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Abstract — Tracking of medical interventional devices is
performed using non-contact microwave-induced thermoacoustic
detection. The interventional device is modeled with an exposed
tip coaxial probe in an agar phantom and it uses the inherent
microwave excitation to generate modulated thermoacoustic
signals. The resulting ultrasound signal is detected by custom
designed capacitive micromachined ultrasonic transducers
(CMUTs) at a standoff and without any contact with the target.
The dependency of the specific absorption rate (SAR) profile on
the excitation frequency and probe tip length is examined in order
to determine optimal operating conditions for resolution and
signal level. An excitation frequency of 2.35 GHz is chosen and is
amplitude-modulated with a 72 kHz pulse train to match the
center frequency of the CMUTs. A two transducer system is
employed to achieve cm-scale resolution via 2-dimensional
location tracking using a modified trilateration technique.
Index Terms — biomedical imaging, interventional, medical
services, target detection, target tracking, ultrasonic transducers.

I. INTRODUCTION
Interventional medical devices enable a wide range of
minimally-invasive therapeutic procedures using image
guidance to diagnose and treat diseases [1]. Procedures such as
angiography, needle biopsy, and localized tissue ablation
combine the use of flexible catheter probes and medical
imaging techniques to reduce patient risk from highly invasive
procedures requiring open surgery [1]. In order to accurately
steer the flexible probe of these devices through the patient to
the target location, a real-time tracking method must be
implemented. Interventional Magnetic Resonance Imaging
(iMRI) procedures allow for accurate and interactive
visualization of the probe tip and target location using
traditional MRI technology [2]. However, these solutions are
costly and typically bulky, do not offer easy access to the
patient, and require specialized MRI-safe equipment.
Recently, thermoacoustic (TA) methods employing
excitation of soft biological tissue at microwave frequencies
have been proposed for medical imaging [3-6]. Non-contact
thermoacoustic detection is based on the application of
microwave excitation, which instantaneously and selectively
heats the target tissue causing minute expansions and, therefore,
a pressure signal that travels out of the body and is captured by
an ultrasonic (US) detector [7]. Using this idea, we propose a
non-contact, low-cost active tracking system for interventional
probes. This approach offers a significant improvement and
flexibility in access to the patient. As seen in Fig. 1, without

significant modification to typical interventional ablation
probes, we excite the tissue with microwave signals through the
probe tip. An array of CMUTs outside the body can locate the
probe through accurate trilateration of the ultrasonic signal
generated at the exposed tip via the thermoacoustic effect [8].
Here, the patient is not confined to a typical bulky scanner used
in iMRI and the CMUT receiver array can be relocated around
the target. It should be noted that the non-contact operation
introduces a large 65-dB acoustic signal loss at the air-body
interface and to recover the SNR the system requires sensitive
ultrasound detectors, typically capacitive (or piezoelectric)
micromachined ultrasonic transducers (CMUTs) [9-11].
Though this initial proof of concept system uses a lowbandwidth transducer array that only allows for cm-scale
resolution, we project that a more wideband US receive system
utilizing more CMUT array elements would allow resolution
down to the mm-scale. We have verified the concept of this
technique through full-wave electromagnetic simulations as
well as experiments.

Fig. 1. Conceptual schematic of system for
interventional probes through thermoacoustic detection.
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II. SIMULATIONS
Typical interventional devices such as catheter probes or
ablation probes consist of an insulating shaft followed by an
exposed tip that deposits microwave energy according to the
needs of the medical procedure. The tip can be modeled by a
typical coaxial cable with its inner conductor partially exposed
to the medium. Biological tissue is modeled using an Agarose
solution gel which acts as the tissue phantom for the acoustic
and electric properties [12]. Microwave energy radiates from
the coaxial probe and is absorbed by the tissue immediately
surrounding the exposed tip area. In this approach, the
microwave frequency and the length of the exposed inner
conductor tip are important factors in the deposition of
microwave power into tissue.
The exposed tip acts in a similar manner to a monopole
antenna when driven with microwave excitation. In order to
have a higher resolution in detecting the position of the tip, it is
important for the deposited microwave energy to be absorbed
within a small volume around the exposed tip. This can be
addressed by i) operating at higher microwave frequencies
where the microwave attenuation rate in tissue is high, or by ii)
choosing a very small length (compared to the wavelength in
the medium) for the exposed area of the tip. Microwave
absorption in tissue increases with frequency and is relatively
high at GHz frequencies [4]. As a compromise between
microwave absorption properties and the complexity of
designing an efficient and scalable probe system, we have
chosen the frequencies of 1 GHz and 2.35 GHz to investigate
further.
Figure 2 shows the simulated SAR distribution around the tip
when exposed to the tissue (modeled by agar gel with measured
εr=70, tanδ=0.257, and mass density of 1.032 g/cm3 at 2.35
GHz). We have performed simulations for two different
frequencies (1, 2.35 GHz) and different tip lengths (λ/10, λ/8,
λ/6, λ/4). Table I shows the input impedance of the coaxial
probe at the beginning of the tip and the local total SAR in a
cylindrical volume with a diameter of 10 mm around the
exposed tip for different lengths of the tip. The value of the SAR
is normalized to an input microwave peak power of 4kW (13.8
W average) when the input port is assumed matched. The
covered section of the 50 Ω coaxial probe is also assumed to be
lossless in simulations.

TABLE I
EXPOSED TIP INPUT IMPEDANCE AND POWER ABSORBED BY
TISSUE UNDER IDEAL MATCHING
Tip Length
(λ= λeