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Analysis of Focusing of Pulsed Baseband Signals
Inside a Layered Tissue Medium

Konstantina S. NikitaMember, IEEEGeorgios D. Mitsis, and Nikolaos K. Uzunogl8enior Member, IEEE

Abstract—The derivation and application of a method designed totic analysis [5], [6], transform techniques [7], time-domain
to investigate the focusing properties of pulsed baseband signals ofintegral equation solvers [8] and the finite-difference time-do-
short pulsewidth (~1 ns) in biological tissue media are reported. main algorithm [9]-[11]. In [12]and [13], a Fourier-series-based
To this end, sources fed from TEM waveguides, concentrically . o ’ .
placed at the periphery of a three-layer cylindrical lossy model, methodology.|s presented and ut.|I|zed to S“,de thg d)_/namlcs of
are assumed. A Fourier-series-based methodok)gy’ appropriate ShOI’t trapEZOIda"y modulated microwave S|gna|s InSIde homO-
for a useful class of pulse train incident signals, is presented and geneous dispersive biological media from the point-of-view of
utilized to study the dynamics of pulse propagation inside the possible hazardous health effects. The Fourier-series approach
itlns;ggr:?ﬁgllgnv?/}tﬁrnetﬁ:eoﬁgsgfgcr)r?e%fiSr?wciz Z%‘Z?ra' component of the y;e|4s 3 good approximation for a single pulse when the period

yzed by applying an L . S
integral-equation technique and a Fourier-series representation is of th? pulse Fr??un IS 'afge_ compared with an |nd|V|d_uaI pulse
used in order to obtain the time dependence of the electromagnetic duration, avoiding the difficulties often encountered in the nu-
fields produced at any point within tissue due to the pulsed merical inversion of the Fourier integral representation due to
excitation of the array elements. Numerical results are computed the highly oscillating nature of the transform kernel [14]. Fur-
and presented at several points in a three-layer geometry, 20 €M o more, the analysis of the error properties of recent finite-dif-

in diameter, irradiated by an eight-element waveguide array. f based algorith f | tion i di -
Focusing at a specific point of interest within tissue is achieved erence-based algorithms 1or puise propagation in a dispersive

by properly adjusting the time delay of the signals injected to the Medium suggests that the computational mesh density required
individual applicators of the array. to represent precursor signals may become excessive for simu-
lations of realistic problems in two and three dimensions [15].

Almost all these works have been restricted to the propagation
of a pulsed electromagnetic plane wave in homogeneous disper-
. INTRODUCTION sive dielectric media and the main interest has been focused on

HE principle idea of using positive interference arisinge study of the associated precursor fields.

T from various near- or far-field sources to create focusing Recently, focusing properties of waves emitted frat,
of electromagnetic waves has extensively been employed durfg§tangular waveguides inside a layered lossy cylinder have
the past 50 years based on the use of continuous wave sigr@ff@.n investigated by using pulse modulated microwave signals
In this context, phased-array principles and optimization tecH6]- In this paper, an integral-equation technique in conjunc-
niques have been applied to develop hyperthermia systemsf{gp With a Galerkin's procedure are adopted to predict the
the treatment of malignant tumors [1]-[3]. The main limitation§'€dium response to time harmonic excitation of thE,,
of continuous wave concepts used to achieve focusing have b8€RY- The temporal dependence of the field produced at any
related to the excessive loss suffered by each wave radiated fig@int within tissue due to single compact incident pulses
each individual source and to the side effects created by @ydginating from the array elements is then obtained in the form
coupling phenomena between array source elements. Especi@iiign inverse Fourier integral. By employing a high-frequency
strong coupling phenomena are observed in case of near-fiflee GHz) carrier, the use of a large number of applicators,
applications where a concentric array of elements is used [4gompared to low-frequency systems, is enabled and focusing

The possibility of employing pulsed signals to improve fo@l @ point of interest within a biological tissue model is
cusing properties has been suggested by various researcf?éi@,eved by applying time coincidence and constructive phase
using as an additional system parameter the time delay betw#ggrference principles. In order to investigate the focusing
array signals. Although limited information is currently availProperties of pulsed baseband signals, sources fed from TEM
able on the behavior of propagation of pulsed signals with bad¢aveguides could be used. In this direction, the selection of a
band spectral content, the behavior arising from precursor pigéicture shown in Fig. 1 is a natural selection based on the use
nomena is expected to be useful in focusing electromagne®fcT EM waveguides meeting the above requirements. This is a
waves. problem of considerable practical importance due to the recent

The propagation of a single pulse inside dispersive dielect@glvances in electromagnetic source technology, which permit

media has received widespread treatment by the use of asyMi§-generation of high-peak-power electromagnetic pulse train
signals with rapid rise times and short pulse durations [17].

