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Coupling Phenomena in Concentric Multi-A,pplicator

Phased Array Hyperthermia Systems
Konstantina S. Nikita and Nikolaos K. Uzunoglu, Member, lEEE

Abstract-The coupling between the waveguide applicators of

a four-element phased array hyperthermia system irradiating a
three-layered cylindrical tissue model of circular cross section
is analyzed theoretically. The fields inside the tissue layers are

expressed in terms of cylindrical vector wave functions satisfying

the corresponding wave equations, while the fields inside each
waveguide are expanded in terms of guided and evanescent

normal modes. Then, by implementing the appropriate boundary

condhions, a system of four coupled integral equations is derived
in terms of the unknown electric field dktributions on the open
wavegnide apertures. This system is solved by expanding the

unknown electric field on each aperture into waveguide normal
modes and by applying a Galerkh’s procedure. The self reflection
coefficient and the mutual coupling coefficients are then deter-
mined and numerical results for a four-element phased array
hyperthermia system are computed and presented for different
waveguide applicator sizes and settings.

I. INTRODUCTION

H YPERTHERMIA FOR DEEP-SEATED tumors is a tech-

nically difficult problem because of the limited penetra-

tion of both electromagnetic and ultrasound radiation used to

deliver energy to the tumor. Phased array principles have been

proposed in [1] and [2] in the past and are being employed in

[3]-[6] by several researchers in order to enhance penetration

depth from body’s surface. In contrast to phased array em-

ployed in radar systems, it is the near field radiated from each

applicator that is important in a phased array hyperthermia

system. A major advantage of coherent radiating multi-element

heating systems consisting of waveguides or multiple dipole

antennas is that they provide the possibility of controlling the

electromagnetic energy deposited in the tissue and optimizing

the heating for any given body model by phase and amplitude

adjustment. Researchers approached this optimization problem

in various ways [8]–[ 11], but in all the works involving

computation of electromagnetic field distribution produced

inside tissues by phased array hyperthermia systems, coupling

between system elements was neglected [8]-[13].

In a multi-element system, the influence on the radiation

of each element resulting from the other elements of the

system is a significant reason for nonpredictable behavior

of this type of systems. For some configurations the waves

coupled to an individual element from the other radiating

elements may be strong and add vectorially, producing a wave

traveling toward the generator of this element that appears to

ManuscriptreceivedDecember31, 1994;revisedOctober2, 1995.
The authorsarewith the NationatTechnicatUniversity of Athens,Depart-

mentof Electrical andComputerEngineering,Athens 10682.Greece.
PublisherItem Identifier S 0018-9480(96)00478-4.

be a large reflection. The recently gathered cliuical experience

in using phased array hyperthermia systems and phantom

studies [ 14]–[ 16] substantiated the above points and showed

that coupling can produce potentially major effects on SAR

distributions.

The experience with the first generation annular phased

array system (APA or BSD 1000) [5] consisting of dielec-

trically loaded horn antennas radiating into the same chamber

and driven by a single power source was that a significant

interaction between radiators is normally observed. In addition,

the evaluation of the Sigma 60 applicator of the BSD 2000

system, consisting of four pairs of dipole antennas electrically

isolated with independent phase aud amplitude control of

each pair [17] showed that coupling effects can occur and

can even produce SAR patterns which are steered in the

opposite direction from what would have occurred in the

absence of coupling. Phantom measurements with the four-

waveguide system [16] which uses an isolating type of feed

to distribute power to the individual applicators, indicated

that significant coupling between elements still occurs via the

radiating apertures.

In the present work, the coupling between the waveguide

applicators of a phased array hyperthermia system radiating

into a three-layered cylindrical body model of circular cross

section is treated semianalytically. The motivation of pursuing

this work is the practical use of phased array systems using

waveguide applicators in hyperthermia. Radiation from flanged

rectangular open-aperture waveguides into a stratified medium

has been analyzed by several authors [18]-[20]. The absorbed

power distribution from multiple waveguide applicators has

been treated in a two-dimensional problem [20] by employing

a numerical solution of the coupled integral equations based

on the method of moments, without taking into account

coupling phenomena between applicators. The necessity of

more complete knowledge of the SAR distribution for optimal

control and pretreatment planning in crder to use the phased

array systems effectively, provided the rationale for analyzing

in detail the behavior of these systems by taking into account

the modification of each aperture field resulting from the other

radiating elements of the system. The fact that the exact

mechanism of interaction between system elements is im-

portant wheu designing and operating a rnultiport microwave

device, such as a phased array hyperthermia system, was also
one of the reasons for treating this boundary vatue problem

theoretically.

