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A Spherical Slot Array Applicator
for Medical Applications

Monai Krairiksh, Toshio Wakabayashi, Member, IEEE, and Wiwat Kiranon

Abstract—A new type of microwave hyperthermia applicator is
proposed and analyzed. A cavity, consists of concentric conduct-
ing partial spheres which are enclosed by a part of a conducting
cone, is employed to excite an array of slots coherently. From
numerical results that we obtained, it is possible to focus the
electric field radiated from the slots to the center of the sphere
where a tumor is assumed to be located. Furthermore, SAR
distributions of some applicators are obtained by using computer,
and these applicators have been designed. From the measured
resuits of electric field distributions at 2450 MHz, it is found
that the focusing characteristics are achievable. Thermographic
studies show that the heating volume can be varied by using
different number of slots and the maximum heating depth is 3
cm.

1. INTRODUCTION

MICROWAVE applicator that can perform selective

heating plays an important role in a non-invasive
hyperthermia cancer treatment. It is employed, without
invading into a human body, to apply electric field to elevate
temperature of the tumor to a hyperthermic range while
maintaining the surrounding healthy tissue undamaged. A
field penetration depth into the body is inversely proportional
to the operating frequency. Using low frequency makes the
applicator beamwidth wide at the expense of ineveitably large
size. To perform selective heating to obtain a small hotspot
size, an array of applicators may be utilized. The size of an
applicator becomes smaller when the operating frequency is
in a microwave range.

Several types of non-invasive applicator have been investi-
gated in literatures [1]-[7]. All of them correspond to a kind of
a single applicator which are light in weight, simple structure
and compact. However they possess a disadvantage that they
have no focusing ability, then significant areas of healthy
tissue adjacent to the tumor are often heated. The articles in
[8]-[10] introduce that the absorbed power distribution pattern
can be modified by arranging the applicators in array. The use
of an array of two microstrip applicators of which the field
dirtribution can be controlled by varying an angle between
them had been investigated by James et al. [11]. The structure
of the array is unfortunately complicated because it needs an
external power divider and phase shifter. Lens type applicators
have been developed by Nikawa et al. [12]-[14]. These types
of applicators including the one developed by Guy er al, [15]
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are suitable for a part of the human body that has a cylindrical
shape. For some parts of human body such as breast and head
which are closely spherical in shape, the authors [16], [17]
have proposed an applicator with a rather proper shape and
some results have been reported.

In this paper, microwave applicators made of spherical slot
array are proposed and analyzed. Calculations are carried out
at a frequency of 2450 MHz to investigate the appropriate
applicator size for focusing electric field deepen into a human
muscle. Experimental results of electric field distribution co-
incides with the analytical results. The focusing ability can
be controlled by varying the number of slots. Since in the
proposed applicator structure, the power divider and the phase
shifter are integrated together, it makes the applicator structure
become light weight, rugged, compact and easy to handle. The
unique feature of this applicator is the capability not only to
conform to the spherical part of the human body, but also
applicable to the planar part of the body. The applicator has a
remarkable characteristic that it can perform selective heating
with maximum heating depth of 3 cm at the testing frequency.

II. ANALYSIS AND DESIGN

A. Slot Array Applicator

The proposed hyperthermia applicator is composed of a
concentric spherical cavity as shown in Fig. 1(a), which is
used to excite an n-slot array as radiators. The cavity is excited
in TM,,, mode by a coaxial cable with the inner conductor
protrudes into it. The inner and outer spherical radii of the
cavity are a and b as shown in Fig. 1(b). Both spherical
conductors are enclosed by a conical conductor at an angle
6 = 6.. The slot radiators are cut on the inner spherical
conducting surface along the line with angle 8 = 6,, along
which the surface current density is predicted to be maximum.
In Fig. 1(c), ¢,;’s are supposed to be the center of the ith slot
(z =1,2,..-,n). To produce a focused field at a point in a
medium, the field contributions from each radiator should be
inphase at that point, then, to obtain a focus of the fields from
every slot radiator at the center of the sphere, the following
condition must be held

2mwa

~ + 1 = constant D
where A is the wavelength of fields in the medium, and v,
(p =1,2,---,n) denotes phase of excitation fields at the slots.

