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1 | INTRODUCTION
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Abstract

Antennas are the building block of radiative hyperthermia (HT) applicators. This study
proposes a compact UWB antenna specifically tailored to meet the requirements for deep
HT array applicators. The proposed Open Ridged-Waveguide (ORWG) antenna, which is
an adaptation of a double-ridged horn antenna, operates over the frequency band of 400—
800 MHz. It was experimentally assessed as a single element. The quality metrics
considered were reflection coefficient, penetration depth, effective field size (EFS), and
mutual coupling. The design shows a 75.5% fractional bandwidth with a reflection co-
efficient measured to be below —10 dB from 367 up to 820 MHz. The EFS is greater
than the physical dimensions of the 3-by-4 cm aperture. The mutual coupling between
two adjacent elements in the array, measured in a flat phantom arrangement, is lower than
—30 dB throughout the entire band. The antenna's performance was further tested in two
deep HT scenarios in order to assess the mutual coupling and focussing abilities while in
the array configuration. To this end, phased array applicators consisting of 10 and 16
ORWG antennas were simulated in CST, and the results are presented for a homoge-
neous cylindrical muscle phantom and a realistic patient model, respectively. The good
agreement between the simulated and measured results suggests that the antenna can be
successfully used for HT.

KEYWORDS
biomedical antennas, double-ridged horn antennas, hyperthermia, specific absorption rate (SAR), UWB
antennas

the focal point can be steered in order to target the tumour.
The antenna element design is the cornerstone of HT devices

Defined as the induced temperature rise up to 40-44°C, hy-
perthermia (HT) has been shown to improve the therapeutic
outcome of the conventional cancer treatment modalities such
as radiotherapy and chemotherapy [1-5]. In microwave (MW)
HT, the electromagnetic (EM) energy is administered to the
body using applicators. To achieve an appropriate penetration,
these applicators use antennas that mainly operate in the lower
part of the UHF band. Antennas are placed around the patient
typically in an annular phased array configuration [6]. Localised
heating in the tumour is achieved through the positive wave
interference mechanism. In other words, by applying different
amplitudes and phases at the feeding points of the antennas,

and must fulfil multiple requirements. In general, the desired
attributes of antennas, used in HT, are small dimensions, a
highly directional and symmetrical pattern with a reflection
coefficient better than —10 dB, low mutual coupling, and po-
wer handling capability of at least 150 W [7, 8]. A broader
operational bandwidth is also advantageous because it gives the
opportunity to modulate the size of the focal spot.
Hyperthermia applicators are loaded by a patient typically
located in the near field of the antenna. Moreover, the presence
of a matching medium, which often has the form of a water-
filled plastic bag and is known as water bolus, is essential.
This is because the placement of the water bolus between the
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antenna and the body further facilitates the transmission of the
field into the patient's body and prevents heating of the body
surface [9, 10]. The design procedure of such a loaded antenna
is clearly different from the antenna designs operating in free
space. The design characteristics and conventional verification
procedures widely used in the antenna and propagation society,
such as far-field radiation pattern, gain, or efficiency are
therefore not applicable due to the propagation in lossy media
[11, 12]. Penetration depth and power deposition pattern
defined in terms of effective field size (EFS) and depth [13, 14]
are instead viable measures to appraise the efficacy of the
antennas designed for HT applicators.

Despite a variety of antenna types proposed for phased
array configurations, only some of them have reached the
clinical utilisation as reviewed recently [6]. The applicators
based on dipoles [15], hollow waveguides [16, 17], and
microstrip patch antennas [18, 19] have demonstrated their
efficiency and applicability in treatment of tumours in pelvic
and head and neck (H&N) regions. Nevertheless, none of these
systems were designed for a wide-band operation, and having
narrowband antenna elements limits their flexibility to target
the thermal dose into tumours of different volumes. Their
inherently narrowband characteristic poses a challenge in
further development of heating devices that are capable of
modifying the size of the focal spot.

