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than 8.8cm . The setup was modelled with grid-steps
from 3.2 mm down to 0.06 mm. Reement down to 0.06 mm at
the patch and feed proved necessary because the model appeared
quite sensitive to accurate modelling of the coaxial cable. Fur-
ther the grid-steps at the patch were always smaller than 0.5 mm.
This resulted in a total amount of 3.6 million voxels. Voltages
and currents were recorded in the coaxial cable at the location
Fig. 2. Schematic visualization of the layered patch setup implementation% the groun_d pla_ne fro_m which the S_—parameters were calcu-
Designer (PatclOis inbnitely thin andGFeehas a diameter of 3.0 mm, both lated. Transient simulations were terminated aft&5 ns when
are PEC. signals had sirciently decayed (0.01%), while for harmonic
simulations (433 MHZz) 10 periods were simulated.
As in Designer, the water of the waterbolus was modelled by
C. EM Modelling using dielectric properties of water at 26 and muscle (

1) Ansoft Designer:The design process was initiated b)ﬁ?, 0.8 S/m) at 433 MHz, i.e., both materials were assumed
using Ansoft Designer v2.1 [21], a layered 2-D method of md0 be dispersionless. Thef3nence of a different waterbolus
ment (MoM) based program. The program makes it possiblet@mperatures was investigated by using dielectric properties of
debne inbnitely thin perfectly electrically conducting (PEC) andvater between 20C and 30 C [16], [17]. Variations of the re-
pnite dielectric layers; denition of nonirbnite PEC structures 3ection coelfcient due to patient distance was investigated by
and a feed obnite size can also be modelled (Fig. 2). A conPositioning the muscle layer (Fig. 1) at various distances from
strained gradient optimization algorithm was used to optimiz8e patch antenna. The dielectric properties of this layer were
the length , width , and distance of the feed to the edge ofaried as well in addition to investigate th&®irence of different
the patch for different heights . To simulate the waterbolus, patients.

Layerl and Layer2 where assigned dielectric properties of dem-3) Multiple Antenna SetupTo investigate the iBuence of
ineralized water at 433 MHz [16], [17]. For Layer3, we usefi€ighbor antennas and the amount of cross-coupling, we created
dielectric properties of muscle at 433 MHz [18]: 56, setups with two antennas that were always oriented in the same
0.8 S/m, to simulate the Buence of a patient in the design. BotHlirection. Three arrangements of two antennas were investi-
materials were assumed to be dispersionless. Layer3 was p8a{ed, i.e., horizontal (H-plane), diagonal and vertical (E-plane).
tioned 50 mm from the patch, i.e., the thickness of Layer2 wa&e distance between the antennas was always 10 cm, since this
50 mm. is the worst case distance of the anticipated twelve antennas on a

2) SEMCAD X:The initial design created with Ansoft De-40-cm diameter ring [20]. The combined3mence of a patient
signer was further investigated using SEMCAD X v11.0 [22)vas investigated by positioning a muscle layer at(muscle
a commerciabnite-difference time-domain (FDTD) [19] basedayer absent), 10 cm or 5 cm for all arrangements. The setups
program. For the FDTD algorithm, the entire computational ddere also used to determine the amount of cross-coupling
main must be divided into voxels, i.e., small brick-shaped eleetween two neighbors. Hereto we recorded voltages and cur-
ments. As SEMCAD X supports a variable grid stepping, grig@nts simultaneously at both primary and secondary antenna to
rebnements at small structures can be used to increase thekgable to calculate and  parameters.
curacy of the model while retaining acceptable computational . . .
times. D. Clinical Antenna Setup: Measurements and Simulation

The single-patch setup in SEMCAD X is an implementation In previous publications [2], [20] we have shown that the op-
of the setup of Fig. 1. The combination of connector and cotimum setup for an H&N hyperthermia applicator is a circular
nected coaxial cable was modelled using an 8-cm coax with theay (diameter 40 cm) of two rings of six antennas (spacing
dimensions of the connector: central conductor (PEC, diamebatween rings 6 cm). We constructed such a setup to mea-

