantage of hyperthermia 
treatment is that it is non-invasive and minimizes pain and 

risk of infection. Microwave frequencies can have a fo-
cused effect on the tumor tissue site and heat the area effi-
ciently. The primary purpose of hyperthermia is to increase 
the tumor temperature up to around 42–43°C for a suffi-
cient time more than 30 to 60 minutes while keeping the 
surrounding tissues temperatures below 42°C [1], [2]. 
Commonly the technique uses antennas as a microwave 
applicator and to control the spread of the electromagnetic 
waves into tumor tissue to generate heat. The absorbed 
power loss density was calculated by the bio-heat transfer 
equation EM model [3–5].  

The electromagnetic energy selectively heats the die-
lectric tumor tissue, which has properties that are signifi-
cantly different than healthy tissues. Typically, this is per-
formed in the range of (ISM) band 433 MHz, 915 MHz, 
and 2450 MHz. Microwave energy absorption is better in 
tumors than in healthy tissues, particularly when induced 
from outside to the body or used for a short time. Never-
theless, the microwave frequency configuration is insuffi-
cient to deliver enough thermal energy to the tumor to be 
effective in treatment [6–15]. These studies indicate that 
microwave frequency at 2450 MHz is suitable for clinical 
performance of tumor located less than 3 cm in tissues. 
Generally, the capacitive systems working at 70 MHz ex-
hibits significantly better penetration depth. This frequency 
is suitable to heat up tumors to a depth of 12 cm as given in 
the literature [16], [17], where the radiative superficial 
system operating at 2450 MHz has an insufficient penetra-
tion. It is known that the dielectric behavior of tumor tissue 
at 70 MHz is different from 2450 MHz. Furthermore, the 
capacitive heating of 70 MHz should get the applied power 
level more than 300 W to generate a stabilized temperature 
between 39–42°C due to the conversion of the energy from 
the electromagnetic field into heat to tumor tissue and is 
suitable for large areas [18–20]. The advantages of 
2450 MHz applicator is employing less electric field power 
to heat up the tumor tissue in comparison to 70 MHz, con-
sidering the capacitive heating in lossy tissues as follows in 
(4). In this research, a capacitive system with microwave 
frequencies in conjunction with the curved plate applicator 
is proposed to improve the adequate heating and penetration 
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Material 

Electrical Property Thermal Property 
Permittivity (εr) Conductivity  

(σ, Sm–1)  
Density (ρ, kgm–3) 

Specific heat  
(CP, J kg–1°C–1) Dielectric 

constant (εʹ) 
Loss factor (εʺ) Loss tangent (δ) 

Skin 46.7 5.06 0.11 0.69 1085 3770 
Fat 5.60 0.29 0.05 0.04 900 3500 

Breast 
phantom 

4.44 0.95 0.21 0.13 1020 3500 

Tumor 55.25 19.80 0.36 0.80 1050 3500 

Tab. 1. Summary of material properties of skin, fat, breast phantom, and tumor at 2450 MHz. 

depth. Especially, on the focal area of small tumors, it is 
necessary to avoid overheating of the applicator that affects 
the surrounding of the breast tissue. 

There is a great deal of research proposing methods 
for effective control of the thermal conductivity. The stud-
ies of hyperthermia apparatus are focused on the electro-
magnetic energy on a focal region of the breast tissue and 
provide a means for protecting the nearby healthy tissues 
and for low power consumption. Tissue penetration by 
electromagnetic waves and using high frequency for direct 
thermal therapy within the breast tissue is a delicate matter. 
Studies on resonating metamaterial for microwave ther-
motherapy can improve the ability to dissipate heat into the 
tissues. The frequency dependence of reflection coeffi-
cients for the applicators are about –18 dB [21–23]. Alter-
natively, dielectric heating offers an exciting new thera-
peutic avenue. Previous studies using sample tissues have 
found that breast cancer tissue has dielectric properties that 
respond to microwave frequencies. The material tested was 
made using a coaxial probe between 0.5–50 GHz [24], 
[25]. The relative permittivity εr is divided into two parts, 
the real part of dielectric constant εʹ and the imaginary part 
of loss factor εʺ, which represents the frequency depend-
ence. On average, the tumor tissue under test that is meas-
ured at 2450 MHz in literature will have a loss factor of 
approximately 20. From the microwave heating equation 
[26–28], dielectric loss factor εʺ, and specific heat of the 
tissue is an important part that causes of heat, which indi-
cates that the dielectric property that has a high loss factor 
εʺ value will be able to receive energy and convert it to 
thermal energy. Also, many studies show that microwave 
frequency affects the heat generated in the tissues by breast 
phantom [29–33]. The electrical and thermal properties 
mentioned above are listed in Tab. 1. 