In an attempt to extend the bandwidth limitations,
different adaptations of bow-tie antennas have been recently
proposed [20-22]. In particular, the self-grounded bow-tie
(SGBW) antenna [21] is a UWB design that allows for MR
thermometry, thanks to its suitable magnetic field distribution.
Such a design [22] paves the way towards having a dual mo-
dality system of MR thermometry during HT treatments [23].
The main drawback of the bow-tie antennas, however, is the
necessity of using a balun. Acting as an RF-matching network,
the balun ensures a symmetric radiation field and stable elec-
trical performance throughout the operation band [24]. Apart
from enlarging the dimensions, adding to the complexity, and
decreasing the efficiency due to power absorption in the
structure, the matching networks often pose challenges in
terms of the mutual coupling and EM compatibility (EMC)
[25]. Therefore, in terms of reliability and reproducibility, an-
tennas where an RF matching network can be avoided have a
clear advantage when used for clinical trials. Making RF
transceivers less susceptible to the environmental noise, the
avoidance of baluns has also an impact on the final quality of
the reconstructed images in MW imaging (MWI) and ther-
mometry applications [12, 20].

Waveguide [16] and horn antennas [27] are preferable from
the EMC perspective, because they are inherently shielded by
their metallic housing. The metallic back structure directs the
radiation forward and blocks any back radiation. Moreover, the
horn's metallic walls prevent any direct coupling to the adjacent
elements through the air. Their clinical implementation has
been already associated with first systems due to relatively
simple fabrication and excitation as well as high peak power
handling capability. Conventional horn and waveguide an-
tennas, however, have suffered from a limited bandwidth. The

need for the bandwidth extension has led to the use of ridges
in the flare section of the horn antennas [28-30]. This new
subset of the horn-type family is commonly referred to as the
double-ridged horn (DRH) antenna, which typically consists of
a back cavity and a ridged waveguide (RWG) that begins to
flare close to the aperture. In fact, the capacitance effect of
adding the ridges inside the waveguide increases the single
mode bandwidth by lowering the cut-off frequency of the
dominant propagating mode (TE,q) [31-33]. Propagation of
higher-order modes inside the structure could however lead to
undesired effects in the radiation characteristic and therefore
should be avoided [34].

In this work, we propose a UWB antenna for MW HT,
which originates from and further expands the concept of
DRH antennas. We call the new design Open Ridged-
Waveguide (ORWG) antenna whose fundamental principles
are described in Section 2. The ORWG antenna exhibits a
wide bandwidth achieved without needing any balun or RF-
matching network. Moreover, due to its metallic housing, it
is inherently shielded and therefore less susceptible to the
crosstalk or to the environmental noise and interference in
general. The performance of the antenna was assessed in
terms of procedures prescribed by European Society for
Hyperthermic Oncology (ESHO) Quality Assurance guide-
lines [13]. Additional metrics were also used to assess the
near-field directivity (NFD) and power deposition capabilities.
Furthermore, the robustness of the design against the varia-
tions in the arrangement typical for HT was assessed. Finally,
the antenna's potential to act as an element in phased array
systems was numerically assessed in setups with a homoge-
neous phantom and a realistic patient model. The setups and
evaluation metrics are presented in Section 3 while the per-
formance is reported in Section 4. Section 5 provides some
concluding remarks.

2 | ANTENNA DESIGN

Using closed-form expressions for RWG structures [35], in
this section, we first show the procedure of scaling a well-
established horn design [36] to the desired frequency band in
UHE Then the design is further tailored for hyperthermic
applications and used as a starting point for a rigorous
optimisation.

2.1 | Design of the DRH antenna in air

The initial design was inspired by a UWB DRH antenna pro-
posed for radar and EMC applications in the X and Ku bands
(8-18 GHz) [36]. In order to shift the centre frequency from
13 GHz to 500 MHz, the outer dimensions of the back cavity,
waveguide, and the flare parts were up-scaled by a factor of
SF = 13 GHz/500 MHz = 26.

For the ridge parts inside the metallic frame, an exponential
taper of the coaxial feed line (zp = 50 Q) to the impedance of
free space (o = 377 L) is considered as follows:
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Z(z) = Zye (1)

where k= %ln(zfx) for the specified length of L. The length of
the taper is then divided into equidistant segments in the z-
direction. The impedance of each segment, given by Equa-
tion (1), dictates a certain profile height of the ridge in the
corresponding segment, which can be calculated from
the following closed-form expression of ridged-waveguides

[35]:
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and parameters a, b, W, and s are according to Figure 1a. The

exponential tapering of the physical profile is then found using
%e” with factor 7 coming from a simple curve fitting to the
segments and should not be confused with the exponential
impedance tapering £ introduced earlier. Finally, the resultant
profile is shown in Figure 1b, with the blue curve showing the
physical taper and the red curve representing the impedance
taper. As can be seen, half of the gap between the tapered
ridges starts with 1 cm at the feed location where the line
impedance is 50 Q and ends up with 16 cm at the aperture

where we have the intrinsic impedance of free space.

