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2.1 Electromagnetic Power Deposition in Lossy Media
and Hyperthermia

a. Introduction

Electromagnetic interaction with matter, though less widely stud-
ied than radiowave communication and guidance, has many impor-
tant technological applications. Waves penetrate through media in
well-understood ways, with sensitive phase and amplitude informa-
tion changing depending on the size, shape, and electrical characteris-
tics of obstacles encountered. Electromagnetic waves find use in non-
destructive evaluation, remote sensing, tomographic imaging, and med-
ical evaluation and treatment. Higher power electromagnetic fields are
also useful for sealing in the plastics industry, for bulk drying and ster-
ilizing, and for controlled medical heating. Radio-frequency diathermy
devices are used for deep heating of injured or afflicted muscles. Per-
haps the most challenging but beneficial use of medical heating is hy-
perthermia cancer treatment [1]. The optimized delivery of power be-
low the surface of idealized lossy structures is examined in this chapter.
Specifically addressed is the problem of determining the limitations and
best strategies for non-invasively heating tumors without harming the
surrounding healthy tissue.

Cancer is the second greatest cause of death in the developed
world. About one out of every four persons will eventually contract
the disease. Cancer takes many forms, from solid tumors in organs,
bone, and muscle; to systemic neoplasias of blood and lymph; to super-
ficial lesions such as melanoma of the skin. Survival rates vary greatly,
depending on type of cancer and time of detection.

Currently, there are three primary means of treating cancer:
surgery, radiation, and chemotherapy. Of the approximately 700,000
diagnosed life-threatening cases of the disease in 1977, 190,000 did not
respond to any of these treatments and an additional 155,000 patients
had a high risk of cancer recurrence [2].

Cancer surgery is the major means of treating localized, solid tu-
mors. For surgical treatment of primary cancer, a macroscopic, recog-
nizable tumor is resected along with a margin of surrounding tissue [3].
However, it has been estimated that about 70% of solid tumors will
have micrometastases, or extensions into normal tissue [2], which often
lead to recurrences of the disease.

Radiation therapy makes use of two main types of ionizing radi-
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ation: electromagnetic, including X-rays and v -rays; and particle ra-
diation including beta, alpha, neutron, proton, and negative 7 -meson
[4,5]. Therapy can take the form of either bachytherapy, where a ra-
dioactive device is implanted in or near a tumor, or teletherapy, where
a beam is externally aimed toward the tumor.

Radiation has its greatest effects on cells which are most rapidly
reproducing. Normal tissues which reproduce to function, such as the
skin, bone marrow, gastrointestinal mucosa, and reproductive organs,
are mos} sensitive to radiation. Radiation damage to these tissues must
be carefully considered prior to treatment.

Chemotherapy treats the systemic spread of the cancer using toxic
drugs which harm both neoplastic and normal cells, with the hope that
the former are more sensitive. Most of the chemotherapeutic drugs are
primarily effective in killing dividing cancer cells as opposed to resting
cells. Unfortunately, as tumors grow, a greater percentage of cancerous
cells convert from actively dividing to a resting state, and thus avoid
the cytotoxicity of the drugs. Methods to accelerate the onset of the
dividing cycle improve the performance of chemotherapy.

The use of heat to treat cancer is a relatively new modality, still
in its experimental stages despite knowledge of its benefits as early as
Roman times [6]. The first published account of hyperthermia was in
1866: W. Busch reported the selective effect of heat on tumors over
normal tissue with the cure of facial sarcomas following a high fever
caused by a streptococcal skin infection [7).

Starting in 1971, several studies established therapeutic tempera-
ture data [8-10]. The minimum temperature for therapeutic benefit is
most often cited to be 41.8° C [7]. Although this relatively low tem-
perature kills tumor cells slowly, it may have a preferential effect on
malignant cells, leaving normal cells unaffected [11].

In living humans, tumors tend to overheat more easily than normal
surrounding tissue “because their neovascularity is physiologically un-
responsive and cannot augment blood flow to adapt to thermal stress”
[12]. Whereas the blood flow in a tumor will not change noticeably
when heated to 43° C, it will increase 160-360% in the surrounding
tissue [13,14]. And since the cooling effect due to blood perfusion is
usually 4 times that of conduction to neighboring tissue (and may be
as high as 100 times in certain structures, such as kidney), a large dif-
ference in perfusion rate would prevent a tumor from cooling as much
as healthy tissue.
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Hyperthermia is effective in conjunction with other conventional
modalities of cancer treatment, particularly ionizing radiation [16-18].
There is an additive, or synergistic effect between heat and X-rays [18].
It takes two-thirds the radiation dose to achieve the same fraction of
cell survival when hyperthermia is also used [6]. Heat tends to overcome
radioresistance of some tumors, and may prevent the repair of sub-
lethal damage or cause mis-repair of DNA [13,19]. Hyperthermia also
appears to sensitize tumors to chemotherapeutic agents. Heating tissue
by 4° C to the level of 41° C increases the tumor cell killing effect of
the drug BCNU by 10,000 times [2].

b. Non-Invasive Generation of Hyperthermia

In most cases, it is preferable to generate heat within tissue with-
out physically penetrating the body surface. Complicating effects such
as anesthetizing, sterilizing, cutting, implanting a device, and then su-
turing the ill patient are serious drawbacks to surgical implantation.
Also, a non-invasive applicator can be designed to surround the body
part containing the tumor, taking advantage of constructive interfer-
ence and focussing to concentrate more heat at the tumor than in the
surrounding normal tissue.

The two broad classes of hyperthermia applicators are electromag-
netic and ultrasound. Electromagnetic applicators radiate waves which
propagate at the speed of light, 3 x 10° m/sec in vacuum, or slower
in matter, and are characterized by both a propagation direction and
a vector polarization. Ultrasound makes use of acoustic waves which
cannot propagate in a vacuum and has a much slower velocity (about
1500 m/sec in soft biological tissue), and since it is a compressional
wave, does not have a polarization attribute.

The entire spatial behavior of either type of wave is governed by the
attenuation rate, a, and the propagation constant, 3. A convenient
representation in terms of the complex wave number is

k=p-ja (1)

where j = /—1. Any spatial features, such as peaks or troughs, will
extend for a distance on the order of a wavelength. A major distinction
between electromagnetic and ultrasound radiation is the much greater
resolution and focussing ability of the latter. Since the propagation
velocity of ultrasound is 200,000 times slower than that of electromag-
netic waves, the propagation constant B is much bigger for a given
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attenuation constant a. Thus spatial resolution and focussing is much
greater for ultrasound wave then for electromagnetic waves.

Ultrasound, while having a much higher power peak resolution,
faces considerable impedance mismatch at soft tissue boundaries with
air or bone [20]. Air is relatively impenetrable, while reflections from
bones produce large standing wave effects. Thus, areas such as the
lung, gastrointestinal tract, pelvis, rib cage, and head are difficult to
treat with ultrasound.

The  frequency range used for electromagnetic heating is much
broader than for ultrasound. Six frequencies are reserved for indus-
trial and medical uses: 13.56, 27.12, 40.68, 433, 915, and the standard
used in microwave ovens 2450 MHz. Although it is clear that with in-
creasing frequency, penetration decreases, attenuation and resolution
increase, and the ability to focus increases, the relative changes are
quite nonlinear.

Different tissue responds in different ways to electromagnetic stim-
ulation. Wave behavior is governed by the conductivity o and the di-
electric constant € of the medium. These parameters are often joined
in a single expression for the complex dielectric permittivity

€= € — je')

where
e” jernd —-‘-{eu
WeEg
€ = 8.85 x 107"?F/m (2)

The values of ¢ and o are determined experimentally as a function of
radian frequency w. Tissue electrical parameters can be divided into
two groups: high water content, including muscle, blood, and organs;
and low water content, including fat and bone [21]. These two groups
are generally referred to as the muscle or the fat tissue cases.

A plot of the most recently established values of ¢ and o [12],
[22-28] is shown in Fig. 2.1.1. Dissipated power obeys the equation

P= "iiﬁlz (3)

where E is the electric field vector. Thus, tissue with higher conductiv-
ity, for the same electric field, dissipates proportionally greater power.

The electrical and thermal properties of biological tissue in vivo
in the frequency range 27 — 2450 MHz have been successfully modeled
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biological tissue as function of frequency (Data from Storm [12]).



2.1 Electromagnetic Power Deposition in Lossy Media 181

with combinations of readily available substances. Guy [29] proposes
a phantom recipe of 84.8% laminac polyester, 0.45% catalyst, 0.25%
acetylene black, and 14.5% aluminum powder to simulate fat; and for a
muscle phantom: 75.5% water, 0.9% salt, 15.2% polyethylene powder,
and 8.4% TX-150 (a jelling agent). With slight proportion adjustments
to compensate for different frequency variations, the resulting phan-
toms are very accurate dielectric models of living tissue.

From these values of the complex dielectric permittivity, the spatial
parameters of the wave number of (1) can be determined. By definition,
the dispersion relation for electromagnetic waves is

k= wyhe ()

where w = 2 f is the radian frequency and pu is the magnetic per-
meability (taken in a biological tissue as the constant for free space,
4r x 1077 H/m). From (1) and (2), using the speed of light ¢ =
1/4/Hto€o , and solving for the real and imaginary parts of the square of
(4) yield

2
;-;__“_’_ 2 _g__ 4
B o € +(w€0) + €

- ~1/2

2
--_w__ 13 _0... —_
~C\/§ €2 4 (weg) € (5)

ks -l

Since A = 2x /8, it is now possible to determine the muscle tissue
wavelength for the frequencies of interest. Table 2.1.1 [30] lists the
- tissue wavelengths as well as the ratio a/8, which determines the
amount of decay in each cycle. Also listed in the last two columns are
maximum dimensions for heating idealized muscle volumes, which will
be referred to in sections 2.3 and 2.4.