_ _ In this paper, the transmission of pulsed baseband signals
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used to simulate biological media (e.g., brain and bone tissues)
with the external layer simulating a lossless dielectric medium,
which is commonly used to prevent excessive heating of the
tissue surface. The dielectric properties of the layers are denoted
with the corresponding frequency-dependent relative complex
permittivitiess; (w), e2(w), £3(w). The magnetic properties of
regions 1-3 are assumed to be independent of frequency and
are defined agi; = w2 = w3 = wo, Which is appropriate
for the simulation of baseband pulse propagation in biological
media. The free-space wavenumbekis= w./€ofi0, Wheresq
andy are the free-space permittivity and permeability, respec-
tively. The applicators are filled with a dielectric material of rel-
et o P2 ative perm_ittivitye.w and.relative permeabillityu.) and have an
\ aperture size of circulating around the cylindrical body’s sur-
@) face while their infinite dimension is parallel to the cylindrical
body’s axis. It is assumed that the apertures are not completely
Eslls planar and are conforming to the cylindrical body’s surface. Ra-
diating apertures are separated by perfectly conducting flanges.

Fig. 1. Three-layer cylindrical model irradiated by a concentric array ofTEl\ﬁay considering a global cylindrical polar coordinate system
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waveguide applicators. @, z the position vector of théth applicator’s aperture center is
expressed; = p3p + e, £ = 1,2, ---, L. An input pulse
and associated increased penetration depth has motivatedsiggalge(t), £ = 1, 2, ---, L is considered to be driven to the

initiation of the present study. The proposed method is basedaiplicators, which is repeated with a perifiglso that the inci-
the treatment of individual pulses as members of a pulse tr&lfint signal can be written as a pulse train as

so that the problem is amenable to a Fourier-series analysis. -

The presented method is applicable to a class of incident signals gr,e(t) = 6(t) + ge(?) @

having periodic time variation whered(t) is an infinite sequence of inpulse functions, spaced

Eincident(fa t) = Eincident (Iv t+ TO) (1) atthe pU|Se repetmon Intervgb

whereTo is thg period of the pglse train. This class of signals has 5(t) = i 8(t — nTp) ©)
a Fourier-series representation for which each member of the
discrete spectrum defines the complex amplitude of a time—har- _ o o
monic incident wave. The propagation of the incident field to Z#'d* is the convolution operator. The incident pulse train given
observation point within the tissue medium is modeled by usirfgy (2) has the standard Fourier-series representation

n=—o&

an integral-equation technique in order to solve the associated +oo
boundgry valge problem for _each spectral component and Fhen gpo(t) = Z ce(n) exp (jnwot) (4)
a Fourier-series representation is produced for the transmitted e —oo

wave field. It is important to emphasize that a detailed analysis _
is employed, which takes into account the modification of thdith wo = 27/T5 the pulse train fundamental angular fre-

field on each waveguide aperture resulted from the other ragHency. The complex amplitude of théh Fourier component
ating elements of the array as well as from the presence of {R&iven by

lossy layered dielectric body standing at the near-field region. o [To/2
The paper is organized as follows. The formulation and anal- ce(n) = T / gp,e(t) exp (—jnwot) dt (5)
ysis for the prediction of the exact field evolution over the en- 0 J—Th/2

tire s.pace—time domain of interest is presgnteq in Section Il. INThe strategy of the present approach is to use this Fourier-se-
Section Ill, the necessary checks for the validation of the nNumefss representation of the incident pulse train, to analyze the
ical results are presented, followed by a set of numerical res%‘i%pagation of each Fourier component individually into the

for a specific tissue-array geometry in Section IV. structure of interest, by applying the analysis presented in Sec-
tion 1I-A, and then to sum the individual transmitted compo-
Il. MATHEMATICAL FORMULATION AND ANALYSIS nents to reconstruct the propagated response to the pulse train.