2.2 | Tailoring the DRH design for
hyperthermia applicators

As shown in Figure la, the dimensions of the scaled DRH
4732 mm, b = 150.8 mm, and
L = 794.8 mm. Note that the longitudinal dimension, that is
L, is patticulatly latger than the other dimensions because
according to Ref. [37], the prolongation of the flare section

antenna are a4 =

can result in higher gains. Overall, the air-filled horn design is
too big to be feasible for biomedical applications. Further-
more, it has not yet been loaded by a lossy medium in front
of the aperture. The performance in terms of the reflection
coefficient (the blue dashed line in Figure 2) is, however,

favourable to be a good starting point for a hyperthermic
design. An effective and common way to reduce the di-
mensions of the structure is to fill it with water [38, 39]. High
€, of water provides a down-scaling factor of /€,, 9 for
both the antenna size as well as for impedances at both ends
of the tapered profile.

On the other hand, since water is a lossy medium, its
presence inside the horn leads to undesirable power losses
inside the structure. This power loss works also against the
above-mentioned design principle, which associates higher gain
to a longer flare section. Therefore, the flare section was
abandoned in the new design. This compact, water-filled
version of the original design is no longer a conventional
horn antenna. Thus, no closed-form or explicit expression for
its impedance is available.

2.3 | Design of the loaded water-filled
ORWG antenna

The shortened antenna of the previous section with flat
ridges does not exhibit the desired §;; characteristic as
shown in Figure 2 (red dashed line). To improve the
impedance matching, tapering was applied on the ridges
situated across the waveguide section. To further increase
the degree of freedom for impedance matching between
both ends of the profile, the width of the ridges was
released to change along the transverse axis (controlled by
the factor W_Factor in Table 1). The built-in particle
swarm optimisation (PSO) of the CST MW Studio [40] was
used to fine-tune the parameters. The resulting design was
called the ORWG antenna and it is visualised in Figure 3a.
All the details about the geometry are shown in Figure 4,
and the parameters used for optimization along with their
upper and lower limits are tabulated in Table 1. The
reflecton coefficient §;; of the optimised design, depicted
by the solid black line in Figure 2, fulfils the bandwidth
requirements.

3 | MATERIALS AND METHODS

The aperture of the fabricated ORWG antenna was covered
by a thin, rubber diaphragm as shown in Figure 3b. Experi-
mental verification was performed in a standardised setup
with a muscle tissue load as described by ESHO Quality
Assurance guidelines [13, 14]. Furthermore, we utilised an
additional metric to assess the NFD, which allows for a
comparison with other designs. Finally, we assessed the
robustness of the design against the variations in the
arrangement typical in HT.

Figure 5 depicts the arrangement used for both design
and verification procedures. A single antenna element was
attached to a surface water bolus with the thickness of
30 mm placed on top of a homogeneous slab of a muscle
tissue phantom with dimensions 360 x 250 X 60 mm. In the
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(a)

(b)

FIGURE 1 (a) Scaled double-ridged horn
(DRH) design for the UHF band in air with
transparent flares and back cavity (b) Tapered
profile along with the exponential impedance
matching from 50 Q to that of free space (377 Q)
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design stage, using the CST MW Studio as the full-wave EM
solver, the deionised water was modelled based on the
dispersive Debye model, while the dielectric properties of the
muscle were calculated using the Cole—Cole dispersion model
[41]. In the verification phase, a hydrogel water bolus [42],
which is a convenient solution to replace water-filled plastic
bags in HT procedures, was used. The relative permittivities,
assessed using the Agilent 85070E dielectric probe kit, were
constant throughout the examined frequency band and they
read as 78 and 60 for hydrogel and muscle phantom,
respectively.  Their conductivities increased with fre-
quency and were measured to be in the range of [0.3-0.5]
and [0.4-0.9], respectively.

3.1 | Numerical assessment of the power
deposition patterns

Efficient power deposition is one of the fundamental attributes
of an HT antenna. In this sense, we examined the capability of

50

the ORWG antenna in terms of power deposition in the target
tissue, NFD, and near-field radiation pattern. Moreover, we
compared its performance against the SGBW antenna of Ref.
[21]. Currently, various adaptations of this design [22] provide
the highest bandwidth along with a directive radiation pattern.
Both designs were simulated under the same condition for the
standard setup of Figure 5a.