An important point is the matching of impedances from the ap-
plicator to tissue. Unless the waveguide is loaded with dielectric with
the same complex permittivity as the tissue being heated, there will
be an electrical impedance mismatch. The mismatch causes reflection
which prevents the complete transfer of power into tissue and con-
tributes strongly to stray radiation. The mismatch may be reduced by
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inserting a matching layer composed of lossless dielectric of interme-
diate constant with specific thickness between the applicator and the
tissue. If the tissue were lossless, the ideal layer would be a one-quarter
wavelength thick section of material with dielectric constant equal to
the geometric mean of that of the tissue and applicator material. With
actual lossy tissue, the thickness and dielectric constants are slightly
different.

Table 2.1.1 Attenuation to propagation ratio, tissue wavelength, and
maximum penetration slab thickness and diameter, as a function of fre-

quency, for muscle tissue.

WAVELENGTH SLAB  MAX
f (MHz)a/8 1IN TISSUE (cm) THICKNESS D

27 .76 68 20.6 36
41 73 51 16.2 29
100 .65 27 11.2 19
433 40 8.8 5.6 11.5
750 27 5.3 3.8 11.8
915 .23 4.5 3.4 12.6
1500 .20 2.8 2.2 9.6
2450 A7 1.8 1.5 1.7

This matching layer is often incorporated into a bolus. A bolus
filled with a circulating liquid or high thermal conductivity powder
would conform to irregular body contours and provide skin surface
cooling.

The advantages and disadvantages of the various non-invasive

methods of generating hyperthermia are summarized in Table 2.1.2
[21,13].
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Table 2.1.2 Comparison of methods of using waves to generate hyper-

thermia.

Ultrasound

Advantages

Simple to use, fat not preferentially heated, does not interfere with tem-
perature measurements, tumors absorb ultrasound better than normal
tissue; no significant reflection from muscle/fat boundaries; precise lo-
calizatiop possible; focussing depth as great as 15 cm

Disadvantages

Differential heating of bone; Coupling to uneven surface difficult; air/
tissue interface causes reflections; inability to heat lung, abdomen; vol-
ume to be heated limited by size and number of transducers or scanning
time

Electromagnetic, Capacitive

Advantages

Can design applicator for specific patient needs; can heat large volumes;
skin easily cooled

Disadvantages

Skin and fat preferentially absorb power and heat; heating pattern hard
to predict; metal temperature probe perturbs field, gives false readings

Electromagnetic, Inductive

Advantages

Simple coils; preferential heating of muscle; can heat large volumes;
direct contact unnecessary.

Disadvantages

Weak tissue coupling, non-uniform field; heat not easily localized; metal
temperature probes are corrupted

Electromagnetic Microwave

Advantages

Muscle tissue preferentially heated; can heat in presence of air, i.e.,
lung, stomach, bowel, rectum, pelvis; can heat near bones, brain; pen-

etrates well in fat, high resolution focus; localization can be readily
directed

Disadvantages

Limited penetration depth; shielded room may be needed to contain
hazardous leakage radiation, focussing not useful for low frequencies;
metal temperature probes are corrupted; potential danger to pacemak-
ers; applicator may be awkward
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c. Microwave Source Synthesis for Producing Constructive In-
terference at Depth

The goal of any hyperthermia source synthesis is simple to state: to
generate a power pattern with more power in the vicinity of a focal tar-
get than anywhere else, and thus heat the tumor without overheating
healthy tissue.

Attenuation rate varies directly (though nonlinearly) with fre-
quency while field resolution decreases with increasing frequency. In
human muscle tissue volumes, the “focus” is relatively wide and of
low intensity. Generally, the sharpest focus — or highest resolution —
corresponds to the highest possible frequency that deposits at least as
much power at the tumor as at any point in the surrounding volume or
on its surface. surface. Exceeding this frequency may produce higher
resolution, but the actual safe maximum penetration depth into the
tissue will be less.

More complicated than frequency selection is the determination of
optimal source distribution. For constructive interference at a focus,
electric field at the tissue surface must be properly aligned and phased
so that waves propagating along all paths in the entire tissue volume
arrive in the same fashion. While this simple condition is almost always
met with planar applicators, cylindrical sources are often designed to
produce a circumferential electric field, E, [31,32]. This choice of po-
larization is relatively easy to generate using a single turn, flat loop of
conductor. Also, the circumferential polarization has the advantage of
being transverse to tissue boundaries. However, if the aim is to pro-
duce power along the cylinder axis, the E, polarization is absolutely
wrong. By intuitive reasoning, there can be no rotating field at the
axis, p =0, so Ey, and hence dissipated power, vanishes at the axis.

Transverse polarization is preferable to normal (radial, in the case
of a cylinder) polarization [33-35]. Capacitive electrodes, for example,
are inefficient because the normal electric field heats subcutaneous fat.
The normal electric field changes across a medium boundary in pro-
portion to the ratio of the dielectric constants of the two media. Fat,
with nine times less dielectric permittivity than muscle at 915 MHz,
has 9 times the normal electric field. Transverse electric field, on the
other hand, is continuous across media boundaries. According to (3),
muscle tissue, with about 15 times the conductivity of fat, dissipates 15
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times more power for the transverse polarization. But because of the
squaring of electric field in (3), the normal polarization produces 81/15
as much power in the fat as in the muscle. Since tumors are usually
found embedded in muscle tissue which in turn is surrounded by fat, it
is much better to use tangential polarization which concentrates power
on the muscle side of the muscle/fat boundary. The attenuation rate
is much lower in fat than in muscle because of its lower conductivity.
For typically thin subcutaneous fat layers, the power pattern is rela-
tively constant. Furthermore, fat surrounds muscle, so keeping power
at at reduced level in the fat reduces the overall problem to minimizing
power maxima in a volume of muscle tissue.

Even though the thermal conductivity of fat tissue is relatively
low, it still acts to cool a heated muscle tissue surface. Thus, for a first
level analysis, as long as the electric field polarization is kept almost
transverse to the muscle/fat boundary (and hence transverse to the
skin), the fat layer can be ignored. Design considerations can thus be
based on prescribing the source distribution on the muscle surface,
assuming a constant temperature muscle surface boundary condition.

Merely adjusting phase, polarization, and amplitude for maximum
focussing does not necessarily produce an acceptable power density
distribution. Consider Fig. 2.1.2 with a planar source on the left, with
phase adjusted to focus on the point labeled F, three tissue wave-
lengths into the lossy medium. That is, the phase at any source point
is set to the negative of the physical distance from F to that point,
times the tissue propagation constant (. This focussing is often re-
ferred to as a conjugate phase source distribution. Although F is the
only point of coherence in the tissue, having significant gain over a
uniform phase distribution as shown in Fig. 2.1.2b, the power there is
still much lower than at points closer to the source, Fig. 2.1.2¢, which
experience less exponential wave decay. These plots were calculated for
muscle tissue at 915 MHz, with electrical parameters taken from Storm

[12], using 32-point Gauss-Legendre integration of the diffraction inte-
gral.

Several papers have dealt with this conjugate phase concept [36~
39]. The frequencies used in their papers were all 433 MHz or above.
The low electromagnetic frequencies would not be suitable for this
focussing method because the source-to-focus path length variations
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are less than a single tissue wavelength. Despite improvements of up
to 9 dB at 2.7 wavelengths into muscle (6 cm) at 1500 MHz [39], the
power is still 20dB below the power at the surface.

The conjugate method used by Gee et al., [37] is a useful proof-
of-principle that irregular and inhomogeneous tissue samples can be
illuminated with a focussed field almost as well as uniform tissue. The
method involves measuring the field at the source points due to a test
source placed at the focal point. The resulting phase represents the
effective electrical path length through the irregular tissue volume.
Unfortunately, it is difficult to place a test source in a tumor without
facing the risks of invasive treatment outlined previously. Also, the
method neglects the possibilities of intervening “hot-spots,” or power
maxima that may be generated at tissue discontinuities. The general
idea, though, is a good one and should be studied further.

In view of the inability to use any frequency of planar electromag-
netic radiation to produce a power maximum below the tissue surface,
it is clear why this single surface applicator modality is currently used
only to treat surface tumors. The solution to this dilemma is to sur-
round the tissue with radio frequency and microwave sources. This can
either be done with opposing planar sources [40], perpendicular planar
sources [41], or with a cylindrical or even spherical source [42].

d. Planar Arrays

For two infinite, uniform, coherent planar sources, each facing an
infinite slab of muscle tissue, the dissipated power yields a significant
local maximum at the slab mid-plane. The electrical field distribution
is a superposition of two counterpropagating plane waves, each repre-
sented by

E, =Re {gEoﬁaz ¥ 'Bzej”'} (6)

where waves propagating in the positive z-direction follow the upper
signs with a complex source value of E, at z = 0, and in the nega-
tive z-direction with the lower signs. Solving for power according to
equation (3) gives:

UEO2

P=2

(sinh? @z + cos® B2) (M
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Relative Power
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Figure 2.1.8 EM power density distribution normalized to the mid-plane
density of an infinite planar slab of thickness 2z, with uniform coherent
source excitation, for typical values of a/f.

The power pattern is depicted in Fig. 2.1.3, where the curve for
each value of the ratio a/f is plotted as a function of electrical length,
Bz, from the mid-plane (8z = 0) out, and normalized to the power at
the mid-plane. The requirement of equal power at the mid-plane and
the surface determines the greatest uniform source separation distance.
This distance ranges from more than Bz = 3.14 for the lossless case
to Bz = 1.2 for a/B = 0.7. This latter case, a/B = 0.7, corresponds
to a layer of thickness 2.4\/27. These are universal curves in that
frequency and physical dimensions have not yet been specified. The
a/B ratios listed in Table 2.1.1 can now be used to determine the
appropriate curve in Fig. 2.1.3 to represent the power pattern in actual
muscle tissue. The wavelength must also be specified to determine the
proper physical scale of slab thickness.

