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1. INTRODUCTION

Hyperthermia is currently being used as an adjunct to radiation ther-
apy and chemotherapy of superficial malignancies [1-3]. However, use
of hyperthermia is limited despite reported efficacy in both labora-
tory and clinical application. This phenomenon is due primarily to
lack of efficient heating applicators capable of heating large volume (or
area) tumors that typically require adjuvant therapy up to therapeutic
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temperatures. In addition, the lack of reliable temperature feedback
control systems which can be implemented noninvasively limits the
options of clinicians during treatment.

Devices designed to heat these superficially localized (< 2-3 cm
depth), and often large area disease sites, must satisfy criteria asso-
ciated with tissue heterogeneities, conformity to body contours, ther-
mometry, patient safety, and production cost.

Physiological and anatomical factors increase the complexity of
achieving acceptable performance of microwave applicators. Early mi-
crowave hyperthermic antenna designs had a tendency to be bulky
and awkward to couple to the human body. A variety of more or less
adequate printed-circuit applicator designs have been proposed for hy-
perthermia to improve conformity to the body surface [4-9]. This
includes rectangular, circular, ring, spiral, and other more advanced
patch radiator shapes.

During the 1990’s a new generation of specialized applicators have
been developed for superficial heating [10-12]. The applicators present
the following properties: i) Lightweight and at least partly flexible for
fixation over a tumor, ii) effective power deposition pattern extend-
ing to the periphery of the aperture, iii) relatively simple and low-cost
construction. One aspect of printed antennas is the observed electric
field component normal to the applicator face which has been reported
to dominate in the reactive nearfield of the antenna. Maxwell’s equa-
tions imply that the normal component of the electric flux intensity at
the interface between fat and muscle must drop in inverse proportion
according to the boundary conditions. Because of the higher relative
permittivity of muscle compared to fat/skin, significantly more energy
may be deposited in the low-loss fat layer than in the high-loss muscle
[13]. This problem has been addressed in the proposed design (Sections
2 and 3).

One issue discussed in plenum at the 7th International Congress on
Hyperthermic Oncology in Rome 1996, was the importance of non-
invasively establishing temperature profiles during hyperthermic ther-
apy. Several methods, including pulse-echo ultrasound [14], electrical
impedance tomography [15-16], active microwave imaging [17], mag-
netic resonance imaging [18], and microwave radiometry are under
investigation. In this paper the feasibility of integrating the latter
method into a dual transmit/receive antenna configuration will be in-
vestigated.
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A number of research groups have during the last 25 years explored
the use of microwave radiometry for noninvasive monitoring of subcu-
taneous tissue temperature. The radiometers applied are operated at
low gigaheartz frequencies (1-4 GHz) with waveguide antennas [19],
small loop antennas [20] or more sophisticated antenna designs [21].

In radiometry, the tradeoffs between antenna size related to spatial
resolution and penetration depth are of primary importance. Antennas
with a large effective aperture area have a larger depth of measurement
sensitivity compared to more omnidirectionally (small) radiating an-
tennas; i.e. the maximum penetration depth is constrained to be less
than far field radiation from an infinitely large antenna. In practice
the effective depth of sensing depends on aperture size, geometric con-
struction, sense frequency, and dielectric properties of the medium [22].
This was verified experimentally in [23] where measured penetration
distances were compared to theoretical plane wave values.

In addition, an antenna can only sense regions or detect objects of a
size comparable to its dimension (also a function of depth); hence de-
tectability is inversely proportional to the antenna’s own size although
improved recognition to some extent can be obtained by overlapping
antenna apertures [24] or correlation techniques [25].

The ability to deliver/receive EM-energy to/from a lossy dielectric
load is strongly related to antenna input impedance. For resonant
mode antennas, EM coupling with a biological medium is adequate
only in a small resonance band. Although resonant antennas are ef-
ficient, there is a tradeoff between their resonance properties and the
stability of their heating patterns for variable tissue loading. Excellent
EM coupling with biological tissue over a wide frequency range can,
however, be obtained by traveling wave radiators which are generally
broadband. Experimental and clinical tests have proven that these
type of applicators provide superior performance compared to reso-
nant mode antennas [7], [26]. Presently, a microstrip spiral antenna
concept is investigated for it usefulness as a broadband receiver to fit
the following set of performance criteria.

