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“Thermic End-Fire” Interstitial
Applicator for Microwave Hyperthermia

Graziano Cerri, Roberto De Leo, and Valter Mariani Primiani

Abstract—This paper presents the analysis of a “thermic end-
fire” interstitial applicator for microwave hyperthermia, i.e., an
applicator that performs a tip localized heating of the surround-
ing lossy medium. The antenna consists of a shorted coaxial cable
with an annular radiating aperture at the end. The analytical
approach is based on the equivalence principle, which leads to an
integral equation for the equivalent magnetic current distribution
on the aperture; solution is achieved by the Method of Moments.
All theoretical results have been compared to experimental ones
showing a good agreement in a wide frequency range.

I. INTRODUCTION

NTERSTITIAL applicators for microwave hyperthermia

treatments have gained a large interest because they of-
fer some advantages with respect to superficial applicators.
Despite the disadvantage of being an invasive technique, it
is well known that interstitial hyperthermia is very effective
to heat deep-seated tumors, realizing an extremely localized
temperature increase with a minimum risk of damage to
surrounding healthy tissues; moreover, the applicators have
a small size and are easy to fabricate. From an electrical
point of view, a good matching to the source can be obtained;
radiation pattern, and consequently temperature distribution,
can be easily controlled when these applicators are used in
array configuration; the same antennas can also be used for
temperature monitoring during the treatment.

The behavior of this antenna, embedded in a biological
tissue, has been extensively investigated, and many papers are
available in the literature.

Clinical studies have well assessed the performances of
interstitial hyperthermia, often used in combination with in-
terstitial radiotherapy (see, for example, [1]—{6]), and have
shown the possibility of temperature measurements from sen-
sors within interstitial applicators [7).

At the same time, theoretical models have been developed in
order to characterize the electric behavior of the interstitial an-
tenna; the evaluation of the current distribution on the dipole,
and the electric field in the surrounding dissipative medium
can be found in [8]-[10]. Subsequently, many interstitial
applicators have been designed, investigated, and optimized
[11]~[15]).

Arrays of interstitial antennas have also been analyzed
because they perform, for some combinations of the feeding
currents, a uniform heating of large tumors [16]-[21].
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While the above-mentioned papers deal with applicators
radiating in a plane perpendicular to the axis of the antenna, a
new interstitial microwave antenna has recently been designed
to provide enhanced tip heating, consisting of a balun-fed,
folded dipole [22], [23]; it has been successfully tested for
vascular interventions in dogs [24].

In the present paper, a different interstitial applicator, but
with similar thermic characteristics, has been theoretically and
experimentally analyzed; it consists of a shorted coaxial cable
with an annular radiating slot placed very close to the end of
the cable.

This structure exhibits a localized heating at the tip of the
applicator, and because of this characteristic it has been named
“thermic end-fire” applicator, meaning that the thermic pattern
shows a lobe along the axis of the cable beyond and around
its end.

This applicator has been adopted after an experimental study
of several coaxial radiating terminations [25]. In fact, this
antenna realizes the best compromise between mechanical and
electrical requirements. The applicator has to be very thin,
but its mechanical strength must be compatible with clinical
applications; moreover, it has to be well matched to secure a
sufficient power delivered into the tissues.

The analytical model allows us to set up an equation for
the electric field on the radiating slot. The approach is based
on the equivalence principle, and the solution is achieved by
means of a simplified form of the Method of Moments.

From the knowledge of the electric field on the aperture, it
is possible to evaluate the electric behavior of the applicator
in terms of return loss, and its thermic characteristics in terms
of temperature pattern; this is essential in clinical practice, to
be able to asses the power delivered into the tissue to reach a
prefixed temperature distribution.

II. FORMULATION OF THE PROBLEM

Fig. 1 shows the geometry of the problem: a small radiating
slot has been obtained in z; < z < 2z by removing all
around the external conductor of a coaxial cable shorted at
2 = zs; the inner and the outer radius of the conductors are
r; and r,, Tespectively, and the relative permittivity of the
dielectric filling the cable is e4; the structure is embedded in a
lossy, homogeneous material of complex relative permittivity
e = e — j&'.

The analytical approach is based on the equivalence prin-
ciple: a conducting surface S is placed over the radiating
aperture, and a proper distribution of equivalent magnetic
current is considered on S (Fig. 2), inside the cable (M®)
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Fig. 1. Geometry of the prbblem.

‘and outside the cable (M?®):

M*=a.xE=-M
M=Exa,=M

(1a)
(1b)

F being the electric field on the aperture, and a,. the radial unit
vector of a cylindrical coordinate system (shown in Fig. 1),
normal to the surface S.

Continuity of the total tangential magnetic field allows us
to achieve an equation for the unknown distribution M

H% =HS. )

By use of the equivalence principle, the original problem is
divided in-two simpler problems: the evaluation of the mag-
netic field inside the cable (region “a”) and in the biological
medium (region “b”) separately.

H} = H; + H{(-M) = H; - H}{(M)
HY = HY(M).

(3a)
(3b)

In region “a,” the field is due to the source (H) and
to —M(H;(—M)); in region “b,” it is due to M only
(HY(M)). Substituting (3) in (2), the sought equation for
M is obtained

H}(M)+ H}(M) = H}. @

The solution is achieved by use of the Method "'of Moments
[26], so (4) is changed into a matrix equation

(] + YD)Vl =11] ®)
where
Yoll = (W, H(£,)) ©)
I = (W, H.) @
Vin = unknown term vector ®
conductor
region b S
region & M

Fig. 2. Application of the equivalence principle.
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fn, Wi, being the nth expansion function and the mth
test function, respectively; the inner product is defined as
integration over S

(A,B)z/SA-BdS. ()

Assuming 3/8¢ = 0 (cylindrical symmetry) and slot width
w = (22 — z1) < A, only the E, component of the electric
field on S is considered. From (1), the magnetic current is
given by

on S

Vof(2)a
M=M — { o ¢
¢ (2) a4 0 elsewhere

(10)
where just one expansion function f(z) is used to describe
the magnetic current; so the linear system (5) reduces to one
equation, and the unknown amplitude V,, is simply given by

I
= 11
ve Yo +Y? (1)
If a pulse function is chosen as test function
lag on S
w={1% 12
0 elsewhere (12

from (6) and (7), omitting the unnecessary subscripts,

Ya+Yb:/SH;(ro,z,f(z))dSJr/Hg(ro,z,f(z))ds
S
(13a)

I= [ Hi(r,,2)dS.
/S $(r,2) (13b)

III. SOURCE TERM I

The excitation is represented by a TEM mode of unit
amplitude: the wave impinges on the short and is totally
reflected (Fig. 3)

. 1. 1 .
Ey(r,z) = — e P 4+ Tp— P (14a)
T
‘ 1 1 .
H(r,z) = — e 9P% — T, — ¢IP* 14b
¢(r 2) me 07"776 (14b)
where
B=w/is  n=,/t=  (15)
€0Ed
T, = -2 (15b)
The source element I in (13b) is easily evaluated
dr  _ iBzee [t .
I= o e IP%c[sin B(2se — 21) — sin B2z — 22)] . (16)
/\1”
______ ---{-1n
__________ —_—— -4 z
4\1_‘}\ '

21 Z2 Zsc

Fig. 3. Geometry for the evaluation of the source term.
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1V. ADMITTANCE TERM Y¢

According to (13a), the magnetic field H{ inside the cable,
excited by the magnetic current, may be expressed as the
summation of TEM and TM modes; the cable dimensions
allow propagation of the TEM mode only (all TM modes are
below cutoff); moreover, the considered source does not excite
TE modes.

As shown in Fig. 4, the field generated by M® consists of
a forward wave (E*, H), which reflects on the short circuit
(E®, H®) and a backward wave (E~, H ™). In particular, the
TEM ¢-directed magnetic field is

+ Cj —18z

H gy (r 2) = ™ e (17a)
- Co 1p=

Hrpy(r,z) = o e?? (17b)

HEon(r,2) = =T ¢ el?? (17¢)
?TEM~ ’ o ™

Lorentz’ reciprocity theorem allows the evaluation of the
modal amplitudes

v, [
ct =+ - / e*i8% f(2) dz

21n(:—‘i) z1

so that the fields in the two sections of the cable, before and
after the magnetic source, are completely determined

(18)

iBz

Hyrem(r,z) = e [Cy +T.C] z2<z (19a)

™

e“jﬁzsc

Hyrem(r,z) = Cf 2c08 3(zsc — 2)

29 < 2 < Zge - (19b)

Using the same technique, the field of higher order modes
can be evaluated

Hyrm(r, 2) = jweoeq Z Silkenr) e"*[B, +TnB]

n=1 ken
z< 2 (202)
oo kc
Hyrm(r, 2) = jweseq Z B S1(kent) =m0
n=1 ken
-2 cosh Yu(2se —2) 22 <2< 25 (20b)

ETH™ E*H*
-_—N o~
e
________ OR[N\ Sy E rd
-~
ESH

21 Z2

Fig. 4. Geometry for the evaluation of the admittance term Y%,
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where
I‘n — e_z'Ynzsc

B:t _ k_cn_ Tosl(kcn"'o)
S 7257 (kento) — 1757 (kent)
Vo / et f(2) dz
Z1
_ Jo(kcn'ri)
Sl (kch') = J1 (kcn'f') W Nl(kcn’l")

2 2 2
kin = Yo + W loEoEq -

The modal expressions are written as a combination of
Bessel (Jy,(kcnr)) and Neumann (N, (k.,r)) functions, and
are characterized by eigenvalues k.,, solutions of the tran-
scendental equation

Jo(kcnri)No(kcho) - Jo(kcnro)No(kcnri) =0.

Because Lorentz’ reciprocity theorem does not give infor-
mation about the field into the source region, which is, in the
present problem, the field to be considered for the evaluation
of

22
Ye = 27rro/ Hg(ro, 2, f(2')) d2', (21)
ES)
the source has been divided into two parts, left (L) and right

(R), as shown in Fig. (5). In 2/, the field is the superposition
of the two contributions

H(ro, ', f()) = ) Honi(r0,2', ()

n=0

+ Y Honr(ro, 2, £(2))  (22)

n=0

where summations include both TEM and TM modes.

The coordinate 2’ has been introduced to indicate a point
inside the source region.

The term due to the left part are obtained by (19b) and
(20b), putting 2, = 2’ in the limit z — 2’; the terms due to
the right part are obtained by (19a) and (20a), putting 2q = 2’

- - + +
<M flent EuHL
_______________ -
&
_______________ RV Z
-
EfHE
zr 2 Zsc
ETLHR ERH®
q\)\ Rightf~—»
_____________ .
I"
_____________ -_—— _\" Z
TN
ERH PR
' 22 Zsc

Fig. 5. Evaluation of the field inside the magnetic source region by its
subdivision into two contributions.
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in the limit z — 2’. Computational details are reported in the
Appendix.

V. ADMITTANCE TERM Y?®

The term Y? represents the load effect of the external
medium on the source. The outer region is quite complicated
to model because it consists of a half-space (2 < 0), where the
magnetic current distribution My radiates in the presence of
a metallic cylinder (cable external conductor), and half-space
(z > 0), where the magnetic current distribution M, radiates
into an homogeneous unbounded medium.

To take into account the load effect of the two half-spaces,
a reasonable assumption seems to be the subdivision of the
source into two equal parts and then the evaluation of the fields
in the region 2z < 0 by a cylindrical transform representation
[27], that implicitly accounts for boundary condition on the
conductor, and the fields in the region z > 0 by the magnetic
current loop field expressions, i.e., for z < 0,

ictra) =g [ ik (/PR

k2 — k2 &% gk, (23a)
where
f (k) = Jweo(e —j&”)Ez(kz)

T k2= 2)ED (ro g kg)

E‘z(kz):/ Vo f(z)e= %% dz

H® = Hankel function of second kind and complex
argument
k? — WZMOEO(el . jé‘//)

and for z > 0,

Hé’,> (7,

20,
2) = 1 (kry) "V, sind [1+i

o < 7 d] e7I%d (23D)

where

d = rsinf + zcosb; G:arctgi;
z

_ Ho
o = 60(6' —jE”) :
In the evaluation of Y?, it is necessary to calculate the
contribution of the two magnetic fields on the source region
o é’, (ro,2) =

Hg<('r0,z) + Hé’,>(1“o,z) (23¢)

and then

Z2
Yb = 27rro/ Hj(ro,z)dz . (24)
Z1
After substituting (23c) in (24), integration along the spatial
coordinate z can be easily performed in a closed form, if a
proper expansion function is chosen, and integration in the
spectral domain is numerically computed.
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VI. EXPANSION FUNCTION CHOICE

In the Method of Moment, the choice of the expansion func-
tions is important because a better accuracy can be achieved
with a lower computational effort if the real behavior of the
field is taken into account. In the present problem, the most
suitable choice should account for the edge condition

1(2) = :

25
(z —21)(z2 — 2) (25)

but its great disadvantage is that integrations (21) and (24)
cannot be performed in a closed form.

In order to simplify the calculation, a constant M has been
chosen, and therefore, f (z) also reduces to a constant function
whose value is given by (25) evaluated at the center of the
radiating gap

Zl—f-Zz) _ 2 (26)

o =r(s-242) = 2

Because the evaluation of the field involves integrations of
the magnetic current over the aperture, an effective width weg
of the aperture has been adopted together with the choice of
(26), such that

z2 1
/ dz = Weff 27
n V{(z—21)(z2 — 2) -2
and therefore,
T
Weft — '2_ (22 - Zl) . (28)

In such a way, all expressions involving spatial integration
can be evaluated in a closed form.

VII. REFLECTION COEFFICIENT

Once we evaluate the electric field on the aperture (that is,
the value V,), the modal amplitudes given by (18) are also
determined.

In this manner, the input reflection coefficient can be
calculated by its definition as the ratio between the backward
TEM waves over the incident field. As shown in Fig. 6, it can
be expressed by

- +
FO + Ool+ FOOO 62],@;

where I, is the wave due to the incident field of unit amplitude
and reflected by the shorted end; C is the backward TEM
wave due to M; and T',CF is the forward TEM wave due to
M and reflected by the shorted end.

T = 2<z  (29)

Mo
/\I—/’ N
T T T TN T T e~
- Co by
21 22

Fig. 6. Forward and backward TEM waves for the reflection coefficient
evaluation.
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VIII. RADIATED FIELD AND THERMIC MODEL

The field radiated by the aperture in a conducting cylinder
can be rigorously expressed as

1 e o)
Ez(T7 ¢a Z) = 27I'jw€0(€/ — jff/l) [—oo (k2 - kz)fo(kz)
CH® (r\/kz ) )eﬂw dk, (30a)
1 oo
Ey(r,¢,2) = — Irweole — o) /_Qo VE? — k2 k; fo(k:)

HP (r /2 =R ) er*+* ds, (30b)
where the integrand functions are given in Section V.

In analogy with the model adopted in the above-mentioned
section, in the region z > 0, the field expression for a magnetic
current loop has been used. The power density dissipated in
the lossy region is easily obtained by

W= %0|E|2 (31)

where ¢ is the conductivity of the lossy medium.
The temperature pattern has been evaluated by solving the
bio-heat transfer equation (BHTE)

oT
where p, ¢, t, T, k are density, specific heat, time, temperature,
and thermic conductivity, respectively; M is the metabolic
rate, and B is the heat transfer rate due to local blood flux.

The following boundary conditions have been used:

(32)

-Z—: =0 for regions far from the source
k %% =T -T,) at the interface between different
media
where

n is the direction normal to the boundary
h is the heat transfer coeficient

T, is a fixed boundary temperature. 34)

The BHTE has been numerically solved using the Hop-
scotch method [28].

IX. RESULTS

A Sunher UT 85 coaxial cable with the following character-
istics has been considered: 2r, = 1.68 mm, 2r, = 0.51 mm,
Z, = 50 €. The radiating aperture has a width w = 2 mm and
is placed at the end of the cable (23 = z,.); the total cable
length, including the SMA connector, is 113 mm.

Three different load conditions have been numerically and
experimentally investigated: cable embedded in 0.72-molarity
and 0.267-molarity NaCl solutions, and cable embedded in a
phantom simulating the muscle tissue which-exhibits a relative
permittivity ¢/ = 47 and conductivity ¢ = 2.17 S/m at
f = 2450 MHz, and ¢’ = 51,0 = 1.28 S/m at f = 915 MHz;
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a linear dependence on the frequency has been adopted in the
investigated range of frequency.

In Table I, the theoretical and experimental input impedance
is reported for the applicator radiating into the above-
mentioned media at three different frequencies. Measurements
have been made by a network analyzer HP 8510B, com-
pensating the cable length by an electrical delay of 1.06 ns.
The comparison shows that the model can predict the electrical
characteristic of the applicator with sufficient accuracy. The
low values of the slot impedance indicate that a current
maximum occurs at the end of the cable: this is due both
to the shorted termination of the cable and to the surrounding
high conductive medium; since the slot cuts the flux lines of
a high-intensity current, a good efficiency is obtained for the
applicator.

In order to test the broadband behavior of the structure, the
return loss values are reported in Fig. 7 in the frequency range
2-3 GHz. The differences of +1 db between theoretical (dots)
and experimental (continuous line) values at the lower and
upper band limits are probably due to the particular mixture
used for the phantom that precisely simulates the muscle
complex permittivity at 2450 MHz only. The return loss values
(about 6 dB at the work frequency of 2450 MHz) show that
the antenna is sufficiently matched to the line for this kind of
application.

The thermic behavior of the applicator depends upon the
radiated field: the cylindrical transform representation (30a),
(30b) intrinsically satisfies the condition of vanishing electric
field on the external cable conductor, so the field expressions
take into account the effect of the current flowing along the
outside of the cable. This current [T = 27r,H3(r = r,,2)],
normalized to the internal incident current wave, is shown in
Fig. 8; because of the lossy material surrounding the cable, this
current rapidly decays, highlighting that the field is localized
close to the radiating slot. This peculiar characteristic is also
confirmed by the power density pattern evaluated at different

TABLE 1
THEORETICAL AND EXPERIMENTAL INPUT IMPEDANCE

0.267-Molarity NaCl Solution

Frequency (MHz) Theoretical Experimental
2300 12.25 — j11.2 14.3 — j134
2450 11.61 — 310.9 14.5 — 313.6
2600 11.1 — 510.57 14.54 — 5134

0.720-Molarity NaCl Solution

Frequency (MHz) Theoretical Experimental
2300 13.5 — j6.9 15— ;7.3
2450 18 — 47 15 —37.7
2600 124 —j7.1 15.1 — 37.66

Phantom

Frequency (MHz) Theoretical Experimental
2300 18.8 — 316.3 18.2 — 7185
2450 17.9 — j516.2 18.3 — j18.4
2600 17.1— 516 18.5 — j17.7
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Fig. 7. Experimental (continuous line) and theoretical (dots) return loss
values.

distances from the cable surface for an incident power of 1 W,
as shown in Fig. 9.

The corresponding temperature pattern after 3 min is re-
ported in Fig. 10 using the following thermic parameters for
the phantom: ¢ = 5000 J/Kg/°C, p = 950 Kg/m?, k =
0.59 W/m/°C, steady-state temperature 7' = T, = 22°C,

6 5 10 15 20 25 30

Fig. 8. Current along the external cable conductor, normalized to the internal
incident current 7.

I = L+2mm

0 T | !
0 5 10 15 20

(w/2-z) (nm) v

Fig. 9. Power density distribution along z-direction at r =
external cable surface) and at r = r, + 2 mm.

ro (on the
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'FigA 10. Simulated temperature pattern.

h =14 W/m?/°C, M = B = 0. A spot of about 2 cm around
the tip of the cable has been obtained with a temperature
increase of about 4—5°C with respect to the bulk temperature.

Fig. 11 shows the corresponding experimental infrared
thermography on the phantom. A satisfactory agreement is
achieved as regards spot dimension and temperature increase.

Both the experimental and the theoretical temperature pat-
tern highlights the extension of the heating pattern back along
the cable. In the authors’ opinion, this is mainly due to two
effects. The former effect is the presence of the radial reactive
electric field (30b) on the outside of the cable, mainly in the
region closer to the slot. The latter effect is due to the high
value of the thermic conductivity of the copper, for which heat
propagates along the cable more rapidly than in the phantom.

Fig. 11. TInfrared thermography temperature pattern.



CERRI et al.: THERMIC END-FIRE INTERSTITIAL APPLICATOR FOR MICROWAVE HYPERTHERMIA

X. CONCLUSIONS

An interstitial applicator has been analyzed; it consists of a
shorted coaxial cable with a radiating aperture that provides a
temperature enhancement at the tip of the structure.

The application of the equivalence principle leads to an
equation for the unknown magnetic current distribution on the
aperture; this equation is solved by a simplified form of the
Method of Moments.

Results are given in terms of return loss and of temperature ‘

pattern; both' are compared to experimental data showing a
good agreement.

APPENDIX

After dividing the magnetic source into two partial sources
(left “L” and right “R”), each term on the right-hand side of
(22) can be expressed as

_jlgzcs
Hyor(r,2) = C} e—m—— 208 B(zsc — 2') (A1)
Hyn(r,2') = jweoeq

Sl (kch‘)
' B:L kcn
- coshyn (25 — 2)

6_'7nzsc 2
(A2)
(3B

™

Hyor(r,2') = ———[Cog + ToCl] (A3)
Sl (kcn’f') e’ynz/

+ [Bar +TnBlg]

Hyur(r,2') = jweoeq
(A4)

where the subscript “o” is used for the TEM mode and the
subscript “n” is used for the TM modes.

In this representation, modal amplitudes CF(2') and B (2')
also depend on the partial source extension, and so become a
function of 2’. Making use of the concept of the effective
width weg, introduced in Section VI, modal amplitudes can
be easily evaluated

ot = Vo _ ]’emz " Vo (e = eie )

21n(%) p Wett Bwes2 ln(i—‘:)»
(AS5)

to be used in (Al)
__Y T Vo7r(efﬂz2 - e]’ﬁz’)

C:R = 2]n(:_r:) /z, B Weft dz = jﬂ’U)eflen(:_j)

(A6)
zZ2

_ Vwr(efﬂ’zz - e—aﬂz’) .

jBweg2 ln(:—‘:)
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to be used in (A3); and similarly,
Vokcnﬂ""osl(kcn'f'o) I:e’ynz’ _ e’mzl]
nl = 237,262 252 (A8)
Valr3Si (kento) — 1787 (Kenti)|west
to be used in (A2)
Voken®ro51(kento) [e'vnzz _ e’ynzf]
Bln = Zarag 2q2 (A9)
T [Tosl (kcnr") -5 (kcn"'i)]we{'f
Voken®70S1 (kento) [e—m _ e—-'ynz’]
Bur = (A10)

nR T 73[7'35%("767/"0)

to be used in (A4).

In such a way, each term of (22) is defined and can be
substituted in (21) to determine Y* in a closed form. In the
examinated case, where the slot is placed at the end of the
cable (25, = z2 = 0), the admittance Y'* assumes the value

— 1787 (kents)|West

. — ot . SN (BWorr)
_32V07r[1—e JBWetr W]
Wity ln(%‘:—)

+ J2weeqVom Z

n=1

128 (keno) [2 + o=l |

Yo Wesf

. 'VrZL[TgS%(kchO) + Tizs]?(kcnri)] '

Y=

-

(Al1)
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