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This paper presents theoretical analysis of the specific absorption rate (SAR) distribution in three-layered tissue (fat,
muscle and lung layers as in thorax region) in direct contact with a box-horn applicator for hyperthermia treatment of
cancerous tumor. The box-horn is assumed to be filled with dielectric (ceramic NPOT-96) to provide a better impedance
match to bio-media. The present analysis is based on plane wave spectral technique. The spatial distribution of SAR in fat,
muscle and lung layers are computed and reported at 433 and 2450 MHz. Wider SAR-distribution in each of the bio-layers
in cross-sectional area and higher penetration depth iri lung are observed at 433 MHz in comparison to those at 2450 MHz
for dielectric-loaded box-horn. The normalized SAR distributions are also reported for various tissues (fat/muscle/lung
layers) at the same depth in order to make a comparative study in these tissues. A modified box-horn, in which the horn is
flared in both E- and H-planes is also considered. The effect of substituting pyramidal horn in place of H-plane sectoral horn
in the design of box-horn on the SAR distribution is also examined. The results have been validated against available
published results in the literature.
Keywords: Bio-media, cancer, dielectric-loaded box-horn, hyperthermia, plane wave spectra, specific absorption rate (SAR)
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1 Introduction
The most attractive and prospective application
area of microwave is hyperthermia as an adjutant to
treatment of cancer. Numerous types of hyperthermia
applicators have been investigated and developed by
many researchers and are reported in the literature
including waveguide applicators 14 , multimodal
applicator, conical hom antenna 5 , coaxial applicator,
array applicator3 etc. Guy 1 began to set the foundation
in the early 70's for theoretical and experimental
investigations of rectangular waveguide applicator in
direct contact with two-layered tissue (fat and muscle
layers). Nikita and Uzunoglu 2 extended the work by
analyzing power coupling from a water-loaded
waveguide applicator into a three-layered tissue
model (skin, fat and muscle layers). Cudd et al. 3
presented localized heating in thorax (fat, muscle and
lung model) by a phased array of waveguide, which is
a more realistic case of a layered tissue. Sherar et al. 4
reported beam-shaping for waveguide applicators for
hyperthermia treatment of cancer. Samaras et al. 5

presented analytical model for specific absorption rate
(SAR) distribution of a Lucite cone applicator for
hyperthermia. Van Rhoon et a!. 6 have investigated
that the effective field size (EFS, SAR 2: 50% of the
maximum SAR at 1 em depth) of a conventional 433
MHz water filled waveguide applicator (32 cm2,
aperture area 100 cm2 ) has been increased by: (i)
replacement of the two diverging brass side walls,
which are parallel to the direction of the electric field
by Lucite walls; and (ii) placement of a heterogeneous
permittivity in the centre of the aperture. Recently,
Kumaradas and Sherar7 presented a new numerical
model based on a finite element method for
measurements of heating from a modified water bolus
attached to a conventional waveguide applicator.
In this paper, the authors have proposed and
analyzed a novel hyperthermia applicator, dielectricloaded box-hom for hyperthermia treatment of
cancerous tumor in thorax region. The field
distribution in the H-plane of the aperture is closer to
uniform distribution, as box-hom 8 supports TE 10 and
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TE30 modes. The modified box-horn, an improved
version of box-horn is also considered, in which the
horn exciting the box waveguide is also flared in Eplane to increase its aperture size. The box-horn is
filled with a dielectric ceramic 9 NPOT -96 in powder
form, which can be kept intact in box-horn through
the use of negligible thickness diaphragm. Loading
the box-horn with ~eramic NPOT-96 provides a good
impedance match and ensures good transmission into
the tissue 2 .
Dimensions of box-horn depend upon wavelength.
If box-horn is filled with dielectric material with
relative dielectric constant Ed; the wavelength is
reduced by a factor of 1/,fEd. Hence dimensions of
dielectric-loaded box-horn are also reduced by a
factor of 1J,f£d, which makes it suitable for array
configuration 2 . The expressions for the specific
absorption rate (SAR) distribution in bio-layers at
thorax region (fat, muscle and lung layers)3 are
derived and presented at 433 and 2450 MHz. The
normalized SAR distributions are also computed and
presented for various tissues (fat/muscle/lung layers)
at the same depth (:3 = 1 em) in order to make a
comparative study in these tissues. In thorax region,
the thickness of skin (usually 0.1-0.5 mm) is
negligible in comparison to that of fat, muscle and
lung (1-2 em, 1-3 em and 8-10 em, respectively).
Also, tumors are usually situated in muscle or lung
region; hence skin is neglected in the present model.
For RF and microwave hyperthermia, the frequency
between 1 MHz and 10 GHz is used. The frequencies
of 27.12, 40.68, 433 , 915, 2450, and 5800 MHz are
significant, since they are used for ISMD (Industrial,
Scientific, Medical and Domestic) processes. The
choice of frequency 10 must consider following three
factors:
(i) The penetration depth in tissue decreases as
frequency increases.
(ii) The size of applicator decreases as frequency
increases. Small sized applicator has good
localization and vice-versa ,
(iii) Dielectric properties of bio-media depend upon
frequency.