In this study, we present thermal treatment to tumor 
tissue using dielectric heating using a curved plate appli-
cator. The curved plate applicator was designed using 
three-dimensional simulations and is based on the dielec-
tric properties of the breast phantom at 2450 MHz. Simi-
larly, the dielectric properties of the entire breast model, 
determined by measuring the agar phantom with open-
ended coaxial probe kit (N1501A, Keysight Technology) 
between 1–10 GHz, are listed in Tab. 5. This property 
involves the efficiency of heating with the microwave 
power frequency source in 2450 MHz. In this experiment, 
the heat dissipation results are between 39–42°C, as shown 
by thermal imaging by IR camera (U5857A True IR, 

Keysight Technology). This demonstrates the ability to 
induce heat into the deep interior of the phantom model 
using the dielectric curved plate applicator technique. 

In this work, the curve plate system will be modeled 
using a series resonance circuit and will be able to deter-
mine the frequency response capability. The matching 
network has been measured in 1 port by a vector network 
analyzer (E5071C, Keysight Technology). The LC element 
is designed to the input impedance of resonance circuit of 
(50.3 – j7.91) Ω, returns a loss matching (–22.38 dB) and 
VSWR (1.16 : 1) at the frequency of 2400 MHz, band-
width 163.5 MHz. This achieves a maximum power trans-
fer into the dielectric loads. The microwave source has 
a DC input power of 120 W, which with the efficiency of 
20% should get microwave power of about 24 W 
(43.6 dBm). The microwave power was measured by Bird 
(4391A, RF Power Analyst). 

2. Materials and Methods 
In this study, there were two sections, analytical 3D 

simulation, and experimentation. In the simulation, the 
curved plate applicator is done by the CST program to see 
the frequency response, power loss density, and E-field 
vector while there is a dielectric load inside. In terms of 
plate design, it is considered by the input impedance of the 
series resonance circuit, return loss (S11) and VSWR 
measurement using a vector network analyzer (E5071C, 
Keysight Technology). Therefore, this section describes 
the principles and design of a curved plate, which will 
demonstrate the results of the experiment in the form of 
power loss density and temperature distribution. 

2.1 Analytical Model of Curve Plates 
Applicator in the 3D Simulation Setup 

The analytical model of dielectric plate applicator in 
the 3D simulation was performed based on 2450 MHz. The 
curved plate was designed to increase the ability to focus 
on the electric field. The copper plates have a conductivity 
of 5.8 × 107 Sm–1. During the simulation, we have deter-
mined the effectiveness of curved plate applicators to focus 
the heat absorption position for a tumor inside the breast 
phantom model. The properties of the dielectric material 
and tumor tissue were defined using the breast phan- 
tom model consisting of skin and fat. In the simulation, the 
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Fig. 1. The analytical model of dielectric material or breast 

phantom with tumor tissue in simulation: (a) curved 
plate applicator system, (b) breast phantom model,  
(c) curved plate with XY-plane orientation, and  
(d) curved plate with XZ-plane orientation. 

