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EM Local Heating with HF Electric Fields
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Abstract —Capacitor-plate applicators consisting of a pair of flat-plate

electrodes, energized by a HP voltage, are utilized to induce heating inside

a biological body for the purpose of hyperthermia cancer-therapy. In this

paper, a theoretical anafysis for such applicators is presented. A pair of

coupled integraf eqnations for the unknown total induced electric field

inside the body and the charge density on the electrodes is derived and

solved numerically for several different cases. The distribution of the

specific absorption rate (SAR) of energy inside the body is obtained for

each case. The body-electrode coupfing is taken into acconnt. A theoretical

scheme for synthesizing proper potential distributions on two arrays of

subeleetrodes for indncing a desirable SAR dktribution inside the body k
also developed. Using snch arrays of subeketrodes, the excessive heating at

the fat layer of the body may be avoided. An experiment has been

conducted to test the theory.

I. INTRODUCTION

H
YPERTHERMIA cancer-therapy has attracted the at-

tention of many medical researchers in recent years. It

has been found that, when the temperature of a tumor is

raised a few degrees above that of the surrounding tissues,

the accompanying chemo- or radio-therapy becomes more

effective in treating the tumor. In the combined therapy of

malignancies, the objective is to find a noninvasive method

by which to heat the tumor without overheating other parts

of the body. A nonradiating HF electric field has been

found to be a convenient means of inducing heat inside a

biological body. This method can be implemented by put-

ting the body between a pair of capacitor-plate electrodes

and it has resulted in tumor eradications in tumor-bearing

laboratory animals [1], [2] and humans [3].

Even though a parallel-plate applicator has been used

with some success, it suffers a major shortcoming-it

induces an excessive heating in the fat layer on the body

surface. This phenomenon is easily understood because the

induced electric field by this applicator at the fat–muscle

interface is mainly perpendicular, thus, the electric field in

the fat layer with lower permittivity and conductivity is

many times higher than that in the muscle layer that has

high permittivity and conductivity. Since the specific ab-

sorption rate (SAR) of energy is proportional to the square

of the electric field and only proportional to the conductiv-

ity, the SAR in the fat layer will be much higher than that

in the muscle layer. This shortcoming can be over come if,

instead of using two electrodes with two constant poten-

tials, two arrays of subelectrodes with proper potential

distributions are designed in such a way that the arrays

maintain a minimum electric field (or SAR) at the fat layer
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and a maximum electric field at the internal tumor region,

The design procedure for such arrays of subelectrodes is

presented in this paper.

In the first part of this paper, the interaction between a

pair of energized parallel-plate electrodes and a biological

body placed between the two electrodes is studied theoreti-

cally. The coupling between the electrodes and the body is

taken into account. This body-electrode coupling has been

neglected, for simplicity, in our previous studies [4]–[6]. A

pair of simultaneous integral equations for the total electric

field inside the body and the charge density on the elec-

trodes is developed and solved numerically with a com-

puter. The distributions of SAR and the electric field inside

the body are calculated for a variety of cases. In the second

part of this paper, a theoretical scheme is developed for

inducing a desirable SAR distribution inside the body with

two arrays of subelectrodes with proper potential distribu-

tions. A numerical example is given to demonstrate such

arrays of subelectrodes which induce a maximum SAR in

the internal muscle region while maintaining a minimum

SAR at the fat hryer. The last part of this paper discusses

an experimental study which was conducted to verify the

accuracy of the theoretical results of this paper.

II. THEORETICAL ANALYSIS

Consider the situation as shown in Fig. 1, where a

biological body of conductivity u(7), perrnittivity c(7), and

permeability IJO is placed between two electrodes, A poten-

tial difference V with a time variation factor eJ”t is main-

tained between the electrodes, At any point inside the

body, the total IEM field is the sum of incident and

scattered fields, i.e.

E(l) = Z’(?) +E’(?) (1)

R(7) = E’(7)+%(7) (2)

where ~’, H’ are the incident EM fields maintained by the

charge and current on the electrodes, and E‘, % represent

the scattered EM fields maintained by the induced current

and charge in the body.
It has been shown [7] that the scattered EM fields satisfy

the following Maxwell’s equations:

vxi’(7) = – jq.qJF(7) (3)

VXIF(F) = ~q(;)+ JkXoz’(?) (4)

where ~e~(7) = I-(7) ~(?) is the equivalent current density

and ~(r) = u(7)+ ju(t(?)– co) is defined as the complex

conductivity of the body. The solution to scattered electric
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Fig. 1. A pair of electrodes energized by a HF voltage placed across a
biological body for local heating.

field ~s inside the body can be expressed as [8]

where G(7, 7’) = – jopO~~ + v V\k~)GO(7, 7’) is the

tensor Green’s function, 1 = ii + Y}+ 22 is the unit dy-

adic and GO(7, 7’) = e–~~017–p’l/4~17 – ?’] and kO = uG.

