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Analysis of Focusing of Pulse Modulated
Microwave Signals Inside a Tissue Medium

Konstantina S. Nikita and Nikolaos K. Uzunoglu

Abstract— The possibility to achieve focusing in a three-layer
cylindrical biological tissue model, by using a large number of
concentrically placed waveguide applicators and pulsed signals
(N I ns pulse width) with a high frequency (9.5 GHz) carrier
is examined rigorously. The medium response to time harmonic
excitation of the array is predicted, by solving the associated
boundary value problem. To this end, the fields inside the tissue
layers are expressed as integrals of vector cylindrical waves,
satisfying the corresponding wave equations, while the fields
inside the waveguides are expanded in terms of the guided and
evanescent normal modes. By imposing the appropriate boundary
conditions, a system of coupled integral equations is derived
on the waveguide apertures, which is solved by expressing the
unknown electric fields in terms of the waveguide modes and by
applying a Galerkin procedure. Then, the medium response to
pulse modulated excitation of the array elements is considered
and the time dependence of the electromagnetic fields produced
at any point within tissue is obtained in the form of an inverse
Fourier integral. Numerical results are computed and presented
at several points in a three-layer geometry, 20 cm in diameter,
irradiated by a 30-element waveguide array and the use of
time coincidence and constructive phase interference principles
is examined, in order to achieve focusing at a specific point of
interest within tissue.

I. INTRODUCTION

A HIGHLY interesting topic in using microwave signals
in biomedical applications is to develop techniques and

systems achieving “focusing” inside tissues. Until now, only
continuous wave concepts were applied to design and develop
hyperthermia systems for the treatment of malignant tumors.
Phased array principles [1]–[3] and optimization techniques
[4]-[6] have been applied by several researchers for deter-
mining the optimal amplitude and phase excitation of the
array elements in order to focus the electromagnetic field at
a specific target of interest, but always with limited success,
mainly because of the excessive loss suffered by each wave ra-
diated from each individual source. Mainly the low microwave
spectrum ( 100–1000 MHz) has been employed in this context.

In this paper, an alternative short technique to achieve
focusing of pulsed signals (w 1 ns pulse width] with a high
frequency (9.5 GHz) carrier is examined rigorously. The pos-
sibility of employing large number of applicators compared to
low frequency systems and the significantly different behavior
of pulsed signals has motivated the initiation of this study. This
is a problem of considerable practical importance due to the
recent advances in electromagnetic source technology, which
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permit the generation of high-peak-power, electromagnetic

pulse signals with rapid rise times and short pulse durations
[7]. The current use of stereotactic external beam radiotherapy
[8] and [9], which is a sophisticated technique involving high
precision delivery of localized irradiation to small intracra-
nial lesions, by using a large number of fixed or moving
fields, provided the rationale for investigating in detail the
possibility of achieving high energy deposition in a specific
target within the human body, by focusing the pulse modulated

microwave radiation of a concentric waveguide array. To this

end, constructive phase interference and time coincidence of

the pulse modulated microwave signals principles are applied.

Therefore, it is a matter of considerable medical interest to
analyze in detail the interaction of pulse modulated microwave
signals of short pulse duration with biological media.

Most of the previous works analyzing the propagation of
electromagnetic pulses in dispersive media have been based on
the treatment of individual pulses as members of a pulse train,
so that the problem is amenable to a Fourier-series analysis. In

[10] and [1 1], a Fourier series based methodology is presented

and utilized to study the dynamics of short trapezoidally

modulated microwave signals inside homogeneous, dispersive

biological media, from the point of view of possible hazardous
health effects. The Fourier series methodology cannot provide
a rigorous solution for the case of a single, compact incident
pulse. The case of a single pulse has been treated by the
use of asymptotic analysis [12], transform techniques [13],
time-domain integral equation solvers [14], and the finite-
difference time-domain algorithm [15] and [16]. In all these

works the interest was mainly focused on the propagation of
a single pulse modulated electromagnetic wave in dispersive
dielectric media and on the study of the associated precursor
fields.