tumor tissue is placed in a breast phantom model at the 
location (0, 0, and 10 mm) with diameter 10, 16, and 
30 mm. The dielectric properties including density (kgm–3), 
relative permittivity (ɛr), and electric conductivity (σ, Sm–1) 
of various tissues are provided in Tab. 1. Subsequently, the 
effect of the electric field is analyzed in the study. For 
analyses of the focusing of the electric field materials, we 
specify an impedance of 50 Ω for the frequency source. In 
Fig. 1 the dimensions and schematic details of the curved 
plate applicator for analyzing the electric field focusing are 
shown. The curved plates size includes plates length (l, 
60 mm), copper thickness (1 mm), plates width (20 mm), 
breast phantom width (D, 50 mm) and height (h, 25 mm), 
respectively. 

2.2 Concept and Construction of Curved 
Plate Applicator for Dielectric Heating 

In this section, the design of the curved plate appli-
cator was performed by a series resonance circuit model, as 
shown in Fig. 2. The curved plate applicator works with 
a series resonance circuit that uses an LC matching element 
(XL = +jωL, XC = –1/(jωC)). The plate itself acts as a ca-
pacitor in the series resonance circuit. In design, the rela-
tive permittivity value of about 4.44 is used for calculating 
the capacitance between the two plates by estimating from 
a parallel plate equation standard using C = K E0 (A/D), 
where E0 = 8.854  10–12 F/m, K is the dielectric constant, A 
is the surface area of the plate (m2), D is the distance 
between the plate (m) and C is the capacitance (F). To 
calculate the LC element value, use the resonance 
frequency equation as follows 

 1

2
f

LC
 . (1) 

 
Fig. 2. Schematic of series resonance circuits consisting of the 

curved plate applicator and L matching element. 

 
Fig. 3. Construction of the curved plate applicator. 

When XL = XC the maximum power transfer is 
reached. For the used resonance frequency at 2450 MHz, 
L = 168 nH, and C = 0.025 pF were used in this 
calculation.  

Figure 3 shows the curved plates designed for the se-
ries of experiments. The plates have the following specifi-
cations: length of the curved plate l = λ/2 = 6 cm, plate 
width is 3 cm, and radius D/2 = 2.5 cm. The plate has 
a curvature of angle θ = 60°. The material used as the base 
for the curved plate plan has the dielectric properties close 
to the air (εr = 1). 

3. Analysis and Temperature Distribu-
tion 
The power loss density was investigated in the form 

of heat distributions in the 3D model. The increasing tem-
perature of the dielectric material was the result of ab-
sorbed microwave energy due to the loss factor of the tu-
mor tissue and the highest resonance frequency obtained 
with the curved applicator. Consequently, the power loss 
density is observed by simulation and 2D cross-section of 
breast phantom. The temperature changes are dependent on 
the strength of the electric field from the microwave power 
oscillator into the applicator systems and the duration of 
the treatment period. The temperature distribution in the 
dielectric loss tissues can be calculated from the electric 
field power and dielectric loss factor. Moreover, we con-
trolled the heating temperature as a function of the appli-
cator systems. The bio-heat transfer equation can be solved 
for the temperature distribution in loss media by assuming 
the loss media is a replica of human tissues or breast. It can 
be expressed as follows [3], [23], [26–28]: 
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where T is the temperature (°C), t is the heating time period 
(s), RT is the distribution temperature (m2s–1), kt is the 
thermal conductivity of tissue (W·cm–1°C–1), ρ is the local 
physical density of tissue (kgm–3), CP is the specific heat 
capacity of an object (J·kg–1°C–1), α is the correction coef-
ficient (α = 1/(ρCP)), and P is the power loss density  
(W·cm–3): 

 
11 25.536 10 "P fE   . (4)

 

The power loss density was calculated from dielectric 
loss factor (εʺ), E is the electric field V·cm–1, and f is the 
frequency (Hz). The simulated and experimental models of 
dielectric heating were conducted by analyzing the power 
loss density of the plate applicator. It will be described in 
more detail in the next section. 