In this paper, coupling phenomena occurred in a phased

array hyperthermia system using four water-loaded rectangular
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aperture 5.8 x 2.9cm2 waveguide applicators, arestudied, by

using the scattering matrix notation. The excitation (phase and

amplitude) of each applicator can be controlled independently

and the four element phased array hyperthermia system can be

described as a four port electromagnetic device. Therefore the

scattering matrix is a 4 x 4 matrix with complex elements

S~j (i = 1,2,3,4; j = 1,2, 3,4), which will be referred

to as the E matrix. Furthermore, the use of four waveguide

applicators with larger aperture (15 x 10 cm2) is investigated

and the scattering parameters at the operation range of this

system are computed.

In the following analysis an exp(+jwt) time dependence is

assumed for the field quantities and it is suppressed throughout

the analysis.

II. FORMULATION OF THE BOUNDARY VALUE PROBLEM

The phased array hyperthermia system examined in this

paper consists of four identical rectangular waveguide appli-

cators. The geometry of the radiating system looking into a

three layered cylindrical body model of circular cross section

is shown in Fig. 1. The three layers correspond to skin, fat, and

muscle tissues. The electromagnetic properties of the layers are

denoted with the corresponding relative complex permittivities

cl, ez, es and relative magnetic permeabilities U1, K2 and #3

although in practice in tissue media LLl = P2 = p3 = 1. The

free-space wavenumber is kO = w-, where EO and PO

are the free-space permittivity and permeability, respectively.

The applicators are filled with a dielectric material of relative

permittivity SW and relative permeability #W and have an

aperture size of a x b (b < a). It is assumed that apertures are

not completely planar and placed at body’s periphery with the

large dimension at the transverse direction circulating around

the cylindrical body’s surface and the small dimension parallel

to the cylindrical body’s axis. Thus the entire aperture of

each applicator is assumed to be in direct contact with the

body’s surface. Radiating apertures are separated by perfectly

conducting flanges. By considering a global cylindrical polar

coordinate system p, q, z the position vector of the MI applica-
tor’s aperture center is expressed Iol = P3~ + POI@+ (~/2)~,

1 = 1,2,3,4.

A. Electromagnetic Fields Inside the Tissue Layers

The solution of the wave equation

(v x v x -k;siLLi)E,(z) = o (1)

in cylindrical polar coordinates, inside the three regions i =

1,2,3 is expressed in terms of cylindrical vector wave func-

tions [21]. Thus

+ Ld@(z, k) + 4mM:~k(E>h)

+ LJL%(Gh)) (2)

Y, /

1,

->X

Fig. 1. Three-layered cylindrical body model of circular cross section irra-
diated by four rectangulm waveguide hyperthermia applicators.

where

Iq = ko/G and

a b aim,bimtmy am> are unknown coefficients to be deter-

mined.
The cylindrical vector wave functions ~$~~ (z, ki), &$~~

(c, ki) are given by the following equations

. jmwemzzg)(CYi,P)) (3a)J&)~(L ki) = V x (.ze

1
N$~k (1, ki) = ~ V x &&~&ki), q = 1,2 (3b)

where the p, p and z cylindrical polar coordinates are shown

in Fig. 1

@ = (~~ – ~2)V2 (4)

and Z~) (aip) is the solution of Bessel’s equation

i+(’’z$~?p))+(a’-$)z‘5)
being Bessel’s or Neuman’s function for q = 1 or 2, respec-

tively, thus

Z(l) (aip) = Jm(a~p) and ZE)(CW) = Y~(cw). (6)

The corresponding magnetic field inside the ith layer can be

computed easily by employing the Maxwell-Faraday equation,

leading to the expression

with i = 1,2,3.
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Inside the i = 2 and 3 (skin and fat) layers, respectively,

both Jm(a~p) and Y~ (cup) solutions are encountered in

contrast to the i = 1 (muscle) layer, where it is required that

–b’ –Oaim — ~m — (8)

subject to the condition that electric field must be of finite

value, when p ~ O.

