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The development of a novel switched-mode 2.45GHzmicrowave (MW)multiapplicator system intended for laparoscopic and open
surgical thermoablative treatments is presented. The system differs from the other synchronous and asynchronous commercially
available equipments because it employs a fast sequential switching (FSS) technique for feeding an array of up to four high efficiency
MW applicators. FSS technology, if properly engineered, allows improving system compactness, modularity, overall efficiency, and
operational flexibility. Full-wave electromagnetic (EM) and thermal (TH) simulations have been made to confirm the expected
performances of the FSS technology. Here we provide an overview of technical details and early ex-vivo experiments carried out
with a full functional 𝛽-prototype of the system.

1. Introduction

In cancer treatment, open surgery and chemotherapy are still
the physicians’ first choices. The gold standard treatment for
most of the tumors in the liver, lung, and kidney is surgical
resection. However, up to 80% of liver cancer patients and
50% of lung cancer patients are refractory to surgery due
to multifocal disease, poor baseline health, or comorbidities
such as cirrhosis and emphysema [1, 2]: for some patients,
removal of tumors with open surgery is not possible or
involves a too high risk due to the poor condition of the
patient himself. Therefore their success rate largely depends
on the type of malignancy treated and on the progress of the
disease.

Minimally invasive surgery or percutaneous interven-
tionsmay in these cases be adequate to increase safety, reduce
trauma, and shorten operative time [3–5].

Microwave ablation (MWA) is a relatively new tech-
nology in continuous development because it offers some
advantages when compared to the radiofrequency ablation
(RFA) [6–8], the technology which currently represents the
prevailing clinical focal therapy. MWA can generate higher

temperatures in less time since tissue charring does not
hinder the radiation of MW fields and it is less susceptible
to the heat-sink effect of peritumoral vessels [9]. For these
reasons, MWA and their minimally invasive approach have
fertile ground for innovation through future systems and
technological developments. Clinical MWA equipment oper-
ate at 915MHz or 2.45GHz since these bands, which are
allowed for medical use and relatively high-power devices,
are readily available providing a balance between localized
heating and sufficient energy penetration to treat most focal
tumors [10].

The power that the coaxial structure of a microwave
applicator can safely handle is proportional to its external
diameter; therefore very small diameter applicators can
handle proportionally smaller powers.This physical limit can
be overcome by cooling the applicator shaft or by combining
more than one antenna into an array of applicators in order
to increase the coagulation volume [11, 12]. However, due to
the high losses of the internal coaxial feeding line, a small
diameter shaft cooled antenna intrinsically suffers of low
radiating efficiency that rapidly falls with the decreasing of
its external diameter.
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A single applicator appears fundamentally unable to
uniformly and efficiently heat a large volume of tissue because
the emitted radiation is subjected to a very strong attenuation,
due to the intrinsic high propagation losses of the biolog-
ical tissue. Recent researches [10, 13] show a fundamental
advantage in using multiple antennas: power distribution in
a multiple-probe system is more effective, even compared
to that of a single antenna providing the same amount of
energy. Heating produced simultaneously by multiple nearby
synchronous (coherent) or asynchronous (incoherent) arrays
of radiating sources can create larger ablation areas than
what we might expect from a single applicator radiating
the same amount of energy, by means of the effect called
thermal synergy [14].This ability to performmultiple ablation
simultaneously may allow the treatment of large tumors with
concurrent overlapping thermal lesions or the ablation of
several anatomically separate tumor lesions at once [11].

The median tumor diameter currently being targeted by
thermal ablation is approximately 25mm. Therefore, a 35–
40mm ablation zone is recommended to treat an average
tumor with an appropriate 5–10mm radial margin, aiming at
a lower probability of local tumor progression [15, 16].

Furthermore properly assembled linear or conformal
arrays of applicators can be used as surgical resection devices
to reduce blood losses and to assist in coagulation of liver
tissue during intraoperative and laparoscopic surgical proce-
dures.

Multiprobe ablations reduce the need to repeat treat-
ments, decrease inadequate treatments of larger tumors, and
increase the speed of the therapy, thereby decreasing the
complication rate.