4. Numerical Results 
We investigated the power loss density, which can be 

controlled by the shape of the curved plates and varying 
a dielectric gap. Moreover, the studies show that the posi-
tion of the treatment region could be directed inside the 
curved plates over the dielectric load. Full-wave 3D nu-
merical simulation was performed using the dielectric 
heating method to verify the field distribution on the 
model. The curved plate applicator has been measured to 
optimize the operating frequency response. They are opti-
mizing parameters such as return loss, VSWR, and imped-
ance of system analyzed in the series resonance circuit. The 
dielectric properties in the experiments were measured to 
determine the efficacy of the microwave heating. 

4.1 Evaluation of Electric Loss Density 

The power loss density (W·cm–3) distributions of the 
heating in the tumor treatment using curved plate applica-
tor was examined in Fig. 4. The simulation results showed 
that heating efficiency was related to the tumor size. The 
maximum heat occurred between electrode plates, and 
power loss density was dependent on the size of tumor 
tissue inside. Furthermore, the result of the curved plate 
also functioned in reducing heat distribution in healthy 
tissues of breast phantom, but midpoint heating increased. 
In the simulation, the investigation results uncovered 2D 
maximum power loss density of 5.67 W·cm–3 for tumor 
size of 10 mm. As mentioned, the diameter of the tumor 
changed to be 16 mm and 30 mm, the distributions of  
the power absorption per volume also changed to  
11.92 W·cm–3, and 8.42 W·cm–3 in logarithmic scale re-
spectively. Unequal absorption power for each tumor size 
was found in the investigation result. In this simulation, the 
dielectric model consists of skin, fat, breast phantoms, and 

tumor tissue whose dielectric constants (εʹ) are 46.7, 5.6, 
4.44, and 55.25, respectively. The loss factor (εʺ) of the 
tumor is 19.8, the tumor was located at (0, 0, and 10 mm). 
The diameter size of the breast phantom is 50 mm. It 
seemed that power loss density of surrounding tissues 
inside applicator was not very high compared to the cen-
tered tumor. The heat distribution in °C·s–1 of (2), was 
established from the power loss density (W·cm–3) and die-
lectric loss factor (εʺ) mentioned above into the last term of 
(4). The value of power loss density, which was more than 
5 W·cm–3 to heat up tumor tissue to 39–43°C is depending 
on periods. Also, the temperature was investigated in the 
next section. The treatment simulation may require the 
idealized input power port to heat the tumor tissue to the 
desired one. The power loss density of analytical model 
was shown in Fig. 4.  

Similarly, in Fig. 5 the orientation of the E-field 
vector (phase 0 deg.) mostly is diverted into the internal 
core of the breast  phantom.  The ability of the curved plate 

 
Fig. 4. Power loss density of the breast tumor heating model 

with tumor size (a) 10 mm, (b) 16 mm and (c) 30 mm. 
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to focus an E-field vector to the internal core is possible. 
The investigation of E-field intensity is 45.43 V·cm–1, 
64.74 V·cm–1, and 54.02 V·cm–1 in linear scale for tumor 
size 10 mm, 16 mm and 30 mm respectively. The tumor 
has higher power absorption because the dielectric loss 
factor (εʺ) responding to 2450 MHz in tumor tissue is more 
significant than in the surrounding tissues given in Tab. 1. 
Although the orientation of the E-field vector, which is 
perpendicular to the fat tissue interface with low 
permittivity. The tumor tissue has a higher permittivity in 
an electric field that is integrated; the ability to store elec-
trical energy into the core is high. For this reason, there is 
a high penetration of depth, under the applicator that is 
an electric field. Also, evidence suggests that the micro-
wave can pass through the dielectric material with high 
loss factor (εʺ), is that the return loss (S11) is lower than  
–10 dB, as shown in Fig. 6. From the analysis, the density 
of tumor tissue in each size also affects the direction of the 
E-field vector. 

 

 

 
Fig. 5. E-field vector of the curved plate with tumor size  

(a) 10 mm, (b) 16 mm and (c) 30 mm. 

