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Absorbed Power Distributions from
Coherent Microwave Arrays for
Localized Hyperthermia

J. W.HAND, J. L. CHEETHAM, AND A. J. HIND

Abstract — Absorbed power distributions in a homogeneous muscle-like
tissue due to a planar coherent array consisting of 16 small direct contact
applicators at 434 and 915 MHz are calculated, assuming various relative
phases ar.u amplitudes are compared with that of a single aperture source at
the same frequency with the same overall dimensions. The array applicator
may offer improvement in field size or, when focused, a small improvement
in penetration, but in practice the performance is very dependent upon
bolus thickness. An additional advantage of the array applicator is the
ability to modify absorbed power distributions during use by changing the
amplitudes of individual applicators.

I. INTRODUCTION

HE USE OF MICROWAVES and radio frequencies

in localized hyperthermal treatments of patients with
superficial tumors is being investigated in many institu-
tions worldwide and several types of electromagnetic appli-
cators have been described. These include dielectrically-
loaded waveguides with rectangular, circular or ridged
cross sections [1]-[3], inductive applicators {4], [5], and
microstrip-based applicators [6], [7]. Most applicators oper-
ate at a frequency within the 100-1000-MHz band and, for
dimensions compatible with localized treatment, the
penetration depth! in muscle-like tissue is usually less than
4 cm. Experience has also shown that distributions of
Specific Absorption Rate? (SAR) associated with many
applicators are such that the effective treatment fields (e.g.,
defined by the — 3-dB contour) can be significantly smaller
than the areas defined by the dimensions of the applica-
tors. A further limitation of a single applicator is that the
SAR distribution cannot be modified during use, making it
difficult to improve the nonuniform temperature distribu-
tions that are invariably produced during the treatment of
patients.
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'Penetration depth D, is the distance into the tissue at which the
electric field 1s reduced by a factor e. SAR is reduced to 13.5 percent over
this distance. The —3-dB power depth d, is also frequently used to
describe the performance of hyperthermma applicators (d = 0.346 D).

2SAR is the time derivative of the incremental energy (¢w) absorbed by
an incremental mass (dm) contained in a volume element (dv) of a given

density (p) [8].
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Because of these shortcomings of current applicators, the
potential of a new generation of multielement applicators
is being investigated. For example, a cylindrical array of
2450-MHz dipoles placed around the patient [9], a hexago-
nal planar array of 2450-MHz elements [10], multielement
direct contact applicators with curved apertures [11], [12],
and a plane rectangular aperture source with a continuous
distribution of phase and /or amplitude [13], [14] are among
systems that have been considered.

In this paper, SAR distributions in homogeneous
muscle-like tissue due to a planar array of small, direct
contact applicators are considered. The performance of the
array, assuming various relative phases and amplitudes for
the elements, is assessed in relation to the SAR distribution
of a single aperture source of the same overall dimensions.

II. METHOD

The array applicator, shown in Fig. 1, is modeled as a
4X4 array of coplanar aperture sources with the electric
field on each aperture polarized in the y-direction and
varying as E_sin(wx/a), where a is the dimension of the
small aperture in the x direction and E, is the electric field
at x = a /2. For a given value of x, the electric field on an
aperture is assumed to be independent of y except at the
edges where it is zero. The apertures have dimensions 4.0
cm X 4.0 cm and are separated from each other by 1.0 cm.
In practice, such small applicators would be loaded with a
material having high permittivity. This would not only
permit propagation in the applicators at the frequencies
considered here (915 and 434 MHz) but would also aid
impedance matching to the tissue. The complete array is
assumed to be in contact with the plane surface of a
semi-infinite region of homogeneous muscle-like tissue.
The relative permittivity € of this medium is taken to be
(51— ;25) at 915 MHz and (53— j49) at 434 MHz. The
fields at the surface of the tissue are assumed to be zero
except beneath the 16 apertures where they are assumed to
be equal to those on the apertures. Coupling from the
irradiated tissue back to the applicator is neglected as is
mutual coupling between applicators.