In this paper, the transmission of pulse modulated mi-
crowave signals radiated from a concentric waveguide array in
a three-layer cylindrical lossy model is analyzed theoretically.
The complex transfer function over the frequency-space do-
main of interest is computed, by using an integral equation
technique in order to solve the associated boundary value
problem and then, the dynamic field evolution over the entire
space-time domain is obtained by numerical inversion of the
associated Fourier integral representation. It is important to
emphasize that a detailed three-dimensional (3-D) electro-
magnetic model is employed, which takes into account the
modification of the field on each waveguide aperture resulted
from the other radiating elements of the array as well as from
the presence of the lossy, layered, dielectric body standing at
the near field region [17].
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The paper is organized in the following manner. The for-
mulation and the analysis for the prediction of the exact field

evolution over the entire space–time domain of interest is
presented in Section II. In Section III, the necessary checks for

the validation of the numerical results are presented, followed

by a set of numerical results for a specific tissue—array
geometry in Section IV.

II. MATHEMATICALFORMULATIONAND ANALYSIS

The objective of the present work is to study the response
within a layered lossy biological medium to pulse modulated

microwave signals radiated by a concentric array of waveguide

applicators. The system examined in this paper consists of
an arbitrary number (~) of identical rectangular waveguide
applicators. The geometry of the radiating system looking
into a three-layer cylindrical lossy model of circular cross
section is shown in Fig. 1. The three layers can be used
to simulate different biological media, such as skin, bone,
and brain tissue. Alternatively, the two internal layers may
be 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 electromagnetic properties of the
layers are denoted with the corresponding relative complex

permittivities &l, &z, and e3. The free-space wavenumber is
k. = w-, where E. and K. are the free-space permittivity
and permeability, respectively, and the whole space is assumed
to be nonmagnetic with ~1 = ~J2 = p3 = ~.. The applicators
are filled with a dielectric material of relative permittivity eW
and relative permeability VWand have an aperture size of a x b

(b < a). It is assumed that apertures are not completely planar

and are placed at the periphery of the 10SSYmodel with the

large dimension at the transverse direction circulating around

the cylindrical surface and the small dimension parallel to
the axis of the cylindrical model. Thus the entire aperture of

each applicator is assumed to be in direct contact with the
tissue surface. Radiating apertures are separated by perfectly
conducting flanges. By considering a global cylindrical polar
coordinate system p, p, z, the position vector of the lth
applicator’s aperture center is expressed It = P3P + PI@ +

(b/2)~, 1 = 1,2, ~~~ , N.
An input pulse modulated harmonic signal of fixed carrier

frequency uo is considered to be driven to the applicators.

Thus, the signal driven to the lth applicator maybe represented
as

gl(~) = u(t) Cos(uot+ol), 1 = 1, 2, . . . N (1)

where u(t) is the real-valued initial envelope function of the

pulse and ~t is a phase term.
The spectrum of frequencies contained in the pulse modu-

lated microwave signal is obtained from its Fourier transform

Gl((.o) = &
/

m dt u(t) cos (wet+ 41) exp (–jwt). (2)
—m

The strategy of our approach is to analyze the propagation of
each frequency component individually into the structure of

I.--.-.-----+x

Ftg.1. Three-layer cyhndrical model mmdiated hy a concentric array of
waveguide applicators.

interest, by using Maxwell’s equations, and then to obtain the

dynamic field evolution over the entire space-time of interest,
by computing the associated inverse Fourier integrals.

A. Time Harmonic Fields

The analysis begins by considering a single time harmonic
component at a fixed angular frequency w, The time depen-
dence of the field quantities is assumed to be exp (+jwt)

and it is suppressed throughout the analysis, In order to solve
this boundary value problem, an integral equation technique
is adopted.

The fields inside the tissue layers (i =z 1,2,3) are written

as integrals of vector cylindrical waves

where k% = ko& and a%~, bt~, aim,, b~m are unknown

coefficients to be determined.
In (3), Al~~~(r, !-c,),~$~~(r, k,), q = 1,2 [18] are the

well-known vector cylindrical waves that satisfy the vector
wave equation in cylindrical polar coordinates; that is

Myk(L’,h)
M(4

Vxvx —(j _ ~2 —m, k(L ~1)
= o.