4.2 Simulation and Measured the Frequency 
Response of Curved Plate Applicator  

The efficiency of the curved plates, inside the Agar 
phantom, yields the dielectric loss factor (εʺ). In the simu-
lation, the dielectric material has the dielectric loss factor 
of breast phantom and tumor tissue by 0.95 and 19.8, re-
spectively. The tumor tissue located at (0, 0, and 10 mm), 
fat and skin have the dielectric losses factor by 0.29 and 
5.06, respectively. Upon changing the tumor diameter size 
to 10 mm, 16 mm, and 30 mm, the simulation results of 
each diameter size are –10.97 dB at 2.528 GHz, –18.19 dB 
at 2.438 GHz, and –12.48 dB at 2.398 GHz, respectively. 
This relationship is illustrated in Fig. 6. The simulation 
results of the return loss of each tumor size are not equal 
and are depending on each intrinsic resonance frequency. 
Similarly, the reflection value is displayed in term of 
VSWR, as shown in Fig. 7. In simulation results, VSWR 
will respond to the size of the tumor tissue at the same 
frequency as return loss. The VSWR will have values of 
1.78, 1.28, and 1.62, respectively. The maximum values of 
each tumor size across these differing conditions are sum-
marized in Tab. 2. 
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Fig. 6. Return loss in dB (S11) of series resonance circuit in 

simulation with tumor size 10 mm, 16 mm, and 30 mm. 

1.8 2.0 2.2 2.4 2.6 2.8 3.0
0

1

2

3

4

5

6

7

8

9

10

V
S

W
R

Frequency (GHz)

 tumor size 10 mm
 tumor size 16 mm
 tumor size 30 mm

 
Fig. 7. VSWR of series resonance circuit in simulation with 

tumor size 10 mm, 16 mm, and 30 mm. 
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Tumor 
size (mm) 

Resonance 
frequency (GHz) 

Return loss (dB) VSWR 

10 2.52 –10.97 1.78 
16 2.43 –18.19 1.28 
30 2.39 –12.48 1.62 

Tab. 2. Return loss and VSWR of the series resonance circuit 
in simulation for each maximum frequency with tumor 
tissue size 10 mm, 16 mm, and 30 mm. 

Table 2 shows the comparison of the frequency re-
sponse (–18.19 dB) of the tumor while in conjunction with 
the curved plate. As a result, varying the simulated tumor 
size, it was found that the size of the tumor that responded 
to the frequency of 2450 MHz was 16 mm. This achieves 
a maximum power transfer into tumor tissue. 

The signal measurement test experimental setup is 
shown in Fig. 8. The frequency response of the curved 
plate applicator has been measured using a vector network 
analyzer (E5071C, Keysight Technology) using the curved 
plate and inductor input impedance and sweep frequency in 
the series resonance circuit. The frequency response of the 
curved plate applicator includes return loss (S11), voltage 
standing wave ratio (VSWR) and impedance (R + jX) on 
the Smith chart, determining the measurement range from 
1.8 to 3 GHz. The design considers the properties of the 
series resonance circuit with the LC matching network 
consisting of an inductor (L) and capacitor (C) that acts as 
the curved plate applicator. The variable that affects the 
frequency response is the dielectric properties of the breast 
phantom and tumor tissue, which in turn affect the capaci-
tance in the resonance circuit and act as a load to absorb 
the microwave energy. 

The next experiment compared the simulation for 
16 mm tumor size, which is the range with the maximum 
frequency response relative to 2450 MHz and VSWR. The 
return loss of the series resonance circuit for the LC net-
work was measured using a vector network analyzer 
(E5071C, Keysight Technology). Figure 9 plots the rela-
tionship between frequency and measured return loss 
(S11). As shown, for a measured return loss less than  
–10 dB and the bandwidth for curved plate applicator of 
163.5 MHz will cover a frequency range between 
2.31 GHz  and  2.48 GHz and will  respond  to 2.41 GHz at 

 
Fig. 8. Measurement setup for curved plate applicator 

designed with the agar phantom. 
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Fig. 9. Return loss in dB (S11) of the series resonance circuit 

in simulation and designed with tumor size 16 mm. 
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Fig. 10. VSWR of the series resonance circuit in simulation 

and designed with tumor size 16 mm. 
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Fig. 11. The impedance of the series resonance circuit in 

simulation and designed with tumor size 16 mm. 