The symbol P. V. stands for the principal value and means

that the source point should be excluded by a small limiti-

ng sphere while evaluating the integral over the volume of

body.

From (1) and (5), we obtain

(’+*)i(’)-p”v”Jvbd:(’’)i(”)

“d(?, 7’) du = i’(?). (6)

The incident electric field ~’(?) is mainly due to the

charge deposited on the electrodes and can be expressed as

z’(?) = ~ V ~lectrode,qe (7’’)G0 (7, 7“) ds (7)

where qg(l”) is the density of electric charge at point 7“

on the electrodes. In this calculation of the incident electric

field ~‘ between the electrodes, the effect due to the

currents flowing on the electrodes has been neglected. This

approximation is justified in the region between two capa-

citor-plate electrodes because, on a pair of electrodes,

electric charges of large magnitude and opposite signs exist

while the currents flow transversely and in opposite direc-

tions on this pair of electrodes. Thus, for the maintenance

of ~ Z between the electrodes, the contribution due to the

current (or the vector potential) is small compared to that

due to the charge (or the scalar potential).

With (7), (6) represents an integral equation for the

unknown total electric field inside the body and unknown

electric charge density on the electrodes. A second integral

equation in terms of the charge densities on the electrodes

and on the body surface can be written as

+/ %(WO(IWW](8)
sbtiy

where V.(7, ) is the potential at a point 7, on the electrodes

and q~ is the density of the charge induced on the surface
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Fig. 2. (a) The geometry of a body placed between two electrodes. (b)
The side view of the body and the electrodes.

of body. We have assumed no induced charge inside the

body and neglected its effect. For a heterogeneous body,

there are charges induced at the interfaces of different

tissues. Howeverj these charges are more distant from the

electrodes and imbedded in a conducting body, thus, their

effects in maintaining the potential on the electrodes will

be neglected for simplicity.

Based on the continuity of electric current, it is easy to

show that the following relation holds between q~ and the

total electric field ~ in the surface layer of the body:

where fi ( 7) is

surface body at

the outward unit vector normal to the

point Z Using (9), (8) becomes

(lo)

Equation (10) in conjunction with (6) constitutes a pair of

coupled integral equations for the unknown total electric

field Z(7) and the unknown charge density on the elec-

trodes q,. The well-known moment method [9] is employed

to solve these equations numerically. For this purpose, we

assume a cubic block of conducting body placed between

two square electrodes as shown in Fig. 2. With these

arrangements, a four-quadrant symmetry exists in the

geometry of the problem; therefore, we need to find the

unknowns in one quadrant only. The desired quantities in

other quadrants may be obtained easily by utilizing the

symmetry.
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To apply the moment method, we divide 1/4 of the

body volume into N cubic subvolumes; similarly, 1/4 of

the electrodes are partitioned into a total number of N‘

square subareas. It has been shown [7] that point matching

of (6) at the center of each body cell leads to the following

set of linear algebraic equations for the unknown three

components of the electric field at the center of each body

cell:

(3N)

[“1
Gxx / Gxy / Gxz
————————————

(3N) ‘,x ~ ‘,, ~ ‘Yz

ti;; ] -G;y-: --z:

(11)

The [G] matrix is a 3N x 3N matrix, while [E] and [E’] are

3N column matrices representing the total electric field and

the incident electric field at the centers of N cells, The

elements of [G] have been defined in [7]. Based on (7), the

column matrix [Ez ] can be expressd in terms of the charge

densities on the centers of the electrode subareas as

where [A] is a 3N X N’ matrix and [q=] is an N’ column

matrix representing the charge densities on the electrode

subareas. Combining (11) and (12) gives

(3N) (N’) ‘$

[ ‘ ‘ 1[,]

