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Abstract

Radiofrequency ablation (RFA) is a non-invasive image-guided procedure where tumors are
heated in the body with electrical current. RFA procedures are commonly indicated for
patients with limited local disease or who are not surgical candidates. Current methods of
RFA use multiple cords and wires that ergonomically complicate the procedure and present
the risk of cutting or shorting the circuit if they are damaged. A wireless RFA technique
based on electromagnetic induction is presented in this paper. The transmitting and receiving
coils were coupled to resonate at the same frequency to ensure the highest power output. The
receiving coil was connected to two insulated electrodes on a catheter, which allowed the cur-
rent to flow to the targeted tissue. The prototype system was tested with ex-vivo bovine tissue,
which has similar thermal and electrical properties to human tissue. The setup can monitor
the received power, efficiency, temperature, and ablation zone during ablation procedures. The
maximum received power was 15W, and the average maximum efficiency was 63.27%. The
novel system was also able to ablate up to a 2 cm ablation zone in non-perfused tissue.
This proof of concept for performing RFA wirelessly with electromagnetic induction may
merit further optimization.

Introduction

Thermal ablation procedures can treat various medical problems, including cardiac ablation
for arrhythmia treatment, lateral branch neurotomy for chronic sacroiliac joint pain, and loca-
lized cancer ablation in the liver [1], kidney, lung, soft tissue, or bone [2–4].

Tissue ablation can destroy cancerous or benign tumors and can be executed less invasively
with needle-sized incisions, lower cost, fewer risks, and a shorter recovery. In most modalities,
the tissue is heated or cooled to cytotoxic temperatures with several different types of energy.
Cryoablation uses extreme cold to ablate, whereas microwave, radiofrequency, high intensity
focused ultrasound, and laser ablations use heat to ablate [5–8]. In thermal ablations, tempera-
tures above 60°C will cause destruction at the cellular level, leading to cell death [9].

Radiofrequency ablation (RFA) is often used to treat lesions in the liver, kidney, lung, bone,
breast, prostate, and pancreas [10, 11]. During RFA, an electrical current alternates at radio-
frequencies between two electrodes [9, 12, 13]. A probe is inserted into the body until it
comes into contact with the target tissue. The target tissue introduces resistance, completing
a circuit between the two electrodes [14]. The impedance of human tissue is typically within
the range of 75–200Ω [15, 16]. Thus, when current is introduced into tissue in RF tumor abla-
tion procedures, the ions in the tissue align in the direction of the current. When the current
alternates, the ions agitate, causing friction and tissue coagulation, which ultimately result in
cell death [17, 18].

In terms of the mode of electrode placement, there are two options, monopolar RFA and
bipolar RFA. Monopolar RFA inserts one needle or catheter electrode into the body to induce
current with another “dispersive electrode,” which is a grounding pad on the skin, usually on
the thigh. The ablating electrode or electrodes that are inserted into the lesion radiate heat out-
ward fairly uniformly along the lines of current density, because there is a significant distance
to the dispersive electrode [19]. Bipolar RFA deploys both electrodes into the body and the
currents flow between them. This method ablates the tissue directly between the electrodes
in the tissue at the volume of maximum current density. When the electrodes have a similar
surface area, the current density in that region will be more uniform. However, if the electrode
sizes are unequal or unevenly distributed, and the current remains the same, the current dens-
ity will be higher around the electrode with the smaller surface area [19, 20].
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In practice, there are three methods to perform these RFAs –
percutaneously, laparoscopically, or by open laparotomy.
Percutaneous ablations are generally outpatient procedures con-
ducted with contrast-enhanced computerized tomography (CT)
guidance and occasionally accompanied by live fluoroscopy or
ultrasonography. Percutaneous RFA can be performed under gen-
eral or local anesthesia, whereas laparoscopic and open surgical
RFA requires general anesthesia. Ablations performed percutan-
eously may have less risk for complications, but visualization is
sometimes limited [20, 21].

Laparoscopic ablations utilize enhanced imaging with endo-
scopic cameras and/or ultrasound transducers placed on the sur-
face of the organ. While increased visualization can lead to more
accurate staging and ablation, probe placement is difficult since
probes must enter through a laparoscopic port. The laparoscopic
approach is more invasive than the percutaneous method and
may require more hospitalization [21–23]. Open surgical laparot-
omy RFA is often performed at the same time as resection of lar-
ger tumor tissue. In this method, small tumors may be precisely
ablated, but it is a more invasive procedure and requires add-
itional recovery time [20, 21].