–23.82 dB. Similarly, Figure 10 demonstrates a VSWR 
response to 2.41 GHz at 1.12. 

Figure 11 plots the Smith chart for the input im-
pedance of the series resonance circuit for an LC match- 
ing network that is normalized to 50. Table 3 compares the 
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Data 
Simulation Measured 

2400 MHz 
(1) 

2500 MHz 
(2) 

2400 MHz 
(1) 

2500 MHz 
(2) 

Return loss (dB) –17.42 –16.35 –22.38 –8.53 

VSWR 1.31 1.35 1.16 2.19 

Impedance (Ω) 38.19+j1.2 38.55–j6.89 50.3–j7.91 102+j18.4 

Tab. 3. Frequency response of series resonance circuit in 
simulation and designed with tumor size 16 mm. 

operating frequency of the resonance circuit and the pre-
diction from the simulation for a 16 mm tumor for 
2400 MHz and 2500 MHz. 

4.3 Dielectric Properties of Agar Phantom: 
Measurement Results 

The dielectric properties of agar phantom and tumor 
tissue samples were measured using open-ended coaxial 
dielectric probe kit (N1501A, Keysight Technology) type 
High Temperature and connected to a vector network ana-
lyzer (E5071C, Keysight Technology) to confirm the die-
lectric property value (see Fig. 12. for setup). The meas-
urement was analyzed using Keysight materials measure-
ment suite 2016 software. The open-ended coaxial probe 
has been calibrated with air, short-block, and DI water at 
24°C. The calibration frequency was set between 1 GHz 
and 10 GHz. The agar phantom size was 50 mm in diame-
ter, and the tumor tissue was inside and acted as a dielectric 
material. The interior tumor is created within the tumor 
tissue layer with the diameter size of 10 mm, 16 mm, or 
30 mm. The measurements of the agar phantom and tumor 
were performed separately. The material must have enough 
thickness for measuring, maybe thicker than 20 mm. The 
dielectric properties of agar phantom and tumor tissue 
samples were subsequently measured. 

The composition of agar phantom and tumor tissue 
recipe given in [29], [34] are listed in Tab. 4. Figure 13 
displays the dielectric material created for measurement. 
The tumor of each size will have the concentration of 
ingredients in a similar ratio. The compounds are mixed and 

 
Fig. 12. Measurement setup for dielectric properties of agar 

phantom and tumor tissue sample. 
 

Material 
Agar 

phantom 
Tumor  

(10 mm ) 
Tumor  

(16 mm ) 
Tumor  

(30 mm ) 
Agar-agar 30 g - - - 

Gelatin - 1.5 g 4 g 15 g 
NaCl - 1 g 1 g 1 g 

Corn oil 1 ml - - - 
White color 

powder 
- 0.5 g 0.5 g 0.5 g 

Deionized water  40 ml 1.8 ml 4.8 ml 16.9 ml 

Tab. 4. Composition of agar phantom and tumor tissue. 

 
Fig. 13. The agar phantom and tumor size are 10 mm, 16 mm, 

and 30 mm for experiments with dielectric heating. 

heated to 80°C. Then the mixture was poured into molds of 
various sizes of the tumor. 

Figures 14 and 15 represent dielectric properties re-
sults between 1–10 GHz and compared to agar phantom 
and a tumor tissue sample for each diameter size. From the 
experimental results, it can be seen that the dielectric con-
stant (εʹ) and loss factor (εʺ) of the agar phantom is signifi-
cantly different from the tumor tissue. In particular, the 
tumor tissue has a very different loss factor from agar 
phantom, as shown in Fig. 14, and Fig. 15, considered in 
(4), it can be seen that the tumor has higher thermal ab-
sorption than agar phantom. 