G.. ! G,Y ; G., ~ A. ---

(3N) ‘Yx i ‘Yy i Gyz ! ‘y -;: =0. (13)
G=x ~ Gzy ~ G== ~ A= ‘

By a similar technique, (10) may be transformed into a

set of simultaneous linear algebraic equations for the charge

densities at the centers of electrode subareas and the

electric-field components at the centers of those body cells

located at the surface of the body. The result is as follows:

Ex

Ey

(3N+ N’) -j;

(N’)[c! 0! 0~ G’] ---
e

i’”

[’1
v:

=. (14)

F’y’

where [V=] is a column matrix with N‘ elements represent-

ing the potentials at the centers of electrode subareas. In
the derivation of (14), the effect of induced charges on the

571

lateral surfaces of the body has been neglected. This is

justified since the electric field inside the body is mainly in

the .X-direction (Fig. 2(b)). The elements of the matrices A,

C, and G’ are defined elsewhere [10].

Equations (13) and (14) can be combined into the fol-

lowing matrix form:

r‘.———
G

d

‘ Gxy / Gxz / Ax Ey.x.xI
–––+––––L–––J––– –––
G GYY; GYZ; A E,yx /
—————-—----- l__! -–-
G,x / Gzy / Gzz / Az &
------ ————————.- .

C\OIOIGs :

——

0———
0

0———

v: “

Vy’

(15)

We can determine Ve’s subject to the condition of

vanishing of the tangential component of electric field on

the surface of electrodes, i.e.

~~(r)= –v@(7)- @A-, (7)= Ofor7=Sl and S2.

At low frequencies Vi@(7)>> jtiA-f(7), thus we have

JE,(T)= -v,q$(7)=o

which implies that the potential on each electrode is con-

stant. Therefore, we may write

~l=v:=. ..=veNl=v&
e

and

Vy+l= . . . = Vy’= v+ v-~

where NI is the number of partitions on electrode Sl, while

there are N‘ – N] partitions on S2. V~l is the potential of

S1 and, as mentioned before, V represents the potential

difference maintained between the electrodes and is a

known value.

To define Vsl, we consider two separate cases:

A. Grounded Potential Case

One electrode is grounded (Sl for example), thus 1’~1= O

and (15) becomes

(3iV + N’)

(3N) (N’)

Gxx / G.y / G., : Ax
_––.L––––L–––l ___
Gyx ~ Gyy i Gy= i Ay
———.-————————————
Gzx / Gxy / G,= / A=

1
--_.ir____ ,r———+———

cio IO IG’ _

where NI + Nz = N‘.

B. Floating Potential Case

Ex
———
E,
———
E=

~l?

~u’

=V

(3N)

(N,)

(%)

(16)

In this case, the “potential of two electrodes are left

floating. As one rnigh~ expect, unlike the previous case, Vsl

is not known and a slight modification should be made in

(16). It is shown [10] that the required system of linear
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equations for this case is of the following form:

(3N+N’+1)

(3N+N’+1)

~X~GG ~y~Gxz~Ax; O
–––l––––L–––l––––l––––

Gyx~Gyy /Gyz~Ay~ O
i ____I___ –l––––l––––

Gzx/Gzy /Gzz; Az/ O
! ,

I ‘--L-‘C; O; O; GS; –l———+————l—— —- —+ —— --, ————

0

“-!-1

‘1
!?- (3N)

‘:- (Nl)

‘i- (N,)
———

.0

(17)

where S.. is the area of each electrode subarea. The

additionfi equation introduced in the system (17) is ob-

tained on the basis of the fact that the total charges on the

electrodes must be zero, i.e.

N’

1=1

III. NUMERICAL RESULTS AND DISCUSSION

Equations (16) and (17) were solved by the computer for

several numerical examples and in each case the distribu-

tions of SAKS (heating pattern) and the induced ~ fields

inside the body were found. The detailed evaluation of

matrix elements of (16) and (17) is available elsewhere [10].

In the first example, we consider a homogeneous body

with dimensions of 6 cm X 6 cm X 3 cm and a conductivity

of 0.5 S/m, and a dielectric constant of 80, placed between

two electrodes each with dimensions of 4 cm x 4 cm. A gap

of 2.5 mm is assumed between the electrode and the body

surface. The potential difference between the electrodes is

assumed to be 2 V at a frequency of 15 MHz. One quarter

of the body is divided into 27 volume cells and the distri-

butions of SAR’S and the magnitude of the X-component

of the ~ field at the center of each cell are shown for both

grounded and floating potential cases in Fig. 3 (y and z

components of ~ are negligible). From numerical results, it

is noted that most of the power is absorbed in that region

of the body which is located between the electrodes. It also

is found that the SAR distribution inside the body for the

grounded potential case is notably different from that for

the floating potential case. In the grounded potential case,

the magnitude or absorbed power is minimum near the

grounded electrode and increases towards the opposite

electrode.