The purpose of this paper is to present the development
of a novel 2.45GHz multiprobe modular thermoablation
system conceived to reduce system complexity and cost while
maintaining a very high energetic efficiency.

The simplest way to implement aMWA𝑁-needle ablative
system consists in the simultaneous use of 𝑁 power genera-
tors, where each generator independently feeds an applicator
of the array but does not communicate with the others.

This obvious asynchronous solution is certainly not
optimal from the engineering point of view because solid-
stateMWpower generators are very expensive and a separate
control unit ought to be used because independent control of
each generator is impractical in the clinical environment.

Alternatively 𝑁 microwave power amplifiers (MPA) fed
in parallel by a common low-power MW source could be
employed, leading to a synchronous or coherent solution that
allows phase control of the array. In principle this solution
should offer better energy focalization inside the tumor
by taking advantage of near-field array optimal phasing.
In practice, however, the heat diffusion in the perfused
tissue smoothes the behavior of the temperature distribution
inside the treated volume (See Appendix A), thus drastically
reducing the advantages of the coherent feeding.

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

This straightforward solution allows reducing system
complexity and costs but suffers of poor flexibility because

2.45 GHz
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Out 1

Out 2

Out 3

Figure 1: Block diagram of a single generator multioutputs MWA
system.

the total available power 𝑃tot at the generator output port is
equally split among 𝑁 ports; therefore when only a single
applicator is used, the maximum allowable power is 𝑃tot/𝑁,
unless the splitter is removed.

To overcome this limitation and to increase system
flexibility and usability, the power distribution among 𝑁
applicators can be done using a switched-mode approach [17]
where the 𝑁 applicators of the array are fed sequentially in
time using a very fast solid-state high power switch, as early
proposed in [18].

This approach leads to a simple and highly flexible
solution called fast sequential switching (FSS), where the
switching frequency must be kept high enough to prevent
localized temperature drop during the applicator’s off-time.
By adjusting the duty-cycle of the signal that drives the switch,
“on-the-fly” corrections or adaptive control of the power
distribution among the 𝑁 applicators can be done without
any energy loss.

In Section 2 we outline the system concept and in
Section 3 we describe the engineering development of the
new equipment. Section 4 concerns the critical aspects of
system safety and risk management; finally the conclusions
are presented in Section 5.

Two appendices are included to assist the reader in
recognizing the potentialities of the new multiapplicator
system. Appendix A is devoted to the numerical modeling of
a single and a dual applicator immersed in amuscle phantom;
Appendix B reports some significant ex vivo experiments in
swine liver and loin.

2. System Concept

Thesystemhas been conceived to evolve from the usual single
applicator system to the new four-applicator FSS technology
with the following objectives:

(i) addressing the perceived deficiencies in first-genera-
tion systems;

(ii) treating larger tumors, improving ablative margins
and decreasing treatment time;

(iii) improving flexibility, usability, and procedural safety.

The system concept is based on the fact that the thermal
time constant 𝜏 of a biological tissue is relatively high (in
the order of seconds); thus if MW power is applied in
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a periodic pulsed mode with a short pulse period, the tissue
temperature tends to be related to the average applied power.
Therefore we can conceive a switched-mode regulator that
uses a continuous wave (CW) source with the output power
𝑃 that is periodically switched ON/OFF to a load (tissue to
be ablated) with period 𝑇, thus transferring to it a controlled
fraction of the power𝑃.The lower useful limit of𝑇 is given by
the commutation time of the switch while the upper limit is
given by the ratio𝑇/𝜏 that should be<1. It was experimentally
found that using a period 𝑇 between 0.5 and 2 seconds the
switched-mode system is practically equivalent to an ideal
asynchronous system.

During a therapy session the power 𝑃 is generally held
constant and equal to the total power 𝑃

𝑡
that the physician

wants to dispense to the tumor through a set of applicators:
𝑃 = 𝑃

𝑡
= Σ𝑃
𝑘

with 𝑘 = 1 . . . 4. (1)

The power distribution can be easily obtained using four
very fast switches; the ON time of the 𝑘th switch is given by

𝑇
𝑘
=
𝑇 ⋅ 𝑃
𝑘

𝑃
𝑡

. (2)

When a single applicator is employed only the corre-
sponding switch is always ON, while the others are OFF.

