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Abstract—This paper presents field source-modeling, for appli-
cations to hyperthermia, by utilizing experimental data from the
paraxial region of a liquid muscle-like phantom irradiated by an
aperture antenna. The data are used in an optimization algorithm,
applied to a Gaussian beam model (GBM), to determine the source
parameters for GBM-computations of specific absorption rates ev-
erywhere, accurate to within 1% (relative to the global maximum)
of the experimental results. This paper also shows how the aper-
ture and incident fields may be determined accurately by the GBM
and links them to the electric-field integral equation (EFIE), as an
example, to improve the accuracy of numerical computations of
the electric or magnetic fields associated with the EFIE, the mag-
netic-field integral equation, or any other field formulations. It is
further demonstrated that models of plane waves, or approximate
source fields, predict power levels with significant, unacceptable
errors. Finally, it is concluded that the GBM is a viable tool for
characterizing aperture antennas used in hyperthermia for cancer
therapy.

|I. INTRODUCTION

HERE ARE several types of electromagnetic radiating a

tennas used for localized or regional hyperthermic tree
ment of tumors. These are based on waveguiding structur
operating at a frequency in the range 100-2000 MHz. Exal
ples are horn antennas consisting of hollow, open-ended wav
uides with rectangular or circular cross sections or microstr
antennas which are patches or spirals. These may be usec
dividually or as phased arrays for superficial or deep hype
thermia, but their performance must be ascertained by appli
tion of three-dimensinal (3-D) numerical models to #tectric
field integral-equatio{EFIE), themagnetic field integral-equa-
tion (MFIE), etc., to simulate SAR in a tumor. Improvement o
SAR simulations is possible if the field sources are modeled ¢
curately. To this end, this paper presents accurate source m
eling by use of the Gaussian beam model (GBM) [1].
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o = 1.2 S/m,s,. = 56 at 450 MHz).
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where - 55mm____,

[G] dyadic Green’s function matrix;

[E] total electric field matrix; ﬂmn]<—RF

[E*] matrix of the incident field, derived from a known aper-
ture field, E(+”).

Conventionally, if the problem is sufficiently known, the aper- 125 mm
ture field is modeled byHuygens’ sourcesn free space for
plane waves [3]. In hyperthermia, however, RF sources that do x
not necessarily engender plane waves are used [4]. Besides, the
aperture field changes due to irregularities (water-bolus, etc.) in
the vicinity of the lossy body (target), making it difficult to de-

z

fine the problem. )
In an effort to improve source-field modeling, some analyt- \\—%\Water Bolus
ical methods for focused power were published [5]-[8] and ver- <« W0mm———>

ified experimentally [9], [10]. A method based on Gaussian (@)
beams to model the field sources accurately is presented in this

paper. After all, Gaussian beams have been used in lossles RF
media as models of local electromagnetic fields in the design
of microwave systems [11]-[16]. Also, superposition Gaussian

beams have been used for modeling transient ultrasonic wave l é y
[17], source fields [18], and in the identification of parametric
23 mm .4
59

wave propagation models for ultrasonic transmission experi- I-F/
ments [19]. ~~Teflon 2

In general, however, Gaussian beams cannot be used to modt
fields from an aperture antenna because the aperture field dis (b)
tributions are not Gaussian; but investigations have shown that
when the aperture is close to a lossy medium its field distribbg. 2. Schematics of (a) SMA (ltalian Company) multifrequency
tion is fairly smooth in the lossy medium and is well representethter-loaded waveguide applicator with a circular aperture and (b) current
by a IocaI.G_au§sian curvg, in amplitude and .ph-ase [10], [2 (é?tturaep?cil::ieﬁgarrf;%gﬁze:pcﬁr?;lye microwave aperture antenna with a teflon
Thus the limitations found in free space are eliminated because

the high spatial frequencies are damped out, leaving a smooth

curve. This is the GBM wherer = a; + jas andb = b; + 7ba
are arbitrary complex source parameters in the principal
Il. THE GBM AND THE EFIE andH-pIaqes, respectivelyu(, as, b1, andb, are real spatial
_ values), withE, a constant. The source parameters may vary
A. GBM Formulation slightly with frequency but are unique for each aperture antenna.