The thermometric antenna should be directive (high gain in the
boresight direction (# = 0° ) and characterized by a narrow main lobe)
to receive thermal radiation only from tissue directly below the sensing
antenna and not from tissue which may be heated by adjacent trans-
mitting antennas. A high gain in the boresight direction also makes
the antenna more sensitive to weak thermal noise levels and hence in-
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creases the sensing depth of thermal noise signals. Furthermore, in a
transmitting mode, the applicator should radiate out to the periph-
ery of the aperture to obtain large surface area hyperthermia. This
latter feature implies the need for a broad main lobe or a split beam
configuration.

From the requirements listed above, it is obvious that one applicator
can not satisfy the two divergent features simultaneously. This calls
for a design where two different antennas (one for transmitting and
one for receiving) are combined to yield a more optimized solution.
The challenge is to obtain a practical dual antenna design with a mini-
mum of etching overlap and EM-interference between the transmitting,
receiving, and feedline components.

2. METHODS

2.1 Applicator design and characteristics

Figure 1 illustrates the antenna configuration and the coordinate
system. Starting with the receiving spiral antenna, the antenna arm
is described by the Archimedean spiral function r = T'¢s (T :spiral
constant, ¢ :winding angle). Apart from I', the strip width w, the
substrate permittivity €., and substrate thickness d are degrees of
freedom in the design.

It is desirable for the receiving antenna to satisfy the following per-
formance characteristics: i) The applicator diameter (ds ~ 3.5 cm)
should be small to yield good thermometric spatial resolution, ii) the
spiral should be relatively loosely wound to prevent excessive capaci-
tive coupling between adjacent turns, which tends to increase the spi-
ral input impedance, iii) the spiral should be an efficient (return loss
< —10 dB) receiving antenna over a wide frequency range in order to
be operable at multiple frequency bands [23].

After some preliminary design effort with feedback corrections, the
following parameter values were used: Spiral constant I' = 0.035 cm,
strip width w = 0.5 mm, range of winding angle ¢, 9.07 rad < ¢ <
35.7 rad, substrate thickness and permittivity d = 0.8 mm, and ¢€,5 =
2.53 , respectively.

A simple and efficient technique to remove residual power not radi-
ated in the resonance zone along the spiral, is to place a ring of absorb-
ing material at the truncated edge [27] or terminate the spiral with a
50 2 load. Here the latter variant is used and allows absorption of
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Figure 1. Schematic representation of tranceiving antenna concept.
(A) Side view, (B) perspective view with coordinate system, (C) top
view with printed microstrips.
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residual power, which otherwise has a tendency to reflect back along
the spiral and radiate in unwanted modes, resulting in deteriorated
(asymmetric) radiation patterns. The spiral antenna is also sensitive to
the electrical properties of the lossy medium in direct contact with the
surface. Lee et al. [8] handled this problem by introducing impedance
matching on the interface between the load and the antenna front. In
our case a plastic matching layer (0.1 mm thick) is used to improve
the return loss by 4-5 dB.

The transmitting antenna design is inspired by the dual concentric
conductor applicator developed by Stauffer and co-workers [10]. By
setting up a rotational symmetric E-field (independent of ¢, see Fig-
ure 1) from the center of the applicator to the outer ring, the resulting
radiation pattern is minimized centrally along the boresight direction
due to destructive interference. The outer ring itself is grounded to
the back plane at four places (¢s =0, 5,7, 37” ). The electric field lines
couple capacitively to ground both through the antenna dielectric and
through the lossy medium. Owing to the large permittivity difference
between the lossy medium (€, = 80) and substrate ( €, = 2.53), the
coupling between the feed point and outer ring is expected to be the
source of the dominant radiating effect. This property is confirmed
by a pronounced asymmetry measured in the radiation pattern when
one of the shorting pins between the outer ring and ground plane is
removed.

Furthermore, maximum radiation appears somewhere between the
center and the periphery (depending on antenna size to wavelength
fraction) yielding a doughnut-like power distribution in the z-plane
(see Figure 4d). The construction symmetry yields a circular polarized
wave, which in certain anatomical locations may reduce the undesired
heating of normal tissues, and improve the power deposition pattern
compared to a linearly polarized configuration [28]. In the retrieval of
temperature depth profiles in biological media, Hamamura et al. [29]
emphasize the advantage of using two orthogonal polarizations to view
the same lateral region of the object.

From the aperture shape and radiation characteristics of the appli-
cator a descriptive name would be microstrip coplanar grounded ring
antenna.
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2.2 Performance indices

It is possible to define a multitude of performance factors. In order
to evaluate the concept of the integrated tranceiving antenna, 4 ap-
plicator performance indices (API’s) are defined. Emphasis has been
placed on nearfield antenna radiation and receiving properties as well
as S-parameters.

For the transmitting coplanar grounded ring antenna, relevant quan-
tities are the effective field size ( A1) localized within the aperture
boundaries, and the total effective field size ( Ag ); both defined accord-
ing to the area encompassed by the 50% of maximum FEZ, (>50%
SARpqz ) in a plane at 10 mm depth [12]. The total power deposition
is given by EZ, = Eg—i—E;—i—Ez where E? E; ,and E? are the power
distributions in three orthogonal planes of Figure 1B. A projection of
the 3.5 cm diameter ring is drawn over the contour plots in Figures
4d and 5d.

Normalizing relative to the aperture size, we define:

A
1 — 1
API Aperture Area (1)
API® = 42 (2)

~ Aperture Area

Antennas providing an effective field size comparable to the aperture
size yield APIW ~ API®) ~1.

The receiving spiral antenna is required to be directive. Defining
area Az to be the inner 25% of the aperture area (see inner circle
contour of Figure 5d), the parameter:

API® — Asg — Area of [> 50‘17ZSARmM outside As] 3)
3

is a measure of directivity.

As the percentage of radiated power localized outside Ag is in-
creased, API®) decreases toward 0, whereas a narrow beam in the
boresight direction corresponds to higher API®) -values. The upper
limit API®) = 1.0 is associated with the entire region between 50—
100% SARne: being contained within the central As region of the
aperture.

In the light of the elucidation on antenna size versus spatial resolu-
tion and penetration depth, we finally define the following performance
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index:
API™ = Depth at which [A; = Aperture Area] (4)

This length measures the maximum sensing depth that can be used
without getting significant contribution to the received signal from ad-
jacent resolution cells under the influence of other microwave sources.

2.3 Measurements of Antenna Performance

Different microwave tests of antenna radiation were performed in
the frequency range from 800 to 2400 MHz using a network analyzer.
Variations of return loss (.S1; -parameter) versus frequency were mea-
sured to reveal coupling to a dissipative medium ( 6g/ L saline solution)
simulating high water content tissues. The relative permittivity and
conductivity of the phantom vary monotonically from €, = 77.6 and
om = 1.1 S/m at 800 MHz to €, = 76.4 and o,, = 2.6 S/m at 2400
MHz, respectively.

Radiated field distributions of the transmitting and receiving an-
tennas were measured in the dissipative medium described above. A
computer controlled stepper motor based 3 axis scanning system was
used to scan a passive monopole probe through the phantom in order
to map E-field distributions as a function of space (0.5 mm accuracy)
and frequency (40 MHz resolution). The probe was simply constructed
[30] from a rigid coaxial cable (RGI141). The inner conductor, covered
by a dielectric of polyethylene, extends approximately 14 mm beyond
the end of the tube to expose center conductor and dielectric core.
Furthermore, the coupled signal from the probe is fed to a homodyne
(phase and amplitude) detection system. The sensor configuration
provided a spatial resolution of 2 mm perpendicular and 14 mm along
the axis of the monopole, respectively. By rotating the probe 909 to
three orthogonal positions, a mapping of the E, -, E,-, and E, -field
components was obtained in three sequential procedures. For each
scan the initial starting point was repeatable within +0.5mm. The
cross-polarization damping of the probe was determined to be > 23
dB.

Radiated fields were displayed as relative power deposition (SAR)

patterns assuming the relationship SAR = io—TnEfot or as individual

components E2, E; ,and E2?, where p,, is the density of the phan-
tom material. Distributions were measured for the plane parallel to
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Figure 2. Return loss of coplaner grounded ring antenna, thin dashed
line: without matching, thick solid line: matched to 915 MHz using
stub tuning.

the applicator surface at z=1 cm depth in the phantom, and in the
horizontal x-z plane cross section through the center of the aperture.

3. RESULTS

Figure 2 shows the magnitude of the reflection coefficient versus fre-
quency for the coplanar grounded ring antenna. The coplanar
grounded ring antenna is indeed not resonant and the return loss is
typically —4 to —5 dB. In order to improve the efficiency some type
of matching circuit can be included. Using microstrip stub tuning at
a specific frequency (here 915 MHz), the quality of the matching is
improved to —14 dB (4% reflected power). Note however that the
antenna with stub tuning is more sensitive to variable loading than
without.