Microwave ablation (MWA) is an alternative form of thermal
ablation to treat cancer using electromagneticwaves in themicrowave
energy spectrum (300MHz to 300 GHz) to produce tissue-heating
effects [24–30]. However, MWA is out of the scope of this study.

Current percutaneous tumor ablation procedures are usually
performed in a procedural room equipped with a cone-beam CT
fluoroscopy or CT scanner. These procedural rooms also have anes-
thesia and patient monitoring equipment. A number of equipment
and cablesmay be tethered to the patient, whichmay limit thework-
flow efficiency and ergonomics. The weight of the ablation cables
could also alter the needle location when the physician lets go of
them, as commonly occurs during CT imaging.

During the procedure, there are multiple people in the operat-
ing room, including the interventional radiologist who performs
the ablation, one to two imaging technologists, an anesthesiolo-
gist, a nurse anesthetist or anesthesia technologist, nurses, and
sometimes students, fellows, or trainees. Since the operating
room is a bustling environment, it is possible that personnel
could trip on cords during procedures.

In the methods presented in this paper, bipolar RFA is utilized;
thus, both electrodes are localized and connected to the same
probe (a catheter or needle). Additionally, the intended use for
this work is for percutaneous procedures. The prototype pre-
sented in this paper aims to prove the concept of performing
RFA procedures using electromagnetic induction with fewer
wires.

Methods

Inductive power transfer theory was used to deliver power to the
ablating electrodes wirelessly. Table 1 defines all the symbols used
in equations (1)–(6).

The Ampere–Maxwell Law states that electrical current flow-
ing through a coil of wire creates a magnetic field around that
wire. In addition, when that electrical current alternates in the
wire, there will be an alternating magnetic field (equation (1))
[14, 31–34]:

∮
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The Law of Biot–Savart (equation (2)) is applied to determine
the magnetic field [14, 31–34]:

B = m0I
4pR2

∮
dL = m0I

2R
(2)

Faraday’s Law of induction states that an electromotive force
will be induced on a coil of wire placed into a changing magnetic
field. This law represents the relationship between the strength of
the magnetic field (flux), the area of the coil, and the number of
turns in that coil (equation (3)) [31–34]:

1 = −N
DFB

Dt
(3)

The frequency of the oscillations can be modified by changing
the inductance of the coil or the capacitance of its tuning capaci-
tor in the LC tank circuit. The receiving coil has a similar LC tank
circuit to the transmitting circuit. The inductors and capacitors
are tuned to be in resonance with each other. Magnetic resonance
relates the operating frequency to the values of the capacitor and
inductor used. When the LC circuit operates at the resonant fre-
quency, its reactance is at its highest point, and its impedance is at
its lowest point. Therefore, the power at the resistive load will be
high. The formula to determine the resonant frequency in this
parallel tank circuit is shown in equation (4) [31–34]:

fresonant = 1

2p
����
LC

√ (4)

Table 1. Symbols and definitions used in equations (1)–(6)

Symbol Definition Unit

B Magnetic field T

E Electrical field V/m

dl Length of element m

μ0 Permeability of free space N/A

Ienc Enclosed current A

ε0 Electric permittivity of free space N/A

I Current A

R Radius of the wire mm

n̂ Outward point unit-normal N/A

ΦB Magnetic flux Wb

ε Electromotive force V

fresonant Resonant frequency Hz

L Inductance H

C Capacitance F

SAinside stylet Surface area of the inner stylet m2

SAoutside sheath Surface area of the outer sheath m2

dcyl Diameter of the cylinder m

hcyl Height of the cylinder m

dcone Diameter of the cone m

hcone Height of the cone m
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The ablation system is comprised of two parts: the ablation
generator, which has an oscillating circuit, and the transmitting
coil. The wireless catheter has the receiving coil and the catheter
that is intended to be inserted into the body to ablate the target
tissue. The ablation generator creates a magnetic field, and the
wireless catheter is placed into that field. Figure 1 shows how
the two parts of the system are used together.