It is evident from (1) that v, should be identical, namely,
each slot has to be inphase excited. Fortunately it is possible
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Fig. 1. Geometry of a spherical slot array applicator (a) Perspective view
(b) Side view (c) Bottom view.

to force the field strength inside the cavity to be the function
that is independent from the azimuthal angle ¢, and this means
every slot radiator can be excited by equal field strength. It can
be accomplished by exciting the cavity in TM,,, mode [18].
The inner radius a and outer radius b of the cavity must be
satisfied by the following relation

Jn(Ba) _ 5 (8b)

= 2
w,(Ba) i, (3b) @

whereas the conical angle #, must satisfy the relation
P?2(cos )]g=p, =0 3)

where, P?(-) denotes an associated Legendre function of
degree n order o, j,,(-) and n,(-) are the derivative of spherical
Bessel’s function of the first and second kind repectively, 3 is
a phase constant of wave inside the cavity.

‘When operating frequency is specified, 3 can be determined.
Then the spherical radii and the conical angle 8., from (2) and
(3) can be found. The contour of constant §, where the surface
current density is maximum can be found by maximizing
P?(cos 6) with respect to 6:

ol max P?(cos 9) “)

Recalling that the field has the same phase at the same
conical angle 6 [18], the slots are to be cut horizontally along
an azimuthal plane of the sphere at the positions of the same
angle 6, so as to produce inphase excitation to each radiator.
It is evident that the total length of the slots are limited by the
circumference of the sphere at the conical angle 6, minus the
spacings between the slots. For the sake of field expressions,

a slot length is expressed as a function of angle o as shown
in Fig. l(c).

B. Electric Field Distribution and Specific Absorption Rate

An outstanding performance of a hyperthermia applicator is
its capability that can deposit the energy of electromagnetic
field to produce a hotspot. The details about the position and
size of the hotspot can be revealed by investigation about
electric field distribution and Specific Absorption Rate (SAR).
SAR is the quantity that is defined by the derivative of the
incremental energy absorbed by an incremental mass contained
in a volume element [9]. It is related to the temperature rise
of heating material by

SAR = 4184c(dT/dt) (W/kg) 3
where ¢ = 0.86 (kcal/kg °C) is the muscle phantom specific
heat, T is temperature (°C) and ¢ is time (second). SAR is
also expressed as

SAR = (0.50/p)[Ez|? (W/kg) ©)

where o and p are the conductivity (S/m) and density (gm/cc)
of the medium, respectively and E; is the resultant electric
field induced in the heating material.

Generally the electric field distribution at the aperture of
each slot can be expressed in series of terms of orthogonal
set of arbitrary field distribution by a Fourier expansion.
However, for a narrow slot at which the field distribution
can be recognized as transverses, all field to the slot can be
represented in terms of sinusoidal distribution with zero field
at the end of the slot. Therefore, the aperture electric field
distribution of the slot can be expressed as the following

Ea(ay 97 ¢) =a, By, [Nmn(a7 97 d))]
+ a9(1/a)5(6 — 6,)
~cos[m(d — ¢o)/2a],
¢oz_a§¢g¢oi+a

=0 @)

where a, and ag denote unit vectors 7 and 8 directions,
respectively, and ¢ is the delta function. Also N,y,,, is a vector
spherical harmonics and B,,, is a coefficient.

clsewhere
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TABLE I
THEORETICAL PERFORMANCE OF TWO-SLOT APPLICATORS
Penetration EES of the
mode a (em) b (cm) 6:(°) 80(°) 2a(c)  Depthfrom - Th red
¢ °© the Interface H 2
otspot (cm®)
(cm)
TMo1 2.18 3.47 90.0 90.0 178 0.5 0.4
TMo2 430 5.30 54.5 45.0 178 2.7 1.0
TMop3 6.23 7.31 39.6 31.0 178 0.4 —
The electromagnetic field maintained by the slot aperture and

field at any point in space can be expressed in terms of vector
spherical harmonics [19]. Thus the near-zone electric field of
the slot can be written as

E(’l”, (9, ¢) = Z Z [Amann(Ta 6, gb)

n=0m=-—n

+ anNmn(Ta g, ¢)] (8)

where the vector spherical harmonics M,,,, and N,,, are
given as

M, (7, 6, ) = ag[hD (kr)(jm/ sin ) P™(cos 6)e?™?
+ ag{h (kr) [P (cos B)] ™} (9)

and

Non(r, 8, $)
= a,{(1/kr)h) (kr)n(n + 1) P (cos )e?™¢}
+ag{(1/kr)[rhl) (kr)] [P} (cos 0))'e’™}
+ ag{(1/kr)[rh(D (kr))' (jm/ sin 6)

- P™(cos 0)e?™?} (10)

If the electric field E(a, 8, ¢) given in (8) is matched to the
slot aperture field E,(a, 8, ¢) given in (7), the coeffients A,
and B,,, can be determined as follows

—jmaP(cos 8,) cos(ma) cos(md,)
a(m? — 4m2a?)(1 + 6m)n(n + 1)

Amn =

O
. / [P (cos 6))° sin 6 df an
0

and where,

h{D(-): spherical Hankel function of the first kind,
k= w\/(ﬂoe)(l — jo/we).

Once A,,., and B,,, are obtained, the near-zone electric field
of slot is completely determined.

Since propagation medium under investigation is lossy, it is
assumed that Fg at § greater than Ey at 6. vanishes and mutual
coupling is negligible. Integration in (11) and (12), shown at
the bottom of the page, can be numerically accomplished.

The resultant electric field is calculated by summing up the
the field from each slot. That is

(13)

Er is the total electric field from the slot array and E; (7 =
1,2,---n) is the electric field from the ¢th slot. Substituting
E+ in (13) into (6) the SAR can be calculated.

III. NUMERICAL RESULTS

An applicator of a slot array can be designed to operate
in several modes (TM ,,,). Each of them has different char-
acteristic and dimensions. It is essential to consider about an
acceptable size of the cavity to be an excitor. The dimensions
of the two-slot applicators excited by three modes TM ¢,
TMyp2 and TMy3 be obtained from (2)—(4) at 2450 MHz, and
are shown in Table L

By computer simulations, SAR distributions of these appli-
cators are shown in Fig. 2. It is noted that the maximum of
SAR appears near the slot surfaces and decreases along the
path out of the slots. The penetration depth is defined by a
depth at which SAR reduces to 13.5% [9]. The effective field
size (EFS), the area that the temperature rise is half of the
maximum temperature, is defined by a 50% SAR contour [21].
Fig. 2(a) illustrates that an applicator made from a TMg1 cavity
can focus an electric field at the center of the spherical cavity.
The EFS of the desired hotspot is approximately 0.4 cm 2.

wocos(ma) cos{mae,)
ka?(n? — 4m?a2)n(n + 1

an -

6
] / [P (cos fp)]* sin 0 d
0

[P (cos 6,)] sin 0,[ahiP (ka))’

(L 8a)7/220 + D} (n + DB (ka)]? + n[pS (ka)]2} + n(n + Dalhs (ka)/ka]?]

12)
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TABLE 11
DESIGN DATA AND EXPERIMENTAL PERFORMANCE OF TMo2 MODE APPLICATOR WITH DIFFERENT NUMBER OF SLOTS
Number of Slots 2 3 4
a (cm) 4.3 43 4.3
b (cm) 53 53 5.3
0:(°) 54.5 54.5 54.5
6o(°) 45 45 45
@0.(°) 0, 180 0, 120, 240 0,90, 180, 270
slot length (cm) 9.25 6.0 4.5
penetration depth 1.9 3.0 2.9
from the interface (cm)
EFS of the desired 5.1 7.7 13.8
hotspot (cm?)
net power 111 98 93
for 235 Wikg (W)
However for an applicator made of a TM;, cavity which has an z

inner spherical radius 4.3 cm, the center of the sphere is at the
depth of 2.5 cm from the horizontal interface level as shown
in Fig. 2(b). It is found that in this case the EFS is around 1
cm?, which is desireable for a local heating because heat can
be confined in a remarkably small area. It can heat a tumor
without burning surrounding healthy tissue. By contrast from
the SAR distribution of an applicator made of a TMg3 cavity
in Fig. 2(c), focusing capability is not noticable. Therefore, it
is concluded that in order to focus electric field deep into a
lossy material such as human muscle, a TMgpg cavity is the
most suitable to feed the slot array. However for a specified
applicator, it is interesting to consider the number of slots that
should be utilized in order to confine an EFS of the desirable
hotspot suited to a tumor size.