The constructive interference of two opposing uniform sources
gives power patterns which are much better than the single source
arrangements represented by Fig. 2.1.2. These sources do not make
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Figure 2.1.4 Power patterns for one half of a 10 c¢cm thick planar slab of
muscle tissue, normalized to the power at the surface.

use of phase adjustments to focus on a particular target; rather, they
simply produce standing wave maxima in the lossy slab. These curves
also indicate the very limited flexibility of constructive interference.

Figure 2.1.4 shows several of these same curves normalized to a
surface 5 cm from the mid-plane with a physical distance scale. A 915
MHz arrangement could only be used with slabs less than 3.4 cm thick.
For a slab 10 cm thick even the 433 MHz frequency is too high to safely
heat the center.

The best method for designing opposing planar arrays is to start
with the assumption that power on the tissue surface should be uni-
form and equal to the maximum tolerable level. Because of the strong
exponential decay in muscle tissue, the source surfaces tend to have
the greatest deposited power. When this level is the same as that at
the focus, the tissue slab thickness is maximum.
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e. Circular Cylindrical Arrays

Circular geometry admits wave equation solutions in terms of
Bessel functions. The field due to a uniform, axially polarized electric
field source on the surface of an infinite cylinder, as depicted in Fig.
2.1.5, is represented by

E(p) = 2Re {EoL[(a + jB)ple™*} (8)

where I, is the zeroth-order modified Bessel function, which grows
with increasing p. This equation corresponds to (6) from the Carte-
sian geometry, with polarization changed to align with the z-axis.
Figure 2.1.6 is the corresponding set of power patterns, similar to Fig.
2.1.3, but with up to four times the maximum allowable penetration
thickness. The curves are spread apart more for low «/f values than
with the planar case. This is due to the enhanced phase effects of higher
frequency waves. Just as in the case with constructively interfering pla-
nar source, the larger wavelengths do not interfere to the same degree
over the tissue volume as do smaller wavelengths. At 915 MHz, a uni-
form infinite cylinder of muscle tissue 6.3 em in radius can have as
much power deposited on its axis as on its surface.

The curves of Fig. 2.1.6 are useful for visualizing overall pattern
resolution and maximum cylinder radius determination. For a more
practical, physical picture, an unnormalized radial scale must be used.
Figure 2.1.7 shows the deposited power patterns within a muscle tissue
cylinder of typical adult torso radius of 14 em for various frequencies.
The power is normalized to that at the cylinder surface. Note that the
highest frequency depicted, 433 MHz, has insignificantly little power
at the axis, p = 0. For a cylinder as large as 14 cm, the higher fre-
quencies simply cannot be used. Instead, resolution must be sacrificed
in favor of penetration, and the 41 MHz frequency choice is optimal. It
is not necessary to use a frequency as low as 27 MHz. For this choice,
the power level is higher at the axis than at 14 cm. While the lower
frequencies cannot provide for a high resolution narrow spot at the tu-
mor, they can still be used for a uniform baseline heating, with another
modality, such as ultrasound, used to heat the tumor a few remaining
degrees into the therapeutic range.

There is much more literature on pattern synthesis in the cylindri-
cal geometry than with the planar geometry [43-46). Actual phase and
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Figure 2.1.5 Electromagnetic polarization alignment for cylindrical
source focussing.

amplitude optimization for focussing at various positions throughout
the cylinder is also examined [47-49]. Arcangeli et al. [48] and Morita
et al. [49] both use a method of optimizing a weighted sum error func-
tion. In each case, the tissue volume is assumed to be two-dimensional.
The calculated and desired intensity values are determined for several
sample points throughout the tissue volume and this error is minimized
by least squares. Archangeli then repeats the process by relaxing the
limits of the desired power pattern iteratively until the error is mini-
mized. Although this method yields good results, great care must be
used in choosing an appropriate desired pattern and sampling grid. An
overly optimistic pattern may not be realizable, while a poorly spec-
ified grid may either miss fine pattern details or be computationally
excessive, Another difficulty is that iterative solutions may not con-
verge, or may converge to a non-physical solution. The Morita paper
uses a simplified model of the human torso cross section for their syn-
thesis. Using only uniform muscle, a circular bone region and several
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Figure 2.1.6 EM power density distribution normalized to axis density
for cylinder of radius p with uniform source excitation for typical values

of a/B.

circular air-filled bowel regions, with 41 MHz radiation, their derived
power patterns are fairly smooth. The authors conclude that because
of the transverse polarization of the electric field, the inhomogeneities
do not significantly effect the pattern. This important conclusion im-
plies that it may be more useful to optimize the sources for a uniform
tissue volume first, and then perturb the results to accommodate the
fine structural inhomogeneities.

Arcangeli [48] takes the opposite view by breaking the torso cross
section up into discrete regions, each with a representative complex
dielectric constant. Using 915 MHz demands a much finer sampling
grid, since the sample points must be less than one-half wavelength
apart, and a body structure may have a width of 15 wavelengths. The
computational expense is much higher for higher frequencies. Although
the method is rather sophisticated, the results show focussing very
near the surface, with a derived excitation of only 8 of the 50 discrete
sources. In other words, the full constructive interference effect of the
full cylindrical aperture is ignored in favor of a 60° sector near the
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Figure 2.1.7 Power patterns for a 14 cm radius cylinder of muscle tissue
normalized to the power at the surface.

region of greatest curvature.

The concept of three dimensional focussing with a cylindrical ge-
ometry is fairly new. In a paper by Jouvie et al. [50], the source is
focussed in both ¢- and z-directions. The polarization choice is E,,
lowering the possible efficiency compared to E, and only a small sector
of the neck is irradiated, but their results show a considerable improve-
ment over the uniform source case.

Much work has been done on the Annular Phased Array (APA)
system [47], [51-57]. Perhaps the most thoughtfully designed and clin-
ically tested applicator system, the APA uses the entire cylindrical
surface surrounding a tissue volume, maintains an axial (z-directed)
polarization, and has the capability of rudimentary phase and ampli-
tude adjustment. The APA consists of one or two sets of eight dielec-
trically loaded, flared, parallel plate TEM waveguides, each facing the
cylindrical tissue volume. The edge fringing effects of the TEM wave
launchers and the eight plane-wave approximations to a true circular
source yield a power pattern slightly worse than the ideal represented
by Fig. 2.1.6.
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The APA’s rudimentary phase control and low frequency opera-
tion make it less useful for steering the point of maximum interference
throughout the tissue volume. However, it is significantly more flexi-
ble than the helical coil applicator [54] which cannot be adjusted after
construction.

One more issue not previously considered with the APA system is
that of focussing in the axial direction. For maximum power on axis,
circumferential distribution is set at uniform phase and amplitude. Ad-
justments in the axial variation take advantage of the only remaining
degree of freedom. This variation is conceptually similar to the planar
focussing in the previous section. Amplitude at the source is held con-
stant and the phase is adjusted to compensate for both the electrical
path length to the focal point and the complex propagation constant
of the medium. The details of this optimization are mathematically
presented in section 2.4.

2.2 Optimal Source Distribution for Spherical Tissue
Geometry )

In section 2.1, it was shown that using various schemes to al-
low waves to interfere constructively produce much better results than
merely radiating from a single, unfocussed applicator. Specifically, sur-
rounding a volume of tissue with sources produced localized maxima in
the center. The question arises as to the maximum size of any volume.
for which as much power can be deposited in the center as elsewhere.
This chapter answers this question and presents the optimum source
distribution function. It will be demonstrated that the optimum geom-
etry for power generation at depth is a sphere, and that with proper
focussing, the maximum penetration depth represents a fundamental
heating limit.

In contrast to several previously reported studies, the current ex-
amination considers the synthesis of the particular best distribution.
A large amount of work has been done analyzing the power pattern in
a sphere illuminated by a plane wave [58-60]. For this scattering prob-
lem, the deposition pattern is unsymmetrical, since power is incident
from only one side. Placing sources on all sides — in effect surrounding
the sphere with sources — makes use of the entire aperture and there-
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fore provides the greatest constructive interference at the center. The
symmetric distribution synthesized has a much greater focal-point-to-
surface distance than the plane wave pattern. The optimal synthesis
problem, though conceptually more complex, is less computationally
difficult than the plane wave scattering analysis, which is usually solved
using numerical approximations. Since the former specifies a source po-
larization, phase and amplitude distribution on the sphere surface, it
is not easily analyzed using ray paths or wave fronts. However, since
the solution is ultimately determined in terms of spherical harmonics,
it is specified in closed form.

There are relatively few biological structures which can be mod-
elled by the spherical geometry. The head (with adequate eye pro-
tection) and the breast, making use of the higher conductivity muscle
“ground plane” backing layer, are possible candidates. Despite the lim-
ited applications, knowledge of the absolute maximum heating depth
provides a rule of thumb which specific microwave applicator designs
might strive to approach, but never exceed.

a. Lossy Sphere Field Solutions

Since attenuation in dissipative media is roughly exponential with
depth, the volume geometry most suitable for maximum constructive
interference is one which minimizes the distance from a focal point to
the source on its surface. By this criterion, a sphere is optimum, since
any other volume can always be inscribed by a sphere. Thus, given
the minimum focal point to surface distance R and the maximum
tolerable surface power, a sphere of radius R will yield the greatest
power maximum at that focal point, the origin.

The polarization of the source on the surface of the sphere is
another important characteristic. As shown in Fig. 2.2.1, it must be
parallel to some axis, say the z-axis. By symmetry, these z-directed
source components are independent of circulating angle (¢), and have
polar angle (0) dependence which is symmetric about the equator
(6 = 7/2). Any additional radially symmetric (r) polarization com-
pPonent cancels itself at the center, whereas any circulating component
vanishes there. An additional polar angle component can be decom-
posed into an antisymmetric radial component and a z-directed com-
ponent for overall power pattern imrovement, and may be a desirable
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Figure 2.2.1 Currents polarized in the z-direction on the surface of a
sphere, and the resulting maximum constructive interference of electric
field at the center.

component, but cannot be easily used for preliminary source synthe-
sis. If possible, the first step for a source design would be to maintain
polarization parallel to the z-axis.