The field sources may be modeled by the fundamentdlhena andb are large, a plane wave ensues. However, finite
astigmatic Gaussian beam, outlined below for a homwalues ofa andb result in the proper transverse and axial de-
geneous medium of infinite size [1], [10]. Neglectingcays. Literature on Gaussian beams in lossy media reveals how

polarization effects, we pull out the dominant axial terrthe complex sources define the waist for a focused system, the

Ulz,y,z) = U(z,y,z)e** from the wave equation evolution of the waist, etc. [20].
(V2 + EHU(z,y, z) = 0. The differential equation for This paper uses (2) by fitting experimental data and then
U(z, y, #), a slowly varying function, is letting the Gaussian beam describe the field everywhere else.
When the beam meets a curved interface at normal incidence to
PV HU 2"/@8\1/ v 0 a different medium, its parameters change in a simple way [1],
Fre G2 e, T e T [10], [16]. Plane wave reflection and transmission coefficients

are used for the evaluation of amplitudes at interfaces of dif-
wherek = w(pue’)'/? = 8 — ja is the wave propagation con-ferent media.
stant, with3 and « the respective phase and attenuation con-
stants. Invoking the usual high-frequency asymptotic appro: Application of the GBM
mation, where the second-order axial derivative is negligible, In atreatment planning setup, a water-bolus is placed between

we atta|r_1th§ parabolic equatl_on. The following r-;\st|gmat.|c be e aperture antenna and the body (muscle) for matching and
expression is an exact solution to the parabolic equation [1

oling. The entire system must be modeled by measuring the

[11]: aperture and incident fields in the liquid muscle-like phantom
Ege—ike in Fig. 1(b). Any other method which precludes the fields in the
E(z,y, 2) = —7—7—>> aperture—bolus—air—-muscle interfaces is apt to err.
(z —a)(z = b) 1) The Geometrical (GEO_GBM) MethodPrerequisites

. el(=ika®)/(2(z=a))] [(=ikv*)/(==b)]  (2)  for GBM application are field amplitude and phase measure-
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» The measured phase and amplitude of a field must be sym-

45°

(@) metrical and well defined.
PV Sasanan oS . .. .
0°- kol Ex » Measurements of both phase (unlike the optimization
)(.xx "‘x,x method) and amplitude are required.
o 451 % ‘X'X 2) The Optimization (OPT_GBM) MethodEquation (4)
= K iy represents the normalized powg¥*™, derived from (2)
=9 _90° ¥
1350 =e=X=r=| SMA_wave poum _ ro*QOéZ ef(%y, z) E (4)
o= 0 =90° “~p —| CSA_wave (q% + q%) D
-180° x=z=0 ———| Plane wave
-50 0 50 where, from (3)
y (mm)
fos g, 2) = {—aﬁa(z —a1)+ax  —vra(z — b))+ b3
1.00- (b) SMA_wave o 2(;: - a1)2 + CL% 2(;5 - b1)2 + b%
. CSA_wave q1 = (Z - al)(z - bl) — asby
'Qg) | Quasi-Plane wave qs = CLQ(Z - bl) + bQ(Z - al)
%OJS_ and
< Qo = /(af + a3)
E 0.501 2=z
0.25 wherez, is a constant [Fig. 1(b)].
’ From (4) the Jacobian matrix ™" a function of the com-
-50 plex source parameters, is
ON NaD
Fig. 3. Principal E-plane experimental (SMA_wave & CSA_wave) and oprum dv; - dv;
theoretical (plane- and quasi-plane-waves) results of (a) field phase and (b) o, = D2 (5)

relative field amplitude, closez{ = 1.0 cm) to the apertures:(= 0 cm,
reference) ap = 90° in Fig. 1(b), at 400 MHz for the SMA and for the plane- .
and quasi-plane waves and at 450 MHz for the CSA. with u; the only unknown, real variablés;, as, b1, b2). EQua-

tion (5) is utilized in aleast-square-error optimization algo-
ments in the principall- and H-planes. These are obtainecIIthm [22]. Measured data of normalized pow#, at various