with that reported by Compton 11 . The present analysis
is also verified by computing heating pattern in
muscle for rectangular waveguide terminated in hilayered bio-media (fat and muscle layers) at 918 .8
MHz and comparing it with that obtained by Gui.
The theoretical results are found to be in good
agreement with those available in the literature 1' 11 .

2 Analysis of SAR distribution in thorax region
(fat, muscle and lung layers)
Figures 1(a) and 1(b) depict a dielectric-loaded
conventional and modified box-horns terminated in
thorax region (fat, muscle and lung layers),
respectively. The narrow and broad dimensions of the
aperture and length of the box-horn are denoted as a,
b and L respectively. The conventional/modified boxhorn is excited by inserting a coaxial dipole probe in
broader wall of waveguide of the horn exciting the
box at 'A g/4 distance from closed end of the
waveguide, as shown in Fig. 1, where Ag is guide
wavelength of the dielectric-loaded waveguide. Thus
the probe exc.tes TE 10 mode in the waveguide. TE30
mode is generated at the discontinuity plane between
the horn and box. Thus, box-horn supports TE 10 and
TE 30 modes. In the present analysis, it is assumed that
box-horn is in direct coiltact with tissue. Fat and
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Therefore, the selection of appropriate frequency is
dependent upon depth, size and location of tumors.
To show the validity of the theoretical analysis, the
numerical result concerning the aperture admittance
of the rectangular waveguide, carrying TE 10 mode
terminated in lossy media is computed and compared

y

Fig. I -Dielectric-loaded box-horn applicator in thorax region
(a) Conventional box-horn and (b) Modified box-horn
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muscle are of finite thickness in the analysis. Lung is
a highly lossy medium (E,* = 21.58 - j 14.80 at 433
MHz and 22- j 4.18 at 2450 MHz), and its thickness
varies from about 8 em to 12 em. The SAR value
beyond 7 em in lung is almost zero. Hence, 8-12 em
thick lung is equivalent to infinitely thick organ.
Therefore, lung in this model may be considered to
extend up to infinity. Fat, muscle and lung layers have
complex perrnittivities of E1· , E2* and E3* respectively.
It is also considered that fat, muscle and lung layers
are extended up to infinity in lateral directions. Since
these bio-media are quite lossy, hence lateral atea of
2
8x8 cm beneath the applicator may behave as infinite
lateral area.
The present analysis is based on plane wave
spectral technique as discussed by Compton 11 and
Harrington 12 . The x-component of electric field at the
aperture of the box-hom 8 is given by
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(2n)

-

-

+R e+jk<~z ]· e- jk,xe-jk, y dk
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3

~

y}-j~3 L

... (1)

where a 1 and a 3 are amplitude coefficients, ~ 1 and ~3
are the phase constants, r, and r3 are reflection
coefficients at the interface between dielectric-loaded
box-hom aperture and bio-layer for TE 10 and TE30
modes, respectively. The fields in bio-media (fat,
muscle and lung layers) are everywhere TE to x and
TE to y (Refs 11, 12). Hence, the fields may be
represented by an electric vector potential, given by
. . .(2)

where

<1>

and \jf satisfies the wave equation

... (9)

where plane wave spectra are I IJII , I ~ 1 , RIJI 1 , R~ 1 in fat
layer (layer 1), T" 1 , T$1 , R" 2 , R$2 in muscle layer (layer
2) and T" 2 , Tcp 2 in lung layer (layer 3). The

z-

component of the wave-number in irh layer (i=1, 2 and
3) is given by k zi =

~k:-k~ - k: .