Figure 2 shows how the presented system was mounted onto
the skin surface.

Ablation generator

The ablation generator uses an amplification circuit to create an
alternating current through a coil to create an alternating mag-
netic field. A modified Royer amplifier was used to create a
medium power alternating current. The Royer amplifier is advan-
tageous when the coil distances are intended to be changed
because the oscillation frequency is related to the resonant
frequency of the transmitting and receiving tank circuits.
Therefore, the oscillating frequency will change as the coil
distance varies.

The amplifier utilizes two MOSFETS that are cross-coupled
and connected to the LC tank circuit. Once the gate of one of
the MOSFETS is triggered, it opens its switch and allows current
to flow from the drain to the source. This also forces the gate volt-
age of the other MOSFET to zero, which turns that switch off,
thus only allowing one MOSFET to be on at one time [31].
Figure 3 shows the gate voltage (VGS) of one MOSFET and the
drain voltage (VDS) of the cross-coupled MOSFET.

The circuit is powered using a 12–24 V adjustable power sup-
ply with a maximum DC current of 2.5 A. The LC tank circuit is
designed in a parallel configuration with its characteristics
defined in Table 2. With equation (4) and the values of the
LC tank circuit, a frequency of 50.5 kHz is calculated. This
value was validated in practice as an oscillating frequency of
50–55 kHz was observed. This circuit amplifies the natural oscil-
lating feedback of the LC tank circuit to create a strong magnetic
field through the coil [35, 36]. Figure 4 shows the diagram of the
modified Royer circuit used to amplify the oscillations of the
tank.

Fig. 1. Schematic diagram of the wireless ablation system. The wireless catheter consists of the RX tank circuit.

Fig. 2. System mounted on top of an animal cadaver.
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Wireless catheter

While the ablation generator produces an oscillating magnetic
field, the receiving coil connected to the wireless catheter is placed
within those flux lines, and a voltage is induced (equation (3)).
The receiving LC tank circuit is half the diameter of the

transmitting and has a parallel configuration that is in resonance
with the transmitting circuit (Table 2; Fig. 5).

The prototype probe (needle/catheter) used in this work is 6.5
gage and 12 cm in length. The device is composed of two parts:
the inside stylet and the outside sheath. Each part is connected
to one side of the receiving LC circuit, as shown in Fig. 6.
These two parts are insulated from each other in order to only
allow current to flow from the electrodes through the load.

The surface area of the electrodes is critical to consider in
order to predict and understand the ablation zone the catheter
creates. The geometry of the inside stylet electrode is composed
of a hollow cylinder and a cone. Therefore, the surface area of
this electrode is represented by equation (5). The surface area of
the inside stylet electrode was calculated to be 67 mm2:

SAinside stylet = pdcylhcyl +
pdcyl
2

����������������������
dcone
2

( )2

+ (hcone)
2

√
(5)

Fig. 3. Time-domain analysis of VGS and VDS of the cross-
coupled MOSFET: (a) the top waveform (VDS) and (b) the
bottom waveform (VGS) of the cross-coupled MOSFET.

Table 2. TX and RX tank circuit characteristics

TX tank circuit RX tank circuit

Variable Value Variable Value

Inductance 25.74 μH Inductance 25.69 μH

Capacitance 386.3 nF Capacitance 400.2 nF

Coil diameter 10 cm Coil diameter 5 cm

Coil turns 12 Coil turns 14

Fig. 4. Circuit diagram of the transmitting (TX) circuit.
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The geometry of the outside sheath electrode is composed of a
hollow cylinder and its circular base, which is represented as an
annulus. Therefore, the surface area of this electrode is repre-
sented by equation (6). The surface area of the outside sheath
electrode was calculated to be 79 mm2:

SAoutside sheath = pdcylhcyl + p
d1
2

( )2

− d2
2

( )2
( )

(6)

The catheter was constructed so that the surface area of the
outside sheath electrode was 18% greater than the inside stylet
electrode surface area. This difference in surface areas directs
the ablation zone toward the electrode with the smallest electrode
surface area [19, 37]. In this case, the electrode with the smaller
surface area is the inside stylet electrode; therefore, the ablation
zone is closer to the tip of the coaxial probe system (Fig. 7).

