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Abstract — This paper presents an overview of design
and functionality of three novel leaky wave antennas
(LWAs) that are proposed as a possible hyperthermia
system using LWA logic. LWAs are best known for
their interesting property of frequency scanning. This
makes them appealing for beam steering applications
such as biomedical hyperthermia and radar applica-
tions. Regarding the biomedical hyperthermia appli-
cation, the property of beam scanning could be used
for treatment of tumors found in different regions and
depths of a given tissue. The proposed antennas are
as follows: (1) mushroom-typed leaky wave antenna,
(2) two-dimensionally (2D) periodically slotted leaky
wave antenna, (3) belt-shaped leaky wave antenna. Each
antenna provides distinguished advantages for hyperther-
mia therapy which will be discussed in the correspond-
ing sections. For example, the belt-shaped leaky wave
antenna is a conformal antenna that could follow the
cylindrical shape of the patient’s neck and focus the elec-
tromagnetic beam on the neck tumors. Two-dimensional
LWAs such as mushroom-typed leaky wave antennas
provide more beam steering flexibility compared to 1D
types such as 1D slotted leaky wave antennas.

Index Terms - hyperthermia, leaky wave antenna
(LWA), mushroom-typed leaky wave antenna, 2D peri-
odically slotted leaky wave antenna, belt-shaped leaky
wave antenna.

L. INTRODUCTION

A promising therapeutic treatment for dealing with
cancerous tumors, is a nonsurgical modality known as
hyperthermia. Hyperthermia can be applied to a human
body tissue in which the electromagnetic radiation of the
near field of an antenna or applicator is exposed to that
tissue and elevates the temperature of it. Hyperthermia
is applied to a target tissue such that the regions other
than the cancerous ones are not affected by this radia-
tion and thus no temperature elevation should happen in
the surrounding healthy regions [1, 2]. Hyperthermia is
not necessarily the final treatment for cancerous tumors
but could be used in combination with other treatment
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methods such as chemotherapy to achieve the best results
[3, 4]]. Hyperthermia has two types: superficial hyper-
thermia (SHT) and deep hyperthermia (DHT). SHT is
usually used for the tumors that are found in depths of
about 4 cm or less and DHT is used for tumors that are
situated in regions deeper than 4 cm. Usually the fre-
quency ranges that are used for SHT are about 915 MHz
or 2.45 GHz for US and 434 MHz for Europe and Japan
[S]. The efficient temperature elevation for hyperthermia
treatment is between 40°C — 45°C. The metabolism and
the blood flow of the malignant cells are different from
the normal cells and they are more vulnerable to temper-
ature elevation. Different antenna types and beam focus-
ing methods have been proposed in the corresponding
literature. The treatment efficiency of each antenna or
applicator depends on the dimensions of a tumor, depth
of the tumor, size, and the intrinsic characteristics of
the tissue such as conductivity. For superficial tumors,
microstrip patch antennas have been used while for deep-
seated tumors slot antennas have been proposed to be
inserted into a tissue since for such tumors, heat needs to
be transferred to the tissue depth [4]. In [8]], a microwave
hyperthermia system using a coaxial-slot antenna in both
single and array forms has been introduced. The single
antenna was used to treat a shallow tumor in the right
shoulder area of a 60-year-old patient and the array appli-
cator was used for the treatment of a tumor in the right
shoulder region of a 61-year-old patient. Another liter-
ature [9] proposes a balun-free helical antenna with two
different matching systems of quarter-wave network and
also a IT-network. This system was tested upon a bovine
liver tissue using the input power of 42W for a time
length of 5-10 minutes. Another design has been intro-
duced in our earlier work [[10] that proposes a substrate
integrated waveguide LWA for hyperthermia functional-
ity in frequency range of 13.8-15.2 GHz which is capa-
ble of addressing superficial cancerous tumors. Antenna
arrays are typically used to illuminate the beam on a tis-
sue with higher focusing capability compared to single-
antenna systems. A promising application of antenna
arrays has been in imaging of the leukemia, breast cancer
[[L7]-[42]], and cardiac anomalies [43] 44]. For example,
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[2] introduces a hexagonal focused array that operates at
433 MHz. In this design, there is an array of patch anten-
nas located on each side of the hexagon and the sample
bio-tissue is placed at the center of this structure to be
heated up. In [3], a SIGMA-Eye applicator array has
been designed. The applicator system consists of three
rings of dipole antennas. The best performance with this
applicator array has been observed when all the anten-
nas were in phase and fed with the same power. In [4]],
the authors have introduced two types of antennas that
both function at the frequency of 2.45 GHz. Usually, in
order to treat malignant tumors that are in-depth, antenna
arrays are used. Lower working frequencies such as
915 MHz could provide a considerable heat penetration.
In order to avoid having superficial skin burns, a water
bolus is basically used that is placed between the antenna
system and the tissue [5]. Some designs are introduced
to have hyperthermia treatment for a specific part of the
body. For example, in [6], a patch antenna design is used
as a phased-array head and neck applicator. Based on [[7]]
and [8]] the most optimal configuration for head and neck
hyperthermia is a circular array, and in [6] the same setup
is used that consists of 12 antennas. This paper is orga-
nized as follows: in [section II} we are going to discuss
the proposed antenna structures and evaluation of their
electromagnetic performances such as propagation pat-
terns and return loss. In [section 111 the specific absorp-
tion ratio (SAR) mechanism and heating methodology
will be discussed. will contain the results
and discussion, and the conclusion will be given in
section V1