The electric and magnetic fields on the aperture plane
are replaced by J,, the equivalent magnetic current surface
density

Jen(R) = —k X E(R)

(1)
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Fig. 1. The array applicator model.

and J,, the equivalent electric surface current density
I(R) =~ kX H(R). @)
The distribution on the aperture plane is modeled by an
array of point source dipoles with appropriate amplitudes
and phases [15]. The separation between dipoles in both

the x- and y-directions is 5 mm. For each dipole, the
magnetic and electric vector potentials 4 and F are

F"O"Ise(R)e_yr

A(r,r) =t o)
and
F(r,r) = LnlRe @

with y% = — w?pe. The fields at any point (x, y, z) (z > 0)
due to this point source are |

(5)

J 1
E(R,r)=—~ jod— v(v-4)——v XF
Wi €

of

J 1
H(R,r) =~ juF———v(v-F)- —v X 4. (6)
® Fo

of

The total electric field E,, at (x, y, z) is found by vector
addition of the contributions from each elemental point
source in the aperture plane. The specific absorption rate
at (x, y, z) is proportional to E2, where E,, is the peak
value of E,, (x, y, z).

SAR distributions are calculated for coherent arrays
operating at 915 and 434 MHz. For comparison, SAR
distributions are also calculated at the same frequencies for
a 19 cm X 19 cm aperture assuming an electric field
polarized in the y-direction and varying as E/ sin(7x /19),
where E! is the electric field at x =9.5 cm. Within the
aperture, the electric field is independent of y but is zero
on all edges.

III. REsSuULTS

A. Coherent Arrays with Equal Phases and Amplitudes

The SAR distribution, due to the coherent array of small
applicators driven in phase with equal amplitudes, peaks
sharply beneath each applicator and maximum values de-
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Fig. 2. :z-dependence of the peak SAR due to coherent arrays with
individual applicators driven in phase with equal amplitudes, a single
aperture source with the same dimensions as the array, and an individual
applicator from the array.

crease rapidly with increasing distance into the tissue. Fig.
2 compares the penetration of the coherent arrays with
those of a single applicator of the same dimensions as the
array and an individual 4 cm X4 cm element. The peak
value of SAR, calculated at a given depth z, is normalized
to the maximum in the plane 2 cm deep. In practice, the
most superficial tissue could be spared by cooling the skin;
normalization at 2 cm was chosen as a compromise be-
tween the need to avoid the near-field effects at small z
and yet obtain a realistic assessment of the usefulness of
the array bearing in mind the reduced effectiveness of skin
cooling at greater depths [16]. The small penetration depths
associated with electrically small aperture sources and the
plane-wave penetration depths of the relatively large aper-
tures have been discussed previously [7], [14], [15]. Fig. 2
shows that the near-field effects for the coherent array are
even more dominant than for an individual element, but
for z > 3 cm, the penetration depth becomes similar to that
of a large single applicator, implying that the coherent
array would match the penetration achievable with current
applicators if a bolus of similar permittivity to the tissue
and at least 3 cm thick was inserted between the elements
and the tissue. Since the near-field pattern of the array
consists of regions of high and low SAR, the simple
temperature controlled bolus commonly used in current
clinical practice may prove inadequate. Nonuniformly
cooled boli have been used occasionally with conventional
waveguide applicators, and this concept could be extended
to a segmented bolus in which the temperatures of the boli
beneath each small applicator could be individually con-
trolled. Since this will require a control system of greater
complexity, the cost-effectiveness of such a bolus remains
to be evaluated.

Fig. 3(a) shows SAR (x, y) at depth z =2 cm due to the
coherent 434-MHz array. The local maximum in SAR
produced beneath a centrally located aperture (6, 7, 10,
or 11—see Fig. 1) surrounded by 8 neighboring apertures
differs by less than 10 percent from that beneath a corner
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Fig. 3. (a) SAR (x,y) at depth 2 cm due to 434-MHz array with

individual applicators driven in phase with equal amplitudes. (b) SAR
(x, y) at depth 2 cm due to the 434-MHz 19 cm X 19 c¢m applicator.

aperture (#1, 4, 13, or 16) with only three neighbors. At
this depth, the effect of phase coherence is small and a
noncoherent array will produce a similar SAR distribution.
However, the effective penetration of a noncoherent array
is less than that of a coherent one at depths of 3 cm or
more, as the characteristic of an individual 4 cmX4 cm
aperture shown in Fig. 2 infers. Fig. 3(b) shows SAR(x, y)
at depth z=2 cm due to the 434-MHz single 19 cm X
19 cm aperture. If an array gain factor G defined as

