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Abstract

In this study, the problem of backward heating in microwave ablation technique is examined
and an electromagnetic solution based on the use of high impedance graphene material is pre-
sented for its mitigation. In this context, a one-atom-thick graphene layer is added on the
coaxial double slot antenna. In addition to the electromagnetic behavior, thermal effects
caused by the graphene-covered antenna are emphasized. The graphene’s conductivity
being highly dependent on its chemical potential and the relaxation time, a parametric
study is performed to determine a range of tolerances within which the graphene-coated
antenna outperform a typical graphene-free antenna. The range of values is found to be 0
<u:<05eV and 7< 0.4 ps, for the chemical potential and the relaxation time, respectively.
The backward heating problem being prevented, the ablation region is ensured to be spherical
around the tip of the antenna. Effects of the graphene layer to the heat dissipation in the tis-
sue, the necrotic tissue ratio (damage to the cancerous tissue of the caused by electromagnetic
energy), and the treatment time using the coaxial double slot antenna were examined. The
results show that the heat dissipation is concentrated around the slots (region of cancerous
tissue) and a higher necrotic tissue ratio can be achieved with a graphene-covered double
slot antenna in a shorter time.

Introduction

The microwave ablation (MWA) technique has gained considerable attention in recent
years due to its advantages over its counterparts [1]. MWA is based on the use of micro-
waves to eradicate cancerous biological tissues by generating heat within the unhealthy
ones [2]. MWA is carried out at high frequencies and there is no need of grounding to
propagate electromagnetic waves through the tissue [3]. In addition, MWA gives the desired
temperature values in a shorter time when compared to the other common technique;
namely radiotherapy ablation [4]. MWA is achieved by microwave coaxial antennas
(MCA), which operates at 2.45 GHz and can transmit high power into the cancerous tissue
[5]. MCAs, such as monopole [6], dipole [7], slot [8, 9], and triaxial [10] are preferred in
MWA due to their properties such as easy to design and low return loss [11]. Although
MCAs are successful in eradicating the tumor, they exhibit backward heating phenomenon
along the antenna, hence they cause damage to the healthy tissue, which is one of the ser-
ious problems limiting the use of microwaves as an ablation technique. The reason for the
backward heating is the backward surface current, which originates from the slots and pro-
pagates along the antenna [12]. In order to reduce the backward heating problem, there
have been numerous studies in the literature. These studies have mainly focused on rede-
signing the antennas by adding “choke” and/or “sleeve” on the antenna. The operating
principle of choked [13, 14], cap-choked [15], double choked [16], and sliding choke
[17] antennas is to add a metallic structure on the outer conductor of the antenna to obtain
an open circuit along the outer conductor. In sleeve [18] and floating sleeve [19] antenna
designs, it is aimed to prevent backward surface currents by creating a high impedance
structure on the outer conductor of the antenna. Although, all mentioned designs reduce
the backward heating to some extent, the dimensions of the antenna become impractical
to be implemented in MWA. Readers of the present manuscript should be aware that
other techniques based on coating the outer conductor with high loss absorbing materials
[20, 21] may give similar results when compared to the results obtained with our graphene-
based structure. However, it should be noted that the possibility of using a one-atom thick
graphene sheet with extraordinary electronic properties is an important feature for a min-
imally invasive cancer ablation that is not always achievable by other materials. Although,
the growth of a parameter-controlled graphene sheet is still challenging, in the near future,
technological progress will certainly permit having more predictable and controlled gra-
phene materials that can be used in similar applications.
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In this study, a double slot coaxial antenna coated with
one-atom-thick graphene, which behaves as a high impedance
surface at microwave frequencies, is considered as a solution to
mitigate the backward heating problem. The idea was first pro-
posed by Acikgoz and Mittra [3] where an electromagnetic ana-
lysis of the proposed design was performed. In this paper, first,
an overview of the electronic properties of the graphene sheet
and a parametric study aiming to examine the dependence of
its conductivity on the chemical potential and the relaxation
time is performed. Then, the analysis of graphene coated
antenna is extended to thermal analysis and the study of the tis-
sue damage rate. The numerical results indicate that the back-
ward surface current is considerably mitigated while keeping
the dimension of the antenna unchanged. It is also observed
that the minimum healthy tissue damage can be obtained with
the graphene-coated antenna.