3. System Development

Webelieve that cross-collaboration is essential for the success
of our project. Such partnership is also necessary to produce
novel and commercially viable technologies. Furthermore,
consistent inputs from a team of clinical experts are crucial
to ensure that the developed technology remains clinically
relevant and, therefore, can have the greatest positive impact
on the rapid diffusion of minimally invasive focal treatments
at MW frequencies.

With this in mind, a fully engineered prototype of the
novel switched-mode system, called thermal ablation multi-
probe microwave system (TAMMS), has been developed by
a small multidisciplinary team at the University of Florence,
in the framework of a collaborative academic-industry agree-
ment with two private companies: Biomedical Srl, Florence
(http://www.biomedical-srl.com/), that provided financial
support and laboratory facilities, and WaveComm Srl, Siena
(http://www.wavecomm.it/), that provided qualified engi-
neering support.

As shown in Figure 2, TAMMS consists of the following
main blocks:

(i) a single 100W high efficiency solid-state MW power
generator working at 2.45GHz;

(ii) an FSSmicrowave switching unit (MSU), which oper-
ates as a programmable “active” power splitter. This
unit has four IN/OUT ports that can be automatically
configured as output power ports (100W maximum)
or temperature sensing input ports;

(iii) a controller that regulates the MW generator power
output and produces the time sequence that com-
mands the single pole 4 throw (SP4T) switch of the
FSS unit;
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Figure 2: Block diagram of the four-applicator TAMMS system
employing FSS technology.
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Figure 3: TAMMS 3D rendering.

(iv) a rugged power delivery device (interstitial applica-
tor) in 18, 17, and 14 gauge formats preferred for
percutaneous procedures and 11 gauge format for
surgical applications. For high power treatments all
the devices can be cryogenically cooled using CO

2
.

In order to optimize the overall efficiency, the system has
been designed with a two-stage power distribution concept:
the first stage utilizes a large low loss coaxial cable that con-
nects the MW power generator to the MSU, while the second
stage comprises smaller more flexible cables connecting the
MSU outputs to the corresponding power delivery devices.

Figure 3 shows the 3D rendering of the new system
that evidences its compactness and the attention paid to
the fundamental aspects of ergonomics, usability, and safety
(industrial design made by Un-Real Studio, Florence, Italy—
http://www.un-real.it/).

A robust and balanced mechanical arm with a double
through-joint allows positioning the MSU nearby the patient
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to reduce the length of the cables that connect the unit to the
set of interstitial applicators. Alternatively the MSU can be
connected to the procedure bed in order to be fixed relative
to patient. It is worth noting that if the MSU is omitted the
system reduces to a conventional single applicator thermoab-
lator with 100Wmaximum CW power output.

3.1. ConsoleUnit. Theconsole unit contains fourmain blocks:
a solid-state MW generator, a switching AC/DC power
supply, a digital controller, and a touch screen display.

The MW generator is capable of delivering a power
output in excess of 100W. The last-generation solid-state
gallium nitride on silicon carbide (GaN-on-SiC) class AB
high power amplifier (HPA), having 50% power added
efficiency (PAE) at 100W power output, can withstand 10 : 1
WSVR without damage. Furthermore automatic shut-off
is provided for higher mismatching levels. The generator
integrates multiple protection methodologies, including a
forward power detector, a reflection power detector, and
an embedded microcontroller to control alarm features. A
forced air cooling system maintains the internal temperature
of the whole generator below 75∘C.

The 400W medical grade AC/DC switching power sup-
ply has power efficiency in excess of 90% and automatic
overload shutoff to further protect the MW generator.

The digital control unit performs core safety critical tasks
by a board based on a powerful mixed signal microcontroller
while the human-machine interface (HMI) is implemented
by a high level program running on a single board computer
(SBC) under Linux operating system.

The color touchscreen display has 800 × 480 pixel and
the capability of showing multiple interactive screenshots
dedicated to set the treatment parameters, monitor their
evolution, and display devices status in real time.

The console has 35 × 32 × 15 cm overall dimensions and
weighs less than 8Kg to be possibly hand carried and/or
connected to a classical instrument stand.