Fig. 3 shows the squared electric field distribution computed
on the focal plane of the applicators with a TMge cavity. From
the results, we can determine the EFS. The dimensions of these
applicators are shown in Table II. It is observed that the ~3
dB beamwidth which correspond to the EFS of the two-slot
applicator is 1.1 cm on the z-axis and 1.2 cm on the y-axis.
For the three-slot applicator the EFS is a little bit larger than
the case of the two-slot, and the peak amplitude is 1.5 dB
higher than that of the two-slot one. Moreover for the four-
slot applicator, the —3 dB beamwidth is 1.9 cm in both x
and y directions with the peak amplitude of 2.5 dB higher
than the two-slot applicator. This implies that the EFS can be
controlled by using different number of slots.

IV. PERFORMANCE OF APPLICATORS

A. Radiation Patterns

A particular clinical requirement for which the spherical
applicator may be suitably applicable is to locally heat a
tumor in the spherical part of human body such as breast
or head, etc. Fig. 4 shows the field mapping system [22] to
measure radiation patterns of the applicators; one-slot and two-
slot applicators. In this figure the water tank with a spherical
bottom is placed on the surface of the applicator. The inner
and outer radii of the cavities of the applicators are 4.3 cm
and 5.3 cm, respectively. The slot location is in the direction
of §, = 45°. Since the circumference of the sphere at such

interface level

interface level

interface level

1CM

©

Fig. 2. Calculated SAR distribution on 2—= plane of applicators excited by
three different cavity mode for a human muscle (e» = 49.6 —;16.5,0 = 2.2
S/m, and 6 = 1.0 gm/Cc)A (a) TMo1. (b) TMgz. (¢) TMg3 @ slot location.

angle is 19.0 cm, the slot length of 9.25 cm is chosen and the
spacing between the slots is 2.5 mm for two-slot applicator.
The photograph of the two-slot and three-slot array applicators
which were designed to operate at 2450 MHz with radii o and
b are 4.3 and 5.3 cm respectively and 0. is 54.5° is shown in
Fig. 5. A 3.5 mm long electric field probe was moved on the
z—2 plane to measure the distribution of squared electric field



82 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 1, JANUARY 1995

37 - 2.glot
2 - —~ 3-slot
| -& 4-slot
~ 11
o 4
2 O
w -1
-2 ]
=3 ]
. -4 M LE v T T T M 1
-2 -1 1
X (cm)
(@)
37 = 2.glot
2 —*- 3-siot
] = 4.glot
o~ 1 T
o
2 O
W -1-
-2 7
-3 ]
-4 v T v T v r v 1
-2 -1 0 2
y(cm)
)
Fig. 3. Simulation of squared electric field distribution on the focal (z— y)

plane. It is normalized to the field at the origin from the two-slot applicator.
(a) on z-axis, (b) on y-axis.

intensity in phantom simulating human muscle prepared from
glycerol and water (30:70 by weight). Field patterns which are
measured on x—z plane are shown in Fig. 6. For the one-slot
applicator, it is seen that the square of electric field intensity
has its maximum at the slot and its amplitude decreases along
the distance. A contour of —8.68 dB which correspond to a
penetration depth (SAR = 13.5%) is around the center of the
sphere which is 2.5 cm from the interface level. For the two-
slot applicator, the contour of —6 dB passes the center and
the energy is 2 dB higher than that of the one-slot applicator.
It is observed that there is an additional hotspot around the
center. The spotsize is defined as the area surrounded by a
—3 dB contour down from the value at the center (—9 dB
contour). The hotspot appears deep inside the heating material
in addition to the two spots near the slots. The width of this
spot is about 1 cm. A field pattern of the three-slot applicator
is illustrated in Fig. 6(c). The desirable hotspot at the center
is remarkable. The maximum value at the center is around —3
dB and the hotspot size (—6 dB) is almost the same as that
of the two-slot applicator. However, the penetration depth is
longer. From this investigation it is realized that an appropriate
cooling water bolus must be designed to cool down the heat
near the surface and its shape should be a spherical shape
which conforms to the surface of the applicator. The material
filled in the bolus should be the cold low loss material with

Voltmeter

A

Square Law Detector

!