L N!) ~(c, lib)
(4)

~:>k(~, k,)

The fields inside each waveguide are described as the
superposition of an incident TEIO mode and an infinite number
of all the reflected TE and TM modes. Following the notation
of [18], the transverse electric field inside the lth waveguide
applicator (1 = 1, 2, . . . , iV) can be written, with respect to

the local Cartesian coordinates system xi. yz, .zI attached to
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where the subscript t is used to denote the transverse field
components, pl e~~~ is the complex amplitude of the excited
TEIO mode in the lth waveguide, A~,. and 13{,~ are the
complex amplitudes of the reflected transverse electric fields
of the nth TE and nth TM modes, respectively, in the lth
waveguide and T., & are the corresponding propagation
constants, given by the following equations:

-yn = (k;&w– u:)l/2
An = (k:&w– 7J:)1/2. (6)

The transverse g~~ and g~~ modal fields are [18]

where Vt, t = (d/axl&l + ~/t3yz~t) and the scalar functions

i$. and q$n satisfy the wave equations

(V2+ U:)<n =0
(v’ + W:)q!)n=0 (8)

and the boundary conditions

(9)

on the walls of the waveguide, with d/i3nl being the normal

derivative.
By satisfying the continuity of the tangential electric and

magnetic field components on the p = pl and p = pz inter-
faces and on the p = p3 contact surface between cylindrical
lossy model and radiating apertures, the following system of IV
coupled integral equations is obtained in terms of an unknown
transverse electric field & on the waveguide apertures

N

X[ dx’ dy’~lq (Z) y/ z’, y’)~a (x’, y’) =
y=l ~q

()

E ~?’1
2pleJ” lt~ ~ ~ 1 =1,2,..., N/q= 1,2, . . ..N

(lo)

where & is the incident TEIO mode transverse magnetic field
on the aperture of the lth waveguide, and the kernel matrices

~1~(~, Y/x’, y’), q = 1, ~. . . ~/Z = 1, . . . . N indicate the
effect of coupling from the qth aperture (z’, y’) c rq to
the lth aperture (x, y) 6 171and are given in the Appendix.
In order to determine the electric field on the waveguide

apertures, the system of integral equations (10) is solved. To
this end a Galerkin’s technique was adopted by expanding the
unknown transverse electric field on each aperture 13g,~ into
wavequide normal modes. Therefore, with respect to the qth

(q = 1, 2, . . . . ~) aperture’s corner attached local Cartesian
coordinate system, the electric field on the same aperture is
expressed in the following form:

cc

n=l

By substituting (11) into the system of coupled integral

equations (10), and making use of the waveguide modes
orthogonality [18], the system of integral equations (10) is
converted into an infinite system of linear equations. Assum-

ing the g~, ~ and j~, ~ expansion coefficients are determined
approximately, the aperture fields can be determined approxi-

bmately by using (11) and then the coefficients a;n, ~~, ajm,

bjm (i = 1,2,3)of (3) are determined easily. Substituting the
values of these coefficients into (3), the electric field at any
point inside tissue can be easily computed.

B, Gaussian Pulse Modulation

The signals of interest in this study are modulated by a
Gaussian envelope function. Thus the initial field envelope of
the lth applicator is written as

“(’)=exp[-(=)21

that is centered around the time

1=1, 2,... ,N (12)

tt > 0 with a full width at
e– 1 maximum given by 2v’’%-. The frequency spectrum of this
initial pulse envelope is then [19]

~2w2

()

U(w) = v!Xr exp –y exp (jwtz ). (13)

The Gaussian-modulated microwave signal at a fixed angular
frequency W. driven to the lth applicator is given by the

following equation:

“(’)=exp[-(:~f’)21 Cos(wo’+v’)

and the spectrum of frequencies contained in this
obtained from its Fourier transform [19]. This is

C,(U)+’”:+ [-(;;;)2]

(14)

signal is

. cos (LJOt+ ~1) exp (–jut)

+ & ~–l?Jle– ‘(J+@’u(w + Wo) (15)

where the modulation property and the time shifting property
of the Fourier transform [19] have been used.

