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Abstract — This paper introduces a localized masked
thermal therapy method for only the breast through the
Fresnel region. A pyramidal horn antenna has been used
as a hyperthermia system applicator. The antenna is fed
by a Yagi array and resonates at 4.74 GHz. A metal
plate with a square slot masked the breast phantom. The
antenna irradiates the breast phantom for 5 and 10 min-
utes with input power of 10 and 20 watts (W). Ther-
mal and specific absorption rate (SAR) distributions are
studied under the same conditions for a fair compari-
son between masked and unmasked system performance.
The square slot dimensions are altered, and their effects
are studied considering the phantom heated area. Mov-
ing from unmasked to masked hyperthermia scenarios,
a heated area size reduction of 99.87 % is achieved
along with a very considerable SAR value reduction. The
masked scenario elevates the breast temperature to 43 °C
in a very concentrated area. The proposed system can
elevate only an area of 2 x 2 mm? of the breast tissue to
a temperature of 40 °C in 5 minutes, and that is a very
promising result in hyperthermia therapy applications.

Index Terms — antenna, array, hyperthermia, near-field,
SAR.

L. INTRODUCTION

Hyperthermia is a therapeutic procedure used for
the treatment of some cases of cancer [1} 2]]. To destroy
the cancerous cell, the tumor temperature is raised to
a higher value than the surrounding normal body tis-
sues. It involves achieving and maintaining tempera-
tures of the order of 42-45°C for several minutes at the
tumor location. A higher level of water content present
in tumor cells increases their conductivity, leading to
higher absorption of electromagnetic energy. It has been
shown [3} 4] that hyperthermia treatment increases the
effectiveness of chemotherapy and radiotherapy. Hyper-
thermia can be performed on the whole body, or be
regional or localized, depending on the size of the tissue

Submitted On: September 27, 2022
Accepted On: April 27, 2023

region to be heated. In localized hyperthermia, only the
local tumor region is heated and is mainly used for the
treatment of superficial tumors. Providing uniform heat-
ing and not overheating the surrounding healthy tissue
region are the two most important challenges associated
with hyperthermia.

Based on the mechanism used for heating, the hyper-
thermia applicator’s exposure region can be classified
into near- and far-field. In far-field exposure, a directive
antenna is used under free space conditions for exposing
biological samples [5H7]. Many techniques have been
applied to analyze the power density distribution in the
sample under test [7]]. Far-field exposures have low expo-
sure efficiency (10-15%). For an antenna to achieve high
power density, there are two possible ways: Increase
the output power [6} [7], or add an extra parameter for
enhancing power transfer to the tissue [5]. Hence recent
research has moved to near-field exposure which offers
better exposure efficiency and results in high power den-
sity levels absorbed by the biological sample. A literature
review of antenna arrays used for hyperthermia treatment
and operating in the near-field region is introduced and
summarized in Table [I] The comparison considers the
frequency of operation (f,), the antenna type and area,
the distance from the phantom (D), and the targeted tis-
sue region. In addition, it shows whether any matching
medium was used with the applicator or not.

In this paper, a masked electromagnetic near-field
effect over a human voxel model for different power
and exposure time values is described. Human breast
phantom is chosen for investigating near-field exposure
effects on hyperthermia therapy efficiency. Firstly, the
system performance is tested in the applicator’s Fresnel
region at a distance with a maximum value of normal-
ized power density. Then, it is masked by 12x 12 cm? of
conducting metal sheet. The sheet has a square slot at
its center. The square slot dimensions are altered and its
effect on the breast phantom heated area is investigated.
SAR and thermal results are obtained using the computer
simulation technology (CST) simulator under the same
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Table 1: Different hyperthermia applicators

