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1 |  INTRODUCTION

Various modality therapies have been used for cancer treat-
ment in recent years. The application of thermal therapies to 
the treatment of a variety of diseases is increasing [1]. In par-
ticular, microwave thermotherapy is known to destroy cancer 
cells without added side effects, and it can have a synergistic 
effect in combination with other therapies such as radiation 
therapy and chemotherapy [2]. Microwave thermotherapy ul-
timately aims at elevating the temperature at a tumor location 
to a moderate value of more than 42 °C for a sufficient period 
while maintaining normal temperatures in healthy tissue [3]. 
The focused microwave thermotherapy (FMT) technique can 
be useful for pain relief and the treatment of pathologies in 
numerous types of musculoskeletal diseases including arthri-
tis, cancer, and inflammation. The thermal effects of such a 

technique on the ablation of cancer cells are currently being 
investigated by several groups [4‒15].

In previous studies [6,9], we applied a noninvasive micro-
wave thermotherapy method for the pathological treatment of a 
two‐dimensional (2D) knee model using a modified time rever-
sal (TR) algorithm. The results confirmed that a beam could be 
focused on a desired target position. We expanded this research 
to a three‐dimensional (3D) environment to conduct an ad-
vanced study, the results of which are described in this article.

As preliminary research prior to investigating the FMT 
method using a 3D anatomical phantom model, we applied 
a simple 3D cylinder phantom model that mimicked muscle 
tissue and accounted for a large proportion of leg tissue. The 
simulation was conducted by utilizing Sim4Life [16], which 
is a finite‐difference time‐domain (FDTD)‐based commercial 
tool. In addition, electromagnetic (EM) and thermal analyses 
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were performed at 925 MHz. We validated the possibility of 
effective beam focusing for a 3D muscle‐mimicking phantom 
model in a 3D environment by considering a practical array 
antenna structure.

The algorithm used to focus microwave energy inside a 
muscle‐mimicking phantom applies the TR principle [17] as 
a basic method. We applied a modified TR algorithm with 
amplitude compensation. This TR algorithm is widely used 
in medical imaging and therapy [13,14,17‒19]. Microwave 
thermotherapy techniques based on the TR principle are cur-
rently being investigated for the treatment of tumors, such as 
those found in the breast [5,14], neck [14], and brain [20,21]. 
When the basic TR principle is applied to microwave thermo-
therapy in human tissue, the problem of unwanted hot spots 
may occur in normal tissue, excluding the tumor tissue in a 
lossy or dispersive medium. Thus, several methods [20‒22] 
have been proposed to reduce unwanted hot spots in normal 
tissue in a 2D environment.

We proposed a simple method that differs from the above-
mentioned methods. The proposed method, referred to as a 
truncated threshold method, is based on modifying the thresh-
olds of the amplitudes calculated by employing the modified 
TR algorithm with amplitude compensation. The effect of 
the proposed method is similar to that of other conventional 
methods [20‒22]. The method is also applicable to a 3D envi-
ronment. In a previously reported study [6,9], we verified the 
proposed method in a 2D environment by comparing it with 
an existing method developed by Iero and others [20].

In addition, we experimentally validated simulation re-
sults on a 3D muscle‐mimicking phantom model by utiliz-
ing the modified TR algorithm applied using the truncated 
threshold method in the developed FMT system.

The remainder of this paper is structured as follows: In 
Section 2, we describe the proposed theory on microwave 
thermotherapy. The computational procedures used for the 
microwave thermotherapy of a muscle‐mimicking phantom 
model are described in Section 3. The numerical assessment 
and results are analyzed in Section 4. The experimental val-
idation of the simulation results of the proposed phantom 
model is described in Section 5. Finally, concluding remarks 
are provided in Section 6.

2 |  THEORETICAL BACKGROUND

In this section, we discuss the basic principle of the TR al-
gorithm, the focal spot size used for EM analysis, and the 
Pennes equation of bioheat transfer for thermal analysis.

2.1 | EM analysis using the TR method
The TR principle [17] exploits the invariance of the wave equa-
tion under TR. This governing wave equation ensures that, for 

every wave diverging away from a source, there exists a reverse 
wave that precisely retraces the path of the original wave back 
to the source. This occurs regardless of the presence of scatter-
ing objects or inhomogeneities in permeability and permittiv-
ity. The reverse wave converges and focuses coherently at the 
original source location as if moving back in time, t → −t.