The NFD, as proposed by Ref. [43], is a metric that shows
the proportion of the power radiated via the front aperture. It
considers a cuboid enclosing the antenna. The radiated power
over the front surface (Py as well as the total radiated power
over the entire cuboid's sutface (P) are computed as the flux
integral of the real part of the Poynting vector over the
respective surfaces. Near-field directivity is then given as the
following ratio NFD = Py/P,.

The near-field radiation patterns based on the power flow
of each design were calculated in the principal E- and H-planes
along the circular scan lines with a fixed radius of 60 mm. This
radius represents one wavelength in water at the centre fre-
quency; see Figure 11 for details.
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TABLE 1 Upper and lower limits as well as optimised values of the

parameters shown in Figures 1 and 4

Parameters Lower limit Upper limit Optimised
a 31.6 53.5 37.2
b 16.3 35.6 30.9
w 27.9 37.7 32.8
So 6.2 12.4 9.3
BackCavlenl 2.4 3.2 2.8
BackCavLen2 39 >4 7 FIGURE 3 (a) The water-filled Open Ridged-Waveguide (ORWG)
W_Factor 0.82 1.11 0.96 model and its different parts. (b) The fabricated ORWG antenna
T 0.019 0.027 0.023
L 19.9 26.9 234 phantom scenario. The variation of the reflection coefficient
OffsetFromFdge 0.21 0.28 0.24 with the patient anatomy was also examined in an annular
phased array setup in which the antennas were arranged in two
ShortEndW 11 15 13 . . . . . . .
rings, each having eight antennas as visualised in Figure 6b.
ShortEndL 3.2 4.3 3.7

Note: Values are all in millimetres.

3.2 | Robustness of the reflection coefficient
against variations in the arrangement

As the final part of the design procedure, robustness of the
reflection coefficient of the antenna against variations in water
temperature, water bolus thickness, and the patient anatomy
was assessed. As the antenna is expected to operate at high
power of 150 W over a typically 1-h HT treatment session, the
water inside the internal structure needs to be circulated
through a small water inlet/outlet. Furthermore, the watet
temperature should be kept constant, due to thermal depen-
dence of dielectric parameters that may notably alter the
reflection coefficient of the antenna.

In annular phased array applicators, the distance of the
antenna to the body varies due to the different geometry and
anatomy of the treated region. The variation of the reflection
coefficient with the thickness of the water bolus placed be-
tween the antenna and the body was assessed in the flat

3.3 | Verification procedures

The heating ability of the antenna was assessed according to
the QA guidelines for superficial HT [13, 14]. The temper-
ature rise as well as the thermal EFS and depth were
assessed. The phantom was exposed to the radiation from a
single antenna for 6 min in a setup presented in Figure 5b,
and the temperature was monitored at different locations by
fibre optic probes (FISO Technologies) located in the
phantom according to Figure 5a.

The EFS, effective penetration depth (EPD) [44], and
their corresponding modern alternatives EFS
(TEEFS) and thermal EPD (TEPD) [13] are common
metrics to assess the performance of HT applicators. In
particular, the procedures have been proposed for the
assessment of superficial applicators, but the important

thermal

characteristics of antennas employed in phased arrays can
be captured as well. The EFS is defined by the area within
50% of the maximum specific absorption rate (SAR) con-
tour in the 1 cm deep plane under the aperture. According
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to the guidelines, a good radiator for superficial HT needs
to have an EFS greater or at least equal to its physical
aperture size so that side-by-side elements in an array
configuration leave no area of the tissue surface uncovered.
The EPD is defined by the depth where the SAR falls to
50% of the maximum SAR at 1 cm depth. The thermal
alternatives are characterised in the same way but in terms
of the achieved temperatures.

The EFS and EPD were numerically assessed for six fre-
quencies within the operation band of the antenna, while the
experimental characterisation was carried out for two fre-
quencies in two sepatrate occasions. In particular, the first

(b) shortEndw,

=
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m
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FIGURE 4 Parameters of the Open Ridged-Waveguide (ORWG)
antenna, which are used in the optimisation process

Water Outlet (& 5.00 mm)

(a) :

scenario was carried out at a frequency of 475 MHz for a 10-
min long exposure with 7 W, while the second scenario
assessed the operation at 600 MHz for a 6-min long exposure
with 25 W.