Ref. (8] [9]
f, (GHz) 0.915 0.433
Tissue Arm Fat
Applicator 8-dipole array |4x2 planar array
Area cm? 22x22 56x50
D (cm) 2 17.4
Matching med. Water bolus Water bolus
Results E-field SAR
Ref. [10] [11]

f, (GHz) 2.45 1.8
Tissue Breast Breast
Applicator water-loaded 16 flexible

diagonal horns | planar antennas
Area cm’? 15x15x0.2 2.336x 3.921
D (cm) 0 0
Matching med. Water bolus Customized
liquid
Results E-field and SAR | Heat and SAR
Ref. [12] [15]
f, (GHz) 4.86 2.45
Tissue Breast Breast
Applicator Rectangular grid | Circular grid
array array
Area cm’ 15x17.5 170 x 250
D (cm) 6 8.7
Matching med. No No
Results Heat SAR and Heat

condition for a fair comparison. The breast phantom is
exposed to the antenna’s electromagnetic wave for 5 and
10 minutes and with different input power (10 W and
20 W) at the applicator input. The suggested system can
raise only a 2 x2 mm? patch of breast tissue to a tempera-
ture of 40 °C in 5 minutes, which is a highly encouraging
finding for applications of hyperthermia treatment.

II. HYPERTHERMIA THERAPY IN
FRESNEL REGION
In this section, the applicator and its parameters are
investigated. The proposed hyperthermia setup with and
without the metal mask is presented.

A. Dielectric loaded Yagi fed dual band pyramidal
horn applicator

The main goal of designing a hyperthermia appli-
cator is to destroy the cancerous tissue with minimal
damage to the healthy cells. A narrow beamwidth and
low sidelobe level pyramidal horn antenna at 4.74 GHz
based on placing a ten directors Yagi array as an exciter
have been introduced in [[13]. The dimensions of the
rectangular waveguide, with (b < a) and L= 0.754g =
0.75¢/ f, as shown in Fig.(a), are given by equation (1}

ABOUELNAGA, ABDEL-HALEEM: AN ULTRA-SMALL HEATED AREA MASKED MICROWAVE HYPERTHERMIA THERAPY SCHEME

where Ag is the guided wavelength, and u, €, and c are
the medium permeability, permittivity, and speed of the
light respectively.

1 m\2 /n\2

f"’z\/ﬁ (a) +(b) ’ M
For air-filled waveguide, operating frequency
f=4.774 GHz and cutoff frequency f.=3 GHz, the
waveguide dimensions a, b, and lg are found to be 5
cm, 3 cm, and 19.16 cm, respectively, considering the
Transverse Electric TE |9 mode. The pyramidal horn
antenna is fed by the Yagi array. The design equations

for the pyramidal horn antenna are given by:

G= 1010g10 GO’ (2)
The desired antenna gain G, is assumed to be 15 dB:
ar = \/3pn, 3)

bi = /2Ap.. @

The pyramidal horn slant height is determined by:
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The calculated and simulated antenna dimensions
are given in Table[2]

Table 2: Pyramidal horn antenna dimensions

Dimension aj (cm) by cm) | [, cm) | y.(deg)
Calculated 16.11 12.22 | 7.62 | 31.18
Simulated 11.37 9.37 10.88 | 16.59