3.2. Microwave Switching Unit. The MSU represents a well-
balanced tradeoff between system flexibility in terms of
ablation volume/shape and complexity/compactness/cost of
the switching MW circuitry.

The unit utilizes a matrix of high power PIN diodes as
switching elements in a SP4T configuration. The design goal
was to maintain the internal insertion losses <0.5 dB with
resulting high system efficiency and low heat dissipation.
An aluminum case provides both heat dissipation by natural
convection and EM shielding. Table 1 resumes its main
characteristics.

Figure 4 illustrates the realizedMSU inmicrostrip planar
technology with the cover removed.

Figure 5 depicts the unit operation in the time domain
when the generator available power is equally subdivided
among four applicators; in this case the driving sequence
duty-cycle𝐷

𝑡
= 𝑇on/𝑇off is 0.25 for all applicators.

TheMSU receives commands from the console via a serial
bus interface and an embedded controller locally generates
the appropriate PIN diodes driving time sequences. It is

Figure 4: Microwave switching unit, inside view.

Table 1: Characteristics of the high power SP4T switching unit.

Parameter Typical Limit
Frequency (GHz) 2.45 ISM band
VSWR 1.13 : 1 <1.4 : 1
Insertion loss (dB) 0.4 <0.6
Power handling capability (W) 100 <150
Switching time (𝜇S) 200 500

worth noting that anyway the total delivered power did not
exceed 100W that corresponds to the maximum allowable
generator output power; this constraint is automatically
verified by the console controller.

3.3. Power Delivery Device. The power delivery device has a
mechanically simple and rugged coaxial structure outlined
in Figure 6 that consists of a dielectrically loaded monopole
with a capacitive cap [19–21] fed by a coaxial line.

The device derives from the one described in [18], where
the radiating element was a simple linear monopole. A
needle shaped cap loading has been introduced to allow
easy insertion inside the tissue, reduce the monopole length,
and increase tip robustness while maintaining good input
matching and radiating performances.

The intrinsically unbalanced design allows returning
current flow on the outer conductor influencing impedance
matching and producing the so-called “tail comet effect”
on the radiated fields that can be reduced by inserting a
“cancelling slot” [22]. An equivalent effect could be obtained
using a 𝜆/4 choke as suggested in [23]; this solution is,
however, more mechanically complex and does not allow
reducing shaft diameter below the 16G dimension.

A comparison between slotted and unslotted applicators
is presented in Appendix A.

It is worth noting that the applicator’s structure (patent
pending) is easily scalable and that the very thin commercial
semirigid coax cable usually employed for feeding the radi-
ating section of the applicator is avoided, thus simplifying
design and reducing insertion losses. Stainless steel inner
and outer conductors of the shaft assure high rigidity and
robustness of the needle structure; in particular the radiating
monopole is simply obtained by lengthening the inner con-
ductor of the shaft, thus assuring very high breaking strength
due to the absence of any mechanical junction. The whole
device with its handle is shown in Figure 7; in order to reduce
the adhesion of charred tissue during the thermoablative
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treatment, the shaft can be coated with a very thin layer of
Teflon or Parylene C.

High power efficiency is achieved by employing air or gas
as dielectric in the coaxial shaft structure and by silver-plating
the inner conductor.The applicator can be employedwith and
without gas cooling, depending on the applied input power.
Table 2 resumes the main performances of the different sized
applicators with and without CO

2
internal cooling.

Figure 8 shows the ice crystals formation on the applica-
tor’s shaft surface due to the Joule-Thompson effect when the
cryogenic gas cooling is employed [24].

Very thin thermal sensors [25, 26] can be incorporated
inside the applicator to monitor the temperature in corre-
spondence with its radiating section and along the shaft.

A short circuited 𝜆/4 stub integrated in the needle handle
(shown in Figure 6) is employed to decouple the input port

Figure 7: The coaxial low loss applicator design.

Table 2: Applicators performances.