To assess the TEFS and TEPD experimentally, the muscle
phantom is precut 1 cm below its surface, and after exposure,
temperature profiles are captured by an infrared camera (B355,
FLIR Systems). The temperature rise achieved in a homoge-
neous non-perfused phantom in a defined period of time (Af)
can be directly related to the SAR as follows:

_SAR
~ c

AT At (6)

where AT is the temperature tise and ¢ is the heat capacity of
the phantom. Finally, the experimental results in terms of
TEFS and TEPD were compared.

3.4 | Cross-coupling and power deposition
capability in array configurations

Full spatial coverage in annular phased array applicators is
usually materialised by having several rings of antennas with a
small inter-ring distance in between. To mimic the placement
of antennas in such a configuration, two fabricated ORWG
antennas are placed next to each other as shown in the inset of
Figure 7.

As an example that is closer to H&N scenarios due to
the proximity of this part of the body to a cylinder, we
considered a 10-element cylindrical array simulated using the
frequency domain solver of CST. The setup, shown in
Figure 6a, consists of a muscle phantom, which is 120 mm
in diameter and has a height of 200 mm, while the diameter
and height of the water bolus are 200 mm and 120 mm,
respectively.

To illustrate the potential of the antenna to deposit EM
energy into a large, deep-seated, intracranial tumour, an elliptical

(b)

3cm

Hjs Hos Vi Hys Hus i‘l cm
[

4cm
6 cm L]

o,
<

i~

z

FIGURE 5

(a) Schematic illustration (b) photograph of the setup used in the design and verification procedures
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array of 16 antennas was simulated in CST. The antennas were
arranged in two rings, each containing eight antennas, and placed
around a patient model containing the intracranial tumour,
Figure 6b. A realistic patient model of a child, segmented into 10
tissue types with a high resolution (1 X 1 x 1 mm), was used.
Dielectric properties of the tissues and other details about the
model are given in a previous study [8]. This setup challenged
the antenna to variations in the water bolus thickness as well as to
the anatomical variation of the body. Finally, the antennas were
excited by discrete ports at 400 MHz. The excitation amplitudes
and phases were calculated using an in-house developed beam-
former based on PSO, details of which are given elsewhere [45].
These parameters, optimised for the cost function of the
hotspot-tumour-quotient (HTQ) [46], are then used to steer the
focal point on the tumour and also to reduce the hotspots
outside the targeted area.

4 | RESULTS

As shown in the inset of Figure 7, two fabricated ORWGs are
placed next to each other to mimic the antenna placement in a
phased array configuration. Figure 7 shows the simulated and

FIGURE 6 Phased array of (a) 10-element cylindrical and (b) 16-
element elliptical configurations for a homogeneous muscle phantom and a
realistic child model, respectively

measured S-parameters of the scenario when the first antenna
is in the transmitter mode while the second acts as a receiver.
As can be seen, the design exhibits a 75.5% bandwidth with
$11 < =10 dB from 367 up to 820 MHz.

4.1 | Numerical assessment of the power
deposition patterns

Figure 8 shows SAR patterns in the H-plane of four repre-
sentative frequencies in the band, that is 400, 450, 650, and
800. They are reported for the simulated input power of 10 W.
Patterns in the E-plane are similar and therefore not reported
here. Although smaller in terms of the SAR-coverage, the
pattern in 650 MHz shows the highest peak SAR value of 66.2
(W/kg) deposited in the muscle. The antenna thus meets one
of the most important design criteria, which requires a stable
radiation pattern over the entire frequency band of 400-
800 MHz.

For a specific and detailed comparison, the performance
of ORWG on the standard setup was compared with that of
the SGBW antenna. Firstly, the amount of power deposited
by both designs in the target tissue, that is muscle, is depicted
in Figure 9a. These values were readily accessible from the
simulations where CST separated PLDs per material type for
a broadband sweep in the range of [300-800] MHz with a
ten-MHz frequency step under the normalised excitation
power of 0.5 W for each frequency sample. As can be seen
from the figure, ORWG is more capable of depositing power
in the lower part of the frequency band. The trend changes
for frequencies above 600 MHz, where SGBW performs
marginally better. Figure 9b shows the differential power
deposited at each frequency, with the green and red shades
favouring the ORWG and SGBW antennas, respectively.
Subtracting the negative area below the differential curve
from the positive part, we observe that ORWG deposits

