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Dual applicator thermal ablation at 2.45 GHz: a numerical comparison
and experiments on synchronous versus asynchronous and

switched-mode feeding
Guido Biffi Gentili' & Cosimo Ignesti’

Department of Information Engineering, University of Florence, Florence, Italy

Abstract

Purpose: This paper compares the results obtained with numerical simulations and ex vivo
experiments involving a dual applicator microwave thermal ablation system operating at a
2.45GHz frequency, both in synchronous and asynchronous modes. Our purpose was to
demonstrate that at this frequency an asynchronous or switched-mode system performs
essentially as well as the synchronous one, in spite of the prevailing belief that coherence
would assure better thermal (TH) synergy. Numerical analysis: The calculations of temperature
fields were based on the Pennes bioheat equation, taking into account the effects of blood
perfusion by means of a full-wave 3D simulator that allows numerical electromagnetic (EM) and
TH analyses. Materials and methods: Experiments were done using a 100 W microwave (MW)
power generator and a fast switched-mode sequential ‘active’ power splitter. By adding a
further passive power splitter we arranged a test bed for an accurate experimental comparison
of synchronous versus switched-mode TH ablations. Results: The experimental ablation zones
produced by a dual applicator array on ex vivo swine tissue corresponded well with the
simulated ones, confirming that the simplifications assumed in the full-wave analysis were
compatible with the aim of our work. Conclusions: Numerical simulations and experiments
show that at a 2.45GHz industrial, scientific and medical (ISM) frequency, synchronous,
asynchronous and switched-mode multi-probe systems are substantially equivalent in terms of
ablative performance. Moreover, the switched-mode solution offers simpler operation along
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with lesser sensitivity to the placement of applicators in the tissue.

Introduction

In cancer treatment, open surgery and chemotherapy are still
physicians’ first choices. For some patients, however, removal
of tumours with open surgery is not possible or involves too
high a risk due to the poor condition of the patient. Therefore,
surgical success rates largely depend on the type of malig-
nancy treated and on disease progression [1]. Minimally
invasive surgery or percutaneous interventions may, in this
case, be adequate to increase safety, reduce trauma and
shorten operative time [2—4].

Microwave thermal ablation (MWA) is a relatively new
technology in continuous development, and one which offers
some advantages when compared to the radiofrequency
ablation (RFA) technology which currently represents the
prevailing clinical focal therapy [5-7]. MWA can generate
higher temperatures in less time since tissue charring does not
hinder the radiation of microwaves (MWSs) and it is less
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susceptible to the heat-sink effect of peritumoural vessels
[8,9]. For these reasons, MWs, given their minimally invasive
effect, are fertile ground for innovation through new systems
and technological developments.

The power that the coaxial structure of a MW applicator
can safely handle is proportional to its external diameter;
therefore, very small diameter applicators can handle propor-
tionally smaller powers [10]. However, this physical limita-
tion can be overcome by cooling the applicator shaft [11-16]
or by combining more than one antenna into an array of
applicators in order to increase coagulation volume [17-21].
Still, due to the high losses of the internal coaxial feeding line,
a small-diameter shaft cooled antenna has an intrinsically low
radiating efficiency that rapidly falls with the decrease in its
external diameter.

As a matter of principle, a single applicator appears unable
to uniformly and efficiently heat a large volume of tissue
because the emitted radiation is subjected to very strong
attenuation, due to the intrinsic, high propagation losses
within the biological tissue.

Recent studies [17-19] show a fundamental advantage in
using multiple antennas: power distribution in a multiple-probe
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system is more effective, even when compared to that of a
single antenna that provides the same amount of energy.
Indeed, by means of the thermal synergy effect, the heat
produced simultaneously by an array of radiating sources can
create ablation areas that are larger than what we might expect
by simply adding their heating patterns [19]. This ability to
perform multiple ablations simultaneously may allow for the
treatment of larger tumours with concurrent overlapping
thermal (TH) lesions [18] or the ablation of several anatom-
ically separate tumour lesions all at once. Furthermore,
properly assembled linear or conformal arrays of applicators
can be used as surgical resection devices to reduce blood loss
and assist in tissue coagulation during intraoperative and
laparoscopic surgical procedures [22-24].