On satisfying the continuity of the tangential (p and z)

electric and magnetic field components on the p = PI (muscle-

fat) and p = pz (fat-skin) interfaces, a system of two equations

is obtained on each interface for p and z components in-

dependently. Then by eliminating the alm (blm) coefficient,

the amplitudes a!jn, b~m in (2) can be expressed in terms of
the amplitudes a2m, bzm. At the end of this procedure the

following relation is obtained

where

are tangential vector coefficients, and

(
–1

R = ‘Ll(f-w) p) _ k -(1) ~(l)
—2m

Ym(a2p) –2m ~~lm (—lm) ‘lX
)

(h -(1)~(l) )
–1

x -#lm (L) -14 – & atp=pl

(10)

(
8z~)(ff, p)/@ _TnJc

D!qk; p)= Z$) (a$p) k,p
—Zm 2

0 >
k. )

(

—I& — azg)(atp)/op
k%p

T(q) (k; p) = ~ Z$,$)(atp)
—am

k. o )

(11)

(12)

where z = 1,2 and 2$) (atp) are given by (6) with q = 1,2.

In the same manner by imposing the boundary conditions on

the p = PZ skin-fat layers’ interface and then eliminating the

Cjm, C2m vector coefficients, the following relation is obtained
between the Gjm, Cam tangential vectors

& = &Qm (13)

(
–1

Jm(~3P) Z(Z: _ &G ~ D(2)

am = Ym(cr3p)
~. –2m–2m–3m

)

(
–1

x – m+:G2.E2.DH) at p = p2 (14)

where ~~~, ~~~ are obtained by setting i = 3 in (11) and
(12), respectively, and

~2m(k; p) = & +
En(fwP) ~y~~2m

J7n(cwp)–

[

ym(@2P) D(2) ~
~2m(k; p) = Q;J +

Jm(cwp) –Zm–zm 1
(15)

1

(16)

Substituting (13) into (2) for i = 3, the electric field inside the

skin layer is obtained in the following form

%(~)=~:dJ5m
(ewfe~k”Jm@3p)~(m, k; P)!23n)

n-1.-cc
(17)

with pz < p < p3, the subscript t denoting the tangential

character of the electric field and

B. Electromagnetic Fields Inside the Waveguide Applicators

The normal modes satisfying the boundary conditions on the

sidewalls of the rectangular waveguide are well known [22]. In

order to achieve in practice a stable operation of the waveguide

applicator and a good match to a plDwer generator, it is

desirable to have only a single propagating mode. This means

that only the TEIO mode cutoff frequency must be less than the

operating frequency, while an infinite number of evanescent

modes are present only near the discontinuity regions, such as

the open apertures of the rectangular waveguides (see Fig. 1).

Therefore the fields inside each waveguide can be described

as the superposition of the incident TE1(o mode and an infinite

number of all the reflected modes. Following the notation of

[22], the transverse electric field inside the lth waveguide

applicator (1 = 1, 2,3,4) can be written, with respect to the

local cartesian coordinates system al, ye, ZP (see Fig. 1), as

follows

(19)

where the subscript t is used to denote the transverse field

components, Al,1 is the complex amplitude of the excited TEIO

mode in the lthe waveguide, Aj,n and l?~ ~ are the complex

amplitudes of the reflected transverse ellect~c fields of the nth

TE and nth TM modes, respectively, in the M waveguide

and Tn, & are propagation constants of TE and TM modes,

respectively

2 1/2
7. = (&wku – %) (20a)

2 1/2
L = (k:&wpw – vn) . (20b)