In the second example, two electrodes are assumed to be

of different sizes as shown in Fig. 4. The lower electrode SI

has dimensions of 4 cm x 4 cm and the upper one 2 cm x

Ela
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Grounded potential case.
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Fig. 4L Distributions of SAR’S and the magnitude of the X-component
of E field at the center of each body cell in 1/4 of a body located
between two electrodes of different sizes. (a) Floating potential case. (b)
Grounded potentiaf case.

2 cm. The body-electrode gap is again assumed to be

2.5 mm and the body dimensions and parameters are the

same as in the preceding example. It is noted that the

magnitude of absorbed power is maximum near the smaller

upper electrode and decreases rather rapidly toward the

larger lower electrode. Grounding S’l causes the absorbed

power density to decrease near the grounded electrode Sl,

while it increases near S2, as shown in Fig. 4(b).

The third example considers a heterogeneous body hav-

ing a tumor of 2 cm x 2 cm x 1 cm located at the center of

the body (Fig. 5). The conductivity of the tumor is assumed

to be slightly different from that of the surrounding tissues,

which is 0.5 S/m. The dielectric constant of 80 is assumed

for the tumor and the surrounding tissue. The distribution

of SARS for the case when the conductivity of the tumor is

0.35 S/m (0.65 S/m) is shown in Fig. 5(a) and (b). As

expected, the magnitude of the absorbed power density

increases (decreases) in the tumor with a lower (higher)

conductivity y than that of the neighboring tissues.

A numer~ca; example is worked out to show how the

electrlc charge is distributed on the electrodes. In this

example, two identical electrodes each with dimensions of
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Fig. 6. Distributions of the electric charge along the y axis on the
electrode S2 for the free-space case and the case with a body between
the electrodes. In (b), the charge distributions are normalized to show
the relative variation.

4 cm x 4 cm are placed across a b~dy with dimensions of

6 cm x 6 cm X 3 ~m as shown in Fig. 6. A potential dif-

ference of 2 V at 15 MHz is maintained between the

electrodes. The distribution of the magnitude of electric

charge on the upper electrode (S2) is shown in Fig. 6

(dashed curves), The distribution of electric charge on the

same electrode for the free-space case is also included for

comparison. It is noted that the magnitude of electric

charge on the electrode in the presence of a body is much

higher and is distributed more uniformly as compared to

that of the free-space case (solid lines). This phenomenon is

depicted in Fig. 6(b), where the distributions of the normal-

ized charge densities for the two cases are compared.

IV. SYNTHESIS OF POTENTIAL DISTRIBUTIONS ON

ARRAYS OF SUBELECTRODESFOR A DESIRABLE

SAR DISTRIBUTION

In the practice of EM local heating with a parallel-plate

applicator, the main difficult y to be overcome is to avoid
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Fig. 7. Desired distribution of the electric field (in the .x-direction) in
the body to be excited by two arrays of subelectrodes at 20 MHz. The
body consists of two fat layers (1.5-cm thickness) and a muscle layer
(6-cm thickness). The required potential distributions on the arrays of
subelectrodes are shown in Fig. 8.

the “excessive heating in the fat layer. This problem can be

solved if we divide the two parallel electrodes into two

arrays of subelectrodes and then synthesize appropriate

potential distributions on the arrays in such a way that a

desired SAR distribution in the body is maintained. The

desired SAR distribution may have high SAR’S in the

internal muscle region of the body and low SARS in the

fat layer. The design procedure for such arrays of subelec-

trodes is explained here,

Assume that a conducting body is placed between two

array of N subelectrodes, and the body is divided into a

total number o! i14 cubic cells. The components of the total

electric field E at the centers of the body cells and the

charger densities on the subelectrodes are govgrned by (15).