Specifying the optimal phases and amplitudes of these source com-
ponents is the next step in this derivation. Contrary to established in-
tuition, the best focussed source distribution is not uniform amplitude
and phase, as it would be for an acoustic compression wave. To ex-
amine the deficiencies of this uniform distribution, we first solve the
surface current diffraction integral and then improve this solution using
a modal analysis to yield the optimum distribution.

The uniform z polarized surface current at a radius R is repre-
sented as

J(7)=6(r — R)z

where §(r) is the three-dimensional spatial impulse function. This cur-
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rent is inserted in the dyadic Green’s function diffraction formula [61]

E = — jw (I + szV) - A(r) (1)

e-JH'_'—JI

A(r) =,¢/ e E )

where the left hand side of (1) is the vector electric field at the observer
point 7, A(F) is the vector potential, w is radian frequency, T is the
identity dyadic, k¥ = 8 — ja is the complex wave number, and |7 — 7|
is the observer-to-integration-point distance. The law of cosines is used
to represent |F — 7’|, where 7 is assumed to lie on the z-axis. This
assumption is justified since the source is uniform and symmetric and
the only requirement on polarization is that it is parallel to any arbi-
trary axis. That is , the vector potential A is independent of observer
coordinates  and ¢. As would be the case with a scalar wave, A
represents a family of concentric, spherical equipotentials-potentials.
The source polarization enters only as a linear multiplier to this scalar
function. The integral in (2) becomes a surface integral

e—jk‘\/R7+1-3—2choso’
z
4w+/R? + 72 — 2rR cos 6’

(3)

x 2x
A(r) = y/ d0’/ d¢'R*sin ¢’
0 )

which is readily integrated, giving

y (__fg) (e=HIR¥r] _ gmiIR=) (4)

Inside the sphere, r < R, the vector potential can be represented by
a spherical Bessel function of radial position, jo(kr),

-\ a _jkrsinkr
A(r)=2zu®R {e o }
= 2R {e 7 *Rjo(kr)} (5)

It is at this point that the vector nature of the electromagnetic field
presents itself. Substituting this expression back into (1) and taking



198 2. Synthesis of Optimum Microwave Antenna Applicators

derivatives in cylindrical coordinates, (p, 9, z), give
E(zp) = —jon {4 {2 [(2)" (su(hr) - 2820)
() ()] +2 (8) [ 452} o
VAT

Several features of (6) are worth mentioning. First, there is the
addition of the p-component, and the z-component has three terms
instead of just one (as might be expected for a scalar field). Second,
for small values of radius, since jo(kr) ~ 1 and ]l(k'l‘) ~ kr/3 [62],
the electric field simply reduces to

with

E(z,p) ~ —ijpﬁ{ge"'“i}
S (—jg) nkR{e*?}, kr<1 (7N

Next, for large values of radius |j,(kr)| ~ |sin(kr + 2Z)/kr| [63], so
(6) becomes

¥l . —-jkR ; P .z

E(z,p)'v-mk%{ 7% o(kr) = ( ;—p;)}, kr>1  (8)
Note that in (8), there is an appreciable E, component away from the
equator. Thus, even though the surface currents are polarized parallel
to the z-axis, it is recognized that the resulting F -field for large radii
is primarily polarized in the #-direction. Equation (8) is no longer
valid near the poles where p ~ 0. Reconsidering (6), again for small
p gives

—_ ) i (k jo(k
E(z,p) ~ —J'frk??{e"’“R (22%—;Q - ﬁkp]—(’%) }, pLz (9)

Equation (9) indicates that there exists normal z -directed electric field
components at the poles, but that these are 1/kr times smaller than
the tangential field near the equator.
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Figure 2.2.2 EM power density distribution normalized to axis density
for a sphere of radius r for typical values of a/f.

The dissipated power in a medium of conductivity o is o|E|?/2.
From (8), this is

on? _ ) 2
P(z,r) = T [krf*e=22R|jo(kr)|? (£) (10)

which is maximized at z = 0, p = r, at the equator. The exact power
deposition function, based on (6) normalized to the power at the origin,
is computed and plotted as a function of radius at z = 0 in Fig. 2.2.2.
These curves are of the same type as the previous universal dimension-
less curves. Figure 2.2.3 plots the same set of data on a centimeter scale
for several standard frequency values. It is the intersection of each curve
with unity which determines the maximum allowable sphere radius. As
expected, the lowest frequency curve has a greater penetration depth
due to its larger physical wavelength; whereas the higher frequency
Patterns have much greater resolution with a rather narrow peak at
the origin for 2450 MHz. An interesting anomaly exists for 915 MHz,
where the penetration depth is actually greater than for 433 MHz. This
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Figure 2.2.3 Power in a sphere of muscle tissue as a function of radius
at § = x/2 for four standard hyperthermia frequencies: Uniform current
distribution.

is due to the more prominent constructive and destructive phase effects
for the higher frequency.

For a given (large) radius, the power varies as sin® . Arising from
the sin @ dependence of the infinitesimal element of spherical area, this
indicates a much higher power deposition at the equator than at regions
near the poles. This can be understood intuitively by considering the
limiting cases of planar current distributions on the surface of a sphere
of infinite radius. The equatorial positions degenerate to tangential
planes of current, while the polar positions degenerate to planes of
normal currents, which do not radiate.

The sin’? § non-uniform surface power distribution is corrected us-
ing modal analysis in the next section to yield the optimum vector
wave solution to the power deposition problem.

To test the error incurred with the assumption of large radius
made for (8) for the worst case, 433 MHZ, where the maximum radius
is approximately .9 X, |kr| = 6.3, the neglected power, as given by
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computing the squared magnitude of the electric field in (9), is of the
order of 4% at the pole. For 915 MHz, this error is only about 1%.

b. Modal Analysis

Solutions to the wave equation for spherical geometry are harmon-
ics of index n, represented by [64]

E(r) = Z{ n(n+ 1) jn(kr)P,(cos ) + 6A, [g,, (k) - __]ﬂ(k,.)]

[ cos 0P, (cos 6) — nP,_ 1(cos0)]( 111 0)} (11)

where P, is the Legendre polynomial of order n, and A, is the
constant of the nth harmonic. By setting n equal to 1, 4, = —jwu
Re™**®, and recalling that P,(cosf) =1 and P;(cosf) = cosb, it is
evident that (6) is the first harmonic spherical wave solution as given
by (11).

It is the fundamental point of this analysis that for higher order
harmonics, n = 2,3,4---, the E-field at » = 0 vanishes. Since j,(kr)
varies as (kr)" for small r, these spherical Bessel functions approach
zero at the origin. Only the first harmonic, with jo(kr) and j,(kr)/kr
factors, remains non-zero there, taking the form of (7). This property
will now be used to reduce undesirably high power levels at the surface
of the sphere without affecting the power at the origin. Specifically,
a distribution can be synthesized from these higher order modes with
appropriately chosen phase and amplitude to partially cancel the first
order mode field at the surface, near the equator, and thereby increase
the maximum sphere size.

Once again, for large radius values, the 6-component of E -field
is the dominant contribution to the dissipated power function. The
0 -dependence of the nth mode of E, can be expressed as

OP,(cos0)

Eg“(O) ~ 0 60

(12)
Since for even order n, P,(cosf) is an even function of cosd, its
derivative will be an odd function of cos @, with a total value of zero
at = x/2. Since the goal is to find the harmonics with non-zero
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values at the equator to be subtracted from the sind dependence of
the first harmonic. Thus only odd order harmonics need be considered
for this optimization.

The derivatives of Legendre polynomials comprising the first three
odd harmonics are, from (12)

Egl ~ —siné

Egg ~ —1—25 cos?fsin @ + gsing
1
Egs ~ —% cos?@sin 6 + %cos’ﬂsinﬁ - 18§sin0 (13)

with values —1, 3/2, and —15/8, respectively, at § = r/2.
The three equations in (13) can be rewritten in terms of sines of
odd multiples of 6

Eg ~ —sinf
Epg ~ —-1—85-sin39— gsin9
315 | 105 30
Ey5 ~ ~128 sin 56 — 1—28-sxn30 ~ 198 sin @ (14)

The 6-dependence of the sum of the three harmonics from (10) may
now be represented by

£(8) = sin6 + B, sin30 + B, sin50 (15)

where B; and B, are selected to minimize the maximum value of
power, [f(8)]*, over the domain 0 < @ < x. Solving this transcen-
dental formula interactively yields B, = .2365, and B, = .0640.
The resulting surface power variation has three equal peaks of .685
at 0 =.294r,.57, and .706 .

Note that a standard infinite Fourier series composed of higher
odd harmonics of the fundamental sin# can produce a square pulse of
height = /4, giving a power (amplitude squared) of .617. However, for
any finite sum of Fourier terms, there is always a Gibbs Phenomena at
the step edge increasing the amplitude by a factor of about 1.09. This
would increase the maximum power to .733, which is greater than the
previously derived maximum.
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What remains is the derivation of the actual mode amplitudes and
phases which multiply each harmonic so that their sum equal f(9).
Define J, = An[jn-1(kR) — (n/kR)j.(kR)] as the multiplicative con-
stant of Ey from (11) for a given sphere radius R. Then, combining
the three equations (14) into the form of (15) gives the system:

3 30
Ji(-1) + Ts (—g) + Ts (—_128) =1
15 105
T3 (—?) +Ts (—ﬁ) =B
315
Ts (—Eé) = B,. (16)

The solution is J, = —.9509, Js = —.1148, and J; = —.0260.