The system examined in this paper consists of an arbitrak{)e pulses in the incident pulse train are assumed to be spaced
number () of identical parallel-plate waveguide applicatorswidely enough apart so that there is no mutual interference of
The geometry of the radiating system looking into a three-lay#te pulses within the target structure.
cylindrical lossy model of circular cross section is shown in o
Fig. 1. The three layers can be used to simulate different bid: Time—Harmonic Signals
logical media with dispersive characteristics, such as skin, boneThe analysis begins by considering a single time—harmonic
and brain tissues. Alternatively, the two internal layers may lm®emponent at a fixed angular frequency= nwq. The time
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dependence of the field quantities is assumed texipé+ jwt) ) mry2\ 2
and it is suppressed throughout the analysis. In order to solve Am = <k05wﬂw - (T) ) ) (12)
this boundary value problem, an integral-equation technique is
adopted. The solution of the wave equation The transverse;”" andg/; , modal fields are [18]
(V x V x —kjeip;) Ei (r) =0 (6) e M(ye) =4 (13)
in cylindrical polar coordinates, inside the tissue layérs-(1, Q% (ye) 2234\/? CoS (TW) ) (14)
2, 3) is expressed in terms of cylindrical vector wave functions ’ b b
[18]. Thus, By satisfying the continuity of the tangential electric- and
oo magnetic-field components on the= p; andp = p- inter-
Ei(r) = Z (aim MS) (1 ki) 4 bi, ﬂgj (1 k) faces and on the = p3 contact surface between cylindrical
S —— ’ ’ lossy model and radiating apertures, the following systeth of

coupled integral equations is obtained in terms of an unknown

Y Ny <2>,4)
i M 3 (2 Fi) + Ui N 1 (1K) transverse electric field, on the waveguide apertures

m=——m, k m=—m,

L
where k; = koy/ei(w) and aim, bim, . U, are to Y / Ko (y/y)Ea(y) dy
be determined. The cylindrical vector wave functiong=1 “ls

MY, (r, ki), N2, (r. k;), ¢ = 1, 2 are given by [18] :2Aé< )hmqy) (=1,2,---,L (15)
( ) ' WhtO s =t ’ )~ ’
M (e k) =V x (220 (ki) @)

wherehZ™ is the incident TEM mode transverse magnetic field
and on the aperture of théh waveguide, and the kernel matrices
@ @ Ko (y/y'), £=1,---,L/q =1, .-, Lindicate the effect of
Nowlr, ki) = -V X M5 (r, ki), q=1,2. (9) coupling from theqth aperture(y’) € T', to the/th aperture
‘ o i (y) € T, and are given in the Appendix. In order to determine
('S (8)and (9),0, ¢ are(Qt)he cylindrical polar coordinates anghe electric field on the waveguide apertures, the system of inte-
Zp' (kip) = Im(kip), Zm'(kip) = Ym(kip) are Bessel's and gral equations (15) is solved. To this end, a Galerkin's technique
Neumann'’s functions. is adopted by expanding the unknown transverse electric field
Next, the fields inside the Waveguide applicators are dgn each apertur@(ba into Waveguide normal modes. There-
scribed by using the waveguides normal modes. If the operatifge, with respectto theth (; = 1, 2, ---, L) aperture’s local

frequency is lower than th&'M; cutoff frequency, only a Cartesian coordinate system, the electric field on the same aper-
single mode, the TEM mode, with a zero cutoff frequency wiljre is expressed in the following form:
be propagating in the waveguides. Thus, the fields inside each

oo

waveguide applicator are expressed as the superposition of th _ EM o B
incident TEM mode and an infinite number of all the reflected Byo= > (00 + fymenls) =12, L.

TEM and TM modes since TE modes are not excited due to m=t (16)

the geometry of the structure. Thus, the transverse electri®y substituting (16) into the system of coupled integral equa-
field in the /th applicator { = 1, 2, ---, L) can be written, tions (15), and making use of the waveguide modes orthogo-
with respect to the local Cartesian coordinajesz, of thefth  nality [18], the system of integral equations (15) is converted
waveguide, as follows: into an infinite system of linear equations. Assumingghend

fq.m expansion coefficients are determined approximately, the
aperture fields can be determined approximately by using (16)
and then the coefficients,,,, bim, al,, ¥, (( = 1, 2, 3) are

determined easily. Substituting the values of these coefficients
into (7), the electric field at any point inside tissue can be easily