SAR (X, », ) array
SAR ( Xy Y, Z )single applicator

G(x,y,2) = (7)

is introduced, the coherent array can be seen to have a
marked advantage over the single applicator in that signifi-
cant levels of absorbed power are produced over a larger
arca beneath the applicator particularly near the edges as
[x] — 9.5 cm. For example, Fig. 4 shows G(x, y) for z =
2 cm, assuming that the maximum values of SAR in this
plane for the single large applicator and the coherent array
are equal. Fig. 5 shows that the —3-dB contour of the
distribution for the coherent array encompasses more than
80 percent of the 19 cmX 19 cm area beneath the applica-
tor, compared with approximately 42 percent in the case of
the large single aperture. Similar calculations for the
915-MHz coherent array show that its SAR distribution at
z =72 cm has more localized peaks and a —3-dB contour
which is not contiguous, as illustrated in Fig. 6.
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Fig. 4. Array gain factor G(x, y) in plane z =2 cm for the 434-MHz
array with individual applicators driven in the phase with equal ampli-
tudes. Values for half the area beneath the applicator (0 < x < 9.5 cm;
—-9.5< y<9.5 cm) are shown.
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Fig. 5. —3-dB contours for the SAR distributions shown in Figs. 3(a)
and (b). The SAR within the shaded areas > 50 percent of maximum
SAR at z =2 cm. (a) Coherent array. (b) Single applicator.

B. Focused Arrays

To produce a focused field at a point F in the lossy
medium, the field contributions from each source must
have the same phase at F. For the array considered here,
the following condition is set

’
277rp

A (p=1,2,--- (8)

where r; is the distance between the center of the pth

+ ¢, = constant 16)
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Fig. 6. (a) SAR (x,y) at depth 2 cm due to 915-MHz array with
individual applicators driven in phase with equal amplitudes. (b) —3-dB
contours showing shaded regions in which SAR > 50 percent maximum
SAR at z=2 cm.

aperture and the focus F, A is the wavelength in the lossy
medium, and ¢, is a phase adjustment for the pth aper-
ture. In the examples discussed below, the focus is on the
z-axis and phase adjustments are relative to the four aper-
tures in the center of the array.

The,SAR distribution due to the focused array peaks
sharply beneath each applicator and the rapid decrease in
peak values with increasing distance into the tissue implies
that the performance of the array is dependent upon bolus
thickness. In Fig. 7, the peak SAR’s calculated in the focal
planes, normalized to the respective peak SAR at depth
2 cm, are shown for 434- and 915-MHz arrays for foci
between 3 and 6 cm. In all cases, the elements of the arrays
were assumed to be driven with equal amplitudes. The
434-MHz array achieves a small improvement in penetra-
tion compared with the large single aperture when focused
at depths greater than about 4 cm. At 915 MHz, however,
the relatively local and intense hot spots at depth 2 cm (the
plane of normalization assumed for Fig. 7) in the near-field
pattern of the array, result in a poorer penetration for the
focused array compared with the large single aperture. If
normalization is made at a larger value of z (implying the
use of a thicker bolus with similar permittivity to that of
the tissue), then the 915-MHz array also achieves a small
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Fig. 7 Peak SAR in focal planes, normalized to peak SAR at z =2 cm,
produced by focused arrays. The individual applicators are driven with
equal amplitudes. Normalized peak SAR’s due to single aperture sources
of the same dimensions, calculated at those depths, are also shown.

improvement in penetration compared with the corre-
sponding larger single aperture. For example, we have
calculated (but not shown in Fig. 7) that when the peak
SAR at depth z=4 cm is taken as a reference value, the
gain of the 915-MHz array focused at 6 cm is 1.5 dB with
respect to the single aperture.

Fig. 8(a) shows the SAR distribution in the focal plane
(z = 4 cm), normalized to the peak SAR at depth z =2 cm,
for a 915-MHz array in which individual applicators are
driven with equal amplitudes. The maximum SAR for
z=4 cm is produced at the focus (0,0,4) and the half
power widths in the x- and y-directions are, respectively,
0.68 and 0.8 times A, the wavelength in the tissue. A
disadvantage of this illumination is that significant sec-
ondary peaks of up to 85 percent of the SAR at the focal
point are produced. However, the illumination of the array
can be chosen to improve the SAR distribution at the focus
if elements distant from it are only weakly excited [14]. Fig.
8(b) and (c) show SAR in the focal planes of 915- and
434-MHz arrays focused at (0,0,4) in which the amplitudes
of the electric fields (E,,) at the centers of each applicator
are adjusted such that

E,/exp(~ r; /D) = constant 16) (9)
where r’ is the distance from the center of the pth aperture
to the focus and D is the plane-wave penetration depth in
the tissue is 3.0 cm at 915 MHz and 3.6 cm at 434 MHz.