Although the third and fifth order modes do not contribute to
power at the origin of the sphere, the first order mode is slightly re-
duced in order to compensate for the small siné contributions in these
higher modes. Thus, the amplitude in the center is reduced to —.9509
of the uniform current value. Renormalizing the coefficients to J/ =1,
Js = .1207, and J; = .0288 compensates for this reduction. The sur-
face power is plotted in Fig. 2.2.4, along with the uniform current
power. The peak power level is reduced to .757 of the single mode
power. The magnitude of the ripple is about +1.5% . Addition of higher
order terms would reduce the ripple and lower the maximum surface
power slightly. The maximum improvement would be less than 2%, and
since from Fig. 2.2.2, the increase in maximum allowable radius varies
approximately logarithmically with power, the minute increase in ra-
dius does not justify the additional computational complexity required
for seventh and higher order harmonies.

Finally, the coefficients A, from (11) are determined from the
J. constants and the magnitudes and phases of the spherical Bessel
functions at the unity crossing points of the power pattern for each
frequency. Since the pattern changes for each choice of the A, set,
this is an iterative process. For 915 MHz, A, = 1.5¢7(:9%%8) 4, =
1.364¢/(-28608)  and Ay = 1.136¢/(—3618) determined at
BR = —13.2, or R = 9.45 cm.

The power patterns at § = n/2, for the same frequencies as be-
fore are plotted in Fig. 2.2.5. Note the increases in maximum allowable
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Figure 2.2.4 Surface power as a function of # for single mode (uniform
current) and three modes (approximate uniform power) distributions.

radius, as indicated by the intersection points for the uniform cur-
rent distribution, taken from Fig. 2.2.2. For 100, 433, 915, and 2450
MHz, the increases amount to 1.72, 0.84, 0.57, and 0.32 cm., respec-
tively.

From (11), it can be seen that for the large radius dominant FE,
term, the radial and polar angle dependencies are separable. Thus, the
6 -directed power behavior always has the same shape as Fig. 2.2.5
scaled by the #-dependence of Fig. 2.2.4. Figure 2.2.6 plots the same
power curves normalized to the power on the surface at a radius of
9.45 cm. These curves represent the total (#- and 8-directed) power
taken at # = n/2. For all other angles except 6 ~ 0,7, the curves
would be similar, with the levels at » = 0 and » = 9.45 cm being the
same as at § = 7 /2. Note the superiority of the 915 MHz curve both
in penetration and resolution.
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Figure 2.2.5 Power in a sphere of muscle tissue for approximate uniform
surface power distribution.

c. Summary

The preceeding discussion has determined the dimensions of the
largest convex volume of muscle tissue which can be efficiently heated
non-invasively. Constraints have been imposed such that as much
power is deposited in the center as elsewhere in the volume or on
its surface. These limits are the theoretical best cases (within 1.5%):
it is not possible to improve on them by altering the surface phase
or amplitude distribution. For other tissue geometries, the maximum
penetration depth will, of course, be lower. Although the determina-
tion of heating patterns depends on the thermal characteristics of the
tissue which are governed by the bio-heat equation, it is reasonable to
assume that this solution is also the best for heating the center without
overheating any intervening tissue. Heating pattern improvements are
possible by making use of surface cooling, but this effect is limited to a
few millimeters in vitro, or to several centimeters in living animals [65)].

The novel aspect of this problem is the vector nature of the source.
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Figure 2.2.8 Power pattern for a 9.45 ¢m radius sphere of muscle tissue,
normalized to the power at the surface.

For scalar waves, such as acoustic waves, the uniform surface excitation
would be optimal. For electromagnetic waves, however, polarization
is an essential consideration. The method of adding additional modes
which do not contribute to power in the center simultaneously provides
for adjustments to amplitude, phase, and polarization of the source.

The power optimization makes use of just the #-component of
electric field. As mentioned for the large radii spheres being consid-
ered, the radial field contribution is more than an order of magnitude
smaller than the tangential § -directed component. Upon squaring the
field magnitudes, the radial components contribute only 1% to the
surface power, only at the poles (where the tangential contribution is
zero). Thus on the sphere surface, the total power behavior can be well
represented by |E,|?.

This optimization makes use of only one polarization of electric
field. Other surface field distributions which are combinations of rota-
tions of the above formulation can be added to the z-directed max-
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imum at the center. These other combinations will be orthogonal to
the original distribution, and hence simply uniformly scale the power
curves of Figs. 2.2.5 and 2.2.6. Some amount of rotated field (to form,
say, an #-directed central maximum) may be used to increase the
power near the poles up to the same level at the equator. This added
power is proportional to the marginal surface area covered by this sec-
ond source orientation — roughly a 2(0.17)?/4x or 0.5% increase.

It is clear, however, that any modifications symmetric to the 2-
axis will only worsen the situation. These modifications only provide
constructive, z-directed interference in the manner of the surface dis-
tributions discussed herein, yet they will add to surface power, making
it too large at some locations. The uniform E, surface distribution is
the best.

Although penetration depth increases with decreasing frequency
below 433 MHz, the resolution of the focal spot at the center decreases.
However, due to the non-linear dependence of complex dielectric con-
stant on frequency, increasing the frequency does yield an increase in
penetration depth for a limited range, as shown by the plot of 915 MHz
power curves. For 433 MHz, a/8 = 0.40, whereas for 915 MHz, a/8 =
0.23. There is a small advantage to using a more uniform power surface
distribution than the uniform current distribution. The improvements
are more pronounced for the lower frequencies since wavelengths are
longer and the slopes of the power curves are shallower. It is clear
that for muscle tissue geometries of less than 10 c¢m radius, 915 MHz
is the best standard frequency for a producing a well focussed, high-
resolution power peak. Of course, if a larger sphere is to be safely
heated electromagnetically, the lower frequencies must be used.

2.3 Optimal Power Deposition in a Planar Slab

The method used for deriving the best power pattern in a planar
slab is more elaborate than for the sphere. Despite its simpler geometry,
there is no single non-vanishing Cartesian harmonic corresponding to
the lowest order spherical harmonic. Every harmonic-mode solution to
the rectangular wave equation contributes to the power deposition at
the focal target. Instead of using a modal algorithm, a direct integration
of the surface field must be used to synthesize the best pattern.
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a. Uniform Amplitude Current Method

The most popular approach used to generate radiated electric field
is integrating the surface currents across an antenna aperture equation
(1) in section 2 [66-70]. Although this equation is easily approximated
as a Fourier Transform for large source-to-observer distances, it is in-
tractable in the reactive nearfield. Approximating the integral with a
Fourier Transform, as done by Johnson and Guy [22], introduces large
errors, particularly near the surface. Only with careful numerical inte-
gration can the actual field and power pattern be computed.

The optimization process involves determining the phase and am-
plitudes of an infinite ensemble of surface currents which maximizes
the field amplitude at the focus. This must be done subject to the
constraint of keeping the maximum power elsewhere below a specified
threshold. The greatest difficulty is that it is not known where in the
slab the maxima will occur. From the power pattern of the uniform
planar case (Figure 2.1.3), the first assumption would be that maxima
would fall close to the planes 8z = %7, corresponding to one half
a wavelength from the focus. Waves from each of these source planes
add constructively at the focus. Sources placed along these planes are
then assigned modified conjugate phase, corresponding to the nega-
tive of the electric path length from the source to the focus at z = 0
plus a correction factor for lossy media. The correction is necessary
to account for the non-exponential factor in the integrand, which is a
function of the wave number k. In lossy media, k& is complex, so the
true phase of the integrand includes a term equal to the arctangent of
the imaginary part divided by the real part of this factor, in addition to
the usual electrical distance from source to focus. For a current source
with phase opposite to this resulting phase, the integrand is purely real
for the observation point at the focus.

It is harder to choose the best source current amplitude distri-
bution than phase distribution. Contrary to intuition, uniform source
current amplitude is a poor choice. With non-uniform phase, a uniform
amplitude source current does not produce uniform surface power. The
contributions from these currents to the electric field on the surface add
constructively or destructively depending on the observation position.
Figure 2.3.1 shows the wide surface power variation generated by a
phase-focussed uniform amplitude current source. The power on the
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Figure 2.3.1 Radial power distribution at the source surface for focussed
surface current.

source planes is plotted as a function of radius from the axis of phase
symmetry. Since heating is directly related to dissipated power, it is
essential to minimize the maximum power peaks on the source surfaces
to prevent overheating. Also, the lower power levels can be increased
to add power at the focus, until they approach the maximum surface
power level. Thus, a uniform surface power rather than current distri-
bution is desirable. Clearly the almost three-to-one radial variation in
power in Fig. 2.3.1 makes optimal synthesis based solely on the power
along the symmetry axis (p = 0) infeasible.

b.Uniform Surface Power Method

Having shown that the uniform amplitude surface current produces
non-uniform surface power, it becomes clear that it is very hard to
generate an optimum choice.

If instead of specifying the electrical surface current, J, the sur-
face field, E, is chosen first, the results are preferable. As with the
case of the sphere in section 2.2, it is assumed that the power at the
surface is the limiting constraint, and should therefore be made uni-
form, The only mechanism for power dissipation in biological tissue is
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ohmic loss with dependence o|E|?/2. It is the electric field that must
be optimized. Magnetic currents at the source will either be included
in the electric field by the equivalence principle, or will be extraneous.
Optimizing just the electric field optimizes the volume power dissi-
pation distribution. Unfortunately, the modal solution for the planar
geometry cannot be used for this synthesis.

Alternatively, it is possible to use the Kirchhoff integral formula
[61] to generate the electric field everywhere in a half-space bounded by
a plane with specified electric field, and having decaying wave solutions
which vanish at infinity. By assuming the field on this source plane
has uniform amplitude, the synthesis problem reduces to finding the
best phase distribution. Determining the phase function is similar to
the previously mentioned current case: choose it so as to make the
integrand purely real for the observation field-point at the focus. It
is considerably more difficult, however, to do this since a non-linear
differential equation must be solved.

