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Abstract—Hyperthermia (HT) is an adjuvant treatment
method aimed at elevating the temperature in target tissues
while minimizing the impact on surrounding non-target tissues.
Microwave hyperthermia is particularly notable due to the strong
interactions between microwaves and biological tissues. The
design of a microwave hyperthermia applicator is a critical com-
ponent of the treatment system, making various antenna designs
and arrays a focal point of research in this field. The operating
parameters of the designed antenna significantly influence metrics
that indicate the efficiency of hyperthermia treatment, such as
target-to-body Specific Absorption Rate (SAR) and temperature
ratios. In this study, a two-layer hyperthermia applicator utilizing
eight microstrip dipole-type antennas with broadside radiation
characteristics was proposed. Hyperthermia performance across
four different target regions of tissue at 20 frequencies was
analyzed. Although this study implemented a simple fat cylinder
as a body part, the target-to-body Specific Absorption Rate
(SAR) ratios showed that for each target position, a different
frequency provided the best performance. Adding the complexity
of a real-life problem of an inhomogeneous body with complex
geometries, using broadband antennas to perform hyperthermia
on different frequencies will provide a significant advantage for
focused hyperthermia. The results demonstrate that different
frequencies yield varying hyperthermia performance depending
on the target position, with mid-range frequencies (2800-3200
MHz) generally providing better SAR distribution and thermal
efficiency. Notably, 3000 MHz exhibited the best balance between
targeted heating and minimal impact on healthy tissues, while
higher frequencies, such as 4000 MHz, resulted in suboptimal
performance due to lower realized gain.

Index Terms—Antennas, electromagnetics, propagation, mi-
crowave hyperthermia.

I. INTRODUCTION

Focused hyperthermia (HT) is a promising complementary
treatment method that selectively targets cancerous tissues
by raising their temperature to damage and shrink the cells,
thereby causing minimal harm to normal tissues. This pro-
cess also enhances the susceptibility of some tumor cells
to radiation therapy and chemotherapy [1], [2]. The HT
method artificially raises tumor temperatures to between 40°C
and 45°C, employing various techniques such as ultrasound,
thermal conduction, and microwave radiation devices [3]. The
final effects of HT can vary for each patient depending on
the composition of their tissues (such as fat, fibroglandular,
or bone) and the tumor’s location. Microwave hyperthermia
(MHT) is of great interest due to the strong interactions
between microwaves and biological tissues [4]. However, ap-

plying MHT for breast cancer presents considerable challenges
because of the complex and heterogeneous characteristics of
breast tissues. There exists a significant gap in the literature
regarding the effective implementation of MHT for breast
cancer [5].

Most carcinomas are located in the upper outer quadrant of
the breast [6]; however, malignant tissues can also develop in
various locations, including deep-seated areas near the chest
wall. Consequently, it is essential to manage power deposition
profiles to effectively target lesions of different sizes and
shapes that may arise in various regions of the breast. MHT
utilizes beamforming techniques to direct microwave energy
toward the breast tumor by adjusting the excitation phases and
amplitudes of the antenna array, influencing heating patterns
and therapeutic outcomes. To maximize the benefits of MHT,
hyperthermia treatment planning (HTP) must be personalized
for each patient. The careful selection of the MHT applicator
is a critical step in the HTP process [4]. Furthermore, the
effectiveness of hyperthermia treatment is significantly influ-
enced by the electric field distribution produced by microwave
antennas. Therefore, the literature includes several studies that
have been conducted using different antennas for hyperthermia
applications [11], [12], [13], [14], [15]. For instance, in [11],
a corner T-slotted antenna was proposed for hyperthermia
treatment at 2.45 GHz. The designed antenna achieved an S
of -17.46 dB and a gain of -5.1 dBi. In [12], a slotted circular
patch antenna was designed for targeted heating, achieving
an S1; of -20.9dB at the operating frequency of 2.45 GHz.
In [13] study, a single horn antenna operating at 2.45 GHz
was tested on hemispherical phantoms with varying densities
and tumor sizes for hyperthermia treatment. To minimize
reflection, a matched layer (lens) with selected permittivity
values (€cry =21 and €.y =16 at 2.45 GHz) was applied
to the skin, corresponding to the effective permittivity of
breast phantom layers (skin, fat, glandular tissue, and tu-
mor). Simulation and experimental results confirmed that this
matching medium effectively increased tumor temperatures for
hyperthermia without requiring additional input power. These
hyperthermia systems was suggested to use a single antenna
for the treatment. The applicator designed was not mentioned
as a main issue. These hyperthermia systems were suggested
to use a single antenna for treatment, and the applicator
(array) design was not highlighted as a primary concern. Apart
from these, in [14], nine-element slotted patch antennas and
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a numerical breast model with multiple tumors demonstrated
their capability to efficiently focus energy on small areas. The
proposed antenna achieved an Sp; better than -47 dB, and
simulation results indicated effective tumor heating at 43°C
within 10 minutes while maintaining SAR levels within IEEE
safety limits. Therefore, the study concluded that efficient use
of three-element antennas at lower power levels is a promising
possibility. Furthermore, in [15] a multi-resonance applicator
is introduced with 35 antenna elements operating in different
frequency bands, designed using a hybrid gravitational search
and particle swarm optimization algorithm to focus heat pre-
cisely on tumor. The multi-resonance applicator demonstrated
superior performance compared to a single resonance appli-
cator, effectively elevating tumor temperatures above 42.5°C
with 60 watts of microwave power.