However, the TR principle in a lossy medium has certain 
challenges such as the occurrence of unwanted hot spots at 
a nontarget position and the difficulty in beam focusing at a 
target position. To solve this problem, we consider a modi-
fied TR method with amplitude compensation for comput-
ing the wave propagation between a target point and receiver 
points for a sinusoidal signal with a time‐varying field. This 
equation can be expressed as a phasor notation with time and 
space to solve the TR propagation. The incident field at the 
target position at r can be written as

where E0 is the amplitude of the electric field, � is the attenu-
ation constant, and β is the phase constant. The incident field, 
which is an initial source located at the target position at, propa-
gates the receiver position at r1 in the forward step of the TR. In 
the reverse step of the TR, the received field at r1 is used as the 
source to transmit in the TR order. The electric field, E(d, t), at 
distance d (r1 =d) can be represented by

E(d, t) is equal to E(r1, t). Here, E(d, t) can be expressed in the 
polar form as follows:

where m is the attenuation amount (given by α) between the 
target position at r and the receiver position at d. The electric 
field is returned to the target position. Compared with the 
incident field, the amplitude of the electric field is attenuated 
and its phase is reversed. In other words, if the electric field 
at the receiver position is returned to the target position, the 
attenuation in amplitude increases by the amount of attenua-
tion and the phase is reversed to obtain the original phase at 
the target position. Accordingly, the relationship between the 
TR electric field, E(d, t)TR, and the electric field, E(d, t), at 
the receiver position is as follows:

The receiver position becomes the new original position 
as a transmit position. The initial values of the TR electric 
field, E (0, t)TR, can be written as

(1)E (r, t)inc =E0e−�re−j�re−j�ej�t,

(2)E (d, t)=E0e−�de−j�de−j�.

(3)
(
log10 E0−�d×10 log10 e

)
∠ (−�d−�) ,

(4)(E0−m)∠ (−�d−�) ,

(5)
||E (d, t)TR |
|E (d, t)|

=
e+�d

e−�d
= e2�d =2�d×10 log10 e=2m.

(6)E (0, t)TR = (E0+m)∠ (�d+�) ,
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where E (0, t)TR is equal to E
(
r1, t

)
TR

. The TR electric field, 
E
(
r1, t

)
TR

, can be expressed as

Furthermore, the amplitude of the returned TR electric 
field is the maximum, with the same phase as that at the tar-
get position.

Figure 1 shows the proposed modified TR method with 
the amplitude for the focusing of the target position in an 
inhomogeneous medium. Figure 1A illustrates the forward 
step for the propagation of an incident field with an input 
continuous wave (CW) signal. A point source located at the 
target position of the inhomogeneous medium transmits the 
CW signal. The transmitted signal propagates in the inho-
mogeneous medium, and it is received by an n‐element an-
tenna array to obtain amplitude and phase data. Figure 1B 
illustrates the reverse step for the backward propagation of 
the time‐reversed CW signal. The initial transmitter at the 
target position is removed in the reverse step. The received 
signal in each array element contains information on ampli-
tude and phase. Each element array turns into a transmitter 
for the focusing of the target position. This element array, 
with the amplitude and phase calculated using the proposed 
TR algorithm, propagates at the initial target position.

A power absorption distribution (PAD) is used as the heat 
source for thermal analysis. PAD values indicate the amount 
of power absorbed in tissue generated by the electric field in 
EM analysis, and they are given by

where � is the electrical conductivity and E2 is the square of 
the magnitude of the electric field. PAD values differ from the 
specific absorption rate (SAR) only in terms of tissue density.

In addition, the wavelength (�g) for the calculation of focal 
spot size (�) can be expressed as

where c is the speed of light, f is the operating frequency, 
and �r is the relative dielectric permittivity. Here, the focal 
spot size (�) is defined as the diffraction limit, which is repre-
sented as 0.5 λg. The focal spot size (�) can be approximated 
using 0.5 λg. This focal size represents the electrical length, 
and the time interval (Δt) is not considered.

2.2 | Temperature Analysis
A temperature profile is used to determine the effective ther-
mal phenomena for the muscle‐mimicking phantom model. 
This equation is the well‐known the Pennes bioheat equation 
[4,5], and it can be written as

where C is the specific heat, � is the tissue density, K is the 
thermal conductivity, A0 is the metabolic heat production. 
� ⋅SAR is equal to Q, and it is the heating potential of the 
heat source. In addition, Q is the same as the PAD, and it 
can be computed by utilizing the FDTD‐based EM solver 
through (8). Here, B is the capillary blood perfusion co-
efficient, T  is the temperature, and TB is the temperature 
of blood. The detailed thermal parameters associated with 
(10) depend on the tissue type. Additionally, when heat du-
ration is short, (10) can be re‐expressed for the increase 
in tissue temperature (ΔT) and the time interval (Δt). The 
increase in tissue temperature is given by

where C is the specific heat of the tissue. The metabolic heat 
production, thermal conductivity, and capillary blood perfusion 
coefficient are neglected. Table 1 lists the typical average val-
ues of the thermal properties of the tissue of a muscle thermal 
model [23] and the muscle‐mimicking thermal phantom. The 
thermal properties of the muscle‐mimicking thermal phantom 
model were obtained through measurement devices.

3 |  COMPUTATIONAL PROCEDURE

The proposed computational procedure for the FMT of the 
muscle‐mimicking phantom model using the EM theory with 
the TR algorithm and the thermal theory with the bioheat 
equation is shown in Figure 2. We constructed an EM model 
of a 3D cylinder muscle‐mimicking phantom and a 3D ther-
mal model by employing Sim4Life. This model, which was 
composed of homogeneous tissue, was mapped to the permit-
tivity, conductivity, and thermal properties.