The electric and magnetic fields are found from the
relations
.. .(3)

with the appropriate boundary conditions. Here k; is
wave-number in the irh layer, i=1 , 2, 3. The solutions
for <1> and \jf can be constructed as the sum of a
continuous spectrum of eigenvalues, as given by
_

1

<1>3(x, y,z ) = - 2
(2n)

1 f~ f~ [IIJI e-jkz~z
1
(2n) -

\jf 1(x,y,z ) - - 2

. . . (4)

E =-V x F

... (10)
... (11)

The x-, y- and z-components of electric and
magnetic fields in different layers (fat, muscle and
lung layers) can be found by utilizing Eqs (4)-(9) and
(10)-(11) . The inverse Fourier transform of the x- and
y-components of electric field in fat layer at z = 0
gives
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Applying the boundary conditions, i.e. , the
continuity of tangential electric and magnetic fields at
z = t 1 (the fat-muscle interface) and z = t 2 (the
muscle-lung interface) gives:
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where E;, O'i ( =WEoEn, Pi and Et are the electric field
intensity, conductivity, density and imaginary part of
relative permittivity of ith layer, respectively. The
amplitude of electric field intensity of ith layer is

IE; I= IExJ + JEy;J + IEzJ .

3 Design of dielectric-loaded Box-horn
.
Theoretical analysis of box-hom antenna 8 shows
that a3 /a 1 equal to 0.3 is a fairly good approximation
to uniform illumination. The box-horn is especially
useful, therefore, for the application requiring around
60° with box-aperture b=1.6 A.
The ratio of broader dimension of mouth of the
horn exciting the box waveguide, to the broader
dimension of aperture of the box (b'lb) can be
evaluated by the following relation.
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The length L of the box Is obtained from the
relation

-k k [I e-jkd , +R e+jk"'']
X

... (21)

By solving Eqs (12)-(21), plane wave spectra in
layered bio-media can be found. The field distribution
in fat, muscle and lung layers can then be obtained .
The specific absorption rate (SAR) m ith layer
(i = 1, 2, 3) can be calculated by

found by the relation
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In conventional box-horn, the narrow dimension of
the box is kept same as the narrow dimension of the
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H-plane sectoral horn. For modified box-horn, the
pyramidal horn exciting the box is designed as per
Terman 13 and the narrow dimension of the box is kept
the same as the narrow dimension of the mouth of the
pyramidal horn. The box waveguide is designed as
per Silvers.
The dielectric-loaded conventional box-horn
applicator is designed at the frequencies of 433 and
2450 MHz as discussed by Silvers. The computed
dimensions of the dielectric-loaded box-horn are: a =
4.32 em, b = 20.41 em and L = 10.60 em at 433 :MHz
and a= 0.95 em, b = 3.64 em and L = 1.89 em at 2450
MHz. The flare angle of the horn exciting the box is
30° in H-plane at both frequencies.
The computed dimensions of dielectric-loaded
modified box-horn at 2450 MHz, are a = 2.62 em,
b = 3.64 em, L = 1.89 em and flare angles of the
pyramidal horn exciting the box are 30° in both
H- and E-planes.

4 Validation of the theoretical analysis
Box-horn is a new type of applicator analyzed for
hyperthermia treatment of tumors in thorax region.
The results obtained from present analysis are
compared with the results reported for waveguide
applicator, which is a simpler form of box-horn.
However, a box-horn applicator has many marked
advantages over a waveguide applicator, e.g., it has
more uniform aperture field distribution, greater
directivity in H-plane, larger aperture size for
same operating frequency, good localization etc.
The theory is validated by computing aperture
admittance of rectangular waveguide carrying TE 10
mode terminated in lossy media and comparing it
with the result obtained by Compton 11 • The
admittance of the waveguide terminated in lossy
media (with complex permittivity = 70.15 - j 40.50
for layer 1 followed by free space layer) computed at
2450 MHz is found to be equal to 0.0230 - j 0.0051
mho. The value of computed aperture admittance is in
good agreement with that(= 0.0231 - j 0.0053 mho)
reported by Compton 11 •

The numerical results for the relative heating curve
in y-direction in muscle layer for 918.8 :MHz of a
waveguide applicator in direct contact with hi-layered
biological tissue is computed and compared with
those obtained by Gui. Good agreement between the
two results is observed as shown in Fig. 2.