In this work, a microstrip dipole-type antenna with broad-
side radiation characteristics is designed, featuring a reflector
positioned behind the antenna layer to increase directivity and
focus energy on the target tissue. Since hyperthermia perfor-
mance is evaluated using target-to-body SAR and temperature
ratios, hotspot-to-target SAR and temperature ratios, and the
average temperature at healthy tissue, antenna directivity be-
comes a crucial design parameter for hyperthermia systems.
Furthermore, this study examines the feasibility of employing
a wideband antenna and utilizing 20 frequencies across four
different target regions of tissue to evaluate hyperthermia
performance.

II. MATERIAL AND METHODS

The general practice with microwave hyperthermia is to
have a single-frequency antenna and apply the energy at that
frequency. Each of the antenna needs to be excited by a
different power and phase level and multi-frequency excitation
with varying parameters is not feasible for the hardware. This
study will examine the feasibility of using a wideband antenna
and to utilize multiple frequencies to increase the hyperthermia
performance.

A. Antenna Design

This section provides a single antenna design and its array
configuration. The design employs a microstrip dipole-type
antenna for low-profile, broadside radiation with directive
characteristics. The reflector behind the antenna layer increases
directivity. As there is a balanced to unbalanced transition
between antenna and RF excitation, a balun structure is
needed. Printed balun is preferred to ease the fabrication
process, which is located perpendicular to the antenna plane
and reflector structures to eliminate coupling and extra volume
necessity [7]. The antenna geometry and dimensions are pro-
vided in Figure 1. In Table I, the details about the dimensions
are given.

Broadband requirements on the antenna are satisfied by
using sectoral dipole sections. The arms of the dipole are
flared out, and a wide dipole structure is obtained. A wide
antenna surface enables excitation of similar surface currents
at different frequencies. Having a similar current distribution
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Fig. 1. (a) Isometric view of the antenna and balun complex and (b) top view
of the wide dipole.

TABLE I

DIMENSIONS OF THE PROPOSED ANTENNA.
Parameter | Value(mm) | Parameter | Value(mm)
S 2.5 Wi 20.35
L1 55 w2 9.6
L2 2 W3 4
L3 17 W4 8
L4 3 W5 4
LS 4 W6 7
L6 5 w7 14
L7 5 W8 6.5
L8 3.5 W9 8
L9 1.81 W10 5
L10 12.4 Wil 3.9
L11 2 w12 45
L12 1.3 W13 10
L13 0.3 W14 12
W sus 76 W17 1
W REF 85 9(deg) 45

yields broad-band operation regarding the antenna impedance.
In addition to that, the wide dipole structure excites all
different frequencies at the same plane, resulting in a wide
radiation pattern bandwidth. The geometry of the balun struc-
ture specialized to feed the dipole antenna design is given
in Figure 2. Here, a wideband printed balun designed to
bridge the gap between a 50 ) unbalanced coaxial feedline
and a balanced wideband dipole antenna is proposed. The
balun plays a crucial role in ensuring efficient power transfer,
achieving impedance matching, and suppressing unwanted
current modes, all while supporting wideband performance.
The design consists of two main layers: a signal plane and
a ground plane. The signal plane incorporates several mi-
crostrip sections with varying widths and lengths to gradually
transform the impedance across the target frequency range.
This stepped impedance configuration is key to the balun’s
ability to handle a wide bandwidth. The ground plane, on the
other hand, features carefully designed slots and cutouts. These
elements guide current distribution and enhance coupling,
ultimately improving the overall performance of the balun [8].
A wideband dipole antenna combined with a wideband balun
results in matching between 2.2 GHz and 4.4 GHz as can
be seen in the scattering (S) parameters of the antenna (see
Figure 3). Dimensions and the geometry of the patch dipole
play an important role in bandwidth. In Figure 4, the effect of
(a) 0 and (b) L1 on the |S11| parameter of the dipole antenna
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are provided. These figures illustrate that the increase in the
width of the flaring region of the dipole increases bandwidth. A
similar effect can be observed for the flare angle. The increase
on the 6 strengthens the second resonance, yielding an increase
in the bandwidth. The limit on these measures are determined
by the additional capacitive load on the antenna.