A thermistor is also inserted into the hollow catheter to meas-
ure the temperature at the tip of the catheter during ablation. The
thermistor is connected to a small battery-powered circuit that
allows the catheter to be completely independent of any wired
source. The thermistor is modified from a commercially available
thermometer, Delta Track 11063 [38]. The probe has a length of
99 mm and a diameter of 1.6 mm. The accuracy is 0.1°C.

Experimental results

Four experiments were performed to evaluate the performance of
the wireless ablation system. The first and second tests directly
focused on the efficiency of the wireless power transfer. A resistor
was connected to the RX coil, and power was measured as the dis-
tance between the coils increased, and as the input, DC voltage

changed. Then, the third test was to ablate ex-vivo bovine tissue
to evaluate the feasibility of this ablation system. For these experi-
ments, the wireless catheter was connected in parallel to a load,
either a resistor or animal tissue. This setup is represented by
the circuit diagram found in Fig. 8.

Coil distance and power efficiency with resistive load

The power of the ablation system was measured at the transmit-
ting and receiving side to determine the efficiency of the wireless
power transfer while the distance between the coils increased.

Fig. 5. Photo of (a) the TX circuit and (b) the TX and RX
tank circuit.

Fig. 6. Diagram of the transmitting (TX) and receiving (RX) circuits.

Fig. 7. Shows how the Rx tank circuit is connected with the ablation electrode.
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In this experiment, a purely resistive load was added in parallel
with the receiving tank circuit. The resistor was measured to be
103.1Ω. We recorded the power received and its corresponding
power efficiency at each coil distance. As the insertion depth
increased, the distance between the coils decreased.

These tests were performed using a DC input voltage of 24 VDC,
where the maximum transmitting power was possible. Three trials
were conducted when the RX coil was at 0, 30, and 40° with the
TX coil, respectively. The average standard deviation for the RX
power is ±1.8W for the three trials. The average standard deviation
for power efficiency is ±4.9% for the three trials (Fig. 9).

The largest received power and efficiency were achieved when
the coils were within the transmission range. A maximum of
15W was recorded at the load. As the coil distance increased,
the received power and efficiency decreased. The minimum
desired RX power was 3W. Powers less than this take an
extremely long time to ablate with the presented catheter. Thus,
a 6 cm coil distance was indicated as the maximum working
distance.

Received power and varying DC input voltage with resistive
load

When the presented ablation system is in use, the only variables
able to be manipulated are the probe insertion depth and
the DC input voltage. This experiment aimed to determine the
received power and the corresponding power efficiency as the
DC input voltage varied. The operational voltage for the DC
input ranged from 12 to 24 VDC. In this experiment, the power
and efficiency were measured at increments of 1 VDC. The resis-
tor was measured to be 103.1Ω.

Since the coils remained within the transmission range during
these tests, the mutual inductance of the two tank circuits also
stayed the same. Again, three trials were conducted in this test,
the RX coil was in 0, 30, and 40° with the TX coil, respectively.

The average standard deviation was ±7.6W. In trial #1(i) of
Fig. 10, the power received increased linearly as the DC input volt-
age increased. The average standard deviation was ±1.4% for the
three trials. The average power efficiency was 63.27% for the three
trials.

Ex-vivo bovine tissue experiment

In this experiment, ex vivo bovine tissue was ablated with the
custom fabricated ablation system (Fig. 11). Two tests were
conducted – one with maximum ablation power, and one with
minimum ablation power. The temperature was recorded with
the thermistor circuit on the wireless catheter. This tissue had
an initial impedance of about 175Ω for all tests. The temperature
of the tissue was monitored while the ablations were performed.

Maximum power
The first test was ablation at 24 VDC with the coils within the
transmission distance. Three trials were conducted for 2 min,
and the temperatures during ablations were plotted over time
(Fig. 12(b)). The error line was plotted based on the measurement
of the three trials. The average standard deviation for this test was
±2.21°C, which was insignificant compared to the average
temperature. From these data, consistent temperature rise and
decay were observed for each trial. The ablation zones were also
nearly the same, with a width of 9 mm, and a length of 18 mm
(Fig. 12(a)).