L

X
Glycerol Slot Array
Mixture Applicator

Signal Generator

Fig. 4. Field mapping system.

(@ ()

Fig. 5. Photographs of a two-slot applicator, « = 4.3 ¢m, b6 = 5.3 cm,
f. = 54.5°,00 = 45°. (a) Two-slot applicator: slot length = 9.25 cm. (b)
Three-slot applicator: slot length = 6.0 cm.

dielectric constant which is close to that of the human muscle
in order to maintain the field matching condition.

B. Input Impedance

An input impedance is an important parameter associated
with power transmission from a source via an applicator to
a material to be heated. Therefore, an input impedance of an
applicator must be examined when it is attached to a muscle
phantom. Experiments were made by using an HP 8720C
Microwave Network Analyzer to measure an impedance of
three applicators as shown in Table IL. The results are plotted
on the Smith Chart as shown in Fig. 7. When these three
applicators directly contact the human muscle phantom of
which dielectric constant is 48 [22], it is found in Fig. 7 that
the two-slot applicator has an impedance with high mismatch.
Its impedance rotates on a smith chart from an inductive
impedance at 2.0 GHz and becomes a capacitive impedance at
3.0 GHz. For the three-slot applicator, the impedance changes
from an inductive at 2.0 GHz and becomes capacitive at 3.0
GHz. At the operating frequency, its impedance is inductive
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Fig. 6. Field pattern on the x—z plane plotted relative to the maximum
value which occurs at the slot apesture. (a) One-slot applicator. (b) Two-slot
applicator. (¢) Three-slot applicator.

with lower mismatch. The four-slot applicator behaves as
an inductive impedance at the lower portion of the testing
frequency and becomes a capacitive impedance at the higher
frequency. The impedance at the operating frequency is ca-
pacitive and is the closest one to 50 ohms.The VSWR of the
two-slot, three-slot and four-slot applicators are 3.35, 2.16 and
1.13, respectively. Also their reflection coefficient are 0.54, 0.4
and 0.05, respectively. When these applicators are in direct

83

Fig. 7. Input impedance for applicators in direct contact with simulated
muscle phantom two-slot applicator: — — — —; three-slot applicator: ____;
and four-slot applicator: — - — - — .
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Fig. 8. Temperature-time relationships of the three-slot applicator measured
at three different depths (surface, 1 cm and 2 cm). Net input power is kept at
42 W at the first eight minutes then it is reduced to 17 W.

contact with a planar phantom, the VSWR are drastically
increased due to the fact that there is a free space region
between the applicator and a phantom surface. Consequently
in application with planar structure a water bolus must be
designed so that its shape is the same as the free space area
between the applicator and the heating material. This bolus
will not only behave as a cooling system of the surface but
also as a field matching device.

C. Temperature-Time Relationship

In hyperthermia application it is desirable to elevate the
tumor temperature up to a hyperthermic range (42°-45°C). It
means that the temperature rise in the tumor is in the range
of 5°-8°C higher than the normal temperature of a human
body (37°C). In addition the rate of temperature rise should
be kept around 1°C/min so as not to injure the patient. An
experiment was performed to get the information to design a
hyperthermia system that satisfied such requirements. In the
experiments, a planar human muscle phantom and a three-
slot applicator with a 4 mm thick water bolus were prepared.
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(®)

Fig. 9. Heating pattern of a two-slot applicator in a spherical phantom. (a)
Without bolus. (b) With bolus.

The water temperature is 22°C with the flowrate of 0.5 1/min.
In order to elevate the temperature at the depth of 2 ¢cm up
to 6°C with the rate of about 1°C/min, a net power of 42
W was applied to the applicator for first 8 minutes. Then, the
power was reduced to 17 W to retain the constant temperature.
Temperature at three points i.e. at the surface, 1 cm and 2 cm
depth along the central region of the applicator were measured
using the fiber thermometers. From the experimental results,
it is found that the rate of temperature rise AT are shown in
Fig. 8, temperature rise at the surface is 1.25°C/min in the
first 2 minutes, and then it falls down due to thermal diffusion
in cooling water. It is expected that the surface temperature
can be lowered if the water temperature is decreased. For the
depth of 1 cm, temperature rise is around 1.25° C/min in

Vertical plane

Horizontal plane
Applicator

Water bolus

' Phantom

4 mm

Fig. 10. Dimensions of the flat phantom and water bolus including the
measuring plane.

the first 8 minutes. The maximum temperature rise at this
depth is in excess of 9°C which is 1°C higher than the
hyperthermic range. This problem can be solved by controlling
bolus temperature and the power. It is seen that this three-slot
applicator is useful for hyperthermia.