3 mm) Td3on dielectric ( 2.08, 0.462 mS/m). Be- sure the rBection characteristics of the patch antenna design
cause modelling of this connection had a considerable impadgthin the applicator, and as such validate our theoretical anal-
on the results, we used the most accurate model. Four voltageés. Fig. 3 shows the measurement setup, which consisted of a
sources were positioned in the coax, each in a different qudi=C cylindrical backplane (diameter40 cm, height 15 cm)
rant, 4 cm beneath the ground plane. These sources were exditetiformed the groundplane of the patch design. To decrease the
with a Gaussian pulse modulated with a 433-MHz sinusoid coif3uence of a watéhir transition, this cylinder was positioned
taining frequencies between 350 and 500 MHz. The resultiog top of an absorbin@at muscle phantom, which wdsiled
E-Peld pattern in the coax was investigated to ensure that théh demineralized water (25C) to model the waterbolus. A
correct mode was propagating towards the patch. Amite cylinder (diameter 88 mm)blled with a 10 g/l saline solu-
water environment was modelled by using four or eight layeti®n was used to model the patient. The theoretical patch de-
of Berenge® perfect matched layers (PML) [19] as absorbingign was adapted somewhat to increase its robustness under
boundary conditions (ABC). To extract the energy propagatimgjnical conditions. Hereto we added a low-dielectric support
away from the antenna, eight layers of PML were used at thdich was only 10 mm in the-direction and was positioned
truncation of the coaxial cable. The size of the computatione¢ntrally under the patch to avoid@daences on radiation pat-
domainwas 20cm 20cm 22 cm (length width height), tern and r@ection coefcient. By simulations we found that a
i.e., the distance from the patch to the ABC was always maosepport that is both centrally placed andRiéntly small has
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Fig. 3. Picture of the measurement setup with 12 antennas at staggered 166g-5. Rdlection characteristics calculated with SEMCAD X for various patch
tions in two rings [20]. Also visible are 1) the centrally placed bottle containingeights and optimized lengths.

saline water, 2) the gauze that forms the conducting backplane (limitedly vis-

ible) and separate conducting backplanes per antenna, and Battineuscle
phantom on which the antenna ring is positioned. THiecton characteristics

of the lower six antennas were measured for validation of the model. optimizer, we Opt'm'zed the patCh dimensions for substrate

thicknesses between 5 and 10 mm. The optimization procedure
provided best results for setups with patch heights between
approximately 8 and 9 mm. However, all minimunflegtion
values were well beneath20 dB, and the 15 dB bandwidth
was 28 MHz (6.5%), and thus sfi€ient for our purposes. The
influence of the presence of a muscle layer (Fig. 2: Layer3) at
a minimum distance of 4 cm from the antefmgroundplane
was found to be negligible, i.e., it resulted in the same optimal
dimensions as in the optimization without the muscle layer.
We chose to continue our investigations using a setug. ¢

27.8 mmW =10 mm, =9mm,z; =1.75mm.

1) Semcad XWhen implementing the Ansoft Designer (2-D
model) optimized setup (= 9 mm) in SEMCAD X v10.0 (3-D
model), we found that Designer overestimated the performance
in terms of rélection characteristics. Using SEMCAD X, we
fine-tuned the setup for bettefflection characteristics. Hereto
we investigated setups with heights around= 9 mm, and
scaled the lengthk of these setups tiind a resonant antenna at

a negligible ifluence on the resonance frequency. For the me&33 MHz (W = 10 mm,z; = 1.75 mm). The results of this op-
surements we used the six antennas of the lower ring (4.5 #fization are shown in Fig. 5. Here, we selected the setup with
above thdlat muscle phantom) since these are affected the least 7 mm as optimum, since this yielded the highest bandwidth
by the water-air transition that 1) in practice is further away dué8 MHz = 4.2%).
to bulging of the waterbolus and 2) decreases the reproducibilitySubsequently, we analyzed the sensitivity of the design to
and predictability of the setup. Rection measurements werdts design parameters. This is useful in assessing figeince
performed using a 8751A network analyzer (Agilent Technol&f construction errors and for selecting the best dimension for
gies, USA). Using the results of these measurements, the lendtAg-tuning the clinical antenna. Fig. 6 shows the sensitivity of
of the patches were adapted diveal time. the selection to all four design parameters. Thigsire shows
Fig. 4 shows the corresponding solid model implementatidfat variations in height and length are of great importance:
for one antenna of the measurement setup in SEMCAD X. #}ye resonance frequency changes in a rather linear fashion by
using the model settings described earlier, a model that céProximately 12 MHz/mm (length) and 15 MHz/mm (height).
sisted of 6 M cells was obtained, and total simulation time waxmall realistic errors in the location of the feed had little
25 h using a special hardware accelerator (aXware [22]). Duféluence. Changing the width only scaled the real part of the

Fig. 4. Solid model in SEMCAD X of the measurement setup.