(7)E
(
r1, t

)
TR

=E0e−�re�r1 e−j�rej(�r1+�)ej�t.

(8)PAD=
�

2
E2

(9)�g =
c

f
√
�r

,

(10)C ⋅� ⋅
�T

�t
=∇ ⋅ (K ⋅∇T)+A0+� ⋅SAR−B ⋅

(
T −TB

)

(11)ΔT =
1

C
SARΔt,

F I G U R E  1  Modified TR method with amplitude: (A) Forward 
and (B) reverse TR steps
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The forward step of the EM TR was applied to acquire 
received signal data with amplitude and phase from the signal 
transmitted to the target position using the muscle‐mimicking 
phantom model in the simulation software.

The truncated threshold method was applied by utiliz-
ing the amplitude values obtained from the forward step of 
the EM TR. This method can reduce unwanted hot spots in 
a normal tissue area, and it uses an amplitude value below 
the threshold. The determination of the threshold for the pro-
posed method is shown in Figure 2. When the acquired am-
plitude values were normalized, the threshold was assumed 
to be 1. This threshold is the initial value.

Next, the reverse step of the EM TR was applied for the 
beam focusing at the target position. To apply this step, the re-
ceiver position with the receiver array antennas was changed 
to the transmit position using the array as the transmission 
antennas.

As a result of this reverse step, PAD data (ie, heating po-
tential Q) were obtained for thermal analysis.

The thermal analysis was performed after the EM analysis 
was completed. As a preliminary step of the thermal analy-
sis, a mapping of the dedicated thermal model of the mus-
cle‐mimicking phantom was applied, the thermal parameters 
were generated, and the heat source was confirmed. Then, 
FDTD thermal simulation was carried out.

The thermal analysis confirmed that the temperature at the 
target position reached 43 °C and that the temperature of the 
normal surrounding tissue was below 42 °C. When the tem-
perature of the tumor was below 43 °C, the temperature of the 
normal surrounding tissue was verified to confirm whether 
unwanted hot spots occurred above 42 °C. When unwanted 
hot spots occurred, the threshold of the amplitude used to ob-
tain the new thermal analysis results was updated. The appro-
priate threshold was replaced by thresholdnew. Here, the value 
of Δstep used to calculate thresholdnew was 0.1. The reverse 
step of the EM TR and the thermal analysis were re‐applied 
to reduce damage to the normal surrounding tissue using the 
appropriately selected threshold.

When the temperature at the target position was above 
43  °C, the temperature of the normal surrounding tissue 
was verified. The thermal analysis was completed when un-
wanted hot spots stopped occurring in the surrounding nor-
mal tissue.

4 |  NUMERICAL ASSESSMENT

We used beam focusing at the target position of the 3D mus-
cle‐mimicking phantom model to verify the effectiveness 
of the proposed TR algorithm in a 3D environment. EM 
and thermal simulations were conducted using Sim4Life at 
925 MHz.

4.1 | EM analysis
Figure 3 shows the design of the muscle‐mimicking phan-
tom model for the forward step of the EM TR. This model 
was mapped using permittivity (εr  =  55) and conductivity 
(σ = 0.5 S/m) that were similar to those of normal muscle 
tissue (εr = 55, σ = 0.95 S/m). We considered the target po-
sition of the phantom to obtain signal data with amplitude 

T A B L E  1  Thermal properties of the tissue

Tissue

Specific heat Tissue density Thermal conductivity
Metabolic heat 
production

Capillary 
blood 
perfusion

C (J/kg°C) ρ (kg/m3) K (W/m°C) A0 (W/m3) B (W/m3°C)

Muscle 3421 1090 0.495 906 2706

Muscle‐mimicking phantom 1019 1151 0.536 0 0

F I G U R E  2  Flowchart of the proposed focused microwave 
thermotherapy method

Start

Input EM model
&

Thermal model mapping

Forward step of EM TR

Initial threshold = 1

Reverse step for EM TR
(Beam focusing)

Input power absorption density 
(PAD)

Thermal analysis

End

Update threshold 
(thresholdnew = thresholdold – Δstep)

Yes

No
Target focusing ≥ 43

Outside ≤ 42
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and phase. The target was offset to the left (x: −30 mm; y: 
0 mm) from the center (x: 0 mm; y: 0 mm) of the model. A 
transmission antenna with an input CW source was located at 
the target position. A 16‐receiver antenna array with a circu-
lar configuration was located outside the model. The receiver 
antennas with an array diameter of 180 mm were located in 
the background medium (distilled water with εr  =  78 and 
σ = 0.2 S/m). The back of the receiver antennas was imple-
mented in the circular metal boundary as a cavity structure. 
The total area of the simulation was 300 × 300 mm2. The 
mesh cell size was 1 mm. FDTD‐based 2D EM simulation 
was conducted in the developed EM solver to obtain the am-
plitude and phase data at the 16‐receiver array antenna po-
sition until a steady state condition was reached. The main 
reasons for using 2D simulation in the forward step of the 