Multi-probe ablations reduce the need for repeat treat-
ments, decrease the number of inadequate treatments of larger
tumours, and increase the speed of therapy, thereby decreas-
ing the complication rate [25].

A multi-applicator thermoablative system can be conceived
and constructed following different technical approaches,
essentially regarding the feeding modality of the applicators’
array. Our study is devoted to comparing the performances of
these different feeding modes.

The paper is organised as follows: the second section
discusses the different feeding techniques, the third section
presents numerical comparisons among synchronous, asyn-
chronous and FSS feeding modes, while the fourth section
presents the results of ex vivo experiments. The fifth and sixth
sections summarise the main conclusions.

Feeding modalities of a multi-probe array

From a systems point of view, an array of antennas can be
synchronously or asynchronously fed using multiple single
port MW generators or a single multiport generator. In the
synchronous mode the array is fed by employing coherent
power sources. Therefore the relative phase between the
antennas can be used to effectively add or shape the electric
field distributions in order to increase either gain or focus, or
to make complex variations [26]. In asynchronous operation
non-coherent sources are employed so that the active
interference among the fields can be modelled as a stochastic
process. It is worth noting that an equivalent incoher-
ent feeding can also be obtained by sequentially switching
the antennas of the array depending on a common power
source.

With regard to the feeding modality, there is a common
belief that heating at the focusing point of an N-element
circular array can be increased by N times if the array itself is
asynchronously fed, while it can be increased by N* times if
synchronously fed [17,27]. Actually, this assumption is
questionable since it seems rigorously true only if we refer
to the electric fields in the ‘far-field’ zone (df >> A, where d;
is the far-field distance) and in the context of an ideal
unrealistic tissue having zero thermal conductivity. In a real,
perfused biological tissue, the heat diffusion phenomenon
plays a fundamental role in smoothing the temperature
behaviour near the focusing points, such that the claimed
advantages of synchronous versus asynchronous feeding are
substantially lost.
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Nevertheless, it has been proven [6,26,28] that an array of
N applicators presents optimal performance when operating
synchronously at the 915 MHz frequency, assuming that the
distance between two contiguous applicators does not exceed
22 mm, which corresponds to a half wavelength in liver tissue.

The simplest way to implement a synchronous or asyn-
chronous MW N-needle ablative system consists in the
simultaneous use of N power generators, where each gener-
ator feeds a corresponding applicator of the array.

However, this straightforward solution is certainly not
optimal from an engineering point of view because solid-state
MW power generators are very expensive and need to be phase-
locked to a stable reference frequency for the synchronous
operation.

The use of multiple generators can be avoided by
employing a single generator and a passive power splitter,
as shown in Figure 1.

It should be noted that the use of classical passive power
dividers or splitters naturally leads to a synchronous system
solution that reduces system complexity and costs, but suffers
from poor flexibility because the total available power at the
generator output port (Py,) is equally split among N ports;
therefore, when a single applicator is used, the maximum
allowable power is only P,/N.

To overcome this problem and to increase system flexi-
bility, power distribution among N applicators can be
accomplished using the switched-mode approach, where the
N applicators of the array are fed sequentially in time [29].
This leads to a simple and highly flexible asynchronous
solution, where the switching frequency must be kept high
enough to prevent a localised temperature drop during the
applicator’s off-time, thus enabling the highest allowable TH
synergy.

To efficiently emulate an ideal single-generator asyn-
chronous mode we propose an approach called ‘fast sequen-
tial switching’” (FSS) which provides many advantages in
terms of reduction of system complexity, robustness, and
operational flexibility without at the same time suffering any
significant power losses and maintaining a high overall
energy efficiency. The FSS concept is based on the fact that
the thermal time constant 7 of biological tissues is relatively
high (in the order of several seconds). Therefore if MW power
is applied in a periodic pulsed mode with very short pulse
periods ranging from 0.5 to 2 s, the tissue temperature tends to
be related to the average applied power, whose value is
determined by the on/off duty cycle.