Figure 3 shows a similar return loss characteristic for the central spi-
ral antenna. The microstrip spiral antenna is extremely broadband due
to its quasi-equiangular shape with the lower cutoff frequency limited
by the transversal antenna dimension [31]. From Figure 3 we observe
that the matching to the lossy dielectric medium is S1; < —10 dB
(< 9.5% reflected power) over the entire frequency range of interest.
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Figure 3. Return loss of microstrip spiral antenna.

Figure 4 depicts a typical relative power distribution of the coplanar
grounded ring antenna for the three perpendicular polarization direc-
tions =, y, and z referenced in Figure 1. Due to symmetry, the EZ
component is (nearly) identical to Es except for a 90° rotation. From
visual inspection we notice that the z-component is complementary to
the other to polarizations filling in the centrally low E, - and E, -field
components.

As for the microstrip spiral antenna, Figure 5 shows the correspond-
ing radiation patterns of this element at 1600 MHz. From the antenna
reciprocity theorem, the antenna receiving pattern is identical to the
SAR distribution. At this specific frequency, the design criteria (nar-
row main lobe centered along the boresight axis) are satisfied.

To assess the overall performance of the hybrid antenna concept,
the index parameters defined in Section 2.2 were calculated in the
above mentioned frequency range. From Figure 6, we notice that the
transmitting coplanar grounded ring antenna has an effective field size,
API () | greater than the aperture size in the 1 cm deep plane. Due
to the doughnut shape of the radiation pattern, the field size coverage
API() inside the aperture area is slightly less than 1 (Figure 6). As
described in Section 3, the factor which limits resonance mode radia-
tion of the microstrip spiral antenna, is the transverse dimension. The
cutoff frequency of the present design is approximately 1250 MHz
(Figure 7). At lower frequencies, the antenna receiving pattern be-
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Figure 4. Measured power deposition pattern of coplaner grounded
ring antenna 1 cm deep in muscle phantom at 1600 MHz. Contours
are at 3 dB intervals. The circle is a projection of the outer ring.

comes less focused with maximum radiation occurring in broad side-
lobes rather than centrally under the spiral.

Moreover, Figure 5 depicts only the receiving properties in the reac-
tive nearfield of the z =1 cm deep plane. From a thermometry point
of view, deeper penetration depths are also of interest. Figure 8 shows
two representative examples of E2 + ES measured in the zz-plane in
front of the antenna (the E? component is negligible at depths greater
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Figure 5. Measured power deposition pattern of microstrip spiral an-
tenna 1 cm deep in muscle phantom at 1600 MHz. Contours are at 3
dB intervals. The inner circle delimits the Aj area (see Equation (3))
and the outer circle is a projection of the physical aperture.

than 1 cm). The antenna is well behaved at 1600 MHz with a narrow
main lobe directly in front of the antenna. At 800 MHz, however,
the beam is split into two broad side lobes due to non-resonant mode

radiation.
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Equation (4) parameterizes the maximum detection depth as a func-
tion of transverse spatial resolution. This performance index was ex-
perimentally generated as a function of frequency for the given antenna
size (Figure 9).

In the Introduction we emphasized that the effective depth of sens-
ing for typical antennas applied to radiometry, is affected by the an-
tenna dimension and geometry as well as material properties of the
medium; not only determined by the plane-wave penetration depth.
From the measurements in the zz-plane it is possible to determine
the power density reduction along the z-axis. We consequently es-
timated the depth p; where the energy deposition was decreased a
factor e~! from that at the aperture plane. Figure 10 quantifies this
parameter in the frequency range from 800 to 2400 MHz.

4. CONCLUSION AND DISCUSSION

A new tranceiving antenna concept is introduced for simultaneous
hyperthermic heating and thermometry of superficial tumors at mi-
crowave frequencies. We propose an integrated dual antenna design to
accommodate conflicting design constraints for the heating and ther-
mometry aspects of the application. The concept consists of a mi-
crostrip spiral antenna for radiometric noise signal sensing from the
tissue, and a coplanar grounded ring antenna for uniform heating of
tissue (Figure 1).

Two types of measurements were performed on each antenna struc-
ture. Using a network analyzer, the return loss (S -parameter) was
measured in a dissipative medium (6 g/L saline solution) simulating
high water content tissue. By means of stub tuning, S7; of the copla-
nar grounded ring antenna was improved from —4 dB to —14 dB at
the desired heating frequency of 915 MHz. The overall quality of the
matching for the radiometric microstrip spiral is given by S1; < —10
dB over a broad frequency range from 400 to 2400 MHz.