Minimum power
The next test was ablating the tissue at its minimum powers. This
was achieved with an input voltage of 12 VDC at 0 cm coil dis-
tance and an input voltage of 24 VDC at 6 cm coil distance.
The tissue was ablated for 5 min in each case, and their tempera-
tures during ablation were plotted over time (Fig. 13(b)). One
measurement was taken in each case. From the temperature
data, the 12 VDC ablation had a faster rise in temperature because
the power was slightly higher. The ablation at 6 cm distance had a
lower power because the temperature rise was slower. However,
the ablation zones for both tests were nearly the same, with a
width of 12 mm and a length of 21 mm.

Conclusions

Ablation therapy has become a widely practiced technique for
targeted image-guided focal ablation of both cancerous and
benign tissue. Tumor ablation can be achieved with many types
of energy by bringing the tissue above the cytotoxic temperature
of 60°C. RFA uses alternating electrical current to ablate tissue by
ionic agitation.

A custom bipolar RFA system was developed to investigate the
possibility of ablating tissue wirelessly. The system was composed
of an ablation generator and a wireless probe (coaxial needle/cath-
eter). The generator was composed of an oscillating circuit that
created a medium power magnetic field. The catheter had a
receiver coil that was induced with a voltage when placed in the
magnetic field. The catheter had two electrodes that allowed the
alternating current to flow through tissue, achieving tissue
destruction.

The performance of this ablation system was evaluated in
terms of its received power, temperature, and ablation size. The
average maximum received power was 15W, and the average
maximum efficiency was 63.27%. The ablation power and

Fig. 8. Diagram of the receiving (RX) circuit during testing and ablation: (a) circuit dia-
gram and (b) schematic diagram.
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temperature were tested using ex-vivo bovine tissue. The system
was able to ablate up to an ablation zone with a diameter of 12
mm, which is a clinically relevant size. Focused ultrasound, as
an alternative modality, could generate a uniform cylindrical abla-
tion profile with a diameter of 1–3 mm and length of 2–5 mm
[39].

With these results, the concept of using inductive power trans-
fer to perform RFA wirelessly was proven, even prior to optimiza-
tion or refinement. The prototype ablation system outlined in this
study proved the concept, rationale, and feasibility of wireless
ablation. Design and system modifications, as well as system mini-
aturization, may further improve the system. The efficiency of
power transfer can be increased by using a more robust amplifier
with lower resistive losses. Additionally, more tuning may be
needed in order to increase the coupling between the two coils.
Further experiments could be conducted to evaluate the size of

the ablation zone with electrodes of different surface areas and
spacing.

Moreover, three more tests will be performed for the character-
ization of this prototype. One test is to measure the dependency of
the received power and power efficiency based on different values
of the load. Another test is to measure the power efficiency with
respect to DC voltage input at specific insertion depth, i.e. coil
distance. The final test is to measure the temperature variation
of the catheter tip with respect to the ablation time at specific
coil distance.

The exact clinical utility remains to be defined, but it could
simplify thermal ablations where the probe must be left
unattended, such as during CT scanning. Although extremely
speculative at present, another application might also include set-
tings wherein intermittent and non-invasive heating is desired,
whereby such coaxial electrodes might be semi-permanently

Fig. 9. Shows the trend of received power as well as power efficiency with respect to the coil distance in three different trials, trail #1 is conducted when the RX coil
is in parallel with the TX coil. (i) Shows the relationship between the received power and the coil distance. The dotted line is the minimum desired RX power. The
received power is above the minimum requirement of 2.5 W when the coil distance is less or equal to 6 cm. (ii) Shows the relationship between power efficiency and
coil distance, and (iii) shows the orientation of the RX coil (black) with respect to the TX coil (red).
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Fig. 10. Shows the trends of received power and efficiency with respect to the DC input voltage in the trials #1–3. Trail #1 is conducted when the RX coil is in parallel
with the TX coil. (i) Shows the relationship between the received power and the coil distance. The received power was all above the minimum requirement of 2.5 W
for the whole test. (ii) Shows the orientation of the RX coil (black) with respect to the TX coil (red).

Fig. 11. Setup of the bovine liver experiment: (a) ex vivo
bovine tissue during ablation and (b) thermal image
during ablation.
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placed with image guidance at target tissues for subsequent and
sequential stimulation of indwelling wireless fiducial probes,
such as for nerve stimulation, immunomodulation, or radiation
sensitization. The absence of wires could be a design advantage
in specific settings.
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