i Oparaxial points(z, v, z) together with an initial guess of the
from two orthogonal linear scans close to the aperture hofn : ) o .
I ; parametric values are used in thptimization algorithmThe
antenna, shown in Fig. 1(b). The half-power-widthg and computed optimal source parameters are consistent with the nu-
y1/2) and the radii of phase frontd? and i,) are derived P P b

i num _ pnum||2
from the data and used in (3) to compute the source parame%'resrICaIIy computed powefP™™** such thaf| Py — P ”. — 0. .
. ince there are only four parameters to be determined, a min-
[1], [10], viz. . i
imum of four data measurements are required.
 (Buy — avy) — § oy + fug) Th|s is a new, faster, and more accurate mgthod than the geo-
a = metrical method. Its advantages include: 1) field measurements

u2 + v2 ; ) . o
and of amplitude or power only; 2) rapid parametric optimization;
. (Buy — avy) — j (ouy + Puy) @) and 3) application to more complex radiating antennas.
ug + vl

C. GBM Relevance to the EFIE

where The EFIE (used as an example) is linked to the GBM through
the incident field&*(r) in Fig. 1(a), which is a reference frame

Uy = R_ﬁ’ y = R_ﬁ’ Up = ;:21—2 for a horn antenna irradiating an arbitrary 3-D lossy, inhomo-
* Y 1/2 geneous biological body of volumg surrounded by an un-
and bounded, homogeneous medium (e.g., air: permittisitye,
v, = h21_2 F/m, permeability= 1o H/m and conductivity= 0). )
Y12 1) EFIE Formulation: In Fig. 1(a) the incident fieldE*(r)

) ) ] gives rise to the scattered fieli*(r), in the body, inducing a
The derived parameters are used in (2) to simulate the ap@rrentJ(r) = (r)E(r), wherer(r) = o(r) + jw(e(r) —
ture field and power distributions everywhere else. This methady ang the total fieldE(r) = E*(r) + E*(r). The scattered
works well [1], [10], [21], but the following disadvantages argapsorbed) field is expressed as [2]
apparent.
* x1/2, Y12, B and R, are approximated by a cumber-
some, trial-and-error procedure.

J(r)
2jweq

E(r) = A I)SGlr. o)AV (6)
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Fig. 4. SMA experimental [Expt_y(E-Plane)] and simulated (GEO_GBM & OPT28_GBM) results at 400 MHz in the priBefgahe in Fig. 1(b) at: (a)
¢ = 90°: (i) relative power, (ii) error (ref. global max.) and (iii) effective field size (EFS) % local error ana (&)45°.

Where@(r, ') is Green’s dyadic function where
- N YV e ikelr—r']|
N g - - i
G("" T ) = JWwWho |:I + ]%3 :| 47I'|’r‘ — ’r/| Ex(’,') . E}r(’!’)
and E(r)= | Ey(r)| E(r)=|E)r)|.  (7b)
E.(r) E(r)

ko = w+/LoEo-
Equation (6) is the basic EFIE for the total electric field inF€iNg @1 = @, #2 = y andzs = z with p, ¢ = 1, 2, 3, we

duced inside a biological body of volumé Using the expres- 0

sions above, it can easily be shown that
/ () | Gaya, (v, ¥)En, (7)) | dV
/ T(r’)E(r’)Ea’(r, ) dV' — [1 + —2352 } E(r)=— Ei(T) i =1 "
1% Jweo B T(”r i
2 i =m0 ®
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This is a linear operator to which theethod of moments
(MOM) is applied to obtain (1). Other numerical methods ma
be applied to the EFIE, or to other field formulations, but i
each case the field sources must be accurately modeled to ¢
a valid incident field.
2) Relevance of the GBMIf only E:(r) is excited in (7b),

Ei(r) = Ei(r) = 0 and in Fig. 1(a) the two-dimensional (2-D)
incident field is [23]

a(/i; G2 (ﬁv ﬁ/)Eac (y/7 Z/) dy/ dzl (9)

Bl ) =2 [

A

where Go(p, p') = —(j/H (kop) with H (kop) the
Hankel function of the second kind and zero order B]s the
surface area of thaperture p = (y, 2) is the tissue region,
o’ (¢/, 2') is aperture location, anfp — 5’| = p. The

0
validity of the incident field £ (y, ») depends on accurate

modeling of the aperture fiel®,.(3/, ') and on the correct
computation of (9).