Size 11 G 14G 17G 18G
Shaft diameter (mm) 3 2.1 1.52 1.27
Efficiency (20 cm shaft length) 0.99 0.96 0.94 0.92
Max CW power (W) (uncooled) 33 20 13 7
Max CW power (W) (cooled) 65 40 26 20

of the applicator from its fluidic section, thus allowing a
matched connection with a 50Ω coaxial cable that was
chosen to have <1.5 dB/m loss and to be enough flexible.
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Figure 8: Ice crystals on the applicator’s shaft surface.

Note that if we take into account the insertion losses of
the whole power distribution chain (cables, connectors, and
MSU) overall efficiencies practically halve and input powers
double.

The applicator has been designed using the CST Micro-
wave Studio Electromagnetic Simulation software (CST—
Computer Simulation Technology—https://www.cst.com/).
An optimization method has been employed in order to
guarantee the maintenance of a good input matching (S

11
<

−15 dB at 2.45GHz) during the entire ablative procedure,
taking into account the variation of the tissue (liver, kidney,
andmuscle) complex permittivity with temperature and time
[27].

4. System Safety and Risk Management

As other MW and RF thermal ablation equipment, TAMMS
represents a great challenge from the safety standpoint.
Starting from the conception phase, the first step that has
been taken into account is a comprehensive risk analysis and
assessment, mainly conducted with International Standard
ISO 14971:2012 “Application of Risk Management to Medical
Devices.”The lack of particular standards regarding the safety
and effectiveness of surgical MW equipment forces the risk
management process to be based only on the general standard
EN 60601-1:2006 “General Requirements for Basic Safety
and Essential Performance” and its corresponding relevant
collateral standards (e.g., EN 60601-1-2:2007 related to EM
compatibility and EN 60601-1-8 related to alarm systems).

During the risk management process we used the Failure
Mode, Effects and Criticality Analysis (FMECA) mainly
because of its flexibility in the definition and calibration
of risk parameters (i.e., hazard likelihood, severity, and
detectability). Indeed the use of the FMECA framework led
to the definition of a multiattribute analysis where all the
dimensions of service effectiveness were taken into account.
To shape and refine the TAMMS project, an exhaustive study
of the MWA process in terms of activities, information flows,
tools, and different professional profiles involved has also
been executed by means of a workflow analysis according to
ANSI Standard ANSI/PMI 99/001/2008.

During each project step, the entire system underwent
a thorough usability analysis according to the collateral
standard EN 60601-1-6:2010, aimed to ensure a user-friendly
and safe design.

Finally, every identified risk, including the additional
ones closely related to the mitigation interventions them-
selves, has been brought back under the acceptability thresh-
old. Therefore, the device is ready to go further towards
a clinical evaluation and all the next steps needed for CE
marking [28].The entire system is now subject to an intensive
engineering process and it will be renamed as Thermal
Ablation Treatments for Oncology (TATO).

5. Conclusions

A 2.45GHz MWA system has been developed with four
output channels that can independently feed up to four high
efficiency applicators.

The power distribution among the output channels is
made by a state-of-the-art solid-state MSU that operates as
an active programmable power splitter by employing an FSS
technology.

Due to the thermal inertia of the biological tissue and
to the very fast commutation of the switching unit, the new
system practically performs as a pseudoasynchronous system
as demonstrated by EM and TH numerical simulations and
confirmed by ex vivo experiments (see Appendices A and B).

The novel approach used for feeding multiple applicators
allows

(i) reducing system complexity and cost because only a
single high power MW generator is employed;

(ii) increasing operational flexibility;
(iii) obtaining thermal lesions of up to 4 cm in diame-

ter with optimal reproducibility and predictability,
by using a couple of 17G uncooled high efficiency
applicators (see Appendix B);

(iv) reducing sensitivity to the placement of applicators
and temperature sensors into the tissue.

Future studies and developments will be devoted to the
following topics:

(i) radiometric temperature sensing during the OFF
applicator’s states;

(ii) blood flow estimation by measuring the tissue time
constant 𝜏 during an ON-OFF cycle;

(iii) adaptive control of the switching duty-cycle based on
the temperature feedback;

(iv) study of a radically new applicator cooling system
based on heat-pipe technology;

(v) integrationwith robotic and EMnavigation technolo-
gies.