EM TR are as follows: First, the calculated signal data can 
confirm that the 2D and 3D simulation results are similar, 
as shown in Figure 4B. Second, 2D simulation for approxi-
mately 1.5  minutes can be used to rapidly acquire signal 
data with amplitude and phase at the 16‐receiver position, 
whereas 3D simulation requires approximately 6  hours for 
the forward step of the EM TR. Third, a 2D EM forward 
solver is applied to the developed FMT system for the beam‐
focusing experiment. Currently, a 3D EM forward solver is 
being developed owing to the difficulty in constructing the 
environment of a commercial tool for 3D analysis in the FMT 
system. Ultimately, the developed 3D EM solver will be ap-
plied to the FMT system. For this study, Sim4Life was pro-
vided by Zurich MedTech (Switzerland) for a certain period. 
Thus, the forward analysis of the EM TR for obtaining am-
plitude and phase data was effectively conducted using 2D 
simulation.

Figure 4A shows the results for the forward step of the 
EM TR used to obtain amplitude and phase data. The graph 
shows the acquired amplitude and phase data for the muscle‐
mimicking phantom model at the 16‐receiver array antenna 
position. Herein, we propose a truncated threshold method to 
reduce the unwanted hot spots in a normal tissue area exclud-
ing the target position.

This method involves the adjustment of the threshold 
for the amplitude values of the 16‐array antennas. When 

F I G U R E  3  Muscle‐mimicking phantom model for the forward 
step of the EM TR in an environment mapped with (A) permittivity 
and (B) conductivity
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F I G U R E  4  Calculation results of the amplitude and phase in 
the phantom model: (A) 2D environment for the truncated threshold 
method, and (B) comparison of the results in 2D and 3D environments
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the amplitude values were normalized, the threshold was 
assumed to be 1. Figure 2 details this method, which uses 
an amplitude value below the threshold. The truncated 
threshold was applied to the muscle‐mimicking phantom 
model.

Figure 4B shows the amplitude and phase data acquired 
in the 2D and 3D simulations, the results of which are con-
firmed to be similar. The results for the amplitude data for a 
few transmit antennas are different when considering a prac-
tical 3D array antenna structure and when using a 2D point 
source; this is the cause of the limitation of a 2D simulation. 
If the truncated threshold method is applied for unwanted 
hot‐spot control in a normal tissue region, the results of the 
2D and 3D amplitude data are the same (eg, for a threshold 
of 0.3).

In contrast, the results of the 2D and 3D phase data are 
almost the same. These abovementioned results confirm that 
the 2D simulation used to obtain signal data can obtain re-
sults similar to those of the 3D simulation.

To analyze the reverse step and determine the effects of 
unwanted hot spots in the normal tissue area of the muscle‐
mimicking phantom model, the design shown in Figure 5 was 
applied. The receiver array antennas employed in the forward 
step were converted into transmission array antennas in the 
reverse step, and the initial transmission antenna located at 
the target position was removed. This model type was a 3D 
cylindrical phantom model with a diameter of 120 mm and 
a height of 250 mm, and it was located inside the practical 
array antenna structure. These array antennas were included 

in a cylindrical metal cavity structure that served as an illu-
mination tank. The proposed antenna type, which is shown in 
Figure 5A, was the directional dipole structure on the Taconic 
CER‐10 substrate with a dielectric constant of 10. This an-
tenna was coupled to the circular waveguide metal structure, 
as shown in Figure 5A. The proposed antenna was extended 
to 16‐array antennas with a metal cavity structure, as shown 
in Figure 5B. Thus, the reverse step simulation of the EM 
TR using the 16‐array antennas was effectively applied, as 
shown in Figure 5C. The area between the phantom model 
and array antennas was filled with distilled water (εr = 78, 
σ = 0.2 S/m).

The reverse step of the EM TR in a 3D environment was 
conducted using the calculated amplitude and phase data, as 
shown in Figure 4A. Figure 6 shows the results of the appli-
cation of the reverse step of the EM TR.

Figure 6A–6C show the PAD results of the 3D muscle‐
mimicking phantom model for a threshold of 1. The PAD 
values are at their maximum at the right edge position of 
the phantom model but not for the target position on the left 
side. Under this condition, unwanted hot spots are observed 
at the edge area on the right. This is a major problem that 
should be resolved to effectively focus the beam at the tar-
get position.

The amplitude threshold values were adjusted to reduce 
unwanted hot spots at the right edge position of the phan-
tom model. Figure 6D–6F show the PAD results for thresh-
old of 0.3 obtained using the threshold determination method 
shown in Figure 2. The PAD value is at its maximum at the 

F I G U R E  5  Design of the reverse step of the EM TR for the (A) 
proposed antenna, (B) 16‐array structure with an illumination tank, 
and (C) 16‐array antenna structure with an illumination tank and a 3D 
cylindrical phantom model
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F I G U R E  6  Results of PAD in the phantom model in the (A) x‐y 
plane, (B) x‐z plane, and (C) y‐z plane with a threshold of 1, and in the 
(D) x‐y plane, (E) x‐z plane, and (F) y‐z plane with a threshold of 0.3
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target position of the phantom model compared to the other 
normal tissue areas. In addition, effective beam focusing is 
achieved at the target position, thus reducing the occurrences 
of unwanted hot spots at the left edge position of the phantom 
model. Therefore, the accuracy of the proposed TR algorithm 
is confirmed.

