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Abstract

For treating superficial tumours patch antennas present a more compact structure and are easy to design. Graphene-
based antenna applicators can further provide an effective solution for the non-invasive procedure by selecting
different configurations of the patch for producing homogeneous energy deposition. Graphene patch facilitates the
reduction of surface waves among the healthy tissues. Four different antenna shapes of graphene-based antenna
applicators are designed at operating frequency of 915 MHz in ISM band and comparison is performed in terms of SAR
and temperature distribution. Among all the applicators triangular patch applicator outperforms in terms of more
localized heating and attains the highest value of temperature at 324°K and SAR of 186 W/Kg at insertion depth of 6
mm. The double slot applicator also provides localized SAR and uniform heating but results in the lower temperature of
315°K and much reduced SAR of 41 W/Kg at same insertion depth. Further, the effect of distance between the source
and tissue model has also been investigated. It has been found that SAR decreases with increased distance from the
radiating source. At the optimized distance of 3 mm, SAR values obtained for rectangular, circular, triangular and double
slot patch applicator are 60 W/Kg, 54.7 W/Kg, 134.1 W/Kg and 54.2 W/Kg respectively.

1. Introduction

The application of microwave energy in hyperthermia for treating cancer patients is an emerging field in the area of
medical applications. The microwave energy is induced in the cancerous tissues by elevating the temperature up to 45
°C. Heat can be generated in the damaged tissues by transferring the electromagnetic energy into biological systems
and electric field intensity is responsible for producing heat in tissue [1]. The wave is propagated either invasively or
non-invasively in order to couple electromagnetic energy through human phantom for microwave hyperthermia
treatment [2].

Various non-invasive microwave applicators such as capacitive [3], inductive [4] and waveguide applicators [5] for radio
frequencies and radiative aperture applicator [6], multi-applicator, phased array [7] and microstrip antenna applicator [8]
for microwave frequencies have been reported in the literature. The appropriate selection of microwave applicatoris a
crucial step and it depends upon the tumour structure, geometry and location as well as characteristics of the
applicator such as its size, shape and its operating frequency [9]. Since the lossy nature of tissue effects antenna
performance [10], the antenna has to be placed little far from the human body so that tissue properties do not change
the antenna parameters and hence avoiding detuning the operating frequency. Also, the antenna has to be near the
body for maximum power dissipation. Thus for minimizing mismatch losses and distance related losses an applicator
is needed which couples appropriate power into the media by transferring of heat into the affected area only and
leaving all the vicinity of it unaffected. Graphene-based patch applicator is therefore proposed here which may improve
the efficacy of microwave hyperthermia treatment.

Besides the fact that graphene act as moderate conductor at microwave frequencies, the tunability property of
graphene utilizing changing external bias helps in improving the conductivity of graphene [11-12]. Exclusive properties
of graphene make it attractive for biomedical applications finds widespread use in drug delivery and photothermal
therapy [13]. However, the use of graphene nanomaterial for microwave hyperthermia is still under trials. In this work,
graphene-based microstrip patch antenna applicator has been proposed for the treatment of cancerous tumours with
local control of the near-field heating pattern by shape, size, and feeding versatility [14].

Four different designs including rectangular, triangular, circular-shaped and ring-shaped double-slot in graphene patch
antenna have been presented here. The proposed designs mounted on tri-layer human phantom have been investigated
for optimally positioned distance from the body to obtain more localized heating and SAR distribution. The finite
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element method (FEM) is used for implementation and analysis of the applicator designs in COMSOL Multiphysics
software.

2. Materials And Methods

A. Design requirements

In this work, the basic geometries used for designing graphene patch antenna based on rectangular, circular, triangular
and double-slot shapes are modelled considering the zig-zag arrangement of basic graphene structure [21]. Fig.1
depicts all the designs of graphene-based patch applicator. FR4 substrate having a dielectric constant of 4.5 is chosen
for the antenna design since it is widely used for frequencies less than 1 GHz because the losses and absolute
dielectric values are less critical in this range [15]. Microstrip line inset feeding of calculated dimensions is utilized with
50Q) impedance to match the load providing planar structure to the antenna. The graphene patch antenna is simulated
to resonate at a frequency of 915 MHz using proper dimensions of the patch. The substrate of dimensions 110110
mm? is used for all the designs of the antenna. A 2-D monoatomic thin graphene layer is taken as a conducting patch
having length L, and width W,,.