EY (ye, 20) = Acef M (yo)e 77+ Apef™M (ye) et

— [JAm s
> [‘Q,—Bz,mzzixye)ew (10)

m=1

where o ~ computed.
t the subscriptis used to denote the transverse field
components; B. Gaussian Pulsed Signals
Ay complex amplitude of the excited TEM mode in

In this study, a Gaussian pulse train is considered to be driven

PR the £th wavegqide; to the applicators. One period of the time variation of the inci-
Ay, By ,,  complex amplitudes of the reflected TEMith ot signal of theth applicator is written as
order TM modes, respectively, in tHeéh wave-

guide; o= m(t —t)?
k, A corresponding propagation constants, given by 9¢(t) = exp | - 72
the following equations:

)7 £:1727"'7L (17)

which is centered around the time> 0, with 7 a constant re-
lated to the pulsewidth in time. The associated pulse train has a
k :ko(ewuw)l/2 (11) Fourier series representation, according to (4), for which each
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member of the discrete spectrupin) defines the complex am- TABLE |
plitude of a time—harmonic wave incident to the applicator ang CONVERGENCE FOR THETEM SELF ,
N EFLECTION AND MUTUAL COUPLING COEFFICIENTSS ;1 = A} /A1, (=1,2,
is given by 5 [SEE(10)] AT f = 1 GHzBY INCREASING THEAPERTUREMODE NUMBER
T 712(4)3 7_2 : t 18 Modes appearing on the excited S N S.
- — — 11 21 5t
ce(n) T exp ym exp (—jnwote). (18) apertie
TEM 07732124° | 0.133£356.9°_| 0.0070£245.6°
The incident wave distribution on the waveguide apertures EM-TM 0724212057 | 0.129235467 | 0008942637
: TEM, T™,, TM, 07142117.9° | 0.1022348.6° | 0.0088./264.8°
obtained as a spectrum of TEM components TEM, TM,, TM,, TM; 0.7112117.3° | 0.101.2348.4° | 0.0089./265.3°
TEM, TM,, TM,, TM, TM, 07082116.8° | 0.100/347.3° | 0.0088./262.7°

L EM
Ezw t(incid)(yéa ze = 0; 71) = pécé(”)gt (.W) (19) TEM, TM;, TM,, TM3, TMs, TMs | 0.7078£116.7° | 0.100£347.1° | 0.0090.£263.1°

wherep, is the amplitude of the incident TEM mode driven

to the (th applicator ande;(y,) is the TEM field dis- tgpy waveguides, at a point of interest inside a two-layer cylin-
tribution on the aperture. The quantity of primary interégjrica| biological tissue model, 16 cm in diameter, surrounded
in this analysis is the complex transfer functidfy(r; w), py a lossless dielectric layer. The two layers of the biological
£=1,2,.--, Land specifically the discrete spectrum CompQjssye model are used to simulate bone and brain tissues. The
nentsE',(r; nwo) = L4(r; n), representing the field producedihicknesses of the bone and the external dielectric layers are
at pointr i_nside tis_sue, when o_nly thih a_lpplicato_r is excited taken to beps — p1 = 0.5 cm andps — p» = 2 cm, respec-

and the field on its aperture is a continuous time-harmoryge|y (25, = 20 cm). The dielectric constant of the external
field (exp (+jnwot)) of unit amplitude B¢ = 11in (10)]. In |5yer ysed in the calculations és = 2.1. In order to obtain
computing this field, by using the analysis presented in Sectigfl complex relative permittivities of the tissue media, avail-
II-A, the power coupling to the remaining applicators of thgpe |iterature data points [19] for dielectric constant and con-

configuration is taken into account. ductivity of bone and brain tissues have been used and inter-
Itis important to observe that the transfer functir(r; 7),  polated values have been computed at any frequency. However,
£=1,2, ..., Ldepends on the relative position of the point ofyyore elaborate relaxation models can also be used to obtain the

interestr = (p, ¢) with respect to théth applicator. Therefore, frequency-dependent permittivity of biological media [20]. The
the transfer function at a point of interest for each app"cat%plicators aperture size is defined by= 7.5 cm. The aper-
can be computed by exciting only one applicator and then coffie centers are placed symmetrically at the periphery of the

puting the field at different points within tissue, correspondingyerna dielectric layer and the corresponding position vectors
to the different relative positions of the point of interest with Crer, = 10(cm)p + e, £ = 1,2, -+, 8, with ¢; = 0°

spect to each individual applicator. This is oy = 45°, -+, g = 315°. B

N The input signal driven to each applicator is considered to

Eelrs n) = E(x =15 m) be a Gaussian pulse train, with an individual pulse duration of