— Out1

Isolator Passive —— Qut2
Power Splitter |__

— Out3

2,45 GHz
MW Source

Figure 1. Block diagram of a single generator, multi-output MW
thermo-ablative system.
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Numerical comparison of synchronous versus
asynchronous feeding

Our study is not devoted to improving the analysis model to
better match the real dynamic thermoablative process, but
rather to comparing different multi-applicator feeding tech-
nologies in terms of their overall performance at the 2.45 GHz
frequency, which is that specified in Europe for industrial,
scientific and medical (ISM) MW applications.

When simulating a multi-applicator thermoablative pro-
cess, the analysis domain is even more extended than that of a
single applicator, for which an expanded model could be
applied to obtain more realistic results without an excessive
numerical burden [30]. Therefore, a full 3D simulation is
generally needed for multi-applicator numerical analysis,
because the domain is not axisymmetric and its dimension-
ality cannot be reduced.

Numerical simulations have been carried out by employing
CST MICROWAVE STUDIO® 3D simulation software
(https://www.cst.com, Darmstadt, Germany), which is a
rigorous full-wave 3D tool capable of performing both EM
and TH analyses. CST’s EM solver is based on the finite
integration technique (FIT), a consistent discretisation scheme
for Maxwell’s equations in their integral form.

The heating process is modelled via the Pennes bioheat
equation which includes blood perfusion phenomena [5,31,32].

The heat transfer analysis in the region near the MW
antennas is a critical factor that affects the entire temperature
field during the MWA of the tissue. It is challenging to
realistically predict the evolution of the tissue temperature
distribution [33] because the EM and TH properties of the
tumour change with the increase in temperature. Furthermore,
vaporisation phenomena occur [34,35] that are associated
with tissue deformation [36]. To reduce the numerical burden,
we consider the simplest case of a pair of MW applicators
[37] immersed in a time and space invariant homogeneous
tissue, as depicted in Figure 2 which shows the 3D analysis
domain. Furthermore, the analysis is made using uncoupled
EM and TH equations, such that the variability of the tissue
parameters with temperature and time is not taken into
account as described in [38].

Perfectly matched layer (PML) boundary conditions are
applied at the border of the analysis domain as shown in

\ z=11 mm

7z=21 mm

z=70 mm

Figure 2. Numerical analysis domain (dimensions 120 x 60 x 60 mm).
EM and TH boundary conditions are applied on all faces of the domain.
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Figure 2, and an automatic steady-state energy criterion is
employed to end the simulation. In the TH simulations,
boundary conditions are defined by enforcing the continuity
of the heat flow perpendicular to the surface of the domain.

It should be noted that the coherence and the generality of
the comparison are not compromised if we use a simplified
model to reduce simulation time, given that the model
approximations equally affect both synchronous and asyn-
chronous feeding. Moreover, all of the above a priori
simplifications have been validated by an a posteriori
verification carried out by matching numerical and experi-
mental results that were shown to be satisfactory for the
purpose of this study.

The reference tissue used for the simulations is muscle,
whose parameters are listed in Table 1 [39]; this type of tissue
was chosen in view of the experimental comparisons that can
be made with swine loin for its better homogeneity.

Since transient TH simulations are very time-consuming, a
preliminary test comparing transient versus steady-state
simulations was carried out. Figure 3 compares high energy
pulsed (a), 6-min transient (b) and steady-state (c) simulations
in the synchronous case. Note the similarity of the (b) and (c)
behaviours due to the heat diffusion in the tissue; from this
derives the possibility of using stationary TH analysis for the
comparison, provided that the treatment time is not too short
and that the total input power is the same.

For a detailed synchronous versus asynchronous compari-
son, we examined the behaviour of power density and
temperature distributions for a pair of parallel applicators
immersed in the reference tissue at distances of 12 mm and
20 mm, both of which are greater than the half wavelength in
the tissue. Values smaller than the half wavelength, which are
not of practical interest, were not considered.

Figures 4, 5 and 6 show the most significant simulation
results in terms of power densities and temperature behav-
iours for three different feeding modes: in phase synchronous
(green lines, A), out of phase synchronous (blue lines, ),
and Q3 asynchronous (red lines, o).