The properties of graphene patch are assigned using material boundary conditions in COMSOL Multiphysics software.
The design parameters are evaluated for various shapes of patch antenna from the equations given in [16] as listed in
Table 1.

Table 1. Graphene patch antenna design parameters

Parameter Design values
Length of the substrate, L 90 mm
Width of the substrate, W, 70 mm
The thickness of the substrate, h 3mm
The relative permittivity of a dielectric substrate, €, 4.5
Length of the rectangular patch, L, 67 mm
Width of the rectangular patch, W, 49 mm
Resonant frequency, f 915 MHz
The side length of the equilateral triangle patch, a 47.08 mm
The effective radius of a circular patch, r 48 mm
The effective radius of annular ring double slot patch,ry 9 mm
Distance between two annular rings, d 4 mm
Length of feed, L¢ 30.5mm
Width of feed, W; 4 mm

B. Graphene nanomaterial for applicator design
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For using graphene as the radiator in the microwave regime, the patch of highly doped graphene having relaxation time
of T = 0.5ps and chemical potential pc = 0.25eV is utilized. The surface impedance of graphene defined as Z; = 1/
Ographene Can be reduced by changing the electrostatic bias voltage as it is reciprocal of conductivity which is given by
Kubo's formula [17]. It consists of interband contribution and intraband contribution, while for microwave frequencies,
the intraband contribution is mostly dominating whose formula is given in equation 1, where the interband contribution
is negligible.
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where T is the relaxation time, . is the chemical potential, kg is the Boltzmann's constant, h is the reduced Planck’s
constanti.e, T=h/2m is room temperature in Kelvins, w is the radian frequency and e is the charge of an electron.
Drude's Lorentz model is very closed-form representation for numerical simulation of the equation for conductivity if the
condition p>>hw is satisfied. The graphene patch antenna applicator is hence modelled using the electrical and non-
electrical properties of graphene. The appropriate selection of properties of graphene material and chemical potential
value enforces the graphene-based antenna to perform as a moderate conductor at microwave frequencies. The
impedance could be further varied by application of gate potential to minimize distance related losses and mismatch
losses.

C. Numerical modelling with human phantom

A four-layer human phantom model in a cylindrical shape is designed whose properties at 915 MHz. The
phantom is having four layers of skin, fat, muscle and bone with a maximum radius of 100 mm for the
outermost layer. The 4-layer human body phantom model is placed with the proposed antenna designs
of different configurations at different positions. A 3-D numerical model of the graphene patch antenna
and the human body was modelled and simulated for evaluating the temperature distribution in human
organic tissue. The FEM based computation model for coupled EM and the thermal problem is given by
the solution of the Maxwell equation and bioheat transfer equation (BHE) [18-19] respectively. The
entire model is placed in a perfectly matched layer (PML) of radius 300 mm and a layer thickness of 50
mm to absorb outward going EM radiation from the computational model. The dielectric properties of
the human tissue directly taken from reference [20] at 915 MHz are given in Table 2.

Table 2. Dielectric properties of human tissues

Tissue  Relative Relative Conductivity  Density (p) Specific Thermal
Permittivity (4,) Permeability ()  (0) [kg/m3] heat (C,) Conductivity (k)

[S/m] [J/kgK] [W/m=K]

Skin 1 37 0.70 1100 3400 0.30

Fat 1 14.6 0.33 920 2500 0.25

Muscle 1 61 1.31 1041 3500 0.50

Bone 1 22.5 0.17 1500 1300 0.40

Tumour 1 59 0.65 1050 3639 0.50

COMSOL modelling of whole geometry for different shapes of patch antenna with 4-layer human body phantom is
shown in Fig.2. In order to predict the induced fields into the target issues for coupled EM problems, the numerical
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simulation of the bio-electromagnetic problem is done in RF module and heat transfer module of COMSOL using
Multiphysics capability of the software to solve coupled problems.