=F(p, ¢ — pe;s n), £=1,2,---, L. (20) ;= 1ns, and with a pulse repetition interval & = 10 ns.

i . . In order to check the developed numerical code, several trials

The field transmitted from the applicators of the array at tmeave been performed. In the fliorst place, the computation of the
point of interest, at the frequency = nwy, is obtained by the ' !

following summation over thé elements of the arrav: transfer function, by using the analysis presented in Section
9 y: [I-A, has been checked. Regarding the numerical evaluation of

L the kernel matrix element&,(y/v') given in the Appendix,
E(r;n) = Z pece(n)Le(r; n) (21) the infinite summation with respect to the orderof Bessel's
=1 functions in the expression of fields inside the tissue layers [(7)]

The time-domain representation for the total electric field at éﬁ?l_?]mpmed’ by truncatlgg asbr_}!ghaa:csNhZSO. lution in the f
observation point within the biological tissue medium is ob- e convergence and stability of the solution in the fre-

tained by summing the contributions made by each transmit@?encg do_malindhzv_e bﬁen examinedl by i_ncfr_e?ﬂ;e,ing tq% number
frequency component of modes included in the aperture electric fiells . [(16)].

In Table I, convergence patterns are presented, in terms of the
N L coefficients A, of (10), when only applicator 1 is excited by
E(r; t) = Re {Z <Z pece(n)F(r; ﬂ)) exp (jnw()t)} a time—harmonic field of unit amplitude4( = 1 in (10)) at
n=1 \(=1 f = 1 GHz. These coefficients correspond to the self-reflection

(22) . f . et
.cpefficient = A}) and the mutual coupling coefficients
where Re(-)) denotes the real part of the complex exponenu%f;tween ngélrlborinég‘(z — 4% and opposF;teg — A

form of the time-domain representation of each transmitted frg : 2 = °

Lency component and¥ is the mode number of the highes pplicators of the examined configuration. From Table I, it can
q y P ) X . 9 ﬁoe easily observed, that the subset of modes (TEM;, TM,,
frequency component retained for the Fourier series.

TM3, 'TM,4) appearing on applicator apertures is sufficient to
assure convergence of the solution. Furthermore, the continuity
of the tangential fields at the = p; andp = p. interface

The method developed here has been applied to investigali@nes between different layers has been checked and verified
the focusing ability of a concentric array consisting of eightumerically, while the validity of the boundary conditions

I1l. V ALIDATION OF THE NUMERICAL RESULTS
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edges, the well-known Gibbs phenomenon [21] associated with
the Fourier series is observed.

It is important to emphasize the fact that the developed anal-
ysis takes into account the effects on each aperture field from the
other radiating elements and from the layered dielectric cylinder
standing at the near-field region. The exact knowledge of the
electric field at the apertures permits the evaluation of the elec-
tric field inside tissue with high precision.

IV. NUMERICAL RESULTS AND DISCUSSION

Numerical computations have been performed for the
geometry described in Section Ill. First, by using the analysis
presented in Section Il-A, the discreteth-order compo-
nent of the complex transfer functio®(p, ¢ — ¢ n),

(£ = 1,2,---,L/n = 1,2,---, N at any point inside
the cylindrical model can be computed. In Fig. 3(a)—(f), the
magnitude of the maing) component of the transfer function

is shown at different points on the axis of radiating aperture
1, inside the dielectric layer and the tissue media, over the
frequency bandwidth of the used signals & fo, fobeing

the cutoff frequency of th&'M; mode). On the surface of the
dielectric layer, the amplitude of the transfer function increases
with increasing frequency, reaching its maximum value at the
high edge of the frequency spectrum, where the transmitted
power from the waveguide into the dielectric becomes larger
and, thus, the waveguide radiation more effective.

As the pulse proceeds deeper into the lossy model, the ampli-
tudes of the individual frequency components decay in different
rates with distance and the contribution of low-frequency com-
ponents becomes more pronounced with increasing depth. The
difference between the transfer function at the high (1900 MHz)
and low (100 MHz) frequency edge is of the order of 15 dB at
the bone—brain interface, while at 3-cm depth from the tissue
surface, a 10-dB difference is observed.