The state-of-the-art hyperthermia solutions use
antenna arrays which have higher complexities and
higher manufacture cost, while in the present work, we
have proposed simple and cheap solutions for hyper-
thermia therapy. The design and methodology of each
antenna system will be explained in the corresponding
sections but in short, we have focused on planar antennas
with different feeding mechanisms and structural topol-
ogy which would offer diverse hyperthermia treatment
depending on the geometry of the focused beams on tis-
sue. In each study, the antenna has been designed using
CST software and after calculation of the propagation
patterns, return loss and power loss density, finally the
SAR on a slice of tissue has been calculated. The bio-
tissue has been selected from the library of materials in
CST Software and the slice has been placed in close
proximity to each antenna, while this whole antenna-
tissue set has been considered as a closed thermal system
for thermal simulations. Finally, all the SAR maps have
been analyzed using a developed MATLAB code and
comparisons regarding the geometry of the heated tissue
regions and the corresponding areas have been summa-
rized in tables.
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(a) (b)

Fig. 1. The structure of 2D mushroom-type leaky wave
antenna: (a) back side, (b) front side.

II. ANTENNA STRUCTURES AND
PERFORMANCE

In the following sections A, B, and C, we will intro-
duce three antennae. For each antenna, the main features
such as return loss, propagation patterns, and directivity
will be discussed. The functionality of each antenna as a
candidate hyperthermia system will be investigated using
SAR analysis results and the comparison with interna-
tionally accepted SAR values for biomedical instruments
as a numerical validation tool for each antenna system.
Investigation of the SAR results illuminate at which fre-
quency points each antenna system tends to generate
focal beams and at which frequencies wider areas of bio-
tissues can be affected by heat. It is significant to have an
estimate of the dimensions of the tissue areas affected by
temperature elevation, which is calculated in mm? using
MATLAB as discussed in [section V]

A. 2D mushroom-type leaky wave antenna

The mushroom-type leaky wave antenna is com-
posed of a ground plane of a perfect electric conductor
(PEC) with dimensions 159.7 mm x 159.7 mm, a sub-
strate of TMM 10i with permittivity of &= 9.8, the same
planar dimensions as the ground plane and the thickness
of Hy = 1.7 mm. There are 47 by 48 square cells that
are each connected to the ground plane by via. The
ground plane has two U-shaped slots and a microstrip
line. This antenna is fed through the ground plane using
an aperture coupling feed mechanism. The excitation
signal of the antenna is a default gaussian signal used
in CST Microwave Studio software within the frequency
range of f=2 GHz to f=4 GHz. The benefit of the
aperture coupling feed is that it minimizes the spurious
radiation. The advantage of the rectangular PEC cells is
that they form a mushroom structure which suppresses
surface waves and hence improves the radiation.