The instantaneous distribution of the incident field on the
aperture of the lth applicator is

~l(w, Yt>~t = Q ~) = P1 91(~)~T,?(~l) Yl) (16)
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where pl is the real amplitude of the incident TEIO mode
driven to the lth applicator and ~~,~(zl, VL) is the TEIO field

distribution on the aperture.

The quantity of primary interest in this analysis is the com-

plex transfer function Et (~; w), 1= 1,2, . . . . N representing

the field produced at point c inside tissue, when only the lth
applicator is excited and the field on its aperture is a continuous
time harmonic field [exp (+jwt)] of unit amplitude and zero
phase @ = 1 and ~t = O in (10)]. In computing this field,
by using the analysis presented in Section II-A, the power
coupling to the remaining applicators of the configuration is
taken into account.

It is important to observe that the transfer function El (c; w),

1 =1,2,.., N depends on the relative position of the point
of interest L = (p, p, z) with respect to the lth applicator.

Therefore, the transfer function at a point of interest for each

applicator can be computed by exciting only one applicator
and then computing the field at different points within tissue,
corresponding to the different relative positions of the point of
interest with respect to each individual applicator. This is

El(c; ~) =lm – !2; ~)
=4?(P,(f– fh, ~; 0), ‘1=1, 2,., N. (17)

The field transmitted from the applicators of the array at

the point of interest, at the frequency w, is obtained by the

following summation over the N elements of the array

Then, the instantaneous field at the point of interest inside
tissue, due to the pulse modulated excitation of the array
elements, is obtained in the form of a Fourier inversion integral

which, after making use of (15) and (17) and of the conjugate
symmetry of Fourier transform [19], leads to the expression

{

N

~(r; t) = & Re exp (jwot) ~ P1 exp (j@z)
1=1

‘/

Aw/2

dw~(p, f#-qi, ~; wo+w)
-( Ati/2)

. U(w) exp [jw(t – tl)]
1

(20)

where the infinite upper and lower frequency limits of (19)
have been replaced by Aw/2 and –Aw/2, with Aw being the
frequency bandwidth of the incident Gaussian pulses.

III. VALIDATION OF THE NUMERICAL RESULTS

The method developed here has been applied to investigate
the focusing ability of a 30 element–applicator concentric array
at a point of interest inside a two-layer cylindrical biological
tissue model, 16 cm in diameter, surrounded by a lossless
dielectric layer. The two layers of the biological tissue model

TABLE I
ELECTRICALPARAMETERSAT 37° C ATTHE FREQUENCY RANGE 9.8–10.2 GHz

Dielectric constant Conductivity(S/m)

extemat layer 2.1
bone 4,0

brain 35,0

are used to simulate bone and
of the bone and the external
be p2 – pl = 0.5 cm and p3

o
0.42
6.25

brain tissues. The thicknesses
dielectric layers are taken to
– pz = 2.0 cm, respectively

(2p3 = 20. Ocrn). The complex relative permittivities of the
tissue media, which are compiled from the relevant literature
[20], as well as the dielectric constant of the external layer
used in the calculations, are defined in Tablle I. The applicators ,
have an orthogonal aperture of 2 x 1 cm2 size and are placed

symmetrically at the periphery of the external dielectric layer.
The position vectors of their centers are Cl = 10 (cm)@ +

P~@ + 0.5(cm)2, 1 = 1, 2, ~~. , 30 with pl = 0°, Pz = 12°,
p3 = 24°, . . . , p30 = 348°.

The input signal driven to each applicator is considered to

be a pulse modulated microwave signal. A time-dependent
Gaussian pulse of 1 ns pulse width at 10 dB was used as the
amplitude modulating signal of a time harmonic microwave
carrier of fixed frequency 9.5 GHz. The modulated signal had

a frequency content with components in excess of 1.4 GHz,
centered at 9.5 GHz.