3. Results And Discussion

The optimized design of four different configurations of graphene patch antenna applicators antenna at 915 MHz
frequency for hyperthermia applications is used to obtain antenna performance parameters such as radiation pattern,
polar plot gain and return loss parameters. Surface impedance of graphene is taking into consideration keeping in view
that the maximum energy deposition is in the affected area, leaving all other healthy tissue areas in the vicinity. Though
graphene is a moderate conductor at microwaves or mm waves, by varying the chemical potential, the conductivity of
graphene can be enhanced so that the value of surface impedance gets lowered which is reciprocal of conductivity. The
chemical potential is therefore set to 0.25 eV for all the configurations of graphene patch applicator. The formulation of
the coupled problem of the human body phantom with the electromagnetic field is performed on COMSOL Multiphysics
software using RF and heat transfer modules. The designed models are further analyzed using adaptive mesh
refinement strategies.

Fig.3 shows the 3D graph of the radiation pattern of all the four shapes of graphene patch applicators. A far-field gain
of 3.9 dBi, 4.3 dBi, 6.1 dBi and 5.9 dBi for rectangular, circular, triangular and double slot graphene patch applicator has
been obtained respectively. It is observed that maximum gain is achieved at the top and more directives towards the
body phantom.

Polar plot gain curves for the applicators are also shown in Fig.4. The plots are analysed in terms of far-field norm
expressed by V/m. From all the simulation results of antenna performance characteristics, it has been observed that
triangular patch antenna achieves a maximum gain of 6.1 dBi. Hence it is observed that it is the most preferred shape.

For satisfying the condition of impedance matching, return loss plot of four different shapes of patch applicator is
shown in Fig.5. The maximum peak of -20.2 dB is achieved at 915 MHz frequency for triangular patch applicator which
is observed as lower resonance peak among all the other applicators designs. These results suggested that the
graphene patch applicators are designed at ISM band of 915 MHz for biomedical applications which are further used
for the analysis of SAR and temperature distribution plots on human body phantom.

Further, the numerical results are presented in terms of SAR distribution and temperature distribution for different
positions of the antenna.SAR distribution plots discussed in this section show that maximum SAR is obtained in the
tumorous cells and surface currents are lowered in healthy tissues. For the minimization of distance-related losses and
mismatch losses, the distance of patch from the body phantom is varied to find the optimized distance for obtaining a
localized pattern of SAR. The performance is evaluated for distance variations from 0 to 20 mm with a step size of 3
mm. The curves for SAR and temperature distribution are demonstrated in Fig.6 and Fig.7 respectively as the distance
is varied from 0 to 20 mm.

From the Table 3, it can be observed that patch applicators placed at an optimum distance of 3 mm result in the
highest value of temperature as 320.3°K and SAR of 60.4 W/Kg for the rectangular applicator, 318.3°K and SAR of 54.7
W/Kg for circular patch applicator, 315.2°K and SAR of 54.2 W/Kg for double slot applicator and 324.3°K and SAR of
134.1 W/Kg for the triangular applicator.

The surface plots of temperature for different shapes of graphene-based patch applicator by modelling the geometry in
the 3-D domain are shown in Fig.8 and it can be observed that triangular patch applicator obtains a maximum
temperature of 324.3°K. Although double slot microstrip patch applicator also shows promising results for more
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uniform heating of cylindrical tissues the triangular patch applicator has obtained higher value of SAR to destroy the
unhealthy tissues as compared to double slot patch applicator.

Further analysis is performed to study the effect of heating inside the muscle phantom by examining the SAR and
temperature distribution plots with respect to insertion depth inside the muscle phantom at an optimized distance of 3
mm as depicted in Fig.9 and Fig.10 respectively.