Graphene-coated microwave antenna

Mechanical exfoliation of graphite [22], the chemical vapor
deposition (CVD) [23], exfoliation of carbon nanotubes [24],
thermal decomposition [25] are among the most widely used
techniques for the growth of the 2D graphene layer. More
often, the CVD is the preferred one due to its easiness and the
possibility to tune different parameters such as chamber tempera-
ture/pressure, gas flow rate, etc., to control the quality of the gra-
phene deposition. The graphene layer can be grown on a copper
foil sheet and then transferred on a targeted substrate. To transfer
the graphene, it is first spin coated with polymethyl methacrylate
(PMMA), followed with drops of polymethyl siloxane. Then the
copper foil is removed by placing copper/graphene/PMMA in
aqueous iron chloride solution to leave only graphene and
PMMA. Finally, graphene/PMMA is transferred to a targeted sur-
face and then the PMMA is dissolved in acetone [26].
Alternatively, authors in [27] have directly grown graphene film
on a cylindrical copper conductor as in our case.

The conductivity of the graphene is given by the Kubo’s
formula [28]:

2¢*k, T M, j
0'((1)) = h In (2 cosh 2e2ka> T]T_l (1)

where 1 is the relaxation time, p. is the chemical potential, kj, is
the Boltzmann constant, # is the Planck constant, T is the
room temperature in Kelvin, o is the angular frequency, and e
is the electron charge. The conductivity of the graphene mainly
depends on the applied frequency o, the chemical potential y,,
and the relaxation time 7. The modeling of the graphene sheet
is explained in detail in reference [16] where it is also shown
that the graphene sheet can provide very high impedance as a
function of the chemical potential. This behavior can also be
seen in Fig. 1(a).

In fact, charge carriers may be induced in the graphene by
the application of an electric field or by chemical doping. In
the case of the application of an electric field an electric poten-
tial between graphene and a substrate is applied. By changing
this gate voltage, carrier’s concentration in graphene can be
tuned. As a result, this induces a change in the chemical poten-
tial of the graphene. The second approach based on the chem-
ical doping of the graphene involves either the use of surface
adsorbates or to substitute carbon atoms in the graphene layer
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by foreign atoms. In the latter case, depending on the type of
the incorporated atoms n-type or p-type doped graphene can
be obtained [29]. In order to obtain a high impedance surface
with low conductivity and to be able to suppress the backward
surface current as much as possible, the chemical potential of
the graphene should be as close as possible to u.=0eV
(Fig. 1(a). However, our designed antenna requires having the
graphene layer right on the outer conductor of the coaxial appli-
cator. As such, it is not possible in practice to tune the chemical
potential via a gate voltage and therefore, it is unlikely to have 0
eV after deposition. As a consequence, the deposited graphene
layer is more prone to have a higher value for its chemical
potential leading to a lower surface impedance. As shown in
Fig. 1(b), the graphene is also highly dependent on the relax-
ation time which represent the required time to restore a uni-
form charge density after a charge distortion is introduced in
a material [30]. The variation of graphene’s conductivity versus
the relaxation time is presented in Fig. 1(b). The relaxation time
depends, among others, on the carrier mobility which in turn
depends on the quality of the graphene [30]. Large values of
the carrier mobility involve having high quality of material
with low defects (large relaxation time) whereas low values
imply a material with high defects (low relaxation time).
Consequently, changing the relaxation time of the graphene
by adding defects would be an alternative strategy to change
its conductivity. As stated in [28], values for the relaxation
time found in the literature range from 0.01 to 1 ps. As men-
tioned above, these values correspond to the cases where the
graphene layer has high and low defects, respectively. In prac-
tice, the deposited graphene layer will not be perfect and it
will usually present defects which will lower its relaxation
time. Therefore, the relaxation time is expected to be in between
these values. To see the effect of these two parameters, i.e. the
chemical potential and the relaxation time on the performance
of the graphene-coated MCA, we have computed the surface
current on the outer conductor of the coaxial antenna and the
specific absorption rate (SAR) in the liver tissue (along the
antenna) for different chemical potentials and relaxation
times. In addition, this parametric study will provide us a
range of values of these parameters in which the performance
of the examined antenna is still improved compared to the
graphene-free MCA. This is particularly important because,
besides our inability to tune chemical potential via a gate volt-
age, the deposition of a graphene layer with a precise relaxation
time value is challenging and unpredictable. The results are pre-
sented in “Electromagnetic analysis”.