After achieving wideband impedance matching with the
balun structure, we will investigate the radiation behaviors
of the antenna in the operating region. Radiation patterns for
different frequencies are given in Figure 5. As can be seen, a
stable and almost fixed-gain radiation pattern was obtained in
the frequency band. This antenna includes a reflective surface
which is beneath the radiating dipole. This reflecting surface
blocks back-radiation and results in an increase in the gain
which is preferred in imaging problems. In Figure 6, surface
currents of thick dipoles are given at various frequencies. As
seen in the figure, the current on the metallic surface behaves
like a classical dipole current for wide frequency band. This

yields the dipole radiation characteristics observed in Figure
S.

L3 w5
L6
W3 L7 W6
w7 W11 W8 ILS
Wiz .
—50Q SMA— L.
(b)

Fig. 2. (a) Ground and (b) signal planes of the Balun structure.

The study uses wide-band dipole antennas in a circularly
formed array structure to focus the beam on the center
location. The array is formed in a planar fashion; it consists
of two layers on the z-axis, and each layer contains four
antenna elements. In one layer, antenna elements are located
by placing each element 90° rotated from each other in the ¢
axis, and the second layer is added by rotating the first layer
by 45°. This unique array formation enables beam scanning
in both elevation and azimuth domains to make better beam
localization.
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Fig. 3. |S11|-parameter of the proposed antenna element in free space.
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Fig. 4. Effect of (a) 6 and (b) L1 on the |S11| parameter of the dipole antenna
in free space.

B. Microwave Hyperthermia

When the %" antenna is excited, the electric field (EF)
vector inside the region of interest (ROI) can be shown with
EZ-, and «; represents the excitation magnitude and ¢; is the
excitation phase. The total EF inside the body formed by eight
antennas and the corresponding specific absorption rate (SAR)
can be formulated as:

- 2N g o) 2
Etot(T) = Z(XiE(T)i€]¢i and SAR(T) = (W%Ot(r”
=1

6]
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Fig. 5. Radiation pattern of the antenna in free space.

(a) 2.4 GHz
'ggfs A } ey

(e) 4 GHz

Fig. 6. Surface current of thick dipoles at (a) 2.4 GHz (b) 2.8 GHz (c) 3
GHz (d) 3.6 GHz (e) 4 GHz in free space.

where r is the position vector, o and p are the electrical
conductivity (S/m) and the density (kg/m?®) of the body,
respectively.

The hyperthermia performance was evaluated by target-
to-body SAR and temperature ratios (I'BRg and T BRry),
hotspot-to-target SAR and temperature ratios (H7'Qgs and
HTQ7) and the average temperature value at the healthy
tissue avTheqithy (°C).

CLUSARtm«get
aUSARbody

aUTtarget

TBRg = and TBRy = )

avaody

a/USARhots ot a’UThOtS ot
HTQg = ————0P% and HTQp = ——2P% (3
QS a’USARtarget an QT atharget ©)
T
a’UThsalthy _ EHealthy Region o (4)

Area of Healthy Region

where avSARq and avTy is the SAR and temperature average
at three-dimensional 2 domain. A hotspot is defined as the
region with the highest temperature other than the target itself.
A detailed explanation can be found in [10].

1) Hyperthermia Applicator System: Eight microstrip
dipole-type antennas were positioned in a cylindrical circum-
ference to form the array. The array structure consists of
two layers based on the y-direction. In the first layer, four
antennas are placed by 90° rotated from each other. The
distance between antennas that face each other is 200 mm.
Due to the cylindrical array formulation, all antennas have
an equal distance to the phantom, which is 50 mm. The
second layer of the array is positioned 80 mm above the first
layer in the y-direction. The second layer also has the same
element placement as the first layer, but the elements on this
layer are rotated 45° regarding the first layer. All the angular
placement explained above is done in the xz-plane; therefore,
the polarization of the antennas stays linear in the xz-plane.
The top and isometric view of the array can be seen in Figure
7.

The antenna excitation magnitude and the phase were
optimized using comprehensive-learning particle swarm op-
timization (cl-PSO) to adjust the parameters such that the
energy focus at the desired center is the highest. 40 particles
and 1000 iterations were utilized, though the optimization
reached saturation after 600 iterations on average. The used
cost function for the minimization problem was cost =
avSARpeqithy X HT'Qs/TBRg, which was constructed over
the SAR distribution. Antenna magnitudes were restricted such
that the maximum antenna power was 50 W. The Pennes’ bio-
heat equation [9] can be applied to biological tissues for real-
life applications, however in this study, a fat phantom modeled
as a cylinder with a radius of 50 mm and a height of 100 mm
was utilized. The heat equation was computed to calculate
the temperature distribution at a given time, where the initial
temperature and the boundary temperature were modeled as
25°C. The hyperthermia was applied until the target center
reached 45°C and the hyperthermia duration was reported as
a performance metric. The resulting temperature distributions
were obtained for selected frequencies and the targets.