Table 3. SAR and temperature distribution values for a varying distance of patch applicator

The Rectangular patch Circular patch Triangular patch Double slot patch
distance applicator applicator applicator
of patch applicator
applicator
SAR Temperature SAR Temperature SAR Temperature SAR Temperature
(W/kg)  (K) (W/kg)  (K) (W/kg)  (K) (W/kg)  (K)
0mm 21.3 313.7 20.6 310.0 28.9 313.8 6. 310.6
3mm 60.4 320.3 54.7 318.3 134.1 324.3 54.2 315.2
6 mm 48.5 318.9 44.6 316.8 88.2 319.0 47.5 312.5
9mm 42.6 314.2 40.7 315.2 59.1 316.9 20.3 311.4
12 mm 30 313.7 28.6 314.1 41.5 313.7 10.1 310.8
15 mm 17 3124 18.7 313.1 304 312.0 6.4 310.5
18 mm 6 310 5.0 312.5 10.8 311.4 3.7 310.20

The SAR distribution plots seemingly demonstrate highly localized heating for both triangular slot and double slot
applicators. However, the heating patterns of conventional rectangular patch applicator and circular patch applicator
show some dominant value of SAR and temperature distribution at other insertion depths also. Triangular patch
applicator has maximum SAR of 124.3 W/kg and temperature of 323.9°K at insertion depth of 6 mm, double slot patch
applicator has maximum SAR value of 49 W/kg and temperature of 316°K at insertion depth of 6 mm, circular patch
applicator has maximum SAR of 57 W/kg and temperature of 315°K at insertion depth of 5 mm and rectangular patch
applicator has maximum SAR of 73 W/kg and temperature of 319°K at insertion depth of 5 mm.

Table 4 compares SAR and temperature values for the proposed shapes of graphene patch applicators at different
insertion depths considering the optimized distance of 3 mm and as expected the triangular patch applicator achieves
maximum SAR value.

Table 4. SAR and temperature values at a different insertion depth
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Insertion  Rectangular patch Circular patch Triangular patch Double slot patch
depth applicator applicator applicator
applicator

SAR Temperature SAR Temperature SAR Temperature SAR Temperature

(W/kg)  (K) (W/kg)  (K) (W/kg)  (K) (W/kg)  (K)
0mm 0.26 310.2 0.53 310.2 0.33 310.04 0.01 310.05
2 mm 15.5 311.8 7.08 310.9 3.5 310.2 4.2 310.44
4 mm 48.03 316.22 31.4 313.9 20.6 312.6 9.8 312.4
6 mm 23.23 314.9 21.53 314.7 124.3 323.9 41 315.9
8 mm 10.73 312.7 5.2 310.9 10.1 311.1 411 310.4
10 mm 1.69 310.4 3.9 310.3 3.6 310.6 1.11 310.02
0mm 0.26 310.2 0.53 310.2 0.33 310.04 0.01 310.05

The results obtained from the designed antenna for four different shapes of patch applicator depicted in Table 3 and 4
can be used as a comparative measure for optimally selecting the graphene-based triangular patch applicator based on
more localized heating patterns. The possibility of improved performance in triangular patch applicator can be owing to
the zigzag arrangement at the edges of graphene patch as reported in [21]. The zigzag structure possesses higher input
impedances which could cause effective suppression of surface currents for reduced backward heating. Further, the
triangular shape has favourable features of compact design, low profile and occupies the lesser area.

4. Conclusions

The work presented here proposes different configurations for graphene-based antenna patch applicators which could
provide a substantial improvement in uniform heating problem for non-invasive hyperthermia cancer treatment. The 3-D
computational models are simulated using COMSOL software. The performance parameters of the antenna are
evaluated for proper selection of antenna design parameters. SAR and temperature distribution results in human
phantom demonstrate enhanced performance in case of graphene-based triangular patch applicator giving more
localized heating than all the other shapes. The distance of patch applicator from human body phantom is varied for
obtaining optimized distance and analysed that temperature and SAR values for triangular patch applicator are 324.3°K
and 134.1 W/Kg respectively at 3 mm optimized distance. The results are also analysed for varied insertion depth
within human phantom and it has been concluded that more localized superficial tumours are destroyed with the higher
temperature at insertion depth of 6 mm.
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Figure 1

Different shapes of the graphene-based patch antenna
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a. Rectangular patch applicator b. Circular patch applicator
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Figure 2

Patch applicator models with body phantom
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Radiation Pattern: Far-field gain, dBi (1)

a. Rectangular patch applicator
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c. Triangular patch applicator

Figure 3

Radiation pattern plots
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Return loss plot for different graphene patch applicators
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Surface plots for temperature distribution
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SAR versus insertion depth plot
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Temperature distribution versus insertion depth plot
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