The designed MCA coated with a one-atom-thick graphene
layer inserted in liver tissue is shown in Fig. 2. For hygienic and
guidance purposes, the antenna is coated with a polytetrafluoro-
ethylene material called catheter. The 3 mm length slots are posi-
tioned between 2-5 and 7-10 mm from the shorted end of the
antenna. The physical properties of the materials involved in
the model are selected from several literature [19, 31-33] and
they are summarized in Table 1.

Electromagnetic analysis

The effect of the one-atom-thick graphene on the efficiency of
MCA is numerically investigated first. The efficiency is calculated
as the power radiated into the biological tissue (liver) over the
input power received by the coaxial antenna. The graphene-free
MCA gives an efficiency of 94%. Hence, it is aimed in this


https://doi.org/10.1017/S1759078720001361

International Journal of Microwave and Wireless Technologie 499

/--\ . - .Illllll'
'.;""'"‘.I'""' -

- — -
| - -
— -

o (S/m)
o (S/m)

__;¢C=Ue\.l"

N o) —— 7=01ps > imo) - = y=02eV
‘._- :jgg g: saenes flo =05eV
4 7=04ps 10_? : . : pc=1e\.l’
107 , - : :
0 0.2 0.4 0.6 0.8 1 1 2 3 4 5
Chemical Potential (eV) Relaxation Time (s) 10713

(a) (b)

Fig. 1. Conductivity versus chemical potential for different relaxation time (a), Conductivity versus relaxation time for different chemical potential (b).
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Table 1. Tissue and antenna parameters study to keep the efficiency of graphene-coated MCA closer to the
raphene-free one while reducing the backward surface current.
Parameter Symbol Value Unit grap 8

The variation of the efficiency due to the width and the position
Relative permittivity of liver G 43.03 of the graphene is presented in Fig. 3. It is easily deduced that the
efficiency is not affected by the variation of the width of the gra-

ical ductivity of li ve 1.69 S . L : .

Electrical conductivity of liver o /m phene while keeping its distance to the slot constant (Fig. 3(a)).

Thermal conductivity of liver 0.512 W/(mK) However, as shown in Fig. 3(b), the efficiency is highly dependent

Relative permittivity of inner 203 on the position of the graphene, especially when it is placed close

dielectric to the slot. The lowest efficiency of the MCA is obtained when the

T . 21 graphene sheet is adjac'ent to the slot. 'Away from the slot, 1.e..a'fter
about 20 mm, the efficiency becomes independent of the position.

Operating frequency f 2.45 GHz

However, as our goal is to reduce the backward heating problem
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Fig. 3. The effect of length (a) and position (b) of graphene on the efficiency of MCA.

by blocking the propagation of the surface current back to the
feed line from the slot, we decided to bring the graphene sheet
closer to the slot without lowering the efficiency below 90%.
These investigations have resulted in a graphene sheet width of
1 mm positioned at 16 mm from the tip of the MCA. Keeping
the width of the graphene sheet as small as possible is important
because in practice, larger graphene sheet production would be
more difficult and its homogeneity would be at stake [34].
Thus, the overall efficiency of the graphene-coated MCA is calcu-
lated to be 90%.

Since the backward heating problem is due to the surface cur-
rent propagating on the outer conductor of the MCA, the surface
currents density with and without graphene sheet is considered.
The surface current density on the outer conductor of the MCAs
versus the antenna length is depicted in Fig. 5(a). Although the
primary effect of adding graphene layer would be to reduce the
surface current after the graphene we calculated the surface cur-
rent density from the slot to the feed line of the antenna, as
shown in Fig. 4(a). It is clearly seen that the MCA coated with
the 0 eV graphene material has the lowest surface current density
when compared with the graphene-free antenna. In addition, 1
eV graphene, which provides lower impedances at microwave
frequencies [3], leads to higher surface current density along
the antenna when compared with the 0eV graphene, but this
is still low in comparison to the graphene-free antenna. The
SAR is evaluated in order to compare the radiation performance
of the MCA with and without graphene sheet. The SAR is com-
puted at a radial distance of 1.5 mm from the outer conductor of
the MCA (in the liver tissue) and it is depicted in Fig. 5. Two
different scenarios are considered. First the relaxation time is
kept constant at 7= 0.1 ps and the SAR is calculated for two dif-
ferent chemical potentials, i.e. u, =0 eVand u. =1 eV (Fig. 5(b)).
The plot shows that MCA with graphene damps faster than the
graphene-free (normal) antenna while the maximum SAR,
which should be high around the slot, remains almost the
same. As for the surface current, the electromagnetic energy
absorbed in the tissue is quickly damped with the 0 eV graphene
and the maximum SAR is located around the slots of the
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Fig. 4. Picture depicting where on the antenna the surface current is computed (a),
picture depicting where the SAR is computed in the tissue (b).