The integral formula can be written as

B = [ a0 [0 - g2

L
9(7,7) = yrE—

where ¢(F,7') is the spherical Green’s function, ¥ is the observer field-
point (p,z), ¥ is the source field point vector (p',z'), 8/8n' is the
derivative normal to the planar source surface A’ with the normal
pointing towards the direction of propagation and E(7') is the speci-
fied electric field on that surface.
For a planar geometry, using cylindrical coordinates with the

source plane perpendicular to the z-axis crossing through z = Fd/2,
(1) reduces to

)= [t [ i [Br) (+20270)

e (25 e

with
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Equation (2) is used for both opposing planar sources, with d/2 + z
being the distance along the z-axis from observer point z to the source
at z = —d/2, and d/2 — z for distance from z to the source at
z = d/2. The normal derivative is chosen to always have the normal
point to the origin. The first three terms in the expression for |7 — 7|
result from the Law of Cosines, using ¢ = 0 as the observation point,
as shown in Fig. 2.3.2.

To specify the electric field on the source plane, both the tangential
(radial) and longitudinal (axial) dependences must be used. Although
only the radial dependence of phase exists on the source plane, the
normal derivative at the surface requires phase terms proportional to
2. Assuming a y -polarized wave with amplitude held constant at unity,
the electric field can be represented with a phase function power series
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in increasing powers of z

. ., ,d ., ,d ., 4
i8(p) = jki(3 £ 2) = ka5 £ 2)* — Ghua(5 £2)° — oo
[ 4
(3)

where &(p) is the surface phase radial dependence at z = Fd/2, and
the choice of sign preceding each z is the positive for the source at
z = —d[2 with wave propagation to the right, and negative for source
at z = d/2 propagating to the left. The entries into the integral of (2)
are

EF) =71

Br)| =gt
z'=Fd/2
3—E— ? N . N ]
i% = §(—jk,)el¥F) (4)
z'=Fd/2

where k, is yet to be determined.
Using one further identification to simplify notation, R = |[F - 7|,
the normal derivative of the Green’s function is

9g(7,7) . e J*R R
+ 8z = (-jk-1/R) 4R 02 :
z!=xd/2 2'=xd/2 :
) e ¥R (4[24 2
—Grrumg (BE) @

c. Wavefront Determination

Appealing to the theory of the eikonal for large k, let the wave
phase be represented by L(p,z). The eikonal equation is then [71]

IVL(p, 2)|| = & (6)

where the double magnitude indicates the complex vector length, or the
square root of the inner product with itself. The normal to a constant

phase wavefront is

. VL
R = VIl (™
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Using the expression for phases in (3) gives

592 _ sk, (8)

VL =p——2
t'=Fxd/f2 ap,

Note that 0%/0p' can be defined as —k,.
Substituting (8) into (6) yields two equations, the real and the
imaginary parts being
§’2+ﬂ2—a2=ﬂ2—a2
—2a,8, = -2af (9)

where &' = 3%/8p' and k, = 8, — ja,.
Solving the two equations of (9) for 8, and a, gives

ﬂfzﬂz_a2_§m+\/(ﬁz_az_Qm) +a2ﬂ2

2 2

afz—ﬂz_az__q,lz_*_\/(Igz_az_@z) t a2 (10)

2 2

The positive values of 8, and a, are chosen to give waves propagating
toward the focus.

The values of 8, and a, join —k, to represent the shape of an
inhomogeneous incoming wave as it crosses the z = Fd/2 planes. This
wave has many features of a spherical wave, and yet it is different in
an important way. A spherical wave, far from its source, approaches
an e~7* /r dependence and yields a hyperbolic phase function on the
z = Fd/2 surface 4/p’?+ (d/2)?. This will be shown shortly to be
very close to the phase for the currently-addressed focussed solution.
However, a spherical wave has a tapering amplitude as well. As seen
with the uniform focussed current analysis, improper amplitude choice
can lead to unexpectedly bad results.

There are several important features of (10) worth examining.
First, consider the behavior of a, and 3, as &' increases from zero (as
it will soon be shown to do). Initially at zero, it follows that a, = a,
and B, = B. Alternatively, for large &', a, approaches &', and p,
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approaches af/%’, which vanishes for infinite &’. Furthermore, tak-
ing the derivative with respect to #? of each equation in (10) results
in the pair

3,33 _,___];‘_ ﬁz__,az__@az

0% 2 2\/([32 ot — @,2)2 +4a28?

da? 9P

537 ~ 937 | ! (11)

Setting (11) to zero to find an extremum for a, or B, has no real
solutions for &’. Thus f, starts at § and decreases monotonically to
zero; while a, starts at a and monotonically increases with increasing
L

Physically, the above mathematics can be interpreted as follows.
The attenuation rate in the direction of wave penetration is mini-
mum for a uniform phase distribution (®' = 0) with the value of
the medium, a. The propagation constant is either the value of the
medium, 8, for uniform phase, or less for varying phase. Therefore,
the penetration wavelength increases for higher spatial frequency vari-
ation, ® > 0. These two effects, greater attenuation rate and greater
wavelength, both conspire to prevent high resolution penetration. In
fact, the a,/B, ratio — which for non-uniform waves replaces a/8.
as the relevant pattern parameter — grows much faster with &' than
with frequency. It can be concluded that the higher the spatial fre-
quency variation of the source phase, the less the wave penetrates the -
medium. For the optimum source distribution, it would be expected -
that a majority of the source would have slowly varying phase, with a :
limitation on the maximum spatial variation. This will next be shown
to be the case.

d. Phase Function Solutions

Combining (2), (3), (5), and the notation of (10) gives a revised

integral
_ 2x oo d 2
E(r) = f d¢’ / pdp’ [5 (-—--—-—-/ = "5+ﬁ,)
1] 0
~j[kR—%(p")}
d/2:i:z( 1)+a‘}e

+ R a4+ R iR (12)
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for the electric field due to sources on the plane at z = +d/2. The re-
maining task is to determine &'(p’) so that the integral is maximized
at the focal point, (p,z) = (0,0). This condition occurs when the
integrand is entirely real and positive for all values of integration argu-
ments ¢ and p'. The integrand can be written in magnitude/phase

form as
P d/j2+ 2z ? [d/2+z ?
mz\/[ 7 ﬂ+ﬂ,] +[ 7 (a+1/R)+a,]

: exp{ _aR+j [—ﬂR + &(p')

+ tan™!

B(d/2+ 2) + B.R ]} (13)

(d/2+2)/R+ a(d/2+2)+ a,R

Setting the imaginary part of the exponent to zero at the focus, 2z =10,
yields the nonlinear differential equation for &:

®(p') = BRo
’Bz_az_q,:z 2_ga_gi2\3 M
pa [£22 = ey g,
— —1 -
tan 53 o an . 1/2
d/2Ro+ad/2+ [— 2 +\/(ﬁz—a:—§lﬁ) +a2[32 Ro
(14)

where
Ro = +/p? + (d/2)

Equation (14) must be solved numerically. Fortunately, the variations
due to the arctangent function are small, so good approximations for
small values of p’ are possible using only the first few terms of a power
series. A solution including a term proportional to 1/p' is needed in
the series expansion for large values of p’'. The blending region between
the two series approximations ends up being near a point of inflection
of the arctangent function.

Using trial and error adjustments on coefficients a;, the value of
the arctangent is compared to ®(p') — BR, with the phase approxi-
mated by the even power series

3(p') — BRo = ao + a1p" + azp™ + asp"® + ayp”® (15)
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Figure 2.3.3 Phase function for focussing at a point 1.225A from the
source plane, at 915 MHz.

The coefficient a, is equal to —tan™'[3d/(1 + ad)]. Next, starting
with a,, each coefficient is adjusted until the best possible fit occurs.
The larger p’' values are minimized with adjustments to progressively

higher order coefficients. After the crossover point, between 1.4 and 3
wavelengths — depending on frequency and d/2 — another series of
the form

$(p') — BRo = bo + by /p' + bap' + bsp™ (16)

is used. Table 2.3.1 lists the best phase coefficients and crossover points
for several values of d/2 at 915 MHz. This frequency is chosen to take
the greatest advantage of phase effects without compromising pene-
tration. As shown in section b with the sphere analysis, 915 MHz is
preferable to both 433 and 1200 MHz. Figure 2.3.3 plots the phase
function ®(p') for d/2 = 1.225A (wavelength), for 0 < p < 5) ra-
dius. Note that this function is primarily hyperbolic with the func-
tional dependence seen previously. Also, ®(p’) does indeed start from
0 and increases monotonically, as expected. If this hyperbolic term is
subtracted out, Fig. 2.3.4 results. This curve corresponds to the addi-
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tional effects of the complex amplitude. It is clear that this addition of
almost one half a wavelength to the phase must not be neglected. One
further plot, Fig. 2.3.5 subtracts the series approximations of &(p')
(15) and (16) from the resulting ®(p') given in (14) using the deriva-
tives of these series. This curve shows that the series gives a very good
approximate solution to the differential equation (14), with error of
only several thousandths of a wavelength.

Table 2.3.1 Phase coefficients and crossover points for complex ampli-

tude integrand.

d/2  ao a 63 as a4 bo by ba bs X-pt
) +.01 +.001 =+ .001 --.0001 +.01 +.01 =.001

1.0 5.0135 1.08 3.5 -2.5 -2.3 4.9765 -0.8 2.81 -3.1 1.2
1.2 5.0014 .88 -.07 —-.045 .21 4.584 -3.4 1.50 -1.2 1.9
1.225 5.0002 .84 .005 -.012 -.35 5.1200 -3.4 1.51 -1.2 2.0
1.25 4.998% .80 .07 —-.045 -.20 5.1129 -3.4 1.52 -1.2 2.1
1.3 4.9967 .765 —.02 —.095 .06 5.1776 —4.7 1.15 -0.8 2.5
1.5 4.9892 .57 .25 -.130 -.10 5.4062 -100 —0.001 0.3 2.9
2.0 4.9768 .35 —.02 -.006 0.0 4.7193 2.32 2.47 -1.7 2.5

e. Optimum Planar Power Pattern

With a focussed source, the electric field and dissipated power
pattern depend on the thickness of the planar slab. This contrasts
with the uniform source examples of section 2.1, where the maximum
thickness is selected based on where a particular curve intersects unity.
It is difficult to determine the thickest possible slab directly. Instead,
this limit must be found iteratively.