The focal spot size of the phantom model, as shown in 
Figure 6, can be calculated using (9). As the permittivity of the 
phantom model is 55 based on (9), the theoretical focal size is 
calculated as 22 mm, corresponding to 0.5 λg. The focal spot 
size according to the simulation results in Figure 6 is 21 mm, 
which corresponds to 0.48 λg compared to the theoretical re-
sult. The theoretical and simulated focal spot sizes are almost 
the same. The focal spot sizes shown in Figure 6A–6C and 
6D–6F are the same. Regardless of the threshold value, the 
wavelength of the phantom model does not change, and thus, 
the focal spot size is the same. The theoretical and simulation 
results meet the diffraction limit, and the focal spot size in the 
EM analysis corresponds to approximately 0.5 λg.

4.2 | Thermal analysis
The thermal analysis of the muscle‐mimicking phantom 
model was conducted using the FDTD‐based Sim4Life soft-
ware and bioheat equation. We constructed a 3D thermal 
model by mapping the thermal properties of the tissue, as 
listed in Table 1. The PAD data were used as the heat source. 
We applied two thermal simulations to confirm the beam fo-
cusing possibility of the proposed TR algorithm. For the first 
thermal simulation of the muscle‐mimicking thermal model, 
the temperature of the background medium was set as 15 °C 
with a convection coefficient of 300 W/m2K [4]. The initial 
temperature of the model was assumed to be 37 °C, which 
is the same as the temperature of the human body. The sec-
ond thermal simulation was conducted considering the ther-
mal properties of the muscle‐mimicking phantom model, as 
listed in Table 1. This simulation was applied to compare the 
experimental validation results achieved using the fabricated 
muscle‐mimicking phantom model. Thus, the conditions of 
the thermal simulation were set to be the same as those of the 
experiment. The temperature of the background medium was 
set as 19 °C with a convection coefficient of 300 W/m2K. The 
initial temperature of the muscle‐mimicking thermal model 
was assumed to be 19 °C. In addition, while conducting the 
thermal analysis using PAD data in the two simulations, the 
authors checked whether an unwanted hot spot occurred in 
the surrounding normal tissue when the target‐position tem-
perature of the proposed model reached 43 °C.

The first simulation provides the thermal‐analysis re-
sults for the muscle‐mimicking thermal model with mapped 
thermal properties for the muscle tissue, as listed in Table 
1. Figure 7 shows the thermal‐analysis results for the mus-
cle‐mimicking thermal model during a 10‐min period. As 

indicated by the PAD results in Figure 6A–6C, with an ap-
plied threshold of 1, the results of the thermal analysis shown 
in Figure 7A–7C are poor. The temperature increases from 
37 °C to 44.9 °C, and unwanted hot spots appear in normal 
tissue areas such as close to the right edge area. When using 
an input power of 42.5 W, the temperature at the hot spot in-
creases to up to 44.9 °C and the temperature at the target po-
sition reaches 43 °C for a threshold of 1. To reduce unwanted 
hot spots close to the right edge area of the normal tissue for 
the thermal model, we reapplied the thermal analysis based 
on the PAD result with an adjusted amplitude threshold by 
utilizing the new truncated threshold method. Figure 7D–
7F show the results of the thermal analysis obtained using 
the PAD results shown in Figure 6D–6F, respectively, for a 
threshold of 0.3. For an input power of 25 W, the temperature 
at the target position increases from 37 °C to 43 °C when the 
temperature of the surrounding normal area is below 38.8 °C. 
Moreover, unwanted hot spots do not occur close to the right 
edge area of the normal tissue.

Figure 8A shows the results of the focal spot size for the 
cases shown in Figure 7A–7C, for a threshold of 1. Here, 
the focal spot size obtained from the thermal analysis corre-
sponds to approximately 0.25 λg of the electrical wavelength 
in (9); in addition, the time interval (Δt) in (11) is consid-
ered. That is, during the thermal analysis, the focal spot size 
can be obtained by considering (9) and (11). In addition, the 