memory limitations, we modelled only one antenna. antennds impedance, i.e., the resonance frequency remained
unchanged. Therefore, we could further improve the design
Il. RESULTS by using the width that corresponded with a real part of the
) impedance closest to 30 at 433 MHz. Thefinal theoretical
A. Antenna Design design was thus set a: = 28.7 mm,W =8 mm, =7 mm,

Using Designer, we found that a resonant antenna was al- = 1.75 mm.
tained only at heights ¢ substrate thickness) over 5 mm and The electricfield for this optimized setup without*gll
lengths much smaller thax,.... /2. Using Designes gradient watet’) or with (“muscle at 4 ct) a patient is shown in Fig. 7.
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for resonant behavior within the applicatdr,{ = 28.2 mm).
) i The situation in the applicator differs from the theoretical sit-
‘‘‘‘‘ Simulation (¢ = 77) .

5 led - - - r - 1 uation because 1) the groundplane was curved, 2) a low-per-

-~ ~Meagdrement {meen af b antennag) mittivity support was added for stability, and 3) the patch was
placed in the waterbolus, which acts to some extent as a cylin-
drical resonant cavity. Although the contribution of each effect
to this decrease in required length is unclear to us, the adapted
patch length was accurately predicted by SEMCAD X. We fur-
ther found that the bandwidth obtained with thdinite lay-
ered setup (20 MHz, 4.6%) is somewhat larger than that in the
applicator setup, i.e., simulation: 17.1 MHz (3.9%) and mea-
surement: 18.5 MHz (4.3%). This15 dB bandwidth is similar
compared to a probe-fed patch design radiating into air as re-
ported by Garget al. [10].
Fig. 10. Mean of rilection measurements of six patches in the applicator ring Dispersionless materials were assumed for simulations
and corresponding FDTD simulation results for two values for the permittivi%roughout this paper, i.e., we used properties of muscle and
of the water in the waterbolus. T ) .

water at 433 MHz. Theoretically, in our entire frequency range

(400-470 MHz), the variation in permittivity values is small:

andBW = 18.5 MHz (4.3%). Thidfigure also shows a good 0.01% for demineralized water [16] and0.9% for muscle
agreement between simulated values and measurements.[#8} The variation in conductivity, however, is much greater:
these calculations we used as permittivity beth= 78 and +28% for demineralized water [16] ané2.3% for muscle

¢ = 77, to illustrate the slight better agreement at this lowé}8]. On the basis of our own measurements with saline water
value. Thefigure also shows that the model can be used tgnpublished data), we know that the conductivity of the water
predict the location of the resonance frequency with reasdtas an effect on the depth of tise; curve of a patch antenna,
able accuracy but the predicted bandwidth is somewhat lowé. increasing conductivity leads toftatter curve, but not
(BW = 17.1 MHz). Since the depth of the peak depends on tR& the resonance frequency. By comparing the measurements
conductivity of the water, this might explain the discrepancy iWith the simulations (Fig. 10), we also show that the main
depth of the resonance peak remaining4 dB). We expect difference is indeed the depth of the resonance peak, but that
that, in the more predictabllat setup that we used for thethe estimation of the resonance frequency is fairly accurate
analysis, differences will be even less than in this applicato®fre 2 MHZ).

—— Simulation (sr =78)

-25
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setup with its more cavity-like behavior. We have investigated the application of a probe-fed patch an-
tenna design in a phased-array H&N hyperthermia applicator. If
IV. DiscussiON ANDCONCLUSION we convert the results of our analysis to the situation for DHT,

In this study, we have designed a patch antenna and wHBli§ design has several advantages over the designs currently
we examine its characteristics against the design criteria fornitged. The main advantage of this design is the direct feeding
lated at the start, we can draw the following conclusions: 1) théth a coaxial cable, i.e., no matching circuit is required. As we
patch antenna design has a high amour8(%) of co-polar- €xplained before, this leads to easier and more accurate mod-
ization in broadside direction; 2) while the dependence of tt@dling, and also to greater robustness and highiciency. A
resonance frequency is linearly dependent on the temperaturéf@wback of the design for a more broadband application (mul-
can be chosen to allow waterbolus temperatures betwee@ 15iple frequencies) is its relatively small bandwidth. However, in
and 35°C; 3) the irfluence of a patient at a distance as clod8is application this is not a problem, as we use only a single
as 4 cm from the groundplane is a maximum resonance ffeequency.
guency shift of 1 MHz; and 4) cross-coupling with neighbor
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