In order to check the developed numerical code, several

trials have been performed. In the first place, the computation
of the transfer function, by using the analysis presented in
Section II-A, has been checked. Regarding the numerical
evaluation of the kernel matrix elements I& (z, y/d, g’)
given in the Appendix, the infinite summation with respect
to the order m of Bessel’s functions in the expression of
fields inside the tissue layers [(3)] is computed, by truncat-
ing as high as m N 40 and the infinite integral ~_mNdk

obtained then, is computed by applying a multisegment 12
point Gaussian quadrature rule integration algorithm. The
bounds of the integral are truncated as high as k w 3WC0
to attain good convergence. It is important to emphasize that
the most crucial problem in developing a highly accurate
algorithm for the evaluation of the kernel matrix elements,
is the computation of the cylindrical functions involved to
desired accuracy for arbitrary order and argument. Bessel’s

functions Jm (sip), ai = (k: – k2) 1/2 for large k values

behave as modified Bessel’s functions, growing exponentially
for arguments ~m. A rather efficient approach, which has
been adopted, is to proceed directly with the calculation of the
[8Jm(aip)/dp]/[Jm (aip)] type of forms involved, by using
the continued fraction rule.

The convergence and stability of the solution in the fre-
quency domain have been examined by increasing the number
of modes included in the aperture electric fields ~~,. [(11)].
The subset of modes (TEIO, TE12, TE30, TE32, TMIZ, and
TM32) appearing on applicator apertures have been considered
to be sufficient to assure convergence of the solution. The
continuity of the tangential fields at the p = pl and p = P2

interface planes between different layers as well as on the
contact surface p = p3 of the external dielectric layer with the
radiating apertures has been checked and verified numerically.
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Fig. 2, A two-layer tissue model, 16 cm m diameter, simulating bone and brain tissues, surrounded by a 2-cm-thick Iossless dielectric layer, is irradiated
by a concentric array of 30 waveguides with an aperture size of 2 x 1 cm2. The input signals driven to the mdiwdual apphcators are considered to be
Gaussian-modulated harmonic fields with initial pulse width 1 ns and carrier frequency 9.5 GHz. The magnitude of the main component of the transfer
function at several positions on the axis of radiating aperture (1) (IFI zl), for umform array excitation, (a) On the surface of the dielectric layer, (b) on
the interface between dielectric and bone layers, (c) on the interface between bone and brain layers, (d) at 1 cm propagation distance inside tissue, (e) at
2 cm propagation distance reside tissue, and (f) at 3 cm propagation distance inside tissue.

It is important to emphasize the fact that the developed Note also, that although the cylindrical body is homogeneous

analysis takes into account the effects on each aperture field along the z-axis, the electromagnetic field distribution vm-ies

from the other radiating elements and from the layered, with the z coordinate and thus, in the presented model a 3-D

dielectric cylinder standing at the near field region. The exact distribution is encountered for the electromagnetic field.

knowledge of the electric field at the apertures permits the In order to compute the temporal evolution of the fields,

evaluation of the electric field inside tissue with high precision. a Simpson-rule integration algorithm has been applied to
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Fig. 3. Temporal evolution of the main component (Ez ) of the field along the axis of aperture (1), for uniform excitation of the array. (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) at 1 cm propagation distance
inside tissue, (e) at 2 cm propagation distance inside tissue, and (0 at 3 cm ProtJagation ~lstance inside tissue.

numerically evaluate the Fourier inversion integral of (20). IV. NUMERICAL RESULTS AND DISCUSSION

Convergence checks have been performed by increasing the Numerical computations have been performed for the ge-
number of frequency intervals used in the Simpson integration ometry described in Section IV. First, by using the analy -

algorithm. It has been observed that a frequency sampling sis presented in Section II-A, the complex transfer function

interval of 25 MHz ensures sufficient accuracy. Moreover, by E(P, P – vt, Z; u), 1 = 1, 2, ~. . . iV at any point inside

selecting a sufficiently small frequency step in computing the the cylindrical model can be computed. In Fig. 2(a)–(0 the

Fourier inversion integral, aliasing effects are minimized [19]. magnitude of the main (z) component of the transfer function
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Fig. 4. Temporal evolution of the main component of the field (E:) produced at a point of interest, located at 2 cm depth inside tissue, on the axis of

applicator (1), when only One apphcator of the array is excited. (a)–(d) Successive excitation of applicators (1)–(8).

is shown at different points on the axis of radiating aperture
(l), inside the dielectric layer and the tissue media, over the
frequency bandwidth of the used signals. 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
amplitudes of the individual frequency components decay in
different rates with distance and selective resonance phenom-
ena are observed at 9.5 and 10.1 GHz. At the bone-brain
interface, the resonance at the carrier frequency is slightly

stronger, but as the propagation distance increases, the res-
onance at 10.1 GHz becomes stronger than the corresponding
resonance at the carrier frequency, and at 3 cm depth from the
tissue surface a 2 dB difference is observed. For all the other
frequencies of the incident pulses bandwidth, the attenuation
is higher and the difference between them and the resonance
components is of the order of 4–5 dB.

