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Modeling of Planar Applicators for
Microwave Thermotherapy

Julien Carlier, Vincent Thomy, Jean-Christophe Camart, Luc Dubois, and Joseph Prildletiober, IEEE

Abstract—in order to improve the external applicators used for minimal stray fields. The microstrip—microslot applicators are
microwave thermotherapy controlled by microwave radiometry in  realized on a dielectric substrate on which is etched a feeding
medical applications, we propose specific planar applicators devel- line ended by a subminiature version A (SMA) connector

oped for heating: either annular ones to be used at the frequency d ted t . tor. On the other f
equal to 915 MHz or in the shape of a horseshoe (short-circuited and connected to a microwave generator. On the other face,

ring) for 434 MHz. The final goal of this paper is the realization of ~@n aperture having different shapes (square, rectangular,
a honeycomb network for the treatment of larger areas and greater circular, etc.) is opened in the metallic ground plane. This

volumes. aperture is the radiating element, which allows the propagation
Index Terms—Finite-difference time-domain (FDTD) method, Of the electromagnetic waves in the dissipative medium on
medical applications, microwave heating, microwave planar which the applicator is laid. Generally, a thermostated water
applicators. bolus is placed between the applicator and the skin in order
to avoid possible cutaneous burns. This bolus is realized from
a very malleable plastic pocket, which allows the exact shape
of the medium to be taken and offers good contact between
A N INCREASED interest in the applications of microwavene applicator and this medium while giving a reasonable
energy for medical diagnostics and therapy has begfiperficial temperature.
observed over the past decade [1]-{4]. The objective of mi-For this study, several kinds of applicators have been realized,
crowave thermotherapy is to obtain a well-confined raisinge shapes of which depend upon the frequency to be used. For
of temperature within tissues. The research works undertak@g frequency equal to 915 MHz, we have studied the following
in this domain aim at increasing the efficiency of the heatinganar annular applicators.
in volume and depth in order to treat larger areas located LnA ssingle” applicator [see Fig. 1(a)] realized on a dielec-

various places of the human body. A large number of devicestriC substrate of relative permittivity, equal to 4.9 and a

[5]-{7] have been designed and tested for these medical aPthickness equal to 1.58 mm. The aperture is of annular shape

plications. Among these devices, we have been interested forand its dimensions are the following: an internal diameter of

over a decade m_the '_study of external planar applicators _[8], 28 mm and an external diameter of 38 mm.

[9]. We present_ln this paper the latest reSl_JIts (theoreu_e_a;lA “twin” applicator [see Fig. 1(b)] realized from two
study and gxperlmental verifications) concerning th_e spec_lflc ssingle” applicators set side by side. This configuration
planfar a}ppllcators we hav_e dgvelopgd for heatl_ng n medu;al allows us to test the efficiency of the association of several
applications. We present fII’S't in Section Ii thg different "’?pp"_' applicators: the final goal is the realization of a honeycomb
cators that have been .StUd'ed' The theoret|ga| dete,rmmat'onnetwork for the treatment of large areas. The two rings have
of the thermal patterns is then briefly recalled in Section IIl as the same dimensions: an internal diameter of 25 mm and

the experlmental mgasurements.. Section IV is concerned Wlthan external diameter of 45 mm. They are separated from a
results and discussion. Concluding remarks and perspectiveyisiancers equal to 4 mm

are then presented in Section V. For both applicators, the feeding line has a length equal to
82 mm and a constant width of 2.5 mm.
Il. MATERIAL As to keep reasonable dimensions for the applicators at the