The asynchronous feeding modality has been modelled by
averaging a set of 3D simulated power densities which have
pseudo-random inter-element phases or, more simply, uni-
formly distributed phases between 0 and 360 degrees. The
resulting averaged power density distribution 1is then
employed to calculate TH behaviour in the full 3D domain.

Results of the power density comparisons in the xy plane
for an inter-element spacing of D=12mm are reported in
Figure 4. As expected, the in-phase synchronous feeding

Table 1. Physical properties of muscle tissue at
2.45 GHz frequency and 37°C temperature.

Physical property Value
Relative permittivity e, 45.6
Electrical conductivity o (S/m) 1.97

Thermal conductivity k&, (W/mK) 0.50
Specific heat ¢, (J/kgK) 3600
Density p (kg/m°) 1050
Flow coefficient (W/K/m?) 2700
Metabolic rate (W/m?) 480
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Figure 3. Preliminary simulations comparing high energy pulsed (10kJ,
1s) (a), 6 min transient (b) and steady-state (c) power density distribu-
tions in the xy plane (z =21 mm) for a dual applicator array operating at
2.45 GHz frequency.
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produces focusing in the centre of the array while out-
of-phase feeding produces defocusing. This effect is con-
firmed by the temperature distribution shown in Figure Sa.
Nevertheless, when changing from in-phase to out-of-phase
feeding, the temperature drop is not so marked as that of the
power density behaviour because of the heat diffusion
phenomena. From the same figure we can also infer that a
pair of applicators actually creates larger ablation zones and
lower temperature gradients than a single applicator put at the
centre of the array and fed with the same input power, as was
to be expected.

The temperature distributions in the xy, yz and xz planes
that are shown in Figures 5(a,b and c) can be used to calculate
the ablation volume within the 60°C isotherm by using the
formula V=4/3 (t a b c), where a, b, c are the semi-axes of
the ablation ellipsoid [40]. Passing from the synchronous to
the asynchronous case, we observe a reduction in the ablation
volume of less than 10%. It can also be noted that
asynchronous TH behaviours are in any case bounded
between the in-phase and out-of-phase synchronous ones, as
was expected.

If the distance between the two applicators is increased to
D =20mm, as seen in Figure 6, we can observe a minimum
power density in y = 0 for the out-of-phase feeding but also an
increase at y=+4.5mm, corresponding to+ /4 in the
muscle tissue. This is because near-field components radiated
by the two applicators are additive in these points.

Complementary behaviour is observed for in-phase feed-
ing, while asynchronous feeding appears more regular
because phase incoherence destroys stationarity due to the
interferences between near-fields. This smoothed behaviour is
conserved when varying inter-applicator distance.

Temperature behaviours for D =20 mm are not reported as
they were very similar to those obtained for D= 12 mm and
the reduction in ablation volume passing from the synchron-
ous to the asynchronous feeding is in any case negligible. We
can conclude that the expected advantage of the synchronous
feeding tends to disappear when the inter-applicator distance
is increased above half the tissue wavelength. This is why the
synchronous solution works better at 915 MHz in liver tissue
(M2 =22mm) than at 2450 MHz (\/2 = 8.8 mm).

Additional numerical simulations have been carried out to
prove the equivalence of synchronous, asynchronous and FSS
systems for a pair of applicators placed at distance
D =12mm. Figure 7 shows the FSS-mode power density
distributions during the on/off cycle, while Figure 8 shows the
comparison between synchronous and FSS modes. It should
be noted that Figure 8(a) was obtained by adding Figures 7(a
and b) by virtue of the superposition principle. Since we
obtained the same behaviour for the asynchronous feeding, we
can definitively assert the equivalence between the FSS and
asynchronous modes, which could however also be deduced
from intuitive physical considerations.