The transverse g~~ and g$~ modal fields are [22]

~~~($~, g~) = (.21 X Ve,t@~)/’Un ~~~(~~, g~) = vE,t@n/wn

(21)

with Vet (8/dx12e + 8/dyeyt). The scalar functions ~. and
& satisfy the wave equations

(V2 +U:)+n = o (V2 +V:)q$n = o (22)

and the boundary conditions

8$./&ne = O @. = O (23)
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on the walls of the waveguide, with t?/dne being the normal

derivative.

The orthogonal properties of this representation [22] are

(25)

where 171is an arbitrary cross section of the Lth applicator and

6nP is Kronecker’s delta. The magnetic fields associated with

the g~~, and g$,~ fields can be written as follows [22]

‘u n
(26)

The magnetic field inside the ~th applicator can be derived by

applying Maxwell-Faraday equation to the expression (19) for

the corresponding electric field.

C. Integral Equation on the p = p3 Body’s Su~ace

In order to satisfy the continuity of the electric and magnetic

field components on the p = p3 contact surface between

cylindrical body model and radiating apertures, an unknown

electric field & (q, z) is defined. Then on the cylindrical

surface p = p3 it is required that

[

%t($l, !41,~1 = 0), in aperture rl
~~t(zz, y2, Zz = O), in aperture r2

E.(P, ~) = lZ~t(~3,1/3, 23 = 0), in aperture r3 (27)

~~,t (34, y4, .Z4 = O), in aperture r4

o, anywhere else

where the relations between the coordinates xe, y! with re-

spect to the lth applicator’s corner attached local cartesian

coordinates system and the coordinates ~, z with respect to

the global cylindrical polar coordinates system are given by

the following equations

Zl = P3($90/ + a/(2P3) – P), w = z with I = 1,2,3,4.
(28)

The unknown aperture field must also satisfy the following

relation

E.(w) = E3,t(P = P3, P>~). (29)

Note that ~3)t and &~ (f = 1,2,3,4) fields have already
been expressed in (17) and (19) respectively in terms of un-
known coefficients G3~ and Aj,n, Bj,n (/= 1,2,3,4). These

coefficients can be expressed in terms of the aperture function

l& (p, z) which is also an unknown quantity, Considering (27)

and (29), by employing the orthogonal properties given in (24)

and (25) for the transverse e,~,~ and g$,~ modal fields, the

following expressions are obtained

1 1
(L(m, k; P3))-’G3m(rk) = (Zm)z Jm(c23f13)

277 +Cc

x
H

dp dz e–~mWe-~k’17a (p, z) (30)
o —co

The final step in obtaining the system of integral equations,

is to satisfy the continuity of the tangential magnetic fields

on the p = p3 surface. By substituting (30), (31), and (32)

into this boundary condition, the following system of coupled

integral equations is obtained

where

(33)

(34)

is the incident TEIO mode transverse magnetic field on the

aperture of the lth waveguide applicator, and the kernel

matrices l?<~ (~, z/@, z’), q = 1, ..., 4// = 1, ..., 4 indicate

the effect of coupling from the qth aperture (p’, z’) E 17~to the

Lth aperture (p, z) G 17t. The above set of integral equations

can be modified in terms of local cartesian coordinates z, y

with respect to the hh aperture’s corner attached local carte-

sian coordinates system (zf, ye, Ze) and z’, y’ with respect to

the qth aperture’s corner attached local cartesian coordinates

system (xg, y~, z~) by using (28). Thus the system of integral

equations (33) can be expressed in the following form

1 = 1,2,3,4 (35)

where the kernel matrix functions & (z, y/x’, y’) are given

in the Appendix.

III. SOLUTION OF THE COUPLED INTEGRAL EQUATIONS

In order to determine the electric field distribution on the

waveguide apertures and then the scattering parameters of

the system (i.e., the self reflected TEIO mode amplitude on

the excited aperture, and the coupled TEIO amplitudes to the

other three apertures), the system of integral equations (35)
was solved. To this end a Galerkin’s technique was adopted

by expanding the unknown transverse electric field on each

aperture ~g,. into waveguide normal modes. Therefore, with

respect to the qth (q = 1,2,3,4) aperture’s corner attached

local cartesian coordinate system, the electric field on the same

aperture is expressed in the following form

By substituting (36) into the system of coupled integral (35),

taking the inner products of both sides of each equation

(1= 1,2,3,4) withh~ and h~,$~, the magnetic vectors of the
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TE and TM modes of the lth waveguide, and then integrating

over the Lth waveguide aperture rl, the system of integral