—S11 measurement —811 simulation -.... 821 measurement -.... 821 simulation’
T T T T
10+ . /—
X 0.3678 X 0.82
Y -10.05 Wi -9.924'
o -20 .
o/
&-30 - 5
2]
o
c i
@®©
» .50 ]
-60 - S
FIGURE 7 Simulated and measured S;; and 0.J3 0.9

$51 of the Open Ridged-Waveguide (ORWG)
antennas as shown in the inset
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(¢)650 MHz

(d)800 MHz

FIGURE 8 Specific absorption rate (SAR) distributions at several different frequencies in the band

1.92 W more in the target tissue throughout the whole band
than SGBW.

Secondly, Figure 10 shows that the ORWG antenna
couples more than 95% of the total radiated EM energy to
the “outside world” through its front aperture. A comparison
of the NFD factors shows that the NFD of ORWG not only
surpasses that of SGBW but is also higher than the reported
NFD factors for MWI antennas in both Ref. [47, 48].

Thirdly, as can be seen from the near-field radiation
patterns of Figure 11, ORWG shows a stable radiation
pattern with no significant back lobes. In contrast, SGBW
has a considerable back lobe compared to ORWG at all
frequencies reported. This comes from the presence of the
balun in the design of the SGBW antenna, which reduces its
radiation efficiency. Note that the power values (A - V/m?)
reported in dB in these plots are not normalised and should
not be interpreted as gain but rather as a tool that allows us
to compare the general behaviour and radiation sidelobes of
the two designs.

4.2 | Sensitivity analysis

Figure 12 shows variations in the measured §j; with respect
to the temperature variation of deionised water inside the

structure. Despite small alteration in the bandwidth, the shift
towards high frequencies can be observed with an increased
water temperature. Furthermore, water temperature above
22°C shifts the reflection coefficient above —10 dB in the
range of 450-550 MHz, which is, of course, undesirable.
Therefore, the water needs to be maintained at constant
temperatures below 22°C through a continuous circulation
mechanism.

In annular phased array applicators, the thickness of the
water bolus varies due to the natural curvature of the body
under treatment. Therefore, it seems necessary to investi-
gate the impact of this variation on the antenna's reflection
coefficient. The result of the parametric sweep of water
bolus thickness is reported in Figure 13 for thicknesses of
10, 20, and 30 mm. As can be seen from the figure, the
lowest resonance frequency of the design increases due to a
decrease in the water bolus thickness. As a result, the
reflection coefficient remains below —10 dB throughout the
entire band. However, the situation will certainly change if
a substantial contrast in the propagation impedance of the
medium occurs, an example of which can be the presence
of air gaps between antenna-bolus or bolus-muscle in-
terfaces. Good contact is therefore required. A similar
rationale is valid even for a deliberate discontinuity imposed
on the design by enclosing the aperture of the antenna. In
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the current fabrication, we used a thin rubber membrane as
the lid in front of the antenna aperture. Being thin in
comparison to the wavelength, this membrane did not
affect the performance of the antenna despite having a low
€, of about 2. However, the use of thicker, more durable
material would be more favourable under clinical circum-
stances. A thicker lid with higher dielectric permittivity,
such as Rogers RO3010 with €, of 11, might be of interest
in future studies.

The setup, shown in Figure 6b, was used to study the
variation of the reflection coefficient with respect to the
patient anatomy in an annular phased array configuration in
which the antennas were arranged in 2 rings each having 8
antennas. As can be seen from Figure 14, the reflection co-
efficient of all antennas remain below —10 dB throughout the
entire band. Despite small variations in the lower part of the
operational band, all antennas operate at least at 400 MHz as
required by the design criteria.

4.3 | Performance metrics based on
hyperthermia quality assurance guidelines
43.1 | The simulated results

Table 2 reports the EFS and EPD for frequencies within the
band. The maximum SAR at 1 cm depth in the muscle phantom
is faitly constant at frequencies up to 650 MHz, where the
maximum occurs, and then it starts to decrease at higher fre-
quencies. Interestingly, the maximum EPD that barely goes
beyond 1 cm is not correlated with this frequency but rather with
600 MHz.