Selective resonance phenomena are observed near 400, 700,
1100, and 1400 MHz, while the maximum value of the transfer
function is reached at the high edge of the frequency spectrum.
At the bone-brain interface, the resonance at 1400 MHz is
4.5 dB stronger than the corresponding resonance at 400 MHz,
but as the propagation distance increases, the relative impor-
tance is changed, and at 3-cm depth from the tissue surface a

Fig. 2. A two-layer tissue model, 16 cm in diameter, simulating bone ar+5-dB difference is observed.

brain tissues, surrounded by a 2-cm-thick lossless dielectric layer, is_irradiatedThe time-domain waveforms at the same points along the
detrbutons: () on aperture (1) and () on aperture (2. when only applicafS Of @PPlicator 1 can then be computed by using (22) and
(1) is excited by a time—harmonic field of unit amplitude at 1 GHz. Comparisddl€ presented in Fig. 4(a)—(f), when only applicator 1 is excited
of the results of (7) and (16). (pr = 1,p2 = --- = ps = 0, andt; = 0). The waveform in

Fig. 4(a) was computed at a position immediately following the
on thep = p3 interface has also been checked. In Fig. Zontact surface between aperture 1 and the external dielectric
the electric-field distributions on the waveguide aperturesldyer at the aperture center, while in Fig. 4(b)—(f), the temporal
and 2 are presented, when only applicator 1 is excited byeweolution of the pulsed fields propagating inside the tissue layers
time—harmonic field of unit amplitude4; = 1 in (10)] at along the axis of applicator 1 is shown. A 70% decrease in the
f = 1 GHz. The aperture electric field intensities, computegeak amplitude of the pulse is observed after the 2-cm propaga-
directly from the series of (7) are compared with the results tbn distance inside the external dielectric layer, while a 25% de-
(16) for the field inside region 3 whem— p3. As it is known, crease is observed for the 0.5-cm propagation inside bone layer,
the Galerkin technique employed in Section II-A satisfies the5% decrease for the first 0.5-cm propagation inside brain tissue
boundary conditions on the= p3 surface approximately. This and a 30% decrease for the next 2-cm propagation inside brain.
is exhibited in Fig. 2. Notice that at the waveguide apertur&@econdary peaks appearing in the obtained waveforms, which
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Fig. 3. Magnitude of the main componehfY..|) of the transfer function at several positions on the axis of radiating aperture 1 for the same tissue-array geometry
considered in Fig. 2. The input signals driven to the individual applicators are assumed to be Gaussian pulse trains with initial 1-ns pulsepuitita sgqktition

rate of 10 ns. The transfer function is computed for uniform array excitation. (a) On the surface of the dielectric layer. (b) On the interfaceibletvtéeand

bone layers. (c) On the interface between bone and brain layers. (d) At 1-cm propagation distance inside tissue. (e) At 2-cm propagation disstasae ifBi

At 3-cm propagation distance inside tissue.
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Fig. 4. Temporal evolution of the main componeAt.() of the field along the axis of aperture 1, when only this applicator is excited with unit amplitude. (a)
On the surface of the external dielectric layer. (b) On the surface of the bone layer. (c) At the interface between bone and brain tissues. (d) gedatiom pro
distance inside tissue. (e) At 2-cm propagation distance inside tissue. (f) At 3-cm propagation distance inside tissue.

are comparable in strength with the main peak of the pulsmincidence of the fields originated from the eight waveguides

can be explained by considering the power coupling through tokthe array is used. To this end, the discrete spectrum compo-

apertures of the array and the scattering phenomena occurriegts of the transfer function of each individual applicator are

in the examined geometry. computed and the temporal evolution of the main vector com-
In an attempt to focus the electromagnetic radiation at a pojpiinentZ,, of the field originated from each individual appli-

of interestr = 65 (cm) within the brain tissue, located at 2-cntator at the point of interest is examined in detail in Fig. 4(e)

depth from the tissue surface on the axis of applicator 1, tira@d Fig. 5. Due to the-axis symmetry and to the fact that the
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Fig. 5. Temporal evolution of the main componeat,( of the field produced at a point of interest, located at 2-cm depth inside tissue, on the axis of applicator
1, when only one applicator of the array is excited. (a)—(d) Successive excitation of applicators 2-5 .