In fact Ei(y, ») andE,(y/, ') are the 2-D versions of (2).
Thus the GBM is linked to the EFIE with accurate aperture ar
incident fields which can be computed at low CPU times [1
Moreover, the model copes very well with planar and curve
boundaries of inhomogeneous layered media (e.g. bolus, sl
muscle, and fat), and is applicable to phased arrays [1], [10].

I1l. M ETHODS RESULTS, AND DISCUSSION

A. Materials, Experimental Method, and Results
1) Materials: A liquid muscle-like phantom consisting of
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6.65 g/l of a saline solution in water contained in a 42 gm ) )
5. SMA experimental (Expt) and simulated (GEO_GBM and

46 crr_1 Plexiglas tank 38 cm dee.p.[Flg. 1(b)] Was “Seq I_n_ﬂggl'l'_GBM) results at 400 MHz in the princip&l- and H-planes atp = 0°
experiment [1], [10]. The conductivity and relative permittivityin Fig. 1(b): (a) relative power and (b) error referenced to the global maximum
of the phantom varied with frequency, saline concentration, afiity). [See Table I(A) for source parameters].

temperature [24].

A nonrectifying electric field probe was required to scan the
E-field in the phantom. Oriented parallel to the dominant lin-
early polarized electric field, the probe consisted of a balanced
dipole 10 mm long, 5 mm wide, formed by stripping a semirigid

TABLE |
SMA ESTIMATED PARAMETERS AND REL. POWER ERRORS

(A) ESTIMATED PARAMETRIC VALUES IN THE PRINCIPAL PLANES
[E-PLANE: a = a; + ja; (em); H-PLANE: b = b; + jb; (cm)]

microcoaxial cable 1.5 mm in diameter [25]. To reduce field ppav | mimar | opry, 6BM | 0PTy GBM | 0PTs GBM | GEO_GBM"
perturbations due to the metallic cable and errors from induced _tm (INI) | GEXPDATA) | (BEXP DATA) | (38EXPDATA) | (PH+AMPL)
currents, the rest of the coaxial cable was oriented orthogonal __2: -10000 | 16250 | -3.1032 | -2.8797 | -2.7066"
to the F-field vector ¢-direction). Also, the probe impedance a -L0000 | -44190 | -24184 | 37072 | -3.2681°
was matched to the liquid muscle medium. A network analyzer _ b -1.0000 | 37223 | 37146 | -38598 | -3.7391°
(Hewlett Packard Model 8754A), used to process the phase anc _ b, -1.0000 | 14055 | 58040 | -4.8411 | -4.6112°

amplitude of the signal from the field probe, provided the RF

S-g nal (B) EFS ABSOLUTE MAXIMAL RELATIVE POWER ERRORS
| .

(EXPERIMENT - SIMULATION)

2) Experimental MethodTwo types of radiating aper- SIMULATION | MAX. ERROR MAX. % ERROR | ACCURACY
ture antenna (applicator) were used in the experiments: 1) a M*™° [ 5 o ane | H-peane | B- prane | H-pane | COVENTS)
water-filled waveguide applicator [SMA (ltalian Company)]  opt,, GBM | 00103 | 00130 | 22% 2.5% GOOD
[4], shown in Fig. 2(a) and 2) a current sheet applicator (CSA) opr, GBM | 0.0180 | 0.0033 | 38% 0.6% GOOD
in Fig. 2(b), a new type of applicator [21], [26]—[28]. The  opr, GBM | 0.0105 | 00101 | 17% | 1.9% |VERYGoOD
spatial distributions of the electric field were determined inthe Ggo gem | 0.0220 | 00200 | 4.6% 3.8% GOOD

principal E- and H-planes of each applicator, at> z4 = 1.0

cm from the aperture, by scanning the field probe under
computer control through the liquid muscle-like phantom [1]. 3) Phase and Amplitude Result$hese are shown in
The measurements were processed in the network analyzerfigr. 3(a) together with a theoretical plane-wave phase, for
phase, relative field and power data. comparison. For the SMA applicator the phase varies by over
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—2.8797,a, = —3.7072,b; = —3.8598,b, = —4.8411 cm and (c) geometrical parameters (GEO_GBM}): = —2.7066, az = —3.2681, b,
—3.7391, b, = —4.6112 cm; (d) relative power error: (b)—(c). [Princip#-Plane in Fig. 1(b)].