The last column of Table 2 visually illustrates the 50%
iso-SAR of EFS overlaid with the antenna aperture. This
visual inspection also provides interesting information about
how the radiation pattern changes from a circle at 400 to a
horizontal ellipse at 500 MHz, rotates then to a vertical
ellipse at 600, and finally goes back to a circle at 700 MHz.
Despite small alternations in the geometrical shape, the EFS
extends beyond the area of the physical aperture for almost
all frequencies in the band. As both EPD and SARy iem
falls rapidly at 800 MHz, colour of the EFS changes from
red to pink.

4.3.2 | Expetimental verification

The ORWG design was validated at two frequencies, that
is. 475 and 600 MHz, in a dedicated measurement setup
shown in Figure 5. Figures 15a and 15b display the thermal
EFS (TEFS) captured by an infrared camera. We initially
aimed at the input power of 10 W so as to be consistent
with the simulation, but then by using an RF power metre
(Bird 4421 Multifunction Power Metre), we realised that the
power amplifier in the lab could not provide more than
7 W at 475 MHz while it gave 25 W at 600 MHz. When it
comes to the shape and pattern, the detailed heating
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patterns depicted in Figure 15¢ and 15d confirm the
numerically predicted EFS patterns in Table 2. The
maximum temperature rise achieved along the central axis
of the aperture was about 6°C and 14°C for 475 and
600 MHz, respectively. The TEFS of the antenna, given by
50% isoline, has an area of 3750 and 2237 mm? for the
respective cases.

Figure 16a visualises the temperature increase in the muscle
phantom during the exposure at 600 MHz, as monitored using
thermal sensors. The sensors were located both horizontally
1 cm below the phantom surface and vertically along the

antenna centre as depicted in Figure 5a. Dashed lines in
Figure 16a, associated with the horizontal probes, show the
symmetry of the pattern around the antenna centre, whereas
the solid lines, related to the vertical probes, indicate a fast
decline of the temperature at higher depth. A comparison
between these experimentally achieved temperatures with the
temperatures calculated for the same scenario in CST is pro-
vided in Figure 16b and 16¢. In particular, the temperatures at
probe locations are compared with the 2-D simulated tem-
perature profiles at the end of the exposure, that is, after 6 min.
The experimental and simulated data demonstrate similar
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trends. Nevertheless, the measured temperatures ate at least 2°
C lower than the simulated ones. This is, however, not the case
for the Vi, sensor, which shows the same temperature as the
simulation. Very likely, the tip of the probe, containing the
sensor, was not placed in the depth of 1 cm but slightly above.
Another justification for the lower values of the measured
temperatures is linked to the power loss in the cables and

eventually other stray losses, which are not accounted for in the
simulations.

4.4 | Cross-coupling in array configurations

The mutual coupling between the two adjacent antennas placed
on top of a flat phantom is presented by the dotted lines in
Figure 7. This setup, with antennas placed in vicinity of each
other, presents the interleaved antenna placement in an array
configuration. In general, there is a reasonable agreement

45 |

between the simulated and measured results, with a2 maximum
coupling of —25 dB in the simulated and —35 dB in the
measured cases.

In phased array applications, the coupling between an-
tennas depends on the geometry and thus a different loading
effect of the body. Therefore, a scenario with a cylindrical
muscle phantom, placed in the centre of the applicator ac-
cording to Figure 6a, was considered. Figure 17 demonstrates
that the level of crosstalk among the elements is better than
—20 dB throughout the frequency band, which is promising
and good news also for sensing applications such as MW

thermometry (MWT) [20].

Power deposition capability

The capability of the antenna to deposit EM energy into a
large, deep-seated, intracranial tumour is exemplified in
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Figure 18. A hybrid PSO-based beamforming technique
[45] was used to find the coefficients of the antennas at
400 MHz for a simultaneous excitation. Figure 18a, 18b
and 18c show the achieved power loss density distributions
in the transverse, coronal, and sagittal planes, respectively.
The tumour border is outlined by the solid black line in
these figures. Note that the hotspots emerging on the skin
will not be treatment-limiting or problematic here because
they are cooled down by the water bolus. A visual

TABLE 2 Effective field size (EFS) and penetration depth of the
design at several frequency samples within the band.

Frequency (MHz) | SARyiux1em (W/Kg) | EPD (mm) EFS
400 56.7 9.71
500 55.5 9.41 @
600 57.02 10.17 @
650 57.33 8.99 @
700 53.16 8.99 !
ﬂ'/\ F)
=
800 29.74 13t —

Abbreviations: EPD, effective penetration depth; EFS, effective field size; SAR, specific
absorption rate.