axes of applicators 1 and 5 coincide to thaxis, only the fields excitation of the pulsed signals driven to the individual appli-
produced from applicators 1 to 5 of the array are presenteddators. Moreover, by integrating the squared magnitude of the
Fig. 4(e) and Fig. 5(a)—(d), respectively. It can be observed teectric field for a period off; = 10 ns, it can be easily ob-
the main contribution is from the most neighboring to the poisierved that a 340% increase of the deposited power at the point
of interest array elements (applicators 1 and 2). Furthermoregitinterest is achieved by adjusting the array temporal excita-
is important to note the significant contribution from the arratjon.
opposite element (applicator 5).

The time dependence of the field produced at the point of
interest is shown in Fig. 6(a) for uniform array excitatipn &
.. =pg = 1,4 = --- = tg = 0) and in Fig. 6(b) for the A rigorous analysis has been presented for predicting the
following type of excitation: electromagnetic field produced in a layered cylindrical lossy
model by an array of concentrically placed TEM waveguide
applicators excited by pulsed signals with baseband spectral

V. CONCLUSION

PL=P2=pP3=pPs=pPs=pe=pr=ps=1

t1=0.14ns content. Numerical results have been computed and presented
ta =ts =0.29ns for a bone—brain tissue model irradiated by an eight-element
ts =t; = 0.70 NS array, by considering as input signal to each individual appli-

cator, a Gaussian pulse train with short pulsewidth (s) and

ty =tg = 1.14ns - o S
£ sufficiently large repetition interval (10 ns). By adjusting the

t; =1.46ns time delay of the signals injected to the individual applicators,
which has been selected to achieve time coincidence of the dimeusing at a target point within brain tissue has been achieved.
nals at the point of interest. These results provide an enhanced physical insight of pulse

By comparing Fig. 6(a) with Fig. 6(b), a 100% increase of thgropagation inside layered lossy media and can be used in
main peak amplitude of the pulse is achieved by adjusting tbeder to achieve focusing inside biological tissues.
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Fig. 6. Temporal evolution of the main field componest,( at the point of
interest. (a) For uniform array excitation. (b) For array excitation adjusted to

achieve focusing.

APPENDIX
KERNEL MATRIX FUNCTIONS £ ¢, (y/v")

Koq(y/y')
oo . Y 7/ J—
= 5 et i (<2) + (2] 5o
m=—0o< p3 p3
_65(1 (y/y) £:172 7L;q:1727"'7L
(A1)
wheredy, is the Kronecker’s delta
_ k
Q Yy y/ — < ) hEJ\l_EJ\l
( / ) bwuouzzz
+ Z { <w€0€w> hyf@i\{f} (A.2)
and
N(m) = 5—L—L'(m; ps) (L(mi pa)) . (AD)
2rwpops”

The matrices involved in (A.3) are given by the following equa-
tions:

(2)
= Zin (k3p) 72)
L' (m; p ZI(% p)+ =~ Ty, (p)Ram  (A4)
(m; p) =T5,,(p) 25 (kap) T3, (p)
(2)
— 1) Zm’ (k3p) =2
L(m; p) =Dy, (p) + Dy (p)R3p (A.5)
(m; p) 3m(P) 25 (kap) 3m(P)
where
_ _ 92,2 (kip)/0p
D(p) = 729 (ki) . i=3/g=1,2
0 i
(A.6)
and
T8 (p)
1 92 wip) [0
= Zr(g)(aip) , 1=3/qg=1,2
k2 0
(A.7)
with
Z5 (kip) = do(kip) @and Z3D (kip) = You(kip)  (A.8)

being Bessel's or Neuman'’s functions, respectively, and
= Zr(i)(kzp)( @)
Zr(,?)(l{;gp) —3rn

L3m — 3m

—1
GanFanD(Q) )

) (_ié]r})l + GQW;EQWLQS;%) ) atp = po. (Ag)
The matrices involved in (A.9) are
= —) | IRk
Go(p) =T, + ool g, (a20)
Zm’ (k2p)
and
Z( )(k ) -1
Ean(p) = Qgi,)l + m—2p Dgi)lRan (All)
(1)(/€2 )

The matricesD'?, T'?, i = 1, 2 andq = 1, 2 appearing

in (A.11) are obtained from (A.6) and (A.7), respectively, for
=1, 2.
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