Then, the time domain waveforms at the same points along
the axis of applicator (1) can be computed by using (20)
and are presented in Fig. 3(a)–(f), for uniform amplitude,
phase, and temporal excitation (pI = . . . = p~o = 1,
,*, = . . . = ~sO=O,andtl =..=tso =0) of the

array. The waveform in Fig. 3(a) was computed at a position
immediately following the contact surface between aperture
(1) and the external dielectric layer at the aperture center, while
in Fig. 3(b)–(f) the temporal evolution of the pulse modulated
fields propagating inside the tissue layers along the axis of
applicator (1) is shown. A 60?I0decrease in the peak amplitude
of the pulse is observed after the 2 cm propagation distance
inside the external dielectric layer, while a 70910decrease is
observed for the 0.5 cm propagation inside bone layer, a 609t0
decrease for the first 0.5 cm propagation inside brain tissue and
a 85% decrease for the next 1 cm propagation inside brain.

In an attempt to focus the electromagnetic radiation at a
point of interest, ~ = 6~ + 0.5,8 (cm), within the brain tissue,

located at 2 cm depth from the tissue surface on the axis
of applicator (1), constructive phase interference and time
coincidence of the fields originated from the 30 waveguides
of the array are used. To this end, the transfer function of
each individual applicator is computed and the phase of the
transfer function at the carrier frequency is used to determine
the appropriate phase excitation for the elements of the array
in order to achieve constructive phase interference at the point
of interest.

Furthermore, the temporal evolution of the main component
E, of the field originated from each individual applicator at
the point of interest is examined in detail in Figs. 4(a)–(h) and
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Fig. 4. (Continued.) Temporal evolution of the main component of the field (Ez ) 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. (e)–(h) Successive excitation of applicators (1 )–(8).

5(a)–(h). Due to the z-axis symmetry and to the fact that the *11 = $Xl = 89°
axes of applicators (1) and (16) coincide to the z-axis, only

~lz = q!J20= –67°
the fields produced from applicators (1)–( 16) of the array are

presented. It can be observed that the main contribution is from +13 = $19 = 135°

the most neighboring to the point of interest array elements $Id = ~la = –80°

[applicators (1) and (2)]. The field produced from more distant ~ls = gl~ = 88°
applicators presents secondary peaks, which are comparable $16 = –95°
in strength with the main peak of the pulse. This effect can
be explained by considering the power coupling through the
apertures of the array and the scattering phenomena occurring and introducing the following time delays in the pulse signals
in the examined geometry, driven to the applicators

By adjusting the phase excitation as follows: tl= 0.38ns

Q, = 14,7° tz= t30= 0.42ns

?$2 = $30 = 109° t3 = t29 = 4.65 ns

?J3 = ?J29 = –60” td =tzg = ~.7ns

44 = ?JJ28= –143° t5 =t27 = 1.8ns

~s = 4.27= –106° tfj ‘tzfj = l,8ns

$6 = ~~~ = 88° t7=t25 = 1.6ns

47 = *25 = –92” ts ‘tzd = ().5ns

+8 = 9424= 60° tg= tzs= 0.4ns

49 = +23 = 92° tlo=tzz = 2.lns

+,0 = $,, = –100° tll=tzl = 2.25ns
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Fig, 5, Temporal evolution of the main component of the field (E, ) produced at a point of interest, located at 2 cm depth reside tissue, on the axis of

applicator (1), When only one apphcator of the array 1s excited. (a)–(d) Successive excitation of apphcators (9)–(16).

tlz =tzo = 2.3ns

t13 = tlg= 3.7ns

tld= t18= ().4ns

t15= t17= 0.4ns

tlIj ‘4.1 ns

the time dependence of the field produced at the point of
interest is shown in Fig. 6, for uniform amplitude excitation

of the array elements @l = . . = p30 = 1). By comparison
of Fig. 6 with Fig. 3(e), representing the time dependence of
the field at the point of interest for uniform array excitation,
a 500% increase of the main peak amplitude of the pulse
is achieved by adjusting the phase of the carrier frequency
and the time delay of the pulse modulated signals driven to
the individual applicators. Moreover, in Fig. 6 the magnitude
of secondary peak amplitudes is comparable (60%) with the
primary peak amplitude.