(€) 475 MHz, Iso-lines.

(d)600 MHz, Iso-Lines.

inspection of this application example indicates the suit-
ability of the proposed antenna for deep HT in challenging
cancer sites.

4.6 | Overall comparison

Table 3 provides a summary of the ORWG characteristics and
contrasts them with the state-of-the-art designs in the field.
The aspects in which ORWG performs better are highlighted
in bold. The ORWG antenna exhibits the widest bandwidth
with aperture dimensions smaller than most other designs.
Along with having effective radiation characteristics, as
demonstrated above, the ORWG becomes an attractive design
for use as a single HT applicator or an element in phased array
applicators. Compatibility with the MR bore may be a potential
limitation for a modern deep applicator utilising the ORWG
antenna. This parameter remains to be investigated while other
designs such as SGBW or Yagi-Uda antennas have already been
proven suitable for the dual operation of thermal intervention
and monitoring,

Note that Table 3 contains only the models specifically
tailored for HT and does not include antennas designed for
other biomedical applications such as MW imaging (MWI).
Despite similarities in near-field operations, the requirements
for HT antennas are slightly different from the designs pro-
posed for MWI or on-body applications; HT antennas operate
at high powers of typically 150 W, requiring a water bolus to be
placed between the patient and antenna. Moreover, HT an-
tennas are mainly designed for the UHF band, which is
lower than the most common bands utilised for diagnostic
purposes.

FIGURE 15 Temperature profile 1 cm below
the surface of the muscle phantom captured using
an IR-camera for (a) input power of 7 W fed to the
antenna for 10 min at 475 MHz and (b) input power
of 25 W fed to the antenna for 6 min at 600 MHz.
(c) and (d) are the corresponding iso-lines of the
temperature profiles (the aperture of the antenna
and 50% iso-line ate also shown as the dashed white
and solid magenta lines, respectively)
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5 | CONCLUSION

Performance assessments in this study show that the proposed
ORWG antenna has high potential to serve not only as an
element in a phased array applicator but also as an applicator for
superficial HT. In particular, it offers a directive radiation
pattern, has a UWB impedance bandwidth, and needs no RF
matching circuits. The measured reflection coefficient of the
design is below —10 dB from 367 up to 820 MHz (75.5% frac-
tional bandwidth). The antenna further exhibits low suscepti-
bility to environmental noise and mutual coupling, as an inherent
attribute of waveguide type antennas. The sensitivity analysis
proves the robustness of the design against local variations of

inhomogeneous tissue-loading and the water bolus thickness.
The efficacy of the fabricated antenna was validated through the
metrics recommended by the ESHO. Measurement results are in
good agreement with the simulations. The EFS is greater than
the physical dimension of the 3 X 4 cm aperture. The mutual
coupling between two adjacent elements in the array is lower
than —30 dB throughout the entire band while measured in a flat
phantom arrangement. In summary, the performance assess-
ments show that the ORWG antenna has a high potential to
serve as an eclement in HT-phased arrays as illustrated by an
excellent focus achieved in a large brain tumour in a realistic
patient model. The utilisation of the proposed design may also
extend beyond HT to other biomedical applications.
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TABLE 3 Comparison of Open Ridged-Waveguide (ORWG) with some of the models proposed in the literature for hyperthermia (HT) applicators

Waveguide Dipole Patch Bow-tie Yagi-Uda SGBW

Characteristic [16, 17] [15] [18, 19] [20] [49, 50] [21] ORWG
Bandwidth [MHz] <10 [65-75] 50 [70-120] =40 [415-450] 143 [226-369] =60 [400-462] =400 [430-800] =450 [367-820]

$11 £ —10dB
High to low frequency  1:1.15 1:1.71 1:1.08 1:1.63 1:1.16 1:1.86 1:2.23

ratio
Radiation pattern Directional Omni- Semi- Directional Directional Directional Directional

directional directional
Matching circuit No Yes No Yes No Yes No
Dimension [mm] Aperture Length 30.75 27.8 x 10 156 x 70 65 x 50 60 x 60 30 x 40
80x 340

MR compatibility - Yes Yes Yes Yes Yes To be investigated

Note: The bold entries show whete the performance of new design surpasses its predecessors.

Abbreviations: ORWG, Open Ridged-Waveguide; SGBW; self-grounded bow-tie.
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