5 Numerical results and discussion
The values of SAR in different layers of bio-media
for dielectric-loaded conventional box-horn applicator
designed at 433 and 2450 MHz are numerically
solved using MA TLAB. The thicknesses 3 , complex
relative permittivities 3' 14' 15 and densities 16 of different
layers ofbio-medialdielectric material, compiled from
the relevant literature, where the experimental results
are given for reported parameters are listed in Table 1.
These data 14' 15 are measured for in-vitro human
samples with normal water-contents at 37 °C and at
respective frequencies for microwave exposure. The
thicknesses 3 of fat, muscle and lung are average
values for the thorax region of the human body. The
mass density 16 of bio-layers is frequency independent.
The perrnittiviti 5 of a bio-medium is complex and is
written in the form of Ei* = £ 1'- j £t, where £1 ' is
relative dielectric constant and £t is the rel ative loss
factor. The loss factor shown in the table represents
the sum of both the relaxation losses as well as ionic
losses.
x
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Fig. 2 - Validation of the analysis: Relative heating in
y-direction by present analysis and Gu/

Table 1 - Properties of Bio-media
Bio-medialdielectric material

w
w

0.6

• • • GUY (REF.1)

Permittivity of the bio-medialdielectric-material,
£i * (i = 1, 2, 3), at
433 MHz
5.028- j 1.87
42.807 - j 26.87
21.58- j 14.80

2450 MHz
3.90- j 0.67
47.50-j 13.50
22.00- j 4.18

29.50- j 0.0059

28 .90- j 0.0578
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Figure 3 shows a three-dimensional plot of the
spatial distribution of the SAR in thorax region (fat,
muscle and lung layers) 3 at 2450 MHz. The value of
SAR is the minimum in lung layer and is the highest
in muscle region. The SAR distribution has symmetry
and is identical along x- and y-axes.
In Fig. 4, the normalized SAR distributions are
given for various tissues (fat/muscle/lung layers) at
the same depth (z = 1 em) at 2450 MHz in order to
make a comparative study in these tissues. The value
of SAR is the minimum in fat tissue due to its poor
conductivity 15 and is the highest in muscle region,
because muscle is highly conducting 15 .
SAR distribution in lung layer along x-/y-direction
at 433 MHz is also obtained for conventional boxhorn and is presented in Fig. 5 along with the SAR
0.4
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distribution at 2450 MHz. Here, the SAR values at
both frequencies are independently normalized to the
maximum value of SAR at corresponding frequencies.
The SAR value is maximum at the centre of box-horn
(i.e. x = y = 0 em) and decays in either directions
since box-hom supports TE 10 and TE30 modes 8 . The
value of SAR for any x- or y-value (for corresponding
value of y = 0 em or x = 0 em) is found much larger at
433 MHz as compared to that at 2450 MHz, since the
aperture size of box-horn 8 at 433 MHz is relatively
large. At 433 MHz, the width of SAR distribution is
larger than that for 2450 MHz, hence localization of
tumor is good at 2450 MHz in comparison to 433
MHz. Therefore, the effective heating depends
strongly on the frequency used and the field
distribution across the aperture of the applicator.
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Fig. 5- SAR distribution in x- or y-direction at 433 and
2450 MHz for dielectric-loaded conventional box-hom
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Figure 6 illustrates the results for a wave
transmitted through subcutaneous fat and muscle
media into lung medium in z-direction at 433 and
2450 MHz, when conventional box-horn applicator is
used. The SAR is normalized to unity in the muscle at
the fat-muscle interface 1• The SAR value gradually
reduces in fat layer and then increases abruptly at the
fat-muscle interface, because of much larger
conductivity 14 ' 15 of the muscle layer as compared with
fat layer and greater impedance mismatch at the fatmuscle interface. The impedance mismatch causes
large reflection 11 ' 12 • The resultant electric field
intensity at the interface is the sum of incident,
reflected and transmitted waves 11 •12 • Hence, the SAR
increases to unity in muscle layer from its minimum
value < 0.1 . The value shows the appearance of a
shoulder prior to its coming out of muscle layer due to
large difference in conductivity of layers and due to
reflection at the interface. Thus, conductivity or loss
tangent of and reflection at the interface of bio-layers
are responsible mechanisms during penetration. The
penetration depth' of the wave in lung is found to be
4.401 and 5.001 em for applicator designed at 2450
and 433 MHz, respectively. The power absorption
coefficiene of the lung defined as inverse of
penetration depth is found to be 22.72 and 19.99 m- 1
for applicator designed at 2450 and 433 MHz,
respectively. Thus, at higher frequency, dimensions of
box-horn are compatible with localized treatment of
tumor but penetration depth is less, whereas
penetration depth is higher for applicator designed at
lower frequency. The disadvantage of using lower
frequency is the poor localization of heating because
of increased dimension of the applicator. Thus, there