TABLE I 0=0°
SMA ABSOLUTE MAXIMAL RELATIVE POWER ERRORS 1,004 @ x=y=0 Plane wave
(OPT.s_GBM—OTHER SIM_METHODS e Quasi-Plane wave
BORAE IR —o— CSA_Expt
SIMULATION | MAX. ERROR: (OPT,g_GBM - SIM ACCURACY o ., .
METHOD ¢ 2= ) {(COMMENTS) 53 ., =X SMA_Expt
E- PLANE (FIG. 6) | H-PLANE (NO FIG) Q? 0.50- ",
OPT(,_ GBM 0.0323 0.0428 FAIR =
OPTyy GBM 0.0259 0.0181 GOOD = 0.5
GEO_GBM 0.0142 0.0323 GOOD e Wy 2o
p N
0,00 T T T T
100° and by under 5 only (quasi-plane wave) for the CSA. 0 10 20Z (mm)30 40 >0
These phases differ considerably from the phase associated
with conventional modeling (plane waves). On the other hand, Lood (b) e=45 Plane wave
Fig. 3(b) shows that the amplitude variations are fairly similar ’ x=0 I ;
) Quasi-Plane wave
for the SMA and the CSA. *
0,754 = —o— CSA_Expt

==X-+= SMA_Expt

B. Studies of Experimental, Geometrical, and Optimization
Results

Rel. Power
o
()]
<

1) Geometrical  Studiesinvoking the  geometrical
(GEO_GBM) method, the source parametric values for 0,25
the SMA were determined at 400 MHz (= 1.09 S/m,

e, = 77.14) to bea; = —2.7066 cm, a; = —3.2681 cm, 0,00
by = —3.73391 cm, andby = —4.6112 cm [1]. Similarly, 0

the source parametric values for the CSA were determined at
450 MHz (@ = 1.2 S/m,e,. = 56) to bea; = —3.6492 cm, Fig. 7. Experimental (SMA_Expt at 400 MHz & CSA_Expt at 450 MHz)
ar = —9.3403 cm, b; = —0.4140 cm, andb, = —6.6189 cm and simulated (Plane wave and Quasi-plane wave at 400 MHz) results in the
[21]. Both sets of parametric values have been validated to gR/écipal £- and H-planes in Fig. 1(b) ab = 0°: (a) relative power and (b)

. . . . rror referenced to the global maximum (unity). [Simulation source parameters:
?-CCL_”ate simulation reSUItS_Compared W'th eXper'memal res &%si—plane wave set at¥ (OPT;s_GBM) values, and plane wave set at 100
in Fig. 4 for the SMA applicator and in [1], [10], [21], [25], x (OPT.s_GBM) values].
and [29].

2) Optimization StudiesFour (OPTy_ _GBM), eight were selected from 100 measurements in the prindipadnd

(OPTys_GBM) and 28 (OP3s_GBM) experimental values of H-planes and used in the GBM for parametric optimization.
normalizedE-field in the paraxial region of the SMA applicatorTable I1(A) shows the optimized parametric values, the initially
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Fig. 8. EFS simulations at 400 MHz for the SMA and Plane-wave and 450 MHz for the CSA. (a) CSA parameters:3.6492, a; = —9.3403, b, =
—0.4140, b, = —6.6189 cm, (b) SMA parametersi; = —2.8797,a, = —3.7072,b; = —3.8598, b, = —4.8411 cm and (c) plane-wave parameters:
100 x (OPT;5_GBM) values; (d) SMA vs Plane-wave absolute % error (ref. global max). [PringigRlane in Fig. 1(b)].