equations (35) is converted into an infinite system of linear

equations of the following type as in (37) shown at the bottom

of the page, where

In computing the numerical values of the matrix elements

K% ~E, Kfl-EM,K%,MEand lY~m,M~, the expression for the

~g’ matri~es’ given-in’ the Appendix is employed. In the self

waveguide matrices l?tg (1 = q), diagonal matrix elements

(n = p) are obtained due to waveguide mode contributions

to these matrices. The stratified layer contribution to Kta

matrices is expressed through the Fourier transformations of

hTE hTM hTE hTM on the applicators apertures, which are—p.t ?—pt >—n,t >_n,t
computed easily. Then the infinite summation with respect to

m is computed by truncating as high as m - 20 and the

infinite inverse Fourier integral transformation, obtained then,

is computed by applying a Gauss rule integration algorithm.

A sufficient number of integration points are taken to ensure

accuracy. Furthermore the bounds of the integral are truncated

as high as k - 30ko to attain good convergence.

By solving the system of linear (37), the expansion coeffi-

cients gq,n and fq,~ of the field on each waveguide aperture

(q = 1,2,3,4) are computed and then the scattering matrix
coefficients can be easily obtained.

IV. NUMERICAL ILESULTS AND DISCUSSION

The effects of coupling between elements of a multi-

applicator hyperthermia system are significant in designing and

operating this type of systems. In principle, the matching of

applicators to independent sources of the same frequency with

phase control is a part of an optimization strategy to achieve

a desired SAR distribution inside the medium to be heated. In

case of using isolators prior to each radiating element, still

the coupling phenomena between applicators are important

because of the modification of aperture fields through the

TABLE I

TISS~ ELECTRICAL PARAMETERSAT 37° C

Dielectric constant Conductivity (Slm)
—

Frequency (MHz) 100 433 915 100 433 915
—

skin 69 47 45 062 0.84 097

fat 15 15 15 022 026 0,35

muscle 715 57 554 083 112 145

coupling phenomena. The effect of coupling is expressed by

using the scattering matrix notation involving self reflection

and mutual coupling coefficients.

The coupling coefficients between elements may be readily

computed by exciting one element and computing the am-

plitude and phase of the TEIO mode coefficients coupled to

the other waveguide applicators (mutual coupling coefficients)

and the coefficient of the reflected TE LOmode on the same

aperture (self reflection coefficient). The ratio of the induced

TEIO mode coefficient at lth element (/ = 1,2,3,4) to the

excitation TE1o coefficient at qth element (q = 1,2,3, 4) gives

the amplitude and the phase of the coupling coefficient SLq.
By using the analysis presented in the previous sections,

the performance of a four element phased array hyperthermia

system has been studied. In order to analyze the strength

of the coupling phenomena, the ratios between the mutual

coupling to self reflection coefficients are calculated at the

operation range for various applicator sizes and settings. Two

types of applicators are considered with aperture sizes of

5.8 x 2.9 cm2 and 15 x 10 cm 2. The first applicator is

loaded with water (Ew = 80) while the relative permittivity

of the loading material of the second applicator is SW =

30. The numerical values of tissue complex permittivities

used in the calculations are defined ai the operation range

(1.1 f. – 1.8fo, f. being the cutoff frequency of the TEIO

mode), by using the data compiled from the relevant literature

[23], which are shown in Table I.

The small aperture applicators are considered to be placed

symmetrically at the periphery of a three-layered cylindrical

body with circular cross section 11 cm in diameter and with

thicknesses of skin and fat layers p3 – P2 = 0.5 cm, PZ– PI =

1,0 cm, respectively, (Fig. 2(a)).

In order to check the developed numerical code, several

trials have been performed. In the first place the convergence

91,n

fl,n
92,n

f2,rr

93,n

f3,rl

94, n

f4,71

----

()2A1,1 ~

o

()
2Az,l ~

o

()
2As,1 fi

ul
o

()
2A4,1 *

o )(37)
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(b)

Fig. 2, (a) Four rectangular aperture (5.8 x 2.9 cmz ) waveguide applicators
placed symmetrically at the periphery of a cylindrical body model of circular
cross section, 11 cm in diameter. (b) The ratios in dB of the mutual coupling