Thus, relative to the electric field (E. ) at the centers of
the four centrally located apertures ( p=6,7,10,11—see

(p=12---
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Fig. 8. Relative SAR distributions in the focal plane (z=4 cm) of
arrays focused at (0,0,4). In each case, SAR is normalized to the peak
value calculated at 2 cm depth. Only half the area beneath the applicator
O<y<95 om; ~95<x<95 em) is shown. Relative amplitudes
(upper figure) and phases in degrees (lower figure) for each applicator
are shown in the ingerts. (2) 915-MHz array driven with equal ampli-
tudes. (b) 915-MHz array driven with adjusted amplitudes. (c) 434-MHz
array driven with adjusted amplitudes.

Fig. 1), E , is given by

v —r!

‘D”) (p=1,2---16) (10)

E('p = E(( exp (

where r/ is the distance from the center of the centrally
located aperture to the focus. The distribution in Fig. 8(b)
shows a small increase (~35 percent) in the maximum
value, increased half power widths (0.84A in x; 1.1A in y)
and reduced sidelobes ( — 5.5 dB with respect to the SAR at
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SAR
10

Fig. 9. SAR (x, y), normalized to the peak value in the plane 2 cm
deep, due to 434-MHz amplitude adjusted array focused at (0.0,4) for
O0<x<95cem; y=0;05<z<5cem.

the focus) when compared with the case in which the
applicators are all driven with equal amplitudes. At 434
MHz (Fig. 8(c)), the half power width of the focus is 0.74\
(in x and y) and sidelobes are —12 dB with respect to the
SAR at the focus.

Although the maximum SAR in the focal plane is pro-
duced at the focus, the SAR associated with the focused
array decreases with increasing depth into the tissue for
other values of z in the region of the focal plane. As an
example, the z dependence of SAR for the amplituded
adjusted 434-MHz array focused at z = 4 is shown in Fig.
9. A characteristic of this distribution is the local maximum
in the SAR profile along the z axis, the position of which is
dependent upon the depth of the focal plane, but is usually
located 1.5-2.5 cm from the surface. A similar profile has
been described for another focused system [13], but the
local nature of the maximum, as indicated in this study and
others [14], [17], should be stressed.

1V. Discussion

The results indicate that a coherent unfocused array of
direct contact applicators may produce a SAR distribution
which gives a larger field size than a single aperture appli-
cator with the same overall dimensions, and that a focused
array can produce a two-dimensional focus with a half
power width in the focal plane of approximately 0.7-0.8 .
The performance of the array is dependent upon the near-
field effects up to 4 cm from the aperture plane and in
practice, a high permittivity bolus would need to be an
integral part of the array applicator. Of the two frequencies
considered, 434 MHz appears to be a better choice in that
greater penetration and, due to the longer wavelength, a
more uniform SAR distribution may be achieved. In prac-
tice, operating at the lower frequency would decrease re-
flections from fat layers [7] as well as the sensitivity of the
phase conditions for focusing on tissue inhomogeneities. A
preliminary study [18] suggested that no advantage is to be
gained in operating the array applicator at 300 MHz. The
present calculations indicate that, in the presence of bolus,
focused arrays should achieve a small gain compared with
single aperture applicators with the same dimensions. The
predictions are comparable with those in [12], but are more
pessimistic than those reported previously for a 20 cm X
20 cm planar applicator focused by a continuous distribu-
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tion of phase and spaced from the tissue by 4 cm of low
loss bolus [13].

The geometry of the array considered here is chosen for
compatibility with typical dimensions of microwave ap-
plicators currently in clinical use. Hexagonal packing [10],
[19] and different spacing between individual applicators
may lead to improved performance. The restriction that
each applicator has the same field polarization also could
be removed. The use of nonplanar arrays may prove useful
since some improvement in size and uniformity of the
treatment field has been demonstrated using two tilted
applicators [20]. :

The increased cost and complexity of providing dynamic
focusing appears unwarranted with the arrays discussed
here because of the two-dimensional nature of the foci
produced. The relative phase adjustments to individual
applicators could be achieved through the use of suitable
feed cables. At the frequencies considered, a tolerance of
+ 7/5 in relative phases produced insignificant changes in
the SAR distribution of homogeneous tissue [18]. A relaxa-
tion on differential phase tolerances also has been reported
for a 2450-MHz system focusing in layered media [10]. To
our knowledge, no estimate of phase tolerance for focusing
in heterogeneous tissue is available although the concept of
focusing at 915 MHz in such media has been demonstrated
[21].

The array apphcator can offer 1mprovement in field size
or, when focused, a small improvement in penetration over
single applicators currently used in clinical hyperthermia,
but the performance is very dependent upon bolus thick-
ness. The ability to change the amplitude of individual
applicators during use should prove to be a marked practi-
cal advantage.
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