As we can see on there are several
beams with directivity of about 5.44 dBi at f = 2.5 GHz.

The return loss graph on illustrates three
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Fig. 2. (a) Propagation pattern of mushroom-type LWA
at 2.5 GHz, (b) Return loss graph.

decent frequency bands of operation, B1, B2, and B3
which have return loss values of less than -10 dB. For the
two frequency points of f=2.15 GHz and f, =2.5 GHz,
the mushroom-type leaky wave antenna shows return
loss values of less than -18 dB. Especially, the frequency
point of about 2.5 GHz is a common frequency for many
medical instruments that work in ISM bands.

B. Two dimensionally periodically slotted leaky wave
antenna

In this type of LWA shown on there
is a ground plane of PEC with dimensions of
400 mm x 400 mm and two different substrates, Rogers
RT6010 with permittivity &= 10.2 and RO3003 with
permittivity &= 3. Each individual substrate cell is
40 mm X 40 mm and the whole substrate consists of 100
cells shown in red and yellow. The authors believe

Fig. 3. The structure of 2D periodically slotted leaky
wave antenna.
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Fig. 4. (a) Propagation pattern of 2D periodically LWA
at 2.45 GHz, (b) Return loss graph.

that by using two different columns of higher permit-
tivity and lower permittivity, one could achieve better
propagation characteristics such as having more beam
directivity, that could be of high interest in biomedi-
cal applications that need considerable beam focusing.
shows that beam directivities of up to 12.3
dBi have been achieved. The superstrate is a PEC which
has 39 by 23 slots. The slots cause the leakage mech-
anism in this antenna and give the antenna the capa-
bility to produce scanned beams over a wide range of
angles from broadside to end-fire directions. There are
two tapered feeding lines connected to both sides of the
superstrate. The purpose of tapered feedlines is for hav-
ing better impedance matching properties which lead to
more decent return loss values.

[Figure 4 (a)]illustrates the propagation pattern of this
antenna at 2.45 GHz with highly directive beams, and

shows the return loss graph for frequency
range of 2-3.6 GHz. The antenna shows very decent
impedance matching around 2.5 GHz, 2.65 GHz, 2.85
GHz, and 3.55 GHz as marked by points f|, f,, f3, and

J4 on[Figure 4 ®)

C. Belt-shaped leaky wave antenna

In this section, we would like to introduce the belt-
shaped leaky wave antenna for the first time. In the belt-
shaped leaky wave antenna, we actually have a 1D slot-
ted antenna with a tapered microstrip feeding mechanism

as shown in In this structure, the main moti-



Fig. 5. The structure of ring-shaped leaky wave antenna.

vation is to have a conformal antenna that could fit the
shape of the head or neck to focus on cancerous tumors
of these regions. In the simulation environment, the tis-
sue was placed at the center of the antenna, which is
shown as violet cylinder on|[Figure 5]and the thermal dis-
tribution patterns of the given tissue were studied. The
substrate is TMM 10 with a permittivity value of £,=9.2.
In LWAs, we consider the mode n= —1 as a fast mode,
i.e., Vppase>c (c=speed of light) and plugging it into the
Floquet formula (T))
27n

Bn—ﬁo+— (1
Will give the following 1nequahty @):
27n
BO* — | < [Bol- 2

And solving for p w111 lead to the following design
condition (3):
Ao

p<3 3)

In simpler words, the mode n= —1, which is con-
sidered as a fast mode, enforces some design principles
on LWAs. This fast mode actually excites other slow
modes and leads to wave propagation from the antenna.
A portion of the EM wave leaks out of each slot as the
wave travels along the structure. The frequency range
for simulation is f=2 GHz to f= 6 GHz. This antenna
could be designed with a considerably thin substrate to
increase the bendability of it.