The second part of the measurements included determination of the
applicator radiation patterns into the above-mentioned phantom. As
quantified by API®) in Figure 7, the microstrip spiral is directive
along the boresight direction (1400-2400 MHz) since it was designed
to maximize the noise sensing depth. On the contrary, we require the
coplanar grounded ring antenna to be capable of generating a uniform,
large area power deposition pattern. At 1 cm depth, this area is com-
parable to the aperture size as shown in Figure 4. Both the effective
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field size and the shape of the radiation pattern are similar to results
obtained by other research groups [10], [32]. Observe also the resem-
blance of the radiation pattern to what dual beam antennas produce
[33].

In clinical use of microwave hyperthermia, printed circuit applica-
tors have been reported to produce pain related to excessive electrical
field components normal to the antenna face. For a 17-element hexag-
onal phased array applicator, the normal peak electric field amplitude
was measured at 1 cm depth in muscle tissue to be +13.5 dB larger
than the tangential component [28]. The ratio decreased with increas-
ing depth since this phenomenon dominates in the reactive nearfield.
From the E? distribution measurements of this paper, the normal
electrical field component for the coplanar grounded ring antenna is
a factor of at least —6 dB (typically —10 to —16 dB) smaller than
the the tangential component (data not shown). Although the setups
are not directly comparable, this result indicates that the potential
of using a relatively thin bolus is present for the coplanar grounded
ring antenna. Furthermore, the coplanar grounded ring antenna also
generates a circularly polarized wave. The advantages of distributing
the transmitted energy into two independent linearly polarized waves,
apply to both the heating [28] and thermometry [29].

We also examined the effectiveness of the microstrip spiral in terms
of sensing depth, transverse spatial resolution, frequency, and appli-
cator size. Above 1400 MHz, the 3.5 cm diameter microstrip spiral
generates a narrow beam in the # = 0° direction as shown in Figure
8. Below 1400 MHz, however, the radiation pattern becomes notably
more omnidirectional and unsuitable for radiometry. While large spi-
rals could be used to lower the cutoff frequency (approximately 600
MHz for a 6 cm diameter spiral) this is achieved at the expense of
transverse spatial resolution of the physically larger antenna.

The effective sensing depth is a function of two parameters. It de-
creases rapidly in biological tissue with increasing frequency for plane
wave and electrically large antennas. Typically the e~! power pene-
tration distance in a muscle equivalent agar phantom for a 2 x 1.5 cm?
large waveguide antenna is limited to 17 mm at 1 GHz and 6 mm at 2
GHz [23]. In the latter thermometry setup, a realistic maximum sens-
ing depth was reported to be 5 cm. Cheever [34] studied the influence
of aperture size on the effective sensing depth for dielectrically loaded
waveguide antennas operated at multiple frequencies. From measure-
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ments in both ethanol and water media, they came up with two regimes
for this parameter. i) An upper bound determined by plane-wave prop-
agation describing electrically large antennas, ii) a lower bound depen-
dent on antenna size and independent of tissue loss. The latter e~!

1.4
ar/€m

energy sensing depth was calculated to pg =~ fywa[ > } where

Yw = 0.4, a is the aperture width, and A is the wavelength in the
lossy medium.

To evaluate the different models we measured the penetration depth
Pq along the z-axis for the microstrip spiral antenna. Figure 10 reveals
that the microstrip spiral antenna is electrically small and associated
with an increasing sensing depth up to 2.3 GHz where the tissue loss
starts to dominate. Above 2.3 GHz the sensing depth is close to the up-
per theoretical limit. The model for electrically small antennas (dashed
line in Figure 10) is included for comparison of trends. Observe that
the antenna size scaling factor for the microstrip spiral is s =0.1
compared to 7, =0.4 for the loaded waveguide. This indicates that
the aperture illumination efficiency of the microstrip spiral is smaller
than for waveguide antennas.

Relating the waveguide and printed antenna sizes outlined above,
and taking into account that both the performance index API@ and
the sensing depth pg increase within a frequency span of nearly one
octave, an aperture size of 2.5 cm seems reasonable.

In the lights of the merits, APIM) > 1, API® ~ 0.8, API®) =1.0
above 1400 MHz, and API® > 5 cm, the presented empirical-based
applicator design appears to perform acceptably in a homogeneous
medium. The antenna element has the potential to represent a basic
building block element for large-area array applicators with combined
heating and multi- frequency radiometry.
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