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A Viable Model for Power Focusing in a Lossy
Cylinder

Khalid A. Nabulsj Senior Member, IEERBNd James R. Wait

Abstract—In this paper, we are interested in controlling the L
power dissipation within a homogeneous lossy cylinder of finite
length when a field is applied to the surface of the cylinder. The
fields are assumed to be independent of the azimuthal angle.
To begin, a field which satisfies the required dissipation inside — —
the cylinder is assumed on the axis of the lossy cylinder. An /
analytical evaluation of the continuous source on the surface of ;i row

the cylinder can then be carried out. This is an inverse problem .i;cumterential ;S Pz
\

where the response is known and the source is to be determined. g;4:4

Metal Encasing

A realization of the continuous source (surface field) in terms of — _

a discrete array is also given. Results will be presented that show e % V.

an excellent agreement between the actual continuous sources

and the discrete array in producing the field on the axis of the B—

lossy cylinder. In fact, a small number of slots (fifteen or less) —

produce accurate agreement for the required field on the axis of V4 >

the cylinder. Bioelectromagnetics and hyperthermia treatment P

of cancer in cylindrical objects such as limbs and torsos is one I

potential application. Nondestructive testing of manufactured O, f:ke
R ——

cylindrical products is another one where the energy is focused in
a given region in the cylinder.

Index Terms—Absorbing media, biomedical applications of elec- é

tromagnetic (EM) radiation, cylinders.

-

I«

|. INTRODUCTION e ——
S electromagnetic (EM) waves travel through any lossy
medium, they suffer distortion that increases as distantig- 1. Geometry for the lossy cylinder in cylindrical coordinates system. The
L . . . array of cylindrical slots system is also shown with only six slots.
or conductivity increases. Thus, in general, it is not straightfor-
ward to relate the fields at a given location in a lossy medium
with their required surface sources. Our task here is classifiedre widens the class of focusing possibilities. In nondestruc-
as inverse EMs. tive testing [5]-[7], it is often required to specify field levels
In many situations, we desire to control the spatial field distrand regions of application for testing a specific component, el-
bution in alossy medium. For example, in bioEMs hyperthermament, or product. Our analysis should also be relevant to this
cancer therapy [1] it is important to focus the field at the tumaubiject.
location, so that it is exposed to the proper amount of power ra-The continuous source on the surface of the lossy cylinder
diation. In this paper, we consider a finite length lossy cylindean be realized with an array of thin circumferential slots cut in
which may model a human limb or torso. The field (or power metal encasing. The agreement between the fields produced
distribution on the axis of the lossy cylinder may be assumég continuous source and that of the array is excellent.
to have any desired form and their sources can then be calcu-
lated. The approach presented here may be viewed as an alter-
native to phase and compensated focusing [2]-[4], which as- o .
sumes a given relationship between the phases and amplitude&s indicated in Fig. 1, the lossy homogeneous circular
of the distributions on the array elements. Therefore, the ideginder is defined by) < p < a and0 < » < £ with conduc-
tivity o and permittivitye. The region defined by < p < oo
is free-space, with permittivity,. The whole region has a
Manuscript received September 14, 1999; revised July 11, 2000. This w i ili i
was discussed by phone between the two authors just before the death o?fta?gn%“g permeablhtyuo. On .ftheh surface of the nylmder’
second author and was carried out by the first author in memory of the late PISE '_ne Yp = a, We. now specify the source.as a surface mag-
Wait. netic source or equivalent surface electric fi#ld(a, z) V/m.
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Fig. 2. Real part (hollow symbols) and imaginary part (filled symbols) of the required surface field to produce the prescribed field on the axis forltan

purely TM fields. The end caps for the cylinder are perfectly Of course, the problem of interest is to specify the power
insulating which results in zero current flo/; = 0) across dissipations|E. (0, 2)|? without restricting the phase. As a test
the ends of the cylinder. A time harmonic factamp(jwt) with  example we may specify fdr < » < ¢ that

angular frequency. Thus, the desired form of the solution for

0 < p<aand0d < z < Zis clearly seen to be [8] E.(0, 2) = A, sin (WZ) 3)

whereA, is a constant. Then, clearly,,, = A, if m = 1 and

oo

. [mnz zero otherwise. Thus
E.(p, z) = Z A, (tmp) sin ( 7 ) 1)
m=1 . 2
E.(a, z) = AL, (u1a) Sln( 7 ) 4

wherey? = ju.w(o + jew). Here, I (ump) is the modified whereu; = (v* + (x/£)?)!/2. In this case, the aperture distri-
Bessel function of order zero and argumentp andw,, = bution harmonic content has the same form as the axial field,
(v2 4 (mm /£)%)1/2. The unknowrd,,, is related to the aperture but enhanced by the complex fact(u.,a).
distribution E.(a, z) by A numerical study of this problem should give much needed

insight into the question of relating desirable axial fields (and
power) at the center of the cylinder and the requisite aperture
distribution functionE.(a, z).