By comparing Figures 8(a and b) we can also observe that
the FSS mode produces a more uniform power density
distribution than the synchronous one, where stationary near-
field interferences are present. However, due to the heat
diffusion phenomenon, these differences become impercept-
ible in the iso-contour graphs of the steady-state TH
distributions, as shown in Figure 9(a and b).
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Figure 4. Power density distribution in the xy [W'm3]
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Figure 5. Temperature distribution in the xy plane (x =0, z=21mm) (a), in the yz plane (y =0, z=21 mm) (b) and in the xz plane (x=0, y=0) (c),
produced by a pair of applicators at D =12 mm and with P,,, =40 W: in-phase feeding (green line), out-of-phase feeding (blue line), asynchronous
feeding (red line). In (a), the black dashed line refers to a single applicator with the same input power.

Results of ex vivo trials

Our experimental trials were carried out employing a
prototype of the FSS-mode asynchronous system designated
as Thermal Ablation Treatments for Oncology (TATO), and
developed under a collaborative academia—industry effort
[37,41,42]. The TATO system, whose block diagram is shown
in Figure 10, performs as an ideal asynchronous system if the
sequential switching operation is fast enough.

Specifically, the ex vivo trials were devoted to experimen-
tally validating the numerical comparison between synchron-
ous and FSS feeding modes.

In order to obtain a reliable experimental comparison, a
simple test bed could not be easily arranged, because we
would have had to have used a pair of synchronous and FSS
(asynchronous) ablation systems operating simultaneously
under a unique common controller and employing identical



DOIL: 10.3109/02656736.2015.1032369 MW thermal ablation feeding comparison at 2.45 GHz 533

Figure 6. Power density distribution in the xy 10 Resuts\combinazoni
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Figure 7. Power density distribution in the xy plane (z=21mm) of a
dual applicator array operating in FSS mode during the first semi-period
(a), and during the second semi-period (b).

Figure 8. Power density distributions in the xy plane (z=21mm) of a
dual applicator array operating in FSS mode (a) and in synchronous
mode (b).
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Figure 9. Temperature distribution in the xy plane (z =21 mm) of a dual
applicator array operating in FSS mode (a) and in synchronous mode (b).

applicators. Fortunately, however, a very simple and trust-
worthy test bed could be implemented by taking advantage of
TATO’s operational flexibility.

Figures 11(a and b) illustrate how the experiment was
performed using the TATO system with the addition of only a
passive 3-dB Wilkinson power splitter.

To the authors’ knowledge, this is the first testing system
developed which allows the comparison of synchronous versus
asynchronous modes with high precision and repeatability.

In order to achieve the best comparison accuracy, the
electrical lengths and insertion losses of the cables connecting
the sequential PDU to the four applicators have been
equalised. This equalisation was achieved by adjusting the
length of each physical path (P1-P5, P1-P6, P3-P7, P4-P8)
by means of a vector network analyser (VNA).

The ablations trials were performed using pieces of fresh
swine loin selected for the best homogeneity. During the
transport to the lab, all tissues were maintained at a
temperature of ~15°C, which was slowly increased to
~30°C before starting the experiments. Initial temperature
uniformity of the loin piece was preliminarily tested before
inserting the four 17-gauge coaxial applicators [37] employed
for the double simultaneous ablation process. The input

Int J Hyperthermia, 2015; 31(5): 528-537

reflection coefficient /7 of each applicator was then measured
in order to assure an in situ matching better than —15dB.

Each applicator received the same net input power by
virtue of the aforementioned accurate calibration procedure.
Moreover, the two synchronous applicators were fed in phase
by means of the Wilkinson 3-dB power divider. The ablation
time was set at 10 min in all the experiments so as to better
match the steady-state numerical simulations. Furthermore,
the applicator cooling system was not enabled in order to
avoid the appearance of various phenomena that could mask
the real heat transfer within the tissue and distort the true final
ablation zone observed.

For statistical confidence purposes, the experiment was
repeated many (10) times, using different pieces of tissue and
employing increasing inter-applicator separation ranging from
12 to 20 mm. At the end of each ablation process the input
matching of the four applicators used was tested again; trials
where one or more of the applicators presented an end
ablation /" worse than —10dB were disregarded.

Figure 12 shows the experimental results obtained with a
separation of 15 mm that proved to be optimal for obtaining a
more circular ablation in the transverse cut.

In this case the major axis diameter was 52mm for
synchronous configuration and 51 mm for FSS configuration.
Minor axis diameter was 31.5 mm for synchronous configur-
ation and 32 mm for FSS.