Consider first a two-wavelength thick slab, d = 2X. Figure 2.3.6
shows the power pattern along p = 0, the axis of symmetry of the
phase function, through the focal point at (p,2) = (0,0) . The focussed
power at this focal point is 10.4 times greater than for the unfocussed
opposing plane case of Fig. 2.1.3, which is redrawn for comparison
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Figure 2.3.4 Correction function for complex integrand amplitude for
focussing at 1.225) depth.

in Fig. 2.3.6 normalized to the power at the source planes. In fact,
the power is greater at the focus than anywhere else. The secondary
maximum at about one half wavelength from the focus has been moved
out to .67\ and is only 89% of the focal point power. Whereas this
secondary maximum height established the largest slab thickness for
the unfocussed example, it is no longer a problem with this particular
phase-focussed case. The constructive effects of phase focussing are
much less prevalent at points close to the source than at the mid-plane.
Already, the maximum thickness has been doubled by using focussing.

Since no part of the power pattern exceeds the focal point level, it is
possible to extend the slab thickness even further. An upper limit to the
thickness can be extrapolated from the two-wavelength example. If it
is assumed that the growth of the focussed power pattern near a source
edge behaves like the unfocussed pattern, then it suffices to extend the
focussed pattern until it reaches the level of the focal point power. This
occurs at a thickness of 2.59 A. Unfortunately, for this thickness, the
secondary maximum becomes excessively high — almost 1.3 times the
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Figure 2.3.5 Approximation error for 1.225 series.
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Figure 2.3.6 Power pattern for a focussed 2\ thick planar slab.
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level of the focal point power. The rise in this secondary maximum
is due to the increase in the constructive interference at this location,
now farther from the source. That is, the thicker the slab, the less the
‘hyperbolic phase minus the electrical path length to (p,z) = (0,.67A)
varies with radial source position. It is concluded that the limiting
thickness falls between 2 A and 2.59 ).

There are two competing constraining effects limiting the planar
slab thickness: the high power levels at the source surface and at the
secondary maximum, This is a different situation from the sphere syn-
thesis, and, as will be shown in the next section, from the focussed
cylinder synthesis. An additional optimizing method has been derived
to reduce the secondary maximum power level to a greater extent than
the focal point power without raising the surface power. The method
involves decreasing the amplitude of the source in particular regions,
The phase is kept the same as from the above synthesis so that the
focus still receives coherent contributions from the entire source. The
secondary maximum lies along the axis of phase symmetry, p = 0,
and receives the greatest portion of its power from sources close to
this axis. At this secondary maximum, contributions from these clos-
est sources are greater than the non-coherent destructive interferencéj
from more remote sources. For observer points farther from the source
than this secondary maximum, including, in particular the focus, the
path length variations (and hence the exponential attenuation mul-
tiplier) are smaller for a given change in p. Mathematically, if the
source-to-secondary maximum distance is represented by s, it is clear
that

l

|
\/p§+(d/2)2—- \/P§+(d/2)2 < \/pf-f-;? ._\/p§+32

d/2 > s, for any two radial positions p; # ps

Thus, if the amplitude is reduced in a narrow region about the p = 0
axis, the destructive effects of the remote sources become more im-
portant. The secondary maximum level will be reduced more than the
focal point level. Furthermore, since the source amplitude is only being
reduced, there will be no increase in surface power anywhere.

The choice of the amplitude reduction function is somewhat ar-
bitrary. One function that works well is based on a Gaussian, and is
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Figure 2.3.7 Focussed unit amplitude and optimal power patterns for
915 MHz focussed planar source.

stated ‘ )
A(p) =

T 14 ae—??

(17)

By iterative optimization, the best attainable power is for a planar slab
2.45 X thick, with the amplitude dependence of (17) with ¢ = 1.0 and
b = 7. It is interesting to note that this amplitude variation is in the
opposite manner to that of a spherical wave, discussed previously. Op-
timization involves testing a set of @ and b parameters to obtain the
largest focal point power while simultaneously keeping the secondary
maximum below this power level. In general, as a increases the power
- is reduced at both positions, while decreasing b causes a preferential
reduction of the secondary maximum power level. If despite all com-
binations of @ and b the greatest value of focal point power is still
below either the highest source surface power level or the secondary
maximum power level, the thickness must be reduced. The effects of
the second opposing source on a source surface must be taken into ac-
count when computing the power there. The power is proportional to
the square of the sum of A(p) and the intensity from the other source.
The unit amplitude pattern and adjusted amplitude pattern are plot-
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Figure 2.3.8 Power patterns for 915 MHz focussed planar source on axis
and at .333, .666, and 1A radius.

ted in Fig. 2.3.7. For the adjusted amplitude pattern, the focal point
power and secondary maximum power levels are equal. These levels,
in turn, are equal to the surface power for large p, as shown in Fig.
2.3.8, which repeats the amplitude adjusted pattern of Fig. 2.3.7 and
shows the power pattern along parallel lines (p,6) = (10.333),0),: =1,
2, 3. This figure also demonstrates that there are no other secondary
maxima: the largest power levels are along the symmetry axis, p = 0.

Figure 2.3.8 represents the best possible power pattern for EM
radiation at 915 MHz in an infinite slab of muscle tissue, in that a
maximum amount of power is delivered to the deepest point without
risking overheating any other regions. It is conceivable that a different
choice of amplitude distribution might increase the ratio of focal point
power to secondary maximum power without significantly suppressing
the former below the surface power. However, this improvement would
not exceed one or two percent, and since the measured values of the
electrical parameters have a much wider variation, it is not useful to
pursue further improvement.

The maximum thickness of 2.45)\ corresponds to 11.1 cm at 915
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MHz. This value compares well with the maximum diameter for any
high resolution cylinder pattern, which is 12.6 cm from Table 2.1.1.
Also, the focussed maximum thickness is more than three times the
3.6 cm maximum for the uniform source case of section 2.1.

Section 2.4 explores focussing the source for the cylindrical geom-
etry where both modal analysis and an integral focussing are used.

2.4 Optimal Power Deposition in a Circular Cylinder

The cylinder is the last of the three simple geometries to be ana-
lyzed. There are many more applications for a cylindrical source since
body parts, such as the limbs, neck, torso, and even the head can be
modelled as cylinders. As expected, the penetration limits fall between
those of the sphere and the planar slab.

It is interesting that the optimum cylindrical source synthesis case
makes use of both of the design methods of the other two cases. As
with the spherical analysis, the modal solutions to the wave equation
restrict the distribution to a reduced set of functions. But instead of
there being only one mode which contributes power at the focus, there
is a family of cylindrical solutions which constructively add at the axis.
These solutions are characterized by each being independent of circum-
ferential variation. Although there are an infinite number of possible
functions within this family, the synthesis problem is reduced from a
two-dimensional one, as with the planar source, to a one-dimensional
focussing design. The same phase/amplitude optimization method used
with the plane can be applied to this reduced problem.

a. Optimal Source Dertvation

The harmonic wave solutions for the cylindrical geometry are of
the form [61]
Epm = 2AnmJm(k,, p)e i mPe k" (1)

where J,, is the mth order cylindrical Bessel function, and with dis-
persion relation

ko + K2, = B — o
The analysis problem involves summing a series of appropriately
weighted functions of the form of (1) to give a maximum at (p,z) =
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¢’

Figure 2.4.1 Coordinate geometry for cylindrical surface integration.

(0,0). Recalling that J,,(0) vanishes for all positive values of m , and
Jo(0) =1, it is clear that only harmonic solutions independent of the
circumferential coordinate, ¢, contribute to power on the axis. This
is the restricted family of functions to be considered. For determina-
tion of the source distribution on a surface of constant radius, only the
z-dependence remains to be determined.

To derive the optimum power pattern, the axial dependence of
the best distribution is found by a focussed integral of the form of
(1) in section 2.3. Analysis proceeds parallel to that of section 2.3. Fig-
ure 2.4.1 shows the geometry used for the integration over a cylindrical
surface. An important difference between this geometry and the planar
geometry is the choice of polarization. As discussed in section 2.1, the
only acceptable source polarization is axial, or z-directed.

For a cylinder with radius d/2 and normal derivative taken with
respect to —p’ so that waves propagate inwards to the focal target,



2.4 Optimal Power Deposition in a Circular Cylinder 225

the operative formula for a cylinder is

Fs lF—F‘|=R

with

= Vp? + p? — 2pp' cos ¢’ + (z — 2')?

p'=d/2

Note that the cylinder power pattern optimization is in terms of
radius p, from the z-axis rather than distance z, from the mid-plane,
as in the planar case. The source must, in this case be determined
as a function of z'. Also, since there is only one cylindrical source
surface rather than two opposing sources, only one integral needs to
be computed.