V. CONCLUSION

A rigorous analysis has been presented for predicting the

electromagnetic field produced in a layered cylindrical lossy

model by a large number of concentrically placed waveguide

applicators, excited by pulse modulated microwave signals.

~umerical results have been computed and presented for a

bone-brain tissue model irradiated by a 30-element array, by

considering input signals at a high carrier frequency (9.5 GHz)
modulated by a Gaussian pulse of short pulse width (W1 ns).
By adjusting the carrier phase and the time delay of the signals
injected to the individual applicators, focusing at a target point
within brain tissue has been achieved. These results provide an
enhanced physical insight of pulse propagation inside layered
lossy media and can be used in order to achieve focusing
inside biological tissue media.

APPENDIX

KERNEL MATRIX FUNCTIONS Z&. (x, y/z’, y’)

[: ‘k E ~Jd’f-If,)eh-(J4L’3)+(C’/P3)]
m.—cc

. ~J~(w’)~(~,~)– (@($, y/#,y’)

1 =1,2,..., N; q=l,2, . . ..N (Al)

where fil~ is the Kronecker’s delta

g(z, y/z’, rJ’) =

(A2)
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Fig. 5. (Continued.) Temporal evolution of the main component of the field (,7=) produced at a point of interest, located at 2 cm depth inside tissue, on the
axis of applicator (l). when only one apphcator of the array is excited, (e)–(h) Successive excitation of applicators (9)–( 16).

E(m, k) = 1coo ~—y

1
~k3 z’(m, k; pg) p(m, k; p3)]-1.

(27r)’ w~~p~p~
(A3)

The matrices involved in (A3) are given by the following
equations:

.&) (a3p3)
~’(m, k P3) =~f~(~; P3) + (1)

Zm (a!~p~)

‘ Tfi(k; P3)E3m (A4)

2$? (a3p) ~(2)R
L(m, k; P) =D:! + (1)

Zm (a@) ‘3m–3m

where

1
S?zjp (atp)

ap

D(’)(k;p) =
—

—a m 2$? (cltp)

o
L
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WN-200
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-600

(A5)
-1000 ~-r-l

-1012345
Time (nsec)

Fig. 6. Temporal evolution of the main field component (Ez ) at the point
of interest, when the array excitation is adjusted for focusing at this point.

02$) (azp)

mk ap——
kip –

1

Z?$?(qp) ‘
Cvf

K
(11

z=3/q=l,2 (A6) ‘i&3/q =l,2 (A7)
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with

Z(l)(aifl) = Jm(a!ip)m

and

.z@)(a@) = Ym(%P)) QJi= (~: _~2)l/2
m (A8)

being Bessel’s or Neuman’s functions respectively, and

R–
d$)(a3P) &

[

@a ~ D(2) ‘1

–3m – Z$)(a,p)
~3 –2m–2rn-3m 1

“[ kz– – —(1)
‘~:~ + #2ra~2rn~3rn 1at p = p2. (A9)

The matrices involved in (A9) are

Z!) (~2P) @~2m
G2m(~; P) =m + (~) (A1O)

Zm (azp)

llm(k P)=

R—Zm =
Z!?(cwp)

Zi?(fl!zp)

–1

(All)

{

, ~(z) ~1 –(1) ~(l) -ID(2)

}

–1

—2m — #LL?i —2m

{

kq –(1) —(1) _l—(l)

~ GrL[azl D2rn – T:i 1
at p=pl. (A12)

l-he matrices D(4 –(9)
_,~, Tim, a = 1, 2 and q = 1,2, appearing

in (A12), are obtained from (A6) and (A7), respectively, for

‘i = 1,2.
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