F I G U R E  7  Results of thermal analysis in the muscle‐mimicking 
thermal model in the (A) x‐y plane, (B) x‐z plane, and (C) y‐z plane 
with a threshold of 1 within a temperature range of 37 °C–44.9 °C, and 
in the (D) x‐y plane, (E) x‐z plane, and (F) y‐z plane with a threshold of 
0.3 within a temperature range of 37 °C–43 °C
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focal spot size of the model corresponding to approximately 
0.25 λg is determined as the area when the initial temperature 
is increased by 5  °C. Therefore, the reference temperature 
employed to determine the hot spot temperature in normal 
tissues of the human body is 42 °C, which is the normal tem-
perature of 37 °C increased by 5 °C. Then, therapeutic effects 
are observed for temperatures above 42 °C. In other words, 
the reference temperature of 42 °C indicates the maximum 
temperature that can be sustained before the normal tissue is 
damaged, which is a temperature corresponding to approxi-
mately 0.25 λg to obtain the focal spot size of the proposed 
phantom model. The left and right images in Figure 8A indi-
cate a different temperature range to demonstrate the visual 
effects of the focal spot size. Further, the focal spot sizes of 
both figures are the same in the target and hot spot regions. 
The focal spot size is 10 mm (x‐axis, y‐axis) at the target posi-
tion and 35 mm (x‐axis) and 30 mm (y‐axis) at the right edge 
of the hot spot region for a reference temperature of 42 °C, as 
shown in Figure 8A. Figure 8B shows the results of the focal 
spot size for the cases shown in Figure 7D–7F, for a threshold 
of 0.3. The focal spot size is 10 mm (x‐axis, y‐axis) at the 
target position for a reference temperature of 42 °C. The focal 
spot size in this simulation is 0.23 λg, in contrast with the 
theoretical result of 11 mm, which corresponds to 0.25 λg at 
the target position. The focal spot size at the target position is 
equal to 10 mm regardless of the threshold values, for a refer-
ence temperature of 42 °C. This is because the temperature at 
the target position increases equally by 6 °C (corresponding 
to 43 °C) according to (11).

The second simulation provides the results of the thermal 
analysis for the muscle‐mimicking thermal model. Figure 
9 shows the thermal analysis results for the model during a 
10‐min period. As shown in Figure 9A–9C, for a threshold 

of 1, the results of the thermal analysis are poor. The tem-
perature increases from 19 °C to 29.6 °C, and an unwanted 
hot spot appears close to the right edge. For an input power 
of 20 W, the temperature at the target reaches 25 °C (rela-
tively equal to 43 °C within a range of 37 °C–43 °C) and the 
temperature at the unwanted hot spot increases by a maxi-
mum of 29.6 °C (relatively equal to 47.6 °C within a range 
of 37 °C–43 °C). Figure 9D–9F show the thermal analysis re-
sults for the muscle‐mimicking thermal model for a threshold 
of 1 for a comparison of the same temperature range with the 
experimental results of the phantom model at 19 °C–25.9 °C. 
For an input power of 13.1 W, the temperature at the target 
position increases from 19  °C to 25.9  °C (relatively equal 

F I G U R E  8  Results of the focal spot size of the thermal model 
for a threshold of (A) 1 and (B) 0.3
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F I G U R E  9  Results of thermal analysis in the muscle‐mimicking 
thermal model in the (A) x‐y plane, (B) x‐z plane, and (C) y‐z plane 
for a threshold of 1 within a temperature range of 19 °C–29.6 °C; in 
the (D) x‐y plane, (E) x‐z plane, and (F) y‐z plane for a threshold of 1 
within a temperature range of 19 °C–25.9 °C; in the (G) x‐y plane, (H) 
x‐z plane, and (I) y‐z plane for a threshold of 0.3 within a temperature 
range of 19 °C–25 °C
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to 43.9 °C within a range of 37 °C–43 °C) and the tempera-
ture of the surrounding normal tissue area with the right edge 
area is 23  °C (relatively equal to 41  °C within a range of 
37 °C–43 °C). Figure 9G–9I show the thermal analysis re-
sults for the muscle‐mimicking thermal model for a threshold 
of 0.3. for an input power of 11.9 W, the temperature at the 
target position increases from 19 °C to 25 °C and the tem-
perature of the surrounding normal tissue at the right edge is 
below 22.1 °C (relatively equal to 40.1 °C within a range of 
37 °C–43 °C).

Figure 10A shows the results of the focal spot size for the 
cases shown in Figure 9A–9C, for a threshold of 1. The left 
and right images in Figure 10A indicate different temperature 
ranges to show the visual effect of the focal spot size. The 
focal spot sizes in both figures are equal in the target and hot 
spot regions. The focal spot size is 11 mm (x‐axis, y‐axis) at 
the target position and 57 mm (x‐axis) and 53 mm (y‐axis) 
in the hot spot region at the right edge, for a reference tem-
perature of 24 °C (relatively equal to 42 °C within a range of 
37 °C–43 °C, where = ΔT5 °C). Figure 10B shows the results 
of the focal spot size for the cases shown in Figure 9D–9F, for 
a threshold of 1. The focal spot size is only 31 mm (x‐axis) 
and 29 mm (y‐axis) in the hot spot region at the right edge for 
a reference temperature of 24 °C. As shown in Figure 9A–9C 
and Figure 9D–9F, even when the threshold value is 1, it is 
possible to confirm that the focal spot size in the hot spot 
region is different because the increase in tissue temperature, 
(T  given by (11)) in the hot spot region differs depending on 
input power. Figure 10C shows the result of the focal spot 
size for the cases shown in Figure 9G–9I, for a threshold of 

0.3. The focal spot size is 11 mm (x‐axis, y‐axis) at the tar-
get position for a reference temperature of 24 °C. This focal 
spot size is the same as the theoretical result of 11 mm corre-
sponding to 0.25 λg at the target position.