III. RESULTS

Twenty frequencies from 2100 MHz to 4000 MHz with
100MHz steps were chosen to be examined. The hyperthermia
performance was evaluated for four positions, ([0,0,0] mm,
[0,30,0] mm, [0,20,0] mm, [20,0,0] mm). The targets were
modeled as 15 mm x 15 mm X 15 mm cubes centered at these
points and the healthy regions were modeled as the domain
outside of the 19 mm x 19 mm x 19 mm cubes centered at
these points. Fig.8(a) illustrates the hyperthermia performance
metrics evaluated for the twenty frequencies and the four
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(@)

(b))

Fig. 7. Microwave hyperthermia applicator system with eight antennas placed
in two layers cylindrically around the cylindrical fat body. (a) Top view, (b)
side view of the system.

target positions. Each operating frequency produces a different
performance for each target. For example, at [0,0,0] target, the
middle frequencies (2800-3200 MHz) produced higher TBR
and lower HT'Q) values, which suggests a better performance.
Moreover, lower frequencies deliver higher performance than
the higher frequency values. This also holds for other targets
with decreasing gravity. Fig.8(b) displays the average temper-
ature at the healthy body domain evaluated for four targets
for twenty frequencies. The general trend is that avTheqitny
increases with increasing frequency.

The optimized SAR for 3000 MHz and the [0,30,0] target,
and the corresponding temperature distribution after 11.4 min-
utes of hyperthermia are shown in Figs. 9. The total antenna
input power was 288 W and the highest temperature value
was calculated at [-7,35,5] mm as 48.6°C. The hyperthermia
metrics were computed as 3.2 for TBRg, 3.1 for TBRp, 0.72
for HT'Qgs , 0.83 for HT'Qr and 30.4°C for avTheqitny. For
another frequency and target, 2700 MHz and [20,0,0] mm, the
optimized SAR and the corresponding temperature distribution
after 8.1 minutes of hyperthermia are displayed in Fig.9(c)-
9(d). The total antenna input power was 247 W and the highest
temperature value was calculated at [11,-1,3] mm as 48.1°C.
The hyperthermia metrics were computed as 3.3 for TBRg,

——[0,0,0] — [0,30,0] 10,20,0] ———[20,0,0]
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Fig. 8. Microwave hyperthermia performance metrics for frequencies between
2100 MHz and 4000 MHz evaluated for four target positions.

2500

3.1 for TBRy, 0.78 for HT'Qgs , 0.9 for HT'Qr and 30.2°C
for avTheaithy-

Through the examined frequency range, 4000 MHz pro-
duced the worst performance. This may be due to the lower
realized gain it has as illustrated in Fig. 5. Furthermore, though
3400 MHz supplies a higher realized gain than 3000 MHz, the
HT performance is superior for 3000 MHz. Additionally, 2100
MHz did not yield the worst HT performance although its S1;
parameter is the worst among the examined frequencies.

IV. CONCLUSION

HT methods are a valuable adjunctive treatment technique
that increases the temperature of target tissues while mini-
mizing the impact on surrounding tissues. Therefore, the per-
formance of microwave hyperthermia applications primarily
depends on antenna designs that optimize energy delivery for
desired therapeutic outcomes. In this study, we demonstrate the
performance analysis of a designed microstrip dipole antenna
for microwave hyperthermia applications. By employing a
reflector to increase directivity, the antenna effectively focuses
energy on targeted tissues while reducing thermal effects on
adjacent tissues. Furthermore, the evaluation across multiple
frequency ranges and various tissue regions highlights the
importance of flexibility for patient-specific treatment and that
calls attention to further examination of wideband antenna
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Fig. 9. SAR (W/kg) and temperature (°C) distributions within the body
formed during the hyperthermia application; with 3000 MHz frequency,
optimized for [0,30,0] target: distributions at (a) z = 0 mm and (b)
y = 30 mm slices, with 2700 MHz frequency, optimized for [20,0,0] target:
distributions at (a) z = 20 mm and (b) y = O mm slices. The inner
white square represents the position of the target and the outer white square
represents the boundary for the healthy tissue

designs in hyperthermia. Future research could explore devel-
opment in antenna geometry and arrays to improve treatment
sensitivity. Consequently, this work can address existing gaps
in the literature and challenges associated with developing
effective microwave hyperthermia systems.
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