A Teflon rectangular parallelepiped is used as a
dielectric material where the Yagi array is placed for
horn feeding purposes, as shown in Fig. [T] (a). Direc-
tors’ length, position, separation, and number are cho-
sen carefully to obtain a high gain performance. Antenna
gain of 13.4 dBi, a side lobe level of —25.4 dB, and a
3 dB beamwidth of 39.3° are obtained at 4.74 GHz, as
shown in Fig. [J] (a), for the E-plane. For the H-plane,
gain of 13.4 dBi, a side lobe level of —25.6 dB, and
a 3 dB beamwidth of 37.9° are obtained at 4.74 GHz.
The co- and cross-polarization patterns are shown in
Fig.[2|(b). The antenna has a minimum cross-polarization
of 16 dB compared to the co-polarization pattern as
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—90° < 6 <90°. The 3D radiation pattern is shown in
Fig. 2] (c). The applicator is fabricated and measured for
validation purposes. The measured S-parameter agreed
with the simulated result with an acceptable discrepancy
due to the manual assembly process of the antenna, as
shown in Fig. 3] The simulated antenna bandwidth is
extended from 3.65 GHz to 5.55 GHz in case of not
using the Yagi fed but with a sidelobe level of —13.3 dB
at 474 GHz. Using the Yagi fed, the sidelobe level
becomes —25.6 dB at 4.74 GHz. The simulated band-
width is extended from 3 GHz to 3.6 GHz, and from
4.6 GHz to 4.87 GHz. The antenna has a very direc-
tive beam, low side lobe level, and high-power capabil-
ity, which make it very good candidate for the proposed
hyperthermia application.
The depth of focus, focal plane width, and sidelobe
b) levels are the three most crucial characteristics that may
be used to describe a near-field focused (NFF) antenna
Fig. 1. Dielectric loaded pyramidal horn antenna. (a)  [14]. The distance between two —3 dB points at the point
Side view. (b) Top view. of maximum power density in a direction normal to the
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Fig. 2. (a) Simulated E-plane and H-plane. (b) Co- and cross-polarization pattern. (c) 3D radiation patterns at
4.74 GHz.
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Fig. 3. (a) Simulated and measured S| parameter of the
dielectric pyramidal horn antenna. (b) Fabricated dual
band dielectric loaded pyramidal horn antenna photo.

antenna aperture is known as the depth of focus. The
term “focal plane width” refers to the area surrounding
the focus point, on a plane perpendicular to the antenna
aperture, where the maximum power density is larger
than —3 dB on a normalised scale. For optimum hyper-
thermia therapy performance within the near-field expo-
sure region, the breast phantom should be located at the
distance with maximum power density. The normalised
power density in the Z direction from the antenna aper-
ture is displayed as shown in Fig. @] with the antenna in
free space. The power density in free space reaches its
peak at 20 mm from the antenna aperture. The distance
between the two —3 dB points on either side of the great-
est power density (the depth of focus) is determined to be
125 mm. A contour map of the power density was cre-
ated at the greatest power density point at Z=20 mm from
the antenna aperture in order to determine the breadth of
the focal plane spot region. As shown in Fig.[3] the focal
plane’s width in the XY plane is determined to be 60 by
60 mm.
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Fig. 4. Near-field normalized power density.
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Fig. 5. Normalized power density contour at 20 mm from
the antenna aperture.

B. Unmasked hyperthermia therapy setup

In medical applications, the width of the focal plane
is very important where the electromagnetic energy
is mostly concentrated. The tumor region should be
located at the focal plane to avoid healthy tissues dam-
age. Depending on normalized power density results, as
shown in Fig. 4 the human breast phantom has been
located at 20 mm along the z-axis from the antenna
aperture. An ambient temperature of 38°C is consid-
ered. The breast tissue is irradiated for 5 and 10 minutes.
Thermal and SAR distribution are studied at an antenna
input power of 10 W and 20 W. As shown in Fig. [6]
the simulated infected region temperature increases from
38 °C to 40.38 °C and 41.3 °C after an exposure time
of 5 minutes and 10 minutes, respectively, with 10 W
input power. While at 20 W input power, the tempera-
ture reached 43.3 °C and 45.2 °C after 5 and 10 minutes,
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Fig. 6. Simulated unmasked near field. (a) Heat distribu-
tion at 5 minutes. (b) Heat distribution at 10 minutes. (c)
SAR at 10 W input power.

respectively, as illustrated in Fig. [/} SAR values inside
the phantom reached 0.868 and 1 W/Kg over 1 g volume
for 10 W and 20 W respectively, as shown in Figs. [f] (c)
and [7| (¢). In contrast, it exceeded the maximum value
(1.6 W/Kg averaged over 1 g volume by Federal Com-
munication Commission FCC [16H17]) at limited points
at the expense of a small (—3 dB) spot area.