This section measures the dielectric properties of both 
materials at a constant temperature of 24°C. The dielectric 
properties are not stable,  depending  on  the temperature  at 
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Fig. 14. The dielectric constant of the agar phantom and tumor 

tissue with the diameter size 10 mm, 16 mm, and 
30 mm at 24°C. 
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Fig. 15. The losses factor of the agar phantom and tumor tissue 

with the diameter size 10 mm, 16 mm, and 30 mm at 
24°C. 

 

Tumor size (mm) Dielectric constant (εʹ) Loss factor (εʺ) 
10 51.27 15.25 
16 60.49 14.55 
30 57.75 15.44 

Agar phantom 12.04 2.03 

Tab. 5. The dielectric property at 2450 MHz of agar phantom 
and tumor tissue sample at 24 °C. 

that time. Therefore, it is difficult to control the tempera-
ture of the dielectric material. In this experiment, the focus 
is on the differences in dielectric properties of each ele-
ment that affect microwave heating. Consistent with the 
theory that the tumor tissue is a better thermal conductor 
than the surrounding material, the results can show a ten-
dency to generate heat despite fluctuations in the dielectric 
constant. The dielectric property of agar phantom tumor 
tissue sample at 2450 MHz is listed in Tab. 5. 

5. The Heating Experiment and 
Measurement Results 
The experiment of the dielectric heating system con-

sists of a microwave power signal, curved plate applicator 
with agar phantom. In the analysis, the focus will be on the 
ability of the electric field of the curved plate to induce 
heat according to the bio-heat transfer equation for tumors 
within the body tissue. And the temperature will be inves-
tigated that occurs with internal tumors of various sizes and 
side tissues. Figure 16 shows the construction of the die-
lectric heating system for breast cancer treatment. Simi-
larly, previous studies have shown theoretical and experi-
mental evidence carried out using an agar phantom. The 
transferring of the microwave power source will continue 
50 Ω transmission line through by the directional coupler 
power meter Bird (4391A, RF Power Analyst) for meas-
uring the RF power transmitted to the dielectric load. 

For the microwave signal generators to be used from 
the high power semiconductor generators by RF High 
Power LDMOS Transistor (MRF24300N, Freescale Semi-
conductor) with a maximum power rating of 300 W. In the  

 
Fig. 16. The microwave dielectric heating system for breast 

cancer treatment with a curved plate applicator. 
 

DC input power (W) 
RF power output 

Efficiency (%)
(dBm) (VP–P) (W) 

23.5 34.4 33.2 1.8 7.66 
43.8 37.1 45.3 4.3 9.82 
80.7 40.7 68.5 12.5 15.49 

119.8 43.6 95.7 24.0 20.02 
147.0 45.0 127.3 32.0 21.77 
172.0 46.0 130.1 41.6 24.18 

Tab. 6. Measurement of DC input power and RF output power 
efficiency. 

 
Fig. 17. Microwave signals on channel power at 2450 MHz. 

experiment, we have examined the efficiency of the mi-
crowave output power at various values in Tab. 6. We 
choose the DC input at 120 W (input voltage is 18 V and 
input current is 6.66 A), with the performance was about 
20% to generate RF output power about 24 W, 95.72 V 
peak to peak in the experiment to induce heat distribution 
inside the dielectric load of agar phantom. The distance 
between the plate is equal to 50 mm. The microwave signal 
has been measured in channel power and connected by 
power attenuation 30 dB into the Agilent MXA Signal 
Analyzer (N9020A). We set the intermediate frequency at 
2450 MHz and bandwidth span in the scope of 200 MHz, 
as shown in Fig. 17. 