[Figure 6 (a)|illustrates the propagation pattern of this
antenna at 2.45 GHz as well as the return loss graph. The
propagation pattern at 2.45 GHz looks like a fan beam
rather than pencil beam which is applicable to hyper-
thermia treatment scenarios that need larger tissue area is
to be targeted with temperature elevation.
illustrates the return loss graph for this antenna. Sam-
ple frequency points off1, f2, f3, f4, and f5 correspond
to 2.45 GHz, 2.9 GHz, 3.7 GHz, 4 GHz, and 5.2 GHz
which show very decent return loss values such as —20
dB or -25 dB.

III. SAR AND METHODOLOGY
SAR gives a measure of the rate of the absorption
of energy by a human body tissue. This measure can be
expressed by electric field intensity or temperature vari-
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Fig. 6. (a) Propagation pattern of ring-shaped LWA at
2.45 GHz, (b) Return loss graph.

ation. SAR is expressed as equation (@),
2
o |§mc| (4)

)

In which, o is the conductivity of tissue, Ej,. is
the electric field intensity of the incident wave and p is
the density of tissue. In other words, SAR is defined as
the average power loss density mathematically expressed
as O'|E,',,C|2 in density volume of a given tissue in human
body (p). It is important to note that a given tissue is
composed of four layers: bone, muscle, fat, and skin.
In the simulation steps of CST software, we can set
field monitors for calculation of power loss density as
explained in the SAR formula and finally the software
is able to give us the SAR as thermal maps expressed
in W/Kg (Watt per Kilogram of a tissue). There are
two main methods for SAR analysis in CST software
which are average SAR and point SAR. In the average
SAR, basically a cube of 1 g or 10 g is considered and
power loss density is calculated for this whole 3D region.
In point SAR, the software allocates a SAR value to a
given point without doing any averaging. shows
the maxima of the mass averaged SAR values that are
acceptable world-wide [12]]. The results of this work are
based on US and Canada SAR standards suggesting that
the acceptable average SAR values are to be about 1.6 W
Kg ! or lower than that, as summarized in

The research regarding the most optimal antenna
solutions for hyperthermia treatment is very extensive

SAR=
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Table 1: SAR guide

Typical Standards |SAR Limit (W /Kg)

US & Canada 1.6 (W /Kg) averaged over 1 g of
tissue

EU, Japan, Brazil 2 (W/Kg) averaged over 10 g of
tissue

simply because the thermal characteristics of a given tis-
sue differs from patient to patient and from tissue to tis-
sue. The Pennes bioheat equation interestingly connects
the temperature (T) and the applied energy distribution
using biomedical properties of a tissue [[13] as expressed

by equation (3)

JdT

p*c*ﬁzV. (kVT) +p*Q+p*SAR

—pprepxpr*(T—Tp), )
in which, c is the specific heat capacity, T is temperature,
t is the time, p is volume density, Q is the metabolic heat
rate, SAR is the specific absorption ratio, p; is the blood
mass density, c¢; is the specific heat capacity of blood,
 is the blood perfusion rate, and 7, is the blood tem-
perature which is about 37 C. By applying RF elec-
tromagnetic field, we could derive equation 4 which is
an approximated solution of the Pennes equation for our
study. We developed an image processing tool in MAT-
LAB that is able to extract the 2D image of tissue areas
affected by maximal SAR values in each of the three
antenna systems. The MATLAB code, gives us a good
insight into the geometry of the heat dissipation on tissue
areas and understanding how frequency variation could
affect the SAR values.