We now assign al desirable distribution of E field in the

body, and then tly to determine the required potentials on

the subelectrodes that will maintain the assigned SAR

distribution. For example, suppose that we desire to have a

distribution of electric fields with only the x-components

which has a maximum value at the internal muscle region

and a minimum value at the fat layer in the region between

the arrays, and a zero field in the region not covered by the

arrays, such as that shown in Fig. 7. For this situation, (15)

becomes

(3iW+N)

(3M+N)

Gx. / G.y / G.. / Ax
--–.L. ___ L-. _l ___
Gyx / Gyy / Gyz ; Ay
-——l.———— ,_ --_; ——-

G,x / Gzy / G== , A=
-- —- ————-- ————-—
C’; O! O}GS,

(Ex)a-
—--——

0—---—
0

n:

v:

——

o

0

0——.
v:

Vy

(18)

where [ Ex ]. represents the assigned electfic fields at the
centers of body cells.

In (18), the unknowns are now the charge densities TJ=’S

and the potentials Ve’s on the subelectrodes. Thus, (18)

represents a set of 3A4 + N equations with 2N unknowns
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(~:...!@!@...V,~). To have unique solutions for q= and

V., the numbers of equations and unknowns must be the

same. That is

3i14+N=2Nor N=3A4.

This means that there should be 3i14 subelectrodes in the

arrays. With this condition, (18) may be decomposed into

the following sets of equations:

1––11 I I –––2––––,-––– II –––––

01

and

(3A4)

[-----

(EX).

(3J4)[C1 01 o] ()

o

(20)

The elements of the matrices [A], [C], [G], and [G’] can be

specified provided that the dimensions of electrodes and

body are known. Thus, q, can be determined from (19).
Once q, is obtained, ~’s can be found by using (20).

As an example, we consider the geometry of Fig. 7,

which consists of a body with the dimensions of 9 cm x

6 cm x 6 cm and two arrays of subelectrodes with each

array having the dimensions of 7.2 cm x 4.8 cm. The body

consists of a muscle layer of 6-cm thickness and two flat

layers of 1.5-cm thickness at the top and the bottom. The

body is partitioned into 144 I.S-cm cubes (M= 144), not-

ing that only one eighth of the partitioned body is depicted

due to symmetry. The total number (N) of 432 subelec-

trodes, each of which has the dimensions of 0,4 cm x 0.4

cm, is then needed in the two arrays. With these arrays of

subelectrodes and appropriate potential distributions at 20

MHz, we desire to induce inside the body a distribution of

electric fields (having only the x-components) as shown in

Fig. 7.

By solving (19) and (20), the distribution of the required

potentials (amplitude and phase) on the subelectrodes in a

quarter of the upper array is determined to be as that

shown in Fig. 8. The required potentials on the subelec-

trodes of the lower array are the negative of that of the

upper array. It is noted that the amplitudes of the required
potentials are very high and their signs alternate between

many neighboring subelectrodes. This distribution of the

required potentials appears to be quite unstable, but it is

commonly seen in the field of” super gain” antenna array.
To check the accuracy of this required potential distribu-

tion on the subelectrodes, the following numerical test was

performed. We used the potential distribution of Fig. 8 but

subdivided two cubic body cells (cells 1 and 2 near the

center of the body) each into 8 subcells, and recalculated

the induced electric fields in these subcells. The results are

shown in Fig. 9. The assigned electric field in cell 1 was 1

volt/m in the x-direction, and the recalculated electric

fields at the centers of 8 subcells now vary between 1.04 to
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Fig. 8. The required potentiat distribution on 1/4 of the upper array of
subelectrodes that induce a desired distribution of electric fields in the
body as shown in Fig. 7.
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Fig. 9. Numerical test: Cells 1 and 2 are each subdivided into 8 subcells
and the induced electric fields at the centers of these subcells are
recalculated, based on the potential distributions of Fig. 8 on the arrays
of subelectrodes.

0.6 volt/m in the x-direction as shown. The assigned

electric field in cell 2 was 0.5 volt/m in the x-direction and

the recalculated electric fields at the centers of 8 subcells

now range between 0.5 to 0.35 volt/m in the x-direction.

This numerical test tends to support the accuracy of the

results shown in Fig. 8. It is evident that more accurate

results on the required potentials for the subelectrodes can

be obtained if the body is subdivided into more cells and

the electrodes into more subelectrodes. Unfortunately, with

a limited computer storage capacity, we were not able to

secure a more accurate solution for the required potential

distribution.

The same synthesis procedure can be used to design the

arrays of subelectrodes for inducing a more localized SAR

distribution. It was found that a higher and more oscilla-

tory potential distribution is usually required to create a

more localized SAR distribution in the body.