The focal spot size at the target position is equal to 11 mm 
regardless of the threshold value, for a reference tempera-
ture of 24 °C. This is because the temperature at the target 
position increases equally by 6 °C (corresponding to 25 °C)  
according to (11).

The input powers for the first and second simulations are 
different for the following reasons: The first reason is the 
difference in the thermal properties of the muscle tissue and 
muscle‐mimicking phantom tissue listed Table 1, in partic-
ular, the difference between the metabolic heat production 
and capillary blood perfusion of the two models. The second 
reason is the difference in tissue temperature increase (ΔT) 
according to (11). In the two simulations, the input power 
required for a threshold of 1 is higher than that for a thresh-
old of 0.3. This is because for a threshold of 1, input power 
increases temperature in two regions. The temperature of the 
hot spot region is increased by more than 6 °C and the tem-
perature at the target position is raised by 6  °C. However, 
when the threshold value is 0.3, input power increases only 
the temperature at the target position by 6 °C. The focal spot 
size at the target position for the thermal model is similar for 
both simulation results. This is because the focal spot size is 
satisfied at approximately 0.25 λg in the thermal analysis. In 
conclusion, as shown by the two simulation results, the possi-
bility of beam focusing by the proposed TR algorithm for the 
muscle‐mimicking phantom model is confirmed.

5 |  EXPERIMENTAL ASSESSMENT

In this section, the simulation results of the proposed mus-
cle‐mimicking phantom model obtained using the developed 
FMT system are experimentally validated.

Figure 11 shows the overall block diagram and configu-
ration of the developed FMT system. This system comprises 
several components used to conduct the experiment for the 
beam focusing of the phantom model.

The 16 transmission array antennas use a directional di-
pole that utilizes a 1.27‐mm thick Taconic CER‐10 substrate 
with a dielectric constant of 10. The operating frequency is 
925 MHz (VSWR < 2). The illumination tank is a cylindri-
cal metal cavity structure filled with distilled water (εr = 78, 
σ = 0.2 S/m) to demonstrate the cooling effect. The 16 trans-
mission array antennas are coupled to the center part of the 
illumination tank, shown in Figure 11B. The cooling device 
circulates and cools the distilled water in the illumination tank 
to maintain a set temperature below 20 °C. This is config-
ured in the circulating pump and cooling module. As shown 
in the block diagram of Figure 11A, the FMT transmitter 

F I G U R E  1 0  Focal spot size results of the muscle‐mimicking 
thermal model: (A) spot size for a threshold of 1 within a temperature 
range of 24 °C–29.6 °C, (B) spot size for a threshold of 1 within a 
temperature range of 24 °C–25.9 °C, and (C) spot size for a threshold 
of 0.3 within a temperature range of 24 °C–25 °C
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is comprised of a signal generator (Keysight E4438C ESG 
Vector Signal Generator), 16‐way power dividers, 16‐chan-
nel Tx modules, 16‐channel power amplifiers, 16‐channel 
directional couplers, and a power supply. A control PC is 
used to operate the developed FMT system for experimental 
validation.

We manufactured a 3D cylinder‐type muscle‐mimicking 
phantom with εr = 55 and σ = 0.5 S/m. The phantom was 
fabricated using gelatin powder mixed with distilled water, 
watercolor paint, and thermochromic pigment.

For the experiment, the fabricated phantom was inserted 
into the illumination tank of the FMT system. The beam 

focusing experiment was conducted using the phantom 
shown in Figure 12. As a test condition, the temperature 
of the distilled water as the background medium was set as 
19 °C using a cooling device, as was the temperature of the 
3D muscle‐mimicking phantom.

The power and phase values of the 16 transmission array 
antennas of the FMT system were applied for thresholds of 
0.3 and 1, as used in the simulations described in Section 
IV. The signal generator of the FMT system provided a 
continuous signal at a frequency of 925  MHz; the applied 
input power was 37.5 W for a threshold of 1 and 27 W for a 
threshold of 0.3, for an exposure time of 10 min in the beam 
focusing test. For the phantom test, the phantom was trun-
cated into two pieces, as shown in Figure 12, and the trun-
cated portion of the phantom was wrapped with tape. Here, 
the input power used in the experiment was higher than that 
used for the simulation. To confirm the temperature results 
of the phantom, the phantom inserted in the illumination 
tank was taken out, following which it was separated into two 
pieces. The temperature of the focused area for one of the two 
truncated pieces was measured using an infrared (IR) cam-
era. During this process, a period of several seconds elapsed 
and the temperature at the target position for the phantom 
changed. Therefore, considering the above situation, to 
compare the simulation and experimental results, we used a 
higher input power during the actual experiments compared 
to the simulation.