The applicator used in thermotherapy plays a fundamenfegquency equal to 434 MHz, we have designed a new kind of
role because the efficiency of the heating depends on its shagieplicators: they have the shape of a horseshoe, that is to say,
In many cases, the app"cators are external p|anar ones gnr(mg ended with a short circuit. We have also studied several
present many advantages, i.e., small size, light weight, capablenar applicators.
of conforming to the shape of the body, and low cost. Furthes, A “single” applicator [see Fig. 2(a)] realized on the same di-
they are effective in coupling energy directly into tissues with electric substrate as that of the previous ones (relative permit-

tivity €, equal to 4.9 and of thickness equal to 1.58 mm). The

. . . _ dimensions of the short-circuited ring are the following: an
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Fig. 1. Top view and cross section of the “single” and “twin”
applicatorW, = 2.5 mm,W, = 10 mm,L = 82 mm, andHd = 4 mm.
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Fig. 3. Top view (lower and upper planes) of the “quadruple” horseshoe
applicator.W; varying from 2.5 to 13 mmi¥, 10 mm,d = 16 mm,
L = 48 mm, andH = 8 mm.

allows us to test the efficiency of the association of two
applicators to be inserted in a box. In this case, the two rings
are separated from a distanbeequal to 14 mm.

* A “quadruple” applicator (see Fig. 3) realized from four
“single” applicators set side by side. This configuration
allows us to test the efficiency of the association of several
applicators: the final goal is the realization of a honeycomb
network forthe treatment of large areas. Eachringis separated
from its neighbor by a distancé/ equal to 8 mm.

In order to obtain a good matching at the chosen heating
frequency equal to 434 MHz for all the applicators of this
new kind, we have to change the shape of the feeding line.
Indeed, if we keep its width constant, the resonant frequency
is then equal to 1.5 GHz. Thus, the feeding line has a shape
of a petal with a length equal to 48 mm and a width varying
between 2.5 mm near the SMA connector and the maximum
value equal to 13 mm.

annular

I1l. M ODELING AND MEASUREMENTS

The development of microwave applicators for medical appli-
cations requires the knowledge of interactions between electro-
magnetic waves and biological tissues. The studies at once the-
oretical and experimental allow us to know the electromagnetic
behavior of the applicator coupled to the dissipative media and
to obtain the thermal mapping directly coupled with the concept
of therapeutic efficiency.

The main theoretical problem to characterize these appli-
cators is the determination of the radiating pattern. Thus, in
order to take into account the exact shape of tissues and also
of the applicators, a three-dimensional (3-D) model based on
the well-known finite-difference time-domain (FDTD) method
[10]-[12] (which was first proposed by Yee [13]) has been
developed.

The FDTD method technique proceeds by segmenting the
studied volume, i.e., the structure and surrounding space, into
a 3-D mesh composed of a number of rectangular unit cells.

Fn the finite-difference procedure proposed by Yee, Fheand
H -fields are evaluated at half-step intervals around the unit cell
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and at alternative half time steps, effectively giving centered di A"mu/ar applicator
ference expressions.

The temporal step is linked to the spatial one by a stabilil
criterion [14]. Due to the dissipative media, the treatment ¢
the field components at the lattice truncation is obtained usi
Mur’s first-order absorption boundary condition [15] for eact
field component.

Once the electric fields are found, we obtain the absorbs
microwave power density [specific absorption rate (SAR)] in th
dissipative media at each space point, £ from the following
formula:

o |s71| (dB)

0,1 0,6 1,1 1,6 21 2,6 3,1 3,6 4,1
.. g .. 2 .. 2 Frequency (Ghz)
SAR (% e k) =35 |Eac(": Js k)|max + |Ey(z: Js k)|max F = 915 Mhz 3.05 < F < 3.55 Ghz
2 (Heating frequency) (Radiometric Bandwidth)
+ |E o (L/ 7 k)|fnax> “Horseshoe” applicator
. Frequency (GHz)

wherek, _ , FE, . ,andE, __ are the maximum steady-state 00 05 10 15 20 25 30 85 40 45
electric field components at cell,(j, k£) ande is the conduc- 0 T "
tivity of the medium of this cell¢ = ¢¢ - €’ - 2nf; g9 = R /\ I
8.85.10712 F - m~! and<” is the imaginary part of the per- | g , ‘ |
mittivity). Fo 1/ \ I

The determination of the thermal mapping in the heate 10 \\J/ \\ /,.\ : -
media is then deduced from the resolution of the heat-trans -12 i o AN
equation in the steady state [16] using a model based or 4
. . -16
finite-difference method I TN wlossrsassone

ar 9
pc I =kVT+V(T,-T)+Qm +Q Fig. 4. Theoretical (—) and experimental (- - -) variations of the reflection
coefficient |Si1| as a function of frequency for the annular and horseshoe
applicators.

where

P density of the biological medium (kgm=3);
c specific heat (J kg -°C™1);
T temperature at the considered pofi€y;

polyacrylamide gel). We have first measured [Hg, |-param-
eter as a function of frequency in order to control the level of
impedance matching of the applicator by means of a network

t time (s); . ]
k;  thermal conductivity of the biological medium‘fjl.n.alyz.er (|_:.P 851?)'. we h_ar:/e th_en (IJIetermme(]jc the power de;]po
(W-m-1 .°C-1); sition in saline solution with a simple system for mapping the

electric-field pattern created by the microwave applicator under
test. Finally, the thermal performances have been characterized
by using an automatic experimental system [9].

V.,  blood—heat-exchange coefficient (wh=3 .°C—1);

T, internal temperature of the human bod¢j;

Q.. heat generated by the metabolism (Wi—3);

Q deposited power density (Wm—3).

The heat generated by the metabolig)y, has been ne-
glected in comparison with the deposited power denglty = The theoretical determination of the evolution of {ig; |-pa-
which is greater. In addition, the results are obtained at themeter as a function of frequency allows us to verify the good
thermal equilibrium. At the interface between the applicatanatching of the applicator at the heating frequency, but also in
and medium, the heat losses are expressed by the coefficibetradiometric bandwidth (in order to achieve noninvasive mea-
H (W - m~2 .°C™1), of which its value depends upon thesurements of the temperature by radiometry [17]).
temperature at this interface. The polyacrylamide gel used asVe consider that the matching is good when the reflection co-
a phantom medium is characterized by a thermal conductivificient |S11] is less than-10 dB, i.e., that at least 90% of the
k; equal to 0.38 W- m~! .°C~!. The termV, is set at incident power is delivered to the medium to be heated. An ex-
1500 W- m—2 .°C~! and the termH is constant and equal ample of a comparison between theory and experiment is given
to 100 W- —2 .°C~L, For the results which will be presentedjn Fig. 4 for the “single” annular applicator. We can note that
we have used a water bolus placed between the polyacrylamtide values are less tharil5 dB as well at the heating frequency
gel and the applicator with a thickness of 12 mm, and ti{®15 MHz) as in the radiometric bandwidth (3.05 GHzf <
temperature of the water have been fixed at°Z 3.55 GHz).

Confirmation of the theoretical approach is given by ex- Another example of the evolution of th;,|-parameter
perimental measurements, which have been carried out @rsus frequency is given in Fig. 4 for the “single” horseshoe
phantom models of human tissues (saline solution at 6 g/l applicator. We can note that the values are neb? dB at the

IV. RESULTS AND DISCUSSION
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Fig. 5. Power deposition calculated from the FDTD for the “twin” annular and “twin” horseshoe applicators. (a) In the@tar(®) In the plang;O=.

heating frequency (434 MHz) and from10 to —14 dB in the plicators (60 crf for the annular applicator against 64 tifior
radiometric bandwidth (3.05 GHz f < 3.55 GHz). the horseshoe applicator).

The second step of the study concerns the power deposiFor the “twin” annular applicator [see Fig. 7(a)], this zone
tion. We present in Fig. 5 the theoretical results concerning tRréads on a depth of 28 mm and covers an area of approx-
power deposition for the “twin” applicators (for both annulafmately 62 cni. Thus, the therapeutic volume is about three
and horseshoe) obtained in two plane€ along the feeding timgs greater for the as_sociation of two applicators (178 cm
line andyO= perpendicular to this direction and situated at th@dainst 60 cr?lfor the “single” on_e). o
level of the rings in the middle. We can observe a dissymmetryFor the “twin” horseshoe applicators, the zone delimited by
along the first plane. In the other one, the curves are symmetrit3§ 37% isothermal line spreads until 36 mm in depth and has
with respect to the feeding line and we can observe two lobasurface of approximately 54 énfsee Fig. 7(b)]. Thus, we
centered on each of the rings with a composition of the electi§1d the same results: the therapeutic volume is also three times
magnetic fields between the rings for the horseshoe applicatgFeater for the association of two applicators (195 @mainst

The last step of the study concerns the thermal mappin Acnt for the “single” one).
I ep >ty . ! Mapping. el'hus, for both kinds of applicators (either annular or horse-
will first specify the notion of the 37% isothermal line. We con-

sider that the therapeutic effect will be efficient if the temperas-hoe)’ the association of two applicators involves an increase

ture in tissues is situated between4D-45 °C, the corporeal of the heating volume, which is abouf[ three times greater. We
. . . can note that, as expected, the depth is greater for the lower fre-
one being equal to 37C. Thus, an increase of at least®¥ is

needed: this one corresponds to 37% of the maximum incre%leen(.:y' However, itis possible to m.odnfy this depth. In varying
€ thickness of the water bolus, which is the same in this study
of the temperature (equal to 8C).

for both frequencies.

As an illustration, we present the normalized thermal map- | order to see what we can obtain with the quadruple horse-
pings (with respect to the maximum temperature) obtain@fioe applicator, we present in Fig. 8 the power deposition calcu-
for the “single” applicators (Fig. 6) and the “twin” applicatorgation obtained from the FDTD in the two planes? perpen-
(Fig. 7) in the same planes defined previously. dicular to the feeding lines andDy parallel to the applicator.

For the “single” annular applicator, we can note that the zome the first plane, the aspect of the curve looks like the ones
delimited by the 37% isothermal line spreads until 26 mm igiven in the same plane for the “twin” horseshoe applicator: the
depth and has a surface of approximately 23 {see Fig. 6(a)]. lobes are centered on each ring and are symmetrical with respect
For the horseshoe applicator, it gets approximately the following the feeding line. Thus, the heating zone will approximately
results: the zone delimited by the 37% isothermal line spreduisve the shape of a rectangular given by power deposition given
until 35 mm in depth (consistent with the decrease of the fras the planerOy. If we compare this surface to the one given
quency, which involves an increase of the depth penetratidm) the “twin” horseshoe applicator in the same plaiigy, we
and has a smaller surface of approximately 19 ciihus, the obtain an increase of the area greater than twice. This study is
therapeutic volume is roughly the same for the two “single” agtill ongoing.
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Fig. 6. Thermal mapping for the “single” annular and “single” horseshoe applicators with a water bolus of thickness 1ZimmZat °C). (a) In the plane
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V. CONCLUSION [3]

We have presented the study of planar applicators with an
annular or horseshoe shape to be used for microwave heating]
in medical applications. The comparison between theoretical
results and experimental measurements obtained at the heating
frequency either at 915 or at 434 MHz shows the efficiency [°!
of the 3-D FDTD as a simulation method. The thermal results
point out the interest of the “twin” applicator for which the [6]
therapeutic zone is about three times greater than the one of
a “single” applicator, whatever the type of applicator (annular
or horseshoe). [7]

The next step of this study concerns the development of arrays
of applicators (four or more) in order to heat larger areas and
greater volumes. We are also envisaging the possibility to intro-[8]
duce a phase difference for the current in the different feeding
lines of the array of applicators in order to modify the shape of [g;
the heated zone. The study of the influence of the thickness of
the water bolus on the depth of the heating pattern will also be
studied. [10]
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