antenna. For a higher chemical potential, i.e. higher conductiv-
ity, as expected, the computed SAR is closer to the case without
graphene. For the second scenario, we kept the chemical poten-
tial constant at u.=0.5 eV and calculated the SAR for different
relaxation times ranging from 7=0.1ps to 7=0.4ps (Fig. 5
(c)). We notice that, while being closer to the antenna without
graphene, the SAR calculated in the tissue is still low. As higher
relaxation times lead to higher conductivities (conversely to
lower surface impedances), SARs calculated when the relaxation
time increases are getting even closer to those of the graphene-
free case. The effect of increasing the relaxation time is similar to
increasing the chemical potential via a gate voltage or via chem-
ical doping. Our aim in this parametric study being to provide a
range of variation for the chemical potential and the relaxation
time, we can deduce that these values should be ¢, < 0.5 eV and
7< 0.4 ps, respectively. As previously stated, in practice, growing
a graphene sheet with exact properties, i.e. chemical potential
and relaxation time are challenging and not predictable. Thus,
these values will provide guidelines for researchers working in
this area.

In the following subsections, thermal and damaged tissue
rate analysis are presented by changing the chemical potential
only. Nonetheless, the same analysis may be performed using
the relaxation time and the general behavior of the graphene-
coated MCA will be similar to those presented hereafter. In


https://doi.org/10.1017/S1759078720001361

International Journal of Microwave and Wireless Technologie

501

40
o 30 7=0.1 ps
=
< 20
Pl
@ 10 [ = Mormal
s | —=<0eV
o 0 - <ieV
1= |
©-10}
5 |
% -20 ;I\‘
o .| \
£ 30, . \
| ]
W .40} ] \.
! ‘\ -
N ) S S S| 0 —— -
0 20 40 60 0 20 40 60 80
Length of Conductor (mm) Length of Antenna (mm)
(@) (b)
3000
Hel= 0.5eV
2500 7\
2000
(=]
{ \
% 1500
E — Normal
%] — 4r=01ps
1000 [\ = T=02ps
v —==7=03ps
500 e -==|r = 0.4 ps
W)
~
0
0 20 40 60 80

Length of Antenna (mm)

(©
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all the way along the antenna for different chemical potentials with t=0.1 ps (b) and for different relaxation times with uc=0.5 eV (c).

fact, as long as these two parameters are below the upper limits
given above, we are secured that that performance of the MCA
will be improved.

Thermal analysis

As the main contribution of this work is to study the thermal
effect of the graphene covered antenna on the biological tissue,
the temperature distribution is investigated via the use of the
Penn’s equation expressed as in equation (2) [35]:

oT

pCE = V(kg,VT) + wbprb(Tb — 1)+ Quet + Qe (2)

The tissue parameters in the Penn’s equation are shown in

Table 2. The generation of heat by the electric field is expressed
in equation (3).

1 -
Qext = 5 Uliver|E|2~ (3)
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The relationship between the electric field, SAR and surface
current is expressed in equations (4) and (5).

SAR = Ziver | B2, (4)
2p
J = oE. (5)

Thus, the Penn’s equation can be directly related to the SAR as
follow:

oT
pCe = VkaVT) + @ypyColTy = T) + Quea + pSAR. (6)

The temperature distribution in liver tissue at a radial distance of
1.5 mm away from the MCA is calculated and given in Fig. 6. It is
observed that, in accordance with the SAR distribution, the
antenna with 0 eV graphene coating gives the highest tempera-
tures at around the slots and it decreases instantly to the low tem-
peratures along the antenna, which indicates that the highest
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temperature can be delivered to the tissue at around the slots
while keeping the minimum damage to the tissue along the
antenna. This idea can be best explained when the damaged tissue
ratio is examined.

Damaged tissue due to electromagnetic energy absorption

Several mechanisms have been proposed for describing the bio-
logical tissue damage due to the elevation of the temperature.
For instance, a simple model based on multiplying the elevation
of temperature AT by the time for holding this high temperature
is considered [36]. This model has been proven to be inefficient to
model tissue damage correctly. A more specific model based on
calculating an equivalent time at a reference temperature, where
a cell damage is observed, is also considered. The model used
in this paper has been largely used in the hyperthermia commu-
nity. It provides a complex function that relates tissue temperature
and time of the temperature elevation to the damaged tissue rate
[5, 37]. In this model, the damaged tissue rate is varying exponen-
tially with temperature and linearly with time.