IV. RESULTS AND DISCUSSION

To study the capability of each antenna system as
a potential hyperthermia system, 1 g average SAR and
point SAR were calculated. In point SAR study, the
local SAR value is calculated but without any mass or
volume averaging. In the average SAR study after the
calculation of the local SAR, this value is normalized
by a fixed volume. In this study, the tissue was placed
in the near field of each antenna. Each antenna sys-
tem was excited by gaussian excitation and the solver
used was Time Domain Solver of the CST software to
calculate the EM results including propagation patterns,
return loss, VSWR, and the power loss densities at the
given frequencies. After the EM simulation was done
for each antenna, then the power loss values for targeted
frequency points were calculated as a post-processing
step. Based on the power loss values, the Thermal Solver
of CST calculated the SAR maps on bio-tissues, where
there was the option to choose between 1 g average
SAR and point SAR. The main frequency of operation
based on ISM regulation is around 2.45 GHz for medi-
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Fig. 7. SAR map [W/kg] of Mushroom LWA on kidney
tissue at 2 GHz: (a) 1 g average SAR, (b) point SAR.

cal instruments. However, in our study, frequency values
of up to 6 GHz have been considered for simulation, in
order to have a better understanding of how each antenna
system operates in higher frequency bands for hyper-
thermia functionality. In the following section, the SAR
analysis results are illustrated. There are eight figures for
each antenna. Figures labeled with (a) show the average
SAR results and figures labeled with (b) show the point
SAR results. SAR values are summarized in the corre-
sponding tables for each set of results. The tissue area
is a constant number of A= 2.5504x10* mm? for the
mushroom type, and 2D periodically slotted leaky wave
antennas. The results for the mushroom-type leaky wave
antenna have been shown on the We can
see how the geometry of the heat distribution changes
by shifting from 2 GHz to 2.45 GHz and 3 GHz up to
3.6 GHz. At 2.45 GHz, the pattern looks like a clover.
Such SAR patterns could be suitable for targeting tissues
which have several adjacent tumor regions. [Figure 7|
shows the SAR analysis for the frequency of 2 GHz. The
maximal SAR value is about 1.26 W Kg~'.

shows the SAR analysis for the frequency
of 2.45 GHz. The maximal SAR value is about 1.63 W
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Table 2: SAR values for mushroom-type leaky wave

antenna
Frequency 1g Average SAR  Point SAR
(GHz) [W/kg] [Wikg]
2 1.26 23
2.45 1.63 2.63
3 3.29 6.04
3.6 2.66 4.74

[ wikg |
Z.66
e
2.17
1.93
1.69
1.45
1.21

0,966
0.725
0,483
0.242

o

(@)
[ Wika |
4.74
Fig. 8. SAR map [W/kg] of Mushroom LWA on kidney 4.31
tissue at 2.45 GHz: (a) 1 g average SAR, (b) point SAR. 3.88
3.45
W ik 3.02
EE2 2,59
2,99 2,15
2.7 1.72
24 1.29
2 0.562
T 0.431
1.5 0
1.2 -
0B
A (b)
0293
o Fig. 10. SAR map [W/kg] of Mushroom LWA on kidney
tissue at 3.6 GHz: (a) 1 g average SAR, (b) point SAR.
| Wl |

Kg~!'. We can observe that by frequency shift of only
about 450 MHz, the main beam of the mushroom-type
leaky wave antenna changes its direction.

By switching to frequencies 3 GHz and 3.6 GHz, we
can observe that both the average SAR and point SAR
maps illustrate more focal behavior in heat dissipation.
Due to the skin effect in microwave frequencies, the pen-
etration depth of the electromagnetic waves in the corre-
sponding bio-tissue decreases as frequency increases and
the SAR maps verify this principle.

summarizes the results of SAR analysis for
the mushroom-type leaky wave antenna. In this sec-
tion, we can observe the SAR analysis results for 2D

6.04
5.49
4,94
4.3
385
33
2.7
2.2
165
1.1
0.5449
[

Fig. 9. SAR map [W/kg] of Mushroom LWA on kidney
tissue at 3 GHz: (a) 1 g average SAR, (b) point SAR.