V. EXPERIMENTAL RESULTS

In order to test the theoretical results found in the

preceding sections, a series of experiments was conducted

where the magnitude of the total electric field inside a

simulated biological body (a plexiglass box containing salt

water) was measured by an implantable electric-field probe
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Fig. 10. Experimental setup for the measurement of the electric field in
a conducting medium maintained by a pair of capacitor-plate electrodes,
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Fig. 11. Distributions of the theoretical and experimental values of the
x-component of electric field along the x-axis maintained in the body
between two electrodes of equal dimension.

developed by our group [11]. The experimental setup is

shown in Fig. 10.

In the first experiment, we considered a plexiglass box

with dimensions of 8 cm X 8 cm X 8 cm filled with salt

water and two identical 6 cm X 6 cm electrodes placed

across the box. The measured values of the X-component

(dominant component) of ~ field in the central region of

solution are shown (discrete points) in comparison with the

theoretical values in Fig. 11. The free-space values when no

salt water is present me also included in the figure. It is

noted that, in the presence of the body, the major part of

the voltage is maintained between the body-electrode gaps

and, thus, the electric field in the body is much smaller

than that of the free-space case. The case of two different

size electrodes is considered next. In this case, the upper

electrode is 4 cm X 4 cm and the lower one is 6 cm X 6 cm

as shown in Fig. 12. In both cases, the agreement between

measured and theoretical values of the X-component of

electric field inside the body and in free space in the

absence of the body is considered to be good.

VI. CONCLUSION

In this paper, we present a theoretical method of analyz-

ing the interaction of the EM field maintained between a

pair of capacitor-plate electrodes and a biological body
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Fig. 12. Distributions of the theoretical and experimental values of the
x-component of electric field along the x axis maintained in the body
between two electrodes of different dimensions.

located between the electrodes, The coupling between the

electrodes and the body has been taken into account. The

effects of the geometry of electrodes and the heterogeneity

of the body on the induced SAR distribution are studied.

A technique of synthesizing proper potential distributions

on two arrays of subelectrodes to produce a desirable SAR

distribution in a body is also presented, Using such arrays

of subelectrodes, the excessive heating at the fat layer may

be avoided. Theoretically, it is possible to design two array

of subelectrodes with proper potential distributions for

inducing a highly concentrated SAR in a localized region

inside the body. However, the required potential distribu-

tions may become quite unrealistic and unstable. If a less

localized SAR distribution is demanded, the required

potential distributions become better behaved. In practice,

such arrays of subelectrodes may be implemented by a

computer-controlled system.

It is noted that the SAR distribution determined in this

paper may not represent the actual heating pattern or the

temperature distribution. The latter should be determined

by considering heat transfer mechanisms that include the

blood flOW.
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Microwave Modeling of Rectangular Tunnels

BENJAMIN JACARD AND OSCAR MALDONADO, MEMBER, IEEE

Abstract —Natural propagation of electromagnetic waves in rectangular

tunnels is investigated experimentally at microwave frequencies (1-10

GHz) using a tunnel model of reduced dimensions made of a 10SSYmixture

of sand, water, and salt. The experimental results for the propagation

constant of the low-order modes agree satisfactorily with theoretical predic-

tions. Practical applications of the experimental techniqne are discnssed.

I. INTRODUCTION

T O DESIGN IMPROVED communication systems in

mine and road tunnels it is necessary to understand

the mechanisms of natural propagation. This is not always

possible due to difficulties in finding suitable theories for

real tunnels. Furthermore, there is not enough experimen-
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8323.

The authors are with the Department of Electrical Engineering, Univer-
sity of Chile, Santiago, Chile.

tal data on tunnels to verify the approximate theories

proposed. Reliable measurements in real tunnels are dif-

ficult and costly due to instrumentation and access prob-

lems. For these reasons we propose the use of scale-model-

ing techniques using tunnel models made from a mixture of

sand, water, and salt. This mixture has been previously

used for modeling real ground at microwave frequencies

[1], [2].

In this paper, experimental results are presented for

propagation in a microwave-modeled rectangular tunnel.

Results compare satisfactorily with published theory [3],

suggesting that this modeling technique could be success-

fully used for investigating experimentally the propagation

in other tunnels of more complex geometry where the

theoretical approach would be difficult to apply.

II. THEORY OF PROPAGATION

An exact analytical solution for propagation in a rectan-

gular tunnel is not possible because of the difficulty in
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