coefficients SZ 1 = S4 ~ (between neighboring applicators) and S3 ~ (between

opposite applicators) to self reflection coefficient (Sl ~), at the operation range
of the system.

and stability of the solution are examined by increasing the

number of modes included in the aperture electric fields (36).

On each applicator aperture a subset of modes are excited.

In Table H, convergence patterns are presented in terms of

the self reflection coefficient (S1l) and the mutual coupling

coefficients with neighboring (S21 = S31) and opposite (S41 )

applicators, by increasing the number of modes appearing on

the excited aperture (1). The remaining parameters of the

scattering matrix can be easily obtained by making use of

symmetry. Furthermore, the continuity of the tangential fields

at the p = pl and p = p2 interface planes has been checked

and verified numerically.

In Fig. 2(b), the ratio lSzl /S1l I for i? = 2,3,4 is presented

in dB for the symmetric configuration of Fig. 2(a), while in

Fig. 3(b) the same ratios are presented for the configuration

shown in Fig. 3(a). In both settings, the coupling between

neighboring applicators is stronger compared to distant ap-

plicators. In nonsymmetric applicator setting (Fig. 3) strong

coupling phenomena (–2.8 dB) are observed at the low

frequency edge of the operation bandwidth (low edge =

1. If., f. being the cutoff frequency of the TEIO mode).

In Fig. 3(c) the ratio \S~Z/S22 I for / = 1,3,4 is presented

in dB for the nonsymmetric setting. For / = 1, it is observed

that the coupling coefficient S12 between receiving (1) and

transmitting (2) applicators is similar when applicator (1) is

excited and applicator (2) is the receiving applicator (cou-

pling coefficient Szl (see Fig. 3(b)) as it was expected from

reciprocity’s principle. Slight differences between IS21/S11 I

and IS12/S22 I shown in Fig. 3(b) and (c), respectively, are

due to the difference between the self reflection coefficients

Sll and S22. The remaining elements of the scattering matrix

of the system can be obtained from the coupling coefficients

presented in Fig. 3(b) and (c), by making use of the symmetry.

Then, the effect of the target dimensions on the coupling

parameters is investigated, by considering a three-layered

cylindrical tissue model, 13 cm in diameter (Fig. 4(a)), with

skin and fat thicknesses as in the case of Fig. 2(a). The small

aperture applicators are assumed to be placed symmetrically

at its periphery and the coupling parameters are presented in

Fig. 4(b), in the same manner as in Fig. 2(b). The increase in

the target dimensions leads into a decrease of the order of 2 dB

in the coupling parameters for the entire frequency range. The

coupling between opposite applicators still remains weaker

compared to neighboring applicators, becoming comparable

with the latter at the high frequency edge of the operation

bandwidth (high edge = 1.8.fo, ~. being the cutoff frequency

of the TEIO mode) and at 335–340 MHz, where a weak

resonance phenomenon is observed. At this frequency, power

seems to be transmitted to the opposite applicator, resulting

in a decrease in the coupling between neighboring applicators

and an increase in the coupling between opposite applicators.

Coupling phenomena between large aperture applicators

have been also studied as shown in Fig. 5. The waveguide

apertures are considered to be symmetrically placed at the

periphery of a cylindrical body of circular cross section, 20 cm

in diameter. The irradiated body consists of three layers (skin-

fat-muscle) with skin and fat thicknesses of 0.5 cm and 1.0

cm, respectively, Phasing phenomena are observed on the fine
structure of IStq I scattering parameters, The coupling phenom-

ena between applicators are significantly small compared to

small aperture applicators. At high frequencies the coupling

between neighboring applicators is of the order of –20 dB

while the coupling between the opposite elements is almost

independent of frequency (— 14 dB). This type of behavior is

explained by considering the prevalence of propagation modes

of transfer at high frequencies.

Considering the above presented numerical results, it is

clear that the magnitude of the coupling is influenced by the

frequency and the distance between the elements of the array.
Furthermore, the effects of coupling may be significantly
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.......- ... .

TABLE II
CONVERGENCEFORTHE SELF REFLECTION COEFFICIENTS11 = AI, ~ (SBE (19)) AND MUTUAL COUPLING

COEFFICIENTSWITH NEIGHBORINGAPPLICATORSS21 = A!, ~ = S41 = AL, ~ AND OPPosm APPLICATOR

S3I = A: ~ FORTHE CONFIGURATIONOF FIG. 2(a) AT 433 Mhz, BY INCREASINGTHE APERTUW MODE NUMBER

Modes appearing on the s,, s~,=s~, s~,

excited aperture (1)

TEIO 0.4386 Z23.3° 0.0223 ,L144.1° 0.01525117.6°

TEIO TE12 0.415 Z20.5° 0.0215 .L141,7° 0.0149 Z15.6°

TM12

TEIO TE12 TE30 TEqj 0.412 Z20° 0.0217,4141,7° 0.0150zls”

TMIZ TM3Z

(Ij

(a)

-14

-16

x
->

-2

-4
s
v
d’ -6
rO-
N-
~ -8

-14

-16~ii~ 1 I ,-+-4
320 340 360 360 400 420 440 460 480 500 520

Frequency (Mt+z)

320 340 360 380 400 420 440 46o 480 500 520

Frequency (MHz)

(c)

(b)

Fig. 3. (a) Nonsymmetric configuration for the waveguide applicators and the body model of Fig. 2(a). (b) The ratios, in dll, of the mutual coupling
coefficients S41 (1 = 2,3,4) to self reflection coefficient (S11 ) of applicator (l), at the operation range of the system. (c) The ratios, in dB, of the mutnal
coupling coefficients Sez (1 = 1, 3, 4) to self reflection coefficient ( S2 z ) of applicator (2), at the operation range of the system.
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Fig.5. (a) Fonrlarge aperture (15x 10cm2)waveguide applicators placed
symmetrically at the periphery of a three layered cylindrical body model of
cimularc rosssection. (b) Theratios, indB, of themutual coupling coefficients

(between neighboring (SZL = S’41) and opposite (S31) applicators) to the
self reflection coefficient (SII), at the operation range of the system.

(b)

Fig.4. (a) Fourrectangular aperture (5.8 x 2.9cm2) waveguide applicators
placed symmetrically at the periphery of a cylindrical body model of circular
cross section, 13 cm in diameter. (b) TheratiosindB of the mutual coupling
coefficients S21 = S41 (between neighboring applicators) and Sal (between

opposite applicators) tO self reflection coefficient (S11 ), at the operation range
of the system.

[7] and the analysis presented in this paper is being employed

to compute and optimize the power patterns inside tissues.

The developed optimization algorithm will be presented else-

where.

It is important to emphasize that in the presented numerical

results all boundary conditions are satisfied on the interfaces

between tissue layers (exactly) and on the waveguide apertures

(approximately in a point matching sense). Considering also

the fact that the field expressions satisfy Maxwell’s equations,

it is concluded that the presented results are self-consistent and

accurate within the framework of the approximate solution of

the system of integral equations (33).

strong that the impedance of the elements in the array can

be drastically altered, In order to achieve in practice a stable

operation of each waveguide applicator and a good match

to a power generator, the strength of the coupling appearing

between the applicators of the system must be estimated. In

addition, the modification of the field distribution at each

aperture, caused by the other applicators is of great interest

in hyperthermia applications, since the field on each aperture

must be known with high precision in order to achieve a

desired power distribution inside the body. A four applicator-

element phased array hyperthermia system has been developed
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V. CONCLUSION

A semianalytical solution has been presented for the power

coupling between the waveguide applicators of a phased array

hyperthermia system radiating into a three-layered cylindrical

tissue model of circular cross section. Scattering parameters

indicating the effect of coupling via the radiating apertures of

a four element phased array hyperthermia system have been

computed for two alternative practical waveguide applicators

of 5.8 x 2.9 cm2 and 15 x 10 cm2 aperture size. These

results are useful in designing and operating phased array

hyperthermia systems and in estimating and optimizing the

deposited power distribution inside tissues.

APPENDIX

A. Kernel Matrix Functions I& (x, y/x’, y’)

&(T Y/x’, Y’) = ~:d~5 ( ‘)~jrn(woz-poq)e~~ —:+%
In. -cc

~ ~m(v-v’)~(m, k) – (&$(x, y/x’, Y’)

(l=l,2,3,4; q=l,2,3,4) (Al)

where

lv(?n,k) = &J;3p3z(m,k; p~)(gm, k; p~))-1

(A2)

where

L’(m, k; P3) = Tfi(k; P3) +
Ym(o!3P3) @) (~; ~3))-lE3m

Jm(a3f13) –3m

(A3)

gqy/x’,yt) = ~ { (-&)h::.&
rl=l

‘R?)’=} ‘A”
and

[1]

[2]

[3]

[4]

[5]

ti~~ is the Kronecker’s delta.
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