As far as the comparison is concerned, the absolute
dimensions of the ablations obtained are not relevant in this
context, since their general similarity was qualitatively
evaluated by comparing the major and minor axes of the
ellipses delimitating the ablation contours in the longitudinal
cut.

In the total of the eight valid experiments performed, a
deviation less than +8% was observed for each axis. This
result definitively validates the assertion of the equivalence
between synchronous and FSS asynchronous feeding within
the limits of the experiment uncertainty.

It should be noted that, on average, the ablations obtained
with FSS feeding presented lesser shape distortion and better
repeatability than those obtained with synchronous in-phase
feeding, perhaps because a precise phase coherence could not
be easily maintained during the progression of the ablation.

The test bed that was realised also proved to be useful for
analysing the consequences of applicator input mismatching
due to the high temperature ageing that was caused by the
repeated use of the same uncooled devices for multiple
consecutive ablation procedures.

Figure 13 shows how even a moderate applicator mis-
matching can cause unwanted distortion in the ablation zones.
By examining the ablation contours, a hint of comet effect is
evidenced for the A and D applicators which exhibited an
end-ablation input I’ of —9dB and —7dB respectively. As
expected, the reduced efficiency of the mismatched applica-
tors produces a perceptible ablation asymmetry along the
longitudinal direction.

Discussion

Despite the intrinsic limitations of the numerical analysis,
which are due to the difficulty in implementing models that
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Figure 10. Block diagram of the
asynchronous switched-mode TATO system.
2.45GHz
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souice
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MW thermal ablation feeding comparison at 2.45 GHz =~ 535

Figure 11. The test bed used for the syn- !
chronous versus FSS (asynchronous) feeding
comparison. Block diagram (a) and
laboratory arrangement (b).
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(a),(B),(y),(8): Cables and Passive Power Splitter insertion losses

Equalization conditions: a+B+y=5, same phase at P5 and P6 ports

exhaustively describe the dramatic complexity of living
tissues, the ex vivo trials demonstrated that the simplified
model that was adopted was adequate to compare the
performances of multi-probe MW ablative systems operating
in synchronous and asynchronous FSS modes.

Numerical and experimental results show a substantial
equivalence at a 2.45 GHz ISM frequency between synchron-
ous, asynchronous and FSS feeding modes. Indeed, the heat
diffusion phenomenon produces a smoothing in temperature
distribution that practically cancels the expected advantages
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Figure 12. Comparison of TH ablation between synchronous and
FSS (asynchronous) feeding modalities: (a) longitudinal cut, (b) trans-
verse cut.

Figure 13. Distortions in temperature behaviours due to the applicator A
and B input mismatching.

of the coherent feeding. Furthermore, the FSS asynchronous
approach presents lower sensitivity to the placement of the
applicators in the tissue. A remarkable reduction in the overall
system complexity can be attained if the asynchronous
solution is implemented by employing FSS technology, and
this advantage is augmented by increasing the number of
sequentially activated applicators. Finally, FSS technology
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appears to offer more operational flexibility because phase
equalisation among the applicators is not required, and this
greatly simplifies procedure planning and increases treatment
predictability.

Conclusions

A pair of applicators operating at 2.45 GHz frequency in

perfused muscle tissue have been analysed using the most

advanced EM and TH simulators. Numerical results,
validated by experiments in ex vivo swine tissue, show that

e TH synergy plays a marginal role in coherent feeding, as
opposed to what happens at 915 MHz frequency where
the higher EM penetration depth allows the distance
distance between the antennas to be maintained at below
the half wavelength in the tissue,

e the volume of the achievable TH ablation depends
essentially on the total MW energy dispensed and only
marginally on the array feeding modality,

e FSS technology represents a viable solution for imple-
menting a compact, affordable and highly efficient MW
multi-applicator system of the asynchronous type,

e multi-applicator technology, along with the use of highly
efficient antennas, extends the possibilities for perform-
ing treatments using only a pair of uncooled applicators
and it allows better procedural control and reproducibility
in treating tumours up to 40 mm in diameter.
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