Appendices

A. Single and Dual-Probe
Numerical Simulations

Numerical EM and TH simulations represent a powerful
means to estimate the performances of a single or multiappli-
cator system operating in a biological tissue with the purpose
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Table 3: Properties of muscle tissue at 2.45GHz frequency.

Property at 37∘C Value
Electrical and mechanical properties

Relative permittivity 𝜀
𝑟

45.6
Electrical conductivity 𝜎 (S/m) 1.97
Thermal conductivity 𝑘

𝑡
(W/mK) 0.564

Specific heat 𝑐
𝑝
(J/kgK) 3400

Density 𝜌 (kg/m3) 1050
Blood perfusion properties

Flow coefficient (W/K/m3) 2700
Metabolic rate (W/m3) 480

of inducing hyperthermia or producing thermal ablation.
In the following we analyze single and double applicator
configurations that are the most frequently used in clinical
practice, using the CST Microwave Studio software. The
analysis domain is shown in Figure 9. Comparisons between
synchronous and switched-mode feeding for a couple of
applicators are also made.

Steady-state and transient thermal analyses, based on
the bioheat equation [29, 30], are performed with the
simplifying hypothesis that EM and TH equations are not
coupled through the temperature dependence of the tissue
permittivity.

The reference tissue chosen for the simulations is muscle,
whose properties at 37∘C and 2.45GHz frequency are listed
in Table 3.

Figure 10 shows the power density distribution produced
by a 17G applicator with (a) and without (b) cancelling slot.
The corresponding steady-state temperature distributions
obtained with an effective input power of 15W and active
blood perfusion are depicted in Figure 11.

Note that the “comet tail” clearly evident in the power
density distribution practically disappears in the temperature
behavior because of the heat sink effect of blood perfusion.

Passing to a couple of 17G slotted applicators immersed in
the same tissue at distance𝐷 = 12mm, we obtain the relevant
power density distributions depicted in Figure 12. Leftfigures
(a, b, and c) refer to the 𝑥𝑦 plane (𝑧 = 21mm) while right

figures (d, e, and f) refer to 𝑦𝑧 plane (𝑥 = 𝑦 = 0). Upper
figures (a, d) represent power densities in the case of in-phase
feeding of both applicators, while central (b, e) and lower (c, f)
figures represent the two complementary states of a switched
feeding.

In both in-phase and switched feeding modalities near
field interferences arise in the close proximity of the appli-
cators’ tips. In the first case the interference is “active” and
produces focusing in the 𝑦𝑧 plane of symmetry while in the
second case the interference is “passive” and the OFF applica-
tor performs as a wire reflector of the ON applicator. Due to
the very high attenuation of the EM fields in the medium the
interference phenomena are substantially reduced at a radial
distance greater than the plane wave penetration depth in the
tissue, that is 20mm in the muscle at 2.45GHz. To evidence
this phenomenon a reference circle has been traced having
radius equal to the penetration depth 𝛿.

Figure 13 refers to simulated treatments of 3min (a, b) and
10min (c, d) duration with 40W total input power.

By increasing the distance𝐷 between the two applicators,
similar behaviors can be observed up to the𝐷 = 20mm limit.
Beyond this limit some indentations begin to appear in the
60∘C isotherm profile [31].

By increasing the treatment time, the 60∘C isotherm
that encloses the tissue volume where acute cellular necrosis
instantly occurs slightly overtakes the reference circle but
does not expand further for 𝑡 > 15min.This numerical result
confirms that treatment times lasting more than 10 minutes
are not advantageous at MW frequencies as it happens
in RFA. Further simulations proved that the 85% of the
maximum allowable size of the thermal lesion is reached only
6 minutes after the treatment starting.

From the totality of the simulations performed we
observed that the isotherms for 𝑇 ≤ 60∘C are practically
independent from the feeding modality (synchronous, asyn-
chronous, or FSS) because of the heat diffusion inside the
tissue.

B. Ex Vivo Experiments

To support numerical analysis’ results, we made single appli-
cator and multiapplicator tests using 14G devices that were
chosen because of their higher power capability with and
without a cooling system. The ablations were performed on
swine livers or loin pieces taken from animals euthanized less
than 6 hours prior to the tests. All tissues were maintained
at room temperature. During this work, we will refer to the
“input effective power” 𝑃eff as the net power flowing in the
applicator input port that is calculated by calling off the losses
of the power distribution chain. Practically this power value
can be obtained by halving the power delivered by the MW
generator.