D. Heating Patterns

The muscle equivalent phantom is composed of 0.4% NaCl,
0.02% NaNj3 and 4% Agar. The experiments were performed
to illustrate the focusing effect in spherical phantom and
to evaluate hotspot size in planar phantom. The two-slot
applicator as mentioned in the previous section were employed
to heat a spherical phantom with a radius of 4.3 cm. Fig. 9(a)
shows a heating pattern on z—z plane after 85 W net power,
(incident power-reflected power) was exposed. It is observed
that there are two undesirable hotspots near the slot apertures
and the field from each slot are combined at the central region
of the spherical phantom. In application the desirable hotspot
is only in the central one and the other two hotspots closes
to the slots should be climinated. When a cold water bolus
(12-14°C), of which the shape is concentric spherical plastic
bag with 2 mm seperation was employed using the water
flow rate of 0.5 I/min, the two undersirable hotspots could be
removed. There remains only a desirable hotspot which EFS is
1.0 cm? and penetration depth is 2.5 cm at the central region of
the spherical phantom as shown in Fig. 9(b). This experimental
result implies that when an appropriate cold water bolus is
applied, this applicator can be used to perform local heating
in the spherical part of a human body efficiently.

For a planar phantom experiment, Fig. 10 shows the di-
mensions of the phantom and water bolus incorporated with
the measuring planes. Thermographs of a four-slot applicator
with the net power of 119 W is shown in Fig. 11. Fig. 11(a)
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Fig. 11. Heating pattern of a four-slot applicator in a flat phantom. (a)
Vertical plane pattern. (b) Horizontal plane pattern.

shows the heating pattern on the vertical plane which implies
that the penetration depth is about 3 cm. The heating pattern
on the horizontal plane which is 2 cm from the surface is
shown in Fig. 11(b). On this plane from this figure, the EFS
is about 13.8 cm? and. it looks like a rectangle where the
vertices are in the direction of each slot. It is evident that
the size and shape of the hotspots can be varied by using
different number of slot. The more the number of slots, the
larger the size of the hotspot. This results from the reason
that the slot lengths are decreased as the number of slots are
increased. It is also observed that the maximum temperature
rise is increased as the number of slots is increased. Moreover
it is noted that the maximum heating depth is about 3 cm.
1t is deeper than a conventional open waveguide counterpart

which the maximum depth is always limited to a skin depth
about 1.7 cm [12]. '

It is recommended that applicators intended for therapy
should be capable of producing SAR values of 235 W/kg
in the muscle region [23]. From the experimental results of
heating patterns mentioned above, we can calculate the net
input power required for obtaining that. value in the muscle
region by measuring (dT'/dt)|;=¢ from (5). The input powers
are illustrated in Table II. It is seen that the input power
becomes lower by increasing a number of the slot.

V. CONCLUSIONS

The design and development of a spherical slot array
applicator for a microwave local hyperthermia are described.
The induced SAR distribution inside the tissues is analyzed,
and the theoretical results are found to be in a good agree-
ment with field mapping and thermographic measurernents
in phantoms. The spherical slot array applicator offers the
advantage of being lightweight, rugged, easy to handle and
useful for heating part of a spherical shape such as a breast.
It is possible to heat tumors selectively with small size (about
1 cm in diameter). A satisfactory power penetration depth of
3 cm is achieved. These results show that the heating depth
can be increased by a factor of 1.8 over that obtained from
conventional waveguide applicators of which the depth of
heating is approximately 1.7 cm at this frequency. Cooling
of the skin is accomplished by using a cooling water bolus
of which the shape is conformed to the applicator and tissue
surfaces. One way to vary the heating volume is accomplished
by using different number of slots. For the larger spherical
part such as head, dimensionally scaled applicator at lower
frequency can be designed using the principles described.
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