Figure 13 shows the results of the beam focusing for the 
phantom, which were confirmed using an IR camera and a 
thermometer. Figure 13A shows an image corresponding to 
one of the two pieces of the truncated phantom after con-
ducting the experiment using a threshold of 1. This image 
confirms that an unwanted hot spot occurs in the right edge 
area of the phantom next to the beam focusing at the target 
position (x, –30 mm; y, 0 mm). As shown in Figure 13C, the 
temperature at the hot spot for the phantom increases up to 
25.9  °C and the temperature at the target position reaches 
23.2 °C. We conducted a beam focusing experiment with an 
applied threshold of 0.3 to reduce the unwanted hot spot close 
to the right edge area of the phantom. Figure 13B shows the 
beam focusing image corresponding to one side of the phan-
tom when it is separated into two pieces after conducting 
the experiment with a threshold of 0.3. It can be confirmed 
that the beam focusing of the phantom occurs at the target 
position without any unwanted hot spots, as shown in Figure 
13B. The temperature at the target position for the phantom 
reaches 24.8 °C, as shown in Figure 13D and 13H. The tem-
perature at the target position for the phantom changes from 
19 °C to 24.8 °C (relatively equal to 42.8 °C within a range 
of 37 °C–43 °C, at approximately = ΔT6 °C), whereas the 
temperature of the surrounding normal tissue area with the 
left edge area increases to up to 21.3 °C (relatively equal to 
39.3 °C within a range of 37 °C–43 °C). Figure 13E shows 

F I G U R E  1 1  Configuration of the FMT system: (A) Overall 
block diagram of the FMT system and the (B) developed FMT system

(B)

Cooling device

Illumination tank

16 Array antennas

(A)

(a)
Focusing Tx
module (16)

Power supply

16-way 
divider

RF transmitter
RF Signal

(16)

Illumination tank

Signal 
generator

Control PC

F I G U R E  1 2  Beam focusing experiment and experimental 
procedure

Cut



860 |   KIM et al.

that the focal spot size of the phantom, as indicated in Figure 
13A and 13C, applied with a threshold of 1, is 16 mm (x‐
axis) and 28 mm (y‐axis) in the hot spot region of the right 
edge area when the reference temperature is 24  °C (rela-
tively equal to 42 °C within a range of 37 °C–43 °C, at = ΔT

5 °C). As a result, the focal spot size in the hot spot region 
is smaller along the x‐axis compared to the simulation re-
sult, and it is similar to the simulation result along the y‐
axis. This appears to be due to a measurement error in the 
experimental process and an error in the thermal properties 
of the muscle‐mimicking phantom tissue. Figure 13F shows 
that the focal spot size of the phantom, as indicated in Figure 
13B through 13D, applied with a threshold of 0.3, is 11 mm 
(x‐axis, y‐axis) corresponding to 0.25 λg at the target position 
when the reference temperature is 24 °C (relatively equal to 
42  °C within a range of 37  °C–43  °C, where  = ΔT5  °C). 
Here, the experimental and simulation results of the focal 
spot size agree. Figure 13G shows an image corresponding 
to one of the two pieces of the truncated phantom prior to 
the experiment and compared to the experimental results. 
The experimental results agree with the simulation results 
described in Section IV. The experimental validation of the 
fabricated muscle‐mimicking phantom does not indicate the 
occurrence of unwanted hot spots in the phantom, and beam 

focusing is effectively conducted at the target position of the 
phantom, as shown in Figure 13B. The simulation and exper-
imental results of the proposed TR algorithm and the trun-
cated threshold method prove the effectiveness of the beam 
focusing at the target position of the phantom while reducing 
unwanted hot spots in the surrounding normal tissue.

6 |  CONCLUSIONS

A 3D beam focusing study for the noninvasive FMT of a 
muscle‐mimicking phantom at 925  MHz was proposed. A 
truncated threshold method and a modified TR algorithm 
were proposed to reduce unwanted hot spots in the normal 
tissue region while a beam was appropriately focused at the 
target position of a phantom. We developed an FMT system 
and fabricated a muscle‐mimicking phantom to validate sim-
ulation results. The simulation and experimental results con-
firmed that beam focusing is possible at the target position. 
The simulation results agreed with the experimental results, 
indicating that acceptable results can be achieved. In future 
studies, 3D simulation analysis will be conducted by utiliz-
ing a 3D anatomical model and animal experiments will be 
performed using the FMT system.

F I G U R E  1 3  Experimental results of the beam focusing for the muscle‐mimicking phantom using a threshold: (A) Experiment with a 
threshold of 1 and (B) experiment with a threshold of 0.3; the temperature measured at 10 min using (C) an IR camera with a threshold of 1 
and (D) an IR camera with a threshold of 0.3; (E) a focal spot size with a threshold of 1 and (F) a focal spot size with a threshold of 0.3; using a 
thermometer with a threshold of 0.3 (G) before and (H) after the experiment
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