Figure 14 shows ablations obtained employing a single
slotted applicator with 𝑃eff = 15W input power and 8-minute
treatment time. The thermal lesion was 4 × 2.5 cm and its
shape and dimensions agree well with simulation results.

We have also compared the lesions obtained with and
without cooling, shown in Figure 15. With 𝑃eff = 20W and
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Figure 10: Power density distribution on the 𝑦𝑧 plane of a 17G applicator operating inside muscle tissue with (a) and without (b) cancelling
slot. Reference input power = 1W.
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Figure 11: Steady-state temperature distribution on the 𝑦𝑧 plane of a 17G applicator operating inside muscle tissue with (a) and without (b)
cancelling slot. 𝑃in = 15W.
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Figure 12: Power density distribution produced by a couple of applicators with in-phase feeding (a, d) and switched-mode feeding (b, e) and
(c, f). Reference input power = 1W.
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Figure 13: Temperature distribution after 3min (a, b) and 10min (c, d) simulated treatments in perfused muscle tissue. Total 𝑃in = 40W.
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Figure 14: Longitudinal cut of the thermal lesion obtained using a single applicator in ex vivo swine loin with 𝑃eff = 15W (a) and related
thermal simulation (b). Treatment time: 8 minutes.

(a) (b)

Figure 15: Longitudinal cuts of the thermal lesions obtained in ex vivo swine loin using a single applicator with 𝑃eff = 20W without cooling
(a) and 𝑃eff = 30W with cooling (b). Treatment time: 10 minutes.

employing an unslotted uncooled applicator, we obtained a
lesion of 4.5 × 3.4 cm with reduced charring in 10 minutes.
On the other hand, with cooling active and 𝑃eff = 30W, the
lesion was 5 × 4 cm.

From the previous experiments we can observe that the
differences between the lesions obtained with and without
gas cooling are comparable in shape and dimensions apart
from the greater charring produced by the cooled applicator.



10 International Journal of Microwave Science and Technology

(a) (b)

Figure 16: Longitudinal (a) and transverse (b) cuts of the thermal lesions obtained in ex vivo swine liver using a couple of uncooled applicators
with total 𝑃eff = 40W. Treatment time: 10 minutes.

(a) (b)

(c)

Figure 17: Longitudinal cut (a), related thermal simulation (b), and transverse cut (c) of the thermal lesion obtained in ex vivo swine loin
using a couple of uncooled applicators with total 𝑃eff = 25W. Treatment time: 10min. One of the two applicators was removed to highlight
higher temperature gradient zones.

It follows that, when passing from an uncooled to a cooled
device, the efficiency suffers a decrease, about 20% in this
case, due to the MW power wasted in the shaft far from
the radiating section, where the cooling fluid subtracts heat.
This drop of efficiency, that depends on shaft losses and
comet effect, is influenced by several parameters such as
temperature and flow velocity of the cooling fluid and does
not remain constant during the treatment and furthermore
cannot easily be measured.

We can ascribe the worse repeatability of the obtained
results when the applicator’s cooling is active to this variabil-
ity and unpredictability of the total energy administered to
the tissue.

For this reasonwe decided to perform themultiapplicator
trials using only uncooled applicators. Figure 16 shows the
longitudinal cut of an ablation made with two applicators
on an ex vivo swine liver with 𝑃eff = 40W and 10-minute
treatment time.
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Figure 17 compares the ablation obtained using a couple
of applicators immersed in swine loin with the corresponding
numerical simulations. Also in this case experiments agree
well with simulation results. It is worth noting that we
obtained an almost spherical lesion with a 4 cm diameter and
negligible charring effects, resulting in a volume of 31 cm3.
This finding confirms the preliminary results obtained in [18]
using applicators without cap loading.

Referring to recent comparisons [31, 32], it can be said
that the ablations shown in Figures 14–17 represent very
promising findings, even when compared to the results
obtainable with other commercially available systems using
cooled applicators.
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