The ratio of the tissue exposed to the electromagnetic energy
transferred to the tissue is expressed in equation (7).

Q@) =1n (%) = j AeAE/RT 3¢ )
0

In equation (7), (¢) is necrotic tissue rate, c(¢) is live cell density,
¢(0) is live cell density before ablation, R is universal gas constant,
A frequency factor (s™'), AE activation energy for irreversible
damage reaction (J/mol) [38]. It is straightforward from the equa-
tion (7) that as the duration of ablation increases the total integral
value i.e. the damaged tissue rate increases. indicates that tissue
necrosis has occurred. This critical value corresponds to 37%
live tissue density, i.e. 63% tissue death [39].

The necrotic tissue rate being defined as above, this latter is
computed in the tissue between the slots and after the graphene
position (Fig. 7). It can be seen from Fig. 8(a) that MCA with
0eV graphene coating reaches higher temperature in a shorter
time with 100% of tissue damage rate compared to the other
types of MCA (Fig. 8(b)). On the other hand, one can deduce
from Fig. 9(a) that relatively low temperature increase is obtained
beyond the 0eV graphene coated MCA while having minimum
tissue damage (Fig. 9(b)).

Figure 10 shows a 2D distribution of the damaged tissue ratio
(necrotic tissue ratio) caused by the electromagnetic energy
radiated from the graphene-free and 0eV graphene-coated
MCAs. It can be easily observed that the backward reaction phe-
nomenon is significantly reduced with respect to the graphene-
free antenna. Thus, healthy tissue is prevented from damage
throughout the antenna and a more spherical ablation zone
around the slots is achieved.

Finally, the sleeve and choke antennas, which are widely used
in MWA to reduce surface currents and thus to minimize back-
ward heating, have been modeled in order to compare the perfor-
mance of the proposed antenna graphene coated with 1.=0 eV,
7=0.1 ps. The dimensions and material properties of single
slot sleeve and choke antennas are obtained from the papers
[18, 19]. The comparison between antennas is performed in
terms of SAR (Fig. 11(a)) and temperature (Fig. 11(b)) distribu-
tions along the antennas. In contrast to these antenna structures,
the graphene-coated MCA concentrates more the energy around
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Table 2. Tissue parameters in penn equation

Parameter Symbol Value Unit
Tissue density P 1060 kg/m?
Specific tissue temperature C 3600 J/kg-K
Tissue temperature T 37 °C
Thermal conductivity kin 0.512 W/(m*K)
Blood density Pb 1000 kg/m*
Specific blood heat Cp 4180 J/kg-K
Blood perfusion rate wp 361073 st
Metabolic heat energy Qmet 33,800 W/m?3
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Fig. 6. Temperature distribution in the tissue along the antenna.
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Fig. 7. Pictures depicting where the necrotic tissue rate is computed in the tissue,
between the slots (a), after the graphene (b).

the slots and damps immediately right after the slots. Hence the
healthy tissue along the antenna is prevented from damage and
a more spherical ablation zone around the slots is achieved with
the proposed graphene-based antenna (Fig. 12).

Conclusion

In this paper, a novel structure based on the use of a 2D material
namely graphene as a high impedance surface for mitigating the
propagation of surface currents on the outer conductor of a
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antenna (b).
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MCA has been presented and some numerical results have been
discussed. A parametric study has been carried out to find a
range of values for the chemical potential and the relaxation
time. It is concluded that, the chemical potential and the relax-
ation time of the graphene should be u.<0.5eV and 7<0.4 ps
in order to have substantial improvement in comparison to the
performance of the graphene-free antenna. Furthermore, a ther-
mal analysis of the structure demonstrated that the antenna cov-
ered with a graphene layer is capable of reducing surface currents
and thus decreasing the elevation of the temperature in healthy
tissue. Consequently, a more spherical ablation zone may be
obtained with the application of the microwave heating antenna.
Moreover, due to the restriction of the temperature elevation only
in the unhealthy tissue region, a rapid tissue necrosis is observed.
Graphene-coated antenna is also compared with some common
structures to address this problem such as choke and sleeve anten-
nas. Results are encouraging in such a way that the proposed
antenna outperforms the ones given in the literature.
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Experimental works are needed to confirm the results presented
in this paper before possible clinical trials.
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