C. Masked hyperthermia therapy setup
In this section, the width of the focal plane that is
irradiated in the infected region of the breast is controlled
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Fig. 7. Simulated unmasked near field. (a) Heat distribu-
tion at 5 minutes. (b) Heat distribution at 10 minutes. (c)
SAR at 20 W input power.

by a centered slotted metal sheet with dimensions of
12 x 12 cm?. The square slot is aligned with the tumor-
infected area, as shown in Fig. 8| (a). The metal sheet is
20 mm from the antenna aperture and is in contact with
the breast. The square slot dimensions are altered and
its effect on the breast phantom heated area is given in
Table[3l

Figures show the effect of input power and
exposure time on the temperature of the infected breast
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Fig. 8. Simulated masked near field. (a) Scheme. (b) Heat
distribution at 5 min. (c) Heat distribution at 10 min. (d)
SAR at 10 W input power and mask slot dimension of
4 x4 cm?.
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Fig. 9. Simulated masked near field. (a) Heat distribution
at 5 minutes. (b) Heat distribution at 10 minutes. (¢) SAR
at 20 W and mask slot dimension of 4 x 4 cm?.

area considering the masked scenario. The heated area
is calculated considering a reference temperature of 40
°C. Considering the unmasked scenario, the heated area
is 50 x 60 mm?. That area is reduced to 27 x 35
mm?, 15 x 12 mm?, and 2 x 2 mm? considering the
masked scenario and slot dimensions of 40 x 40 mm?,
20 x 20 mm?, and 10 x 10 mm?, respectively. Input
power of 20 W and exposure time of 5 min is consid-
ered in both masked and unmasked scenarios. A heated
area size reduction of 99.87 % is obtained considering
the masked scenario with a slot area of 10 x 10 mm?. As
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Table 3: Slot area effect on masked and unmasked hyper-
thermia schemes

Scheme |Power/Time | Area Thin Tmax
(W/min) | (mn?) | (°C) | (°C)
Unmasked 20/5 50 x 60 40 49.5
Unmasked 20/10 53 x73 40 49.7
Unmasked 10/5 24 x 38 40 43.29
Unmasked 10/10 54 x 36 40 434
Slot area = 40 x 40 mm?
Masked 20 /5 27 x 35 40 43.15
Masked 20/10 30x 38 40 43.79
Masked 10/5 5x12 40 40.26
Masked 10 /10 16 x 15 40 40.26
Slot area = 20 x 20 mm?
Masked 20/5 15x 12 40 43.78
Masked 20/10 15x 21 40 44.07
Slot area = 10 x 10 mm?2
Masked 20/5 2x2 40 40.81
Masked 20/10 4x3 40 40.87
™
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Fig. 10. Simulated masked near field. (a) Heat distribu-
tion at 5 min. (b) Heat distribution at 10 min at 20 W and
mask slot dimension of 2 x2 cm?.

the exposure time increases from 5 to 10 min, the heated
area size reduction of 99.69 % is obtained. The highest
SAR value decreases from 7.07 W/kg in the unmasked
situation to 5.49 W/kg in the masked scenario, and from
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Fig. 11. Simulated masked near field. (a) Heat distribu-
tion at 5 min. (b) Heat distribution at 10 min at 20 W and
mask slot dimension of 1 x 1 cm?.

14.1 W/kg in the unmasked scenario to 11 W/kg in the
masked scenario when input power is 10 W and 20 W,
respectively. The veiled situation cannot reach 49 °C,
however temperatures between 40 °C and 43 °C are still
sufficient for hyperthermia treatment.

1. CONCLUSION

A masked near-field localized thermal therapy
method was introduced. A 4.74 GHz pyramidal horn
antenna was used as a hyperthermia system applica-
tor. The antenna irradiated a breast phantom for 5 and
10 minutes with input power of 10 and 20 W. Ther-
mal and SAR distributions were investigated. Consider-
ing the masked scenario with input power of 20 W and
exposure time of 5 min and 10 min, a heated area size
reduction of 99.87 % and 99.69 % were obtained, respec-
tively. Moving from an unmasked to a masked scenario,
the maximum SAR value was reduced from 7.07 W /kg,
to 5.49 W /kg with input power of 10 W and from 14.1
W /kg to 11 W/kg, with an input power of 20 W. The
masked scenario elevated the temperature to 43 °C in
a very concentrated area and that is very promising in
hyperthermia therapy applications.
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