guessed values, and the GEO_GBM values. Finally, the para@PTos_ GBM and GEO_GBM over the best simulation method
eters were used in (2) for simulations which are compared wif@PT,s_ GBM) are shown in Table Il. From these results, it
experimental results in Figs. 4 and 5 and in Table I(B). is clear that the ORE_GBM and GEO_GBM are closer in
3) Comparison of ResultsCompared with the experimentalaccuracy to the ORE_GBM method than the ORI _GBM
(Expt) results in Fig. 4(a)-(i), the accuracy of the QRTGBM method.
simulations is within 1% referenced to the global maximum _ _
(unity) and 2% for the GEO_GBM simulations [see Fig. 4(afc: Comparison of SMA, CSA, Quasi-Plane, and Plane-Wave
(ii)]. Fig. 4(a)-(iii) depicts the local % error within the effec-Results
tive field size (EFS), defined in [30] as the area within the 50% Figs. 7 and 8 depict results that highlight serious errors
SAR at a depth of 10 mnx]; in Fig. 1(b)] from the surface of that would occur if the aperture field sources are not correctly
a plane, homogeneous, muscle-like phantom. Table I(B) shomisdeled. The plane wave results were computed for source
the EFS local % errors to be within: i) 2.5% (ORTGBM); ii) parameters set at 100 (OPT,s_ GBM parameters) and #
3.8% (OPTs_GBM); iii) 1.9% (OPTs_GBM); and iv) 4.6% (OPT,s_ GBM parameters) for the quasi-plane wave results
(GEO_GBM). These results must be taken in conjunction wifee Fig. 3(b)] for amplitude.
those in Fig. 5 when considering the adequacy of the parametn Fig. 7(a) the relative power in the muscle-like phantom is
ters. Fig. 4(b) shows the 2-D experimental and GBM-simulatethown forz > 0, x = y = 0 at¢ = 0°. Itis seen that the ex-
results of relative power at = 45°, in the principalE-plane, perimental results for the CSA (CSA_Expt) and the quasi-plane
where¢ is shown in Fig. 1(b). wave results are similar. This is because the phase of the aper-
In Fig. 5 the experimental results are compared with thare field of the CSA [see Fig. 3(a)] is quasi-plane. On the other
various simulations at deptfz > 0), within the dominant hand, the SMA deposits less power at deptt>(20 mm) than
paraxial regionip = 0° andx = y = 0. The apparent the CSA. This makes the CSA a preferred choice for superficial
errors between experimental and simulated results range 1-B9perthermia [29] with other applicators [31]-[33] whose EFS
compared to the global maximum (unity). The best results aaee superior to that of the SMA. The plane wave relative power
the OPTs_GBM simulations (error within 1%) and the worstat depth is up to twice that of the SMA and about 25% more
results are the ORI_GBM simulations (error within 3%). thanthe CSA value. Ab = 45° [Fig. 7(b)] the difference in the
On the other hand, both the ORT GBM and the GEO_GBM results at depth is worse by a factor of two, approximately.
simulations are similar (error within 2%). Fig. 8 shows 3-D OPT_GBM results embracing the paraxial
Fig. 6 shows relative (3-D) power in the principBlplane region for0 < z < 2 cm in the principalE-plane. Similar re-
(similar results, not shown, were observed for #eplane), sults have been observed (not shown) for the prindtbadlane.
computed by means of the initial (INI), optimized (ORY Fig. 8(a) shows the CSA results, Fig. 8(b) the SMA results, and
and geometrical (GEO) parameters. A plot of errors betweé€ig. 8(c) the plane wave results. In Fig. 8(d) the difference be-
the OPTLs_GBM and GEO_GBM results is also showntweenthe SMA and the plane wave results is observed to be sig-
Finally, the maximal relative power errors of ORTGBM, nificant (over 20%) at depth. This difference would be, at least,
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quadrupled for a four-applicator phased-array system used in

superficial or deep tumor hyperthermia. This is borne outin [10,

Ch. 4] where idealized sources (corresponding to plane waves§1]

deposit twice as much focused SAR (50%) as the SMA sources

(25%) in muscle, a difference of 100%. 2
IV. CONCLUSION

This paper has demonstrated how numerical modeling of field[3
sources for electromagnetic hyperthermia can be improved by4l
using an experimentally based model, the GBM. As an example,
the EFIE has been linked to the GBM through the aperture and
incident fields for numerical implementations using different al- [5]
gorithms. This link may apply to other field formulations such (6]
as the MFIE, etc.
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