Next, assume a source phase distribution similar to that in (3) of
section 2.3 with surface phase ®(z) to be determined, and an added
power series in terms of p. This series is used to determine the normal
field dependence OE/8p. The series coefficients are once again found
by using the eikonal equation (6) in section 2.3

By = 32 = 3kolo = 3) = Tl = 57 = il = 5)' -
3)

Equation (3) is evaluated on the integration surface, resulting in

E(7) = 3e%)
p'=df2
OE(+ ey N (s
sl R (4
p'l=d/2

with k, to be determined in a similar manner as k, in section 2.3.
The cylindrical wavefront normal is given by

) o
ZE%—Pkp

V(&) + k2 ®

n=
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and the eikonal equation (6) in section 2.3 results in

§f2+ﬁ2__a‘2,=ﬂ2_a2
—2a,8, = ~2af (6)

Note the similarity with (9) in section 2.3. The solutions for a, and
B, are identical to those for a, and 8, in (10) of section 2.3 with
each z and p parameter interchanged. ‘

Continuing the derivation, the normal derivative of the Green’s -
function is

8g(7,7) e IkR ( GR)
- 8p' = (k- I/R) 4R 8o
pl=dj2 pl=df2

= (k+1/B) - (d/z *_,’;“M') (7)

Inserting (4) and (7) into (2) yields

E(r) =22 / ag [~ ax|j(Lpesty )

d/2 — pcos ¢’ 1 e ikR-%(z")]
+————~—-—-R (a + R) - a,} 7 (8)

At the focal point, (p,2z) =(0,0), Ry = /22 + (d/2)?, and the max-
imum value of the integral of (8) occurs when the integrand is purely
real and positive for all values of ¢’ and z'. The integrand is essen-
tially the same form as in (12) of section 2.3, with z' replacing p', and
dz' replacing p’'dp’. The phase function, which makes the integrand
positive at the focus, is thus identical in form to the phase functions
derived in Table 2.3.1.

For d/2 = 2)\, at 915 MHz, the phase function correction due to
complex amplitude and the series approximation error are plotted in
Figs. 2.4.2 and 2.4.3. The phase function plot itself is so close to that
presented in Fig. 2.3.3 for the function for d/2 = 1.225), that it is not
repeated again here.

Determination of the maximum radius cylinder is considerably
more straightforward than the similar problem for the plane. As with
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Figure 2.4.2 Correction function for complex integrand amplitude for
focussing at 2.0\ depth.

the sphere, the secondary maxima are much lower than the focal point
power maximum. This is the case even in the uniform pattern, Fig.
2.1.6. The limiting radius is once again arrived at iteratively, first by
finding the focussed power at the focal point when focussed sources are
at an arbitrary radius, say the uniform cylinder radius limit, d/2 =
1.4X. This power value is 3.22. Extrapolating the uniform cylinder
pattern out to the radius where the power level is 3.22 gives the first
radius limit approximation. This radius value is used as the next d/2
Parameter to recompute the focussed phase function. Then the unit
amplitude, phase focussed source distribution is imposed at this ra-
dius, and the power at the focus is checked. Extrapolating the radius
to the 3.22 power level turns out to be too large, since for larger radii
cylinders, the focussing effects in lossy media are less pronounced. The
d/2 radius is reduced in a third iteration step so that the power at a
third d/2 radius is the same as at the axis. The iteration repeats until
the desired accuracy is attained.
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Figure 2.4.8 Approximation error for 2.0\ series.

The resulting focussed power pattern is depicted in Fig. 2.4.4, with
the uniform pattern juxtaposed. These curves are computed by per-
forming the integration in (8), which is most accurate near the focus,
but begins to lose accuracy near the source surface. There are no direct
ways to confirm the calculation of the focused pattern near the surface.
The uniform pattern, however, can be represented in closed form (as
in section 2.1, with a Bessel function) to compare to the integrated so-
lution. As seen from Fig. 2.4.4, the agreement is excellent until about
.3\ from the source.

The resolution near the axis is much greater and the power is 3.09
times higher than it is for a uniformly-exposed cylinder of the same
radius; the largest allowable diameter is 36% larger, at 1.92 X, or 17.3
cm at 915 MHz. This is large enough to be used in human limbs and
neck, as well as in torsos of children. Compared to the sphere limits, it
is seen that cylinder focussing approaches the fundamental limit of 18.9
cm. The maximum cylinder radius is only 3% less than the uniform
current sphere radius, and 8.5% less than the best possible of all source
configurations.
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Figure 2.4.4 Optimized, focussed power pattern for a cylinder of muscle
tissue at 915 MHz.

b. Summary and Results

The results of sections 2.2, 2.3, and 2.4 show that there is great po-
tential for increasing the penetration limits of electromagnetic power,
even in highly constrained geometries, over the currently accepted max-
ima. The results of the sphere analysis provide a fundamental limita-
tion on the maximum depth for generating a local power peak. No
other volume geometry will support as great a peak at the center. Al-
though focussing produces much less concentration in lossy tissue than
in free space, it still is prominent enough to significantly increase (up
to a factor of 3 with a planar slab) the distance to the deepest point
that can be safely heated.

The significant increase in maximum cylinder radius from 1.4 to
1.92) at 915 MHz shows the effectiveness of axial focussing. This exten-
sion cannot be directly scaled to lower frequency, deeper penetrating
waves. Although focussing always improves the pattern, higher a/j
ratio keeps the electrical distance percentage increase smaller for lower
frequencies. Figure 2.4.5 compares the focussed 100 MHz and 915 MHz
patterns on a centimeter scale. The dashed lines indicate the extrap-
olations near the source where the integration approximations break



230 2. Synthesis of Optimum Microwave Antenna Applicators

1.5 ¢

915 MHz 100 MHz
// -
/ -
/ -7

5 /

z 1.0 +

o ’

1

[

2

&

® -9t

x

8.8 39 19 6.8 6@ 1@ 120 140

Radius (Centimeters)

Figure 2.4.5 Comparison of radial power patterns for 915 MHz and 100
MHz focussed sources.

down. Focussing increases the 100 MHz maximum diameter from 19.0
cm (taken from Table 2.1.1) to about 21.0 cm, only a 10.5% increase.
The lower frequency penetrates more deeply and would be preferable
except for two difficulties. First, the power pattern resolution is not as
sharp, with higher minima than with the 915 MHz pattern. Second and
more importantly, few tumors are located in a cylindrical body part
long enough to have the full aperture necessary for the full focussing
effect. At 100 MHz, a 3-wavelength cylinder is 81 cm long.

The effects of truncating the infinite cylinder to represent a more
practical antenna are examined in Fig. 2.4.6. Power dissipation
curves as a function of radius are shown for 915 MHz, axially polar-
ized, uniform surface power, 1.92)\ radius sources with axial lengths
2\, 4\, 6\, 10\, and infinitely long. There is no perceptible differ-
ence between the 10\ and the infinitely long cylinder patterns. The
truncation effects are significant for the narrow 2A source, but the
pattern rapidly converges to the ideal case for sources longer than the
cylinder diameter.

At 915 MHz, the 17.3 ¢cm maximum muscle diameter limitation
allows high resolution heating for cancer cases in the head, neck and
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Figure 2.4.6 Power patterns for 915 MHz finite and infinite axial length
focussed cylindrical sources.

limbs. Based on 1977 statistics {7], 11,600 brain; 9000 thyroid; 10,400
larynx; and 6,400 bone and soft tissue cancer cases per year may be
suitable focussed cylindrical microwave source candidates. In each of
these types of malignancy, the tumor is embedded in body structures
which can readily be surrounded by electromagnetic sources, allowing
a maximum geometric aperture advantage. Ultrasound, though much
easier to focus in general, is impractical in these cases due to interfer-
ence from bones. The last group of 6400 cases includes sarcomas that
are prevalent in children, usually lead to limb amputation [3], would
be a natural choice for EM applicators.

Electromagnetic hyperthermia offers a promising modality for
treating cancer in humans. Important aspects including polarization,
depth of heating, power profile resolution, secondary power maxima,
and source distribution must be given careful consideration. Attempts
have been made to synthesize power patterns and specify the maxi-
mum planar, cylindrical and spherical muscle dimensions for practical
heating. Using a modal scheme for simplified geometries, followed by
phase correction improvement — rather than experimental conjugate
phase specification as suggested in the literature — leads to a pattern
less likely to have undesirable hot-spots.
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The recurrent theme with focussing in each geometry is the ne-
cessity of maintaining uniform surface power at the source a priori.
The focussed source fields were derived starting by specifying uniform
amplitude to ensure no isolated power maxima near the source. This is
a novel concept, not previously discussed in the literature. The phase
functions are solutions to the non-linear differential equation which
makes the Kirchhoff integral formula purely real and positive. The op-
timum planar source has phase variation ®(p) according to equations
(15) and (16) in section 2.3. The optimal cylindrical source was shown
to be polarized in the axial, z-direction, have no phase variation with
¢ and have a longitudinal phase variation function ®(z) identical to
the radial phase variation function €(p) as the planar case. Focussing
tends to concentrate the interference effects on the axis (or plane) of
phase symmetry for the planar (cylindrical) case which includes the
focal point and intercepts the source.

The absolute power penetration limitations for muscle tissue have
been determined and presented above. The fundamental limit for all
geometries is a sphere of maximum radius as depicted in Fig. 2.2.5. For
planar geometries, the best pattern has a slight amplitude reduction
near the axis of symmetry which suppresses the secondary peak. The
power pattern has equal power level at the focus, the distant source
planes, and the secondary peaks. The maximum penetration depth is
three times that of the uniform case. For cylindrical geometries, the
source has uniform amplitude and a similar phase distribution to the
planar case. The best focussed pattern has a maximum radius 35%
larger than the uniform pattern radius.

The theoretical optimizations in this study are intended to serve
as a set of idealized goals. Biological tissue is representative of dis-
sipating media which is neither very conductive nor very insulating.
Although few simplifying assumptions can be made for these interme-
diate cases, it is clear that focussing provides significant improvement
over uniform illumination. This work is useful in many electromagnetic
heating cases where the maximum surface power must be kept below a
set limit, while deep power dissipation is maximized. Although many
. body structures may be modeled by the simple geometries considered
above, the complete optimum antenna specification must also include
tissue inhomogeneities, which in turn demands moment method analy-
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sis. The focussing methods described herein are only a guide to be used
for feasibility and initial applicator design. Hyperthermia cancer treat-
ment is an exciting but challenging application of antenna synthesis,
with much research still to be done.
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