is a trade off between penetration depth and
localization. Thus, the profile of wave penetration into
the body is strongly dependent on frequency.
Figure 7 depicts the SAR distributions along x-/yand z-directions for modified box-horn along with
those for conventional box-horn 8 . The values of SAR
are normalized with maximum value of SAR, which
occurs for modified box-horn. The values of SAR
show a decreasing trend in fat and then there is a
sudden increase in value at the interface of fat and
muscle layers for both conventional and modified
box-horns. At the interface of fat and muscle layers,
SAR value has increased abruptly from 0.027 (in fat
layer) to 0.4513 (in muscle layer) for conventional
box-horn and there is abrupt increase from 0.0597 (in
fat layer) to 1 (in muscle layer) for modified boxhorn. Thus, the ratio of SAR value in muscle layer to
the SAR value in fat layer at the interface of fat and
muscle layers for both types of box-horns remains the
y = 0 em or x = 0 em, z = 3 em
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Fig. 6 - SAR distribution in z-direction at 433 and 2450 MHz
for dielectric-loaded conventional box-hom

Fig. 7 - SAR distribution at 2450 MHz for dielectric-loaded
modified and conventional box-hom (a) along x- or y-direction
and (b) z-direction
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same, i.e. 16.75. It can be seen from Fig. 7 that
modified box-horn gives much higher values of SAR
in x- ly- and z-directions in comparison with those for
conventional box-hom. Thus, higher values of SAR
can be obtained by appropriately flaring the horn,
which is coupled to the box waveguide in E-plane
also.

2

Nikita K S & Uzu noglu N K, Analysis of the power
coupling from a waveguide hyperthermia applicator into a
three-layered tissue model, IEEE Trans Microwave Theory
Tech (USA), 37 (1989) 1794.

3

Cudd P A, Anderson A P, Hawley M S & Conway J, Phased
array design considerations for deep hyperthermi a throu gh
layered tissue, IEEE Trans Microwave Th eory Tech (USA).

4

6 Conclusion
An analytical model has been presented for SAR
distribution in thorax region (fat, muscle and lung
layers) illuminated by dielectric-loaded box-hom
applicator at 433 and 2450 MHz. SAR is distributed
in wider cross-sectional area in each of the bio-layers
and depth of penetration is higher in lung layer at 433
MHz for each of the dielectric-loaded box-hom in
comparison to 2450 MHz. Therefore, dielectricloaded box-horn designed for higher frequency
operation is better for hyperthermia treatment of
localized tumor at shallow depth, whereas dielectricloaded box-horn designed for lower frequency
operation may become a potential applicator for
treatment of cancerous tumor at greater depth inside
the body. The modifi ed box-horn has larger aperture
and gives higher va!ues of SAR in every layer in
comparison to the conventional box-horn. The
analysis and results presented here may be useful in
designing multi-mode applicators and in analyzing the
performance of multi-applicator phased array for
hyperthermia treatment of cancerous tumors.
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