(b)
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Fig. 11. SAR map [W/kg] of 2D periodically slotted
LWA on kidney tissue at 2 GHz: (a) 1 g average SAR,
(b) point SAR.

periodically slotted leaky wave antenna. Starting at the
frequency of 2 GHz, the SAR results show a fuzzy heat
distribution pattern.

At 2.45 GHz, we can see two cross-shaped regions
with maximal SAR value of 0.943 W Kg~!. By
switching from 2.45 GHz to 3 GHz the affected area
transforms itself from a homogeneously heated region
to a focused SAR pattern (Figure 13)), which
could be applicable to a scenario where a more focused
beam is required for hyperthermia treatment.

This section illustrates the SAR results for the belt-
shaped leaky wave antenna. In this case, the tissue
geometry has been chosen to be a cylinder with the
inner radius of 73 mm and outer radius of 76 mm, and
height of 60 mm. The surface area of this geometry is
A= 1.4326x10* mm?. As we can see on
the geometry of the heated area changes from extended
heat distribution in Figure 15 to a more focused heat pat-
tern on [Figure 18]

For the belt-shaped leaky wave antenna, all the cal-
culated average SAR values are equal to or less than 1.6
W Kg~! per 1 g of the bio-tissue. For frequencies 2 GHz,
2.45 GHz, 3 GHz, and 3.6 GHz, the average SAR val-

ACES JOURNAL, Vol. 36, No. 10, October 2021

Fig. 12. SAR map [W/kg] of 2D periodically slotted
LWA on kidney tissue at 2.45 GHz: (a) 1 g average SAR,
(b) point SAR.

ues are respectively 1.41 W Kg~!, 1.6 WKg~!, .51 W
Kg~!,and 1.61 W Kg~'.

summarizes the SAR analysis results for the
belt-shaped leaky wave antenna.

In the following section, we are going to discuss
the SAR results after applying image processing code to
them. The MATLAB code is able to keep the areas with
maximal SAR values while filtering out the other regions
and calculate the values of these areas in mm?. The
logic of this program follows the RGB coding, in which
the thresholds for red, blue, and green colors need to be
set carefully. Setting those thresholds could define what

Table 3: SAR values for of 2D periodically slotted

Frequency  1g Average SAR  Point SAR
(GHz) [Wike] [Wike]

2 1.22 9.72
2.45 0.943 11.3

3 0.768 10.2
3.6 1.36 19.6
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Fig. 15. SAR map [W/kg] of belt-shaped LWA on kidney

Flg 13. SAR map [W/kg] of 2D periodically slotted tissue at 2 GHz: (a) 1 g average SAR, (b) pOiI’lt SAR.
LWA on kidney tissue at 3 GHz: (a) 1 g average SAR,

(b) point SAR.

()

(b)

(b)

Fig. 14. SAR map [W/kg] of 2D periodically slotted
LWA on kidney tissue at 3.6 GHz: (a) 1 g average SAR, Fig. 16. SAR map [W/kg] of belt-shaped LWA on kidney
(b) point SAR. tissue at 2.45 GHz: (a) 1 g average SAR, (b) point SAR.
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(b)

Fig. 17. SAR map [W/kg] of belt-shaped LWA on kidney
tissue at 3 GHz: (a) 1 g average SAR, (b) point SAR.

range of “red” is acceptable for the acceptable SAR mar-
gins, e.g., around 1.6 W Kg~! for hyperthermia applica-
tions. The range of numbers 0-255 are allocated to colors
and each color can be defined a mixture of red, blue, and
green, thus we could attribute an array of three numbers
to any color. The summary of the processing steps in the
CST and MATLAB code are as follows:

1. EM simulation and preliminary SAR analysis in
CST Software tool.

2. SAR maps loaded in MATLAB from CST.

3. Calculation of the number of all pixels.

Table 4: SAR values for belt-shaped leaky wave antenna

Frequency  1g Average SAR  Point SAR
(GHz) [W/ke] [Wike]

2 1.41 2.26
245 1.6 2.88

3 1.51 3.56
3.6 1.61 4.66

ACES JOURNAL, Vol. 36, No. 10, October 2021

Wkg
LR
4,24
381
330
2.596
2.54
212
1,69
1.27

0,547
0.424

Fig. 18. SAR map [W/kg] of belt-shaped LWA on kidney
tissue at 3.6 GHz: (a) 1 g average SAR, (b) point SAR.

Table 5: Heated tissue areas at f=2.45 GHz
Antenna type
Mushroom-type LWA
2D periodically slotted LWA
Ring-shaped LWA

Heated area in mm?

1.998484e+03
2.389691e+03
3.191384e+02

4. Setting RGB thresholds.
5. Filtering out the non-red areas.

6. Calculation of the
maximal SAR

Number of red pixels
number of all pixels

with
using

areas
values

) xTissue area

The first step of the processing steps led to the
EM simulations and the previously discussed SAR maps
and steps 2 to 6 discuss the processing steps in MAT-
LAB. The following MATLAB code is developed for the
extraction of the tissue areas affected by maximal SAR
values and the calculation of the area of such regions in
mm?.
and [20] illustrate the application of the
MATLAB code on the SAR maps of the mushroom-type



Fig. 19. SAR map [W/kg] of mushroom LWA on kidney
tissue at 2.45 GHz: (a) 1 g average SAR map, (b) filtered
SAR map.

(b)

Fig. 20. SAR map [W/kg] of 2D periodically slotted
LWA on kidney tissue at 2.45 GHz: (a) 1 g average SAR
map, (b) filtered SAR map.

and 2D periodically slotted leaky wave antennas. We can
observe that only the regions with maximal SAR values
of about 1.63 W Kg~! on Figure 19 and 0.943 W Kg~!
on[Figure 20| have been preserved.

summarizes the overall calculated areas on
tissues that are exposed to maximal SAR values in the
three proposed antenna systems at the frequency of 2.45
GHz.

V. DISCUSSION AND CONCLUSIONS

Three novel leaky wave antennas for application
in microwave hyperthermia were investigated. Each
of these microwave systems offer some distinguished
frequency scanning and beam focusing properties with
proven efficiency for hyperthermia applications, which
make them appealing for treatment of different cancer-
ous tumors. For the mushroom-type leaky wave antenna,
the top PEC plates cause an effective suppression of the
surface waves that lead to the increase of the antenna
efficiency. Looking at the corresponding SAR maps for
the frequency points of 2 GHz and 2.45 GHz, we can
observe that the antenna shows decent focused heat dis-
tribution on the tissue while reaching the accepted stan-
dard SAR values of less than 1.6 W Kg~'. For the
2D periodically slotted leaky wave antenna, we could
reach high beam directivities of up to 12.3 dBi which
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make this antenna a very good candidate for hyperther-
mia treatment. In addition to the structure of the two-
dimensionally placed slots causes the beam angle to have
more scanning flexibility which leads to wide ranges of
angles from broadside to end-fire. This antenna is capa-
ble of changing the geometry of SAR from focused shape
to an extended shape with a narrow frequency shift of
450 MHz. For the belt-shaped leaky wave antenna the
conformal shape of the structure makes it convenient
for installation of the antenna in body regions such the
neck where tumors could develop. For this antenna,
it is best to use a very thin substrate to achieve two
goals: (1) reducing surface waves and (2) increasing
the antenna bendability. Potentially belt-shaped leaky
wave antennas with two-dimensionally placed slots
could provide more beam angle flexibility and control
over beam displacement, which could be of interest for
future works.
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