Most electromagnetic waves occur between the plates 
as a feature in the electric field that is generated. The pur-
pose of the experiment is to investigate the resulting heat 
from targeting the dielectric tumor material. The energy 
focus is based on the electric field induction of curved 
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plates, which will help to penetrate deep into the body 
tissue without affecting the neighboring tissue. This 
method is guided by simulation results and compared with 
actual experiment results. 

In the experimental part, the thermal effect generated 
by microwave is measured with the 2D cross-section in 
XY-plane by the thermal imaging camera, IR camera 
(U5857A True IR, Keysight Technology). We set the 
emissivity parameter to 0.98, background compensation of 
reflected temperature (RT) 29.3°C, measured temperature 
range 22.0–46.5°C. The experiment was conducted using 
a tumor size of 10 mm, 16 mm, and 30 mm. It was found 
that after 30, 40, and 60 minutes, respectively, the tempera-
ture of the tumor tissue increased from 31°C to 42°C.  

Figure 18 represents the experimental results of the 
temperature distribution surrounding the position of agar 
phantom. It was found that the heating characteristic is 
consistent with the theoretical, simulated results. The re-
sulting observation using a thermograph is consistent with 
the numerical simulation results. The power loss density of 
the heating model is a part of the electromagnetic wave 
from the external source excited by 2450 MHz signal be-
cause of the power loss density (W·cm–3) of (4) and is 
directly proportional to the temperature interval of the agar 
phantom and tumor tissue model. The heat distribution 
relationship in (2) is likely to occur in tumor samples with 
power loss and dielectric properties found in (4). However, 
the side tissue is also affected and heated. The neighboring 
tissue is heated to 39°C, which will not affect that tissue. In 
addition, the heat distribution that occurs is also a function 
of the size of the tumor tissue. While the maximum temper-
ature of the tumor is at 42°C, considering the ability to 
penetrate the tissues by using a curved plate, the results can 
be seen clearly with smaller tumors are 10 mm and 16 mm. 
For tumor size 30 mm, it looks as if the heat is spread over 
a wide area. However, due to the density of different mate-
rials while using the same amount of energy. The time 
required to test each tumor size was not the same as ob-
tained for the desired temperature. In summary, it is evi-
dent that the induction of the electric field can penetrate the 
internal core with the dielectric principle by using micro-
wave frequency. Therefore, the inner tumor tissue can 
produce more heat than normal tissues as a result of its 
dielectric properties and higher loss factor (εʺ). 

6. Discussion 
In the experiment of thermal effects, it is essential to 

point out that we cannot make a model like a breast shape 
because the thermal imaging relies on emitting heat from 
the surface. Similarly, the breast contains other tissues that 
are not homogeneous. In addition, this experiment does not 
address the cooling of the blood vessels effect of the 
circulatory system and merits further study. Also, the size 
of the different tumors resulted in unequal time to spend to 
achieve 42°C temperatures.  

 
(a) 

 
(b) 

 
(c) 

Fig. 18. Temperature distribution in agar phantom with tumor 
tissue size: (a) 10 mm (b) 16 mm (c) 30 mm. 

7. Conclusion 
This study demonstrates the ability to use dielectric 

curved plate applicators, excited by a 2450 MHz signal, the 
return loss (–22.38 dB). DC input power 120 W was used 
to generate the microwave output power of 24 W. This en-
ergy was then selectively transferred to a focal area by way 
of tumor tissues dielectric properties. Thus this study 
demonstrates the potential application of deep hyperther-
mia as tumor therapy. It is a novel technique to control an 
electric field, using curved plate applicators, for focusing 
on deep tissue areas. The distribution of the loss medium 
was analyzed. From these investigations, we found that the 
curved plate applicator yielded the best results because the 
maximum power loss density is equal to 11.92 W·cm–3 
with tumor 16 mm in the simulation. The results show that 
the heating location can be penetrated deep in the agar
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phantom diameter 50 mm to the inner tumor layer. The 
experiment value of the maximum temperature distribution 
in the agar phantom model is approximately 42°C for 40 
minutes.  
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