2 [t 2
A, = 7 / E.(a, 2)sin (m;r;*) dz (2)
0 I1l. DISCRETIZING THE SURFACE MAGNETIC SOURCE

As a check on the validity of our results, we would like to re-
for any integern = 1, 2, 3---. Thus,F.(p, z) is determined alize the surface source by a reasonable model. Thus, we choose
for any specified aperture distribution. Conversely, we miglatdiscrete number of narrow circumferential slots (cut in an en-
wish to specifyE.(p, z) at, say,p = 0 and then determine casing metal sheath of radia, which are spaced equally by
the required form ofE.(a, z). For example if the axial field Az = z,, — 2z,_; along the length of the cylinder on theaxis
E.(0, z) is specified or given, thenl,, is given by (2) with and where the firstand last slots are at half spacing from the ends
E.(a, z) replaced byF. (0, z). of the cylinder. The slots are fed by applying a voltage across
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Fig. 3. Real part (hollow symbols) and imaginary part (filled symbols) of the required surface field to produce the prescribed field on the axis forstan

each slot as shown in Fig. 1. The voltages correspond to the siclered that the required axial field is given by (4) and, for this
tual continuous source on the surface of the cylinder. Thus, wase, the real and imaginary parts of the normalized surface field
can approximate Ez(a, Z) = E.(a, 2)/E, (with E, = A,) are plotted as a
function of Z over the length of the cylinder, where the total
normalized length of the cylinder is equal to one. The param-
= Z Vi é(z = 2n) ()  eters used are indicated on the figures. In Fig. 2, the real and
imaginary parts of the normalized surface field are shown for
the case tah= 0.1, while Fig. 3 show the case for tan= 0.5.
As is expected, the low loss case in Fig. 2 shows that the real
part of the surface field is dominant, while its imaginary part
is small. This is due to the fact that the required axial field is

whereV,, is the complex voltage at theth gap atz = z,,. The
general form in (1) still holds for the internal field, and Ag
becomes small enough we have

N < 1, (u real and with slightly lossy medium, the surface field propagates
Z Z mp into the cylinder with little change. For the lossy case in Fig. 3,
=1 o(uma tans = 0.5, both real and imaginary parts are significant and are
. sin (mﬂzn> sin (mW) ) (6) both required 'Fo produce real _axial fi_eld._ _
£ £ The comparison of the required axial field with that produced

the discrete array is shown in Fig. 4. This is a forward con-
irming calculation in which we assume that the slots are fed by
e voltages computed from the continuous source distribution.
hen the axial field is computed as a response from these slots.
The number of slots chosen is five and are equally spaced. The
imaginary part is clearly zero (around1@) while the real part
is point by point coincident with the required axial field.

For the purpose of performing numerical calculations and
presenting results, we use dimensionless parameters. We define
Z =z/0,Z, = 2,8, L = a/t, K = (w/c)(¢/e,)? (c de-
notes the speed of light in free-space apds the permittivity A specified electric field on the axis of a lossy cylinder in
of free-space), tah= o /ew. As a numerical test case, we conspace can be produced by a system of cylindrical slots cut in the

Finally, in order for us to determine how good the discre
array approximation is, in producing the field on the axis of th
cylinder, we should compare the required axial field with thé}'
produced by the array in (6) when= 0. This is done next.

IV. NUMERICAL RESULTS

V. CONCLUDING REMARKS
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Fig. 4. Confirming forward calculation where the source distribution is approximated by five circumferential slots in a metal sheath.

encasing metal sheath around the cylinder, where each of
slots is fed by a certain voltage. Although the(0, Z) field
was specified at the axis of the lossy cylinder, it is not difficul
to apply the procedure to other locations inside the cylinder su
as specifying®.(p1, Z), whered < p; < a. The study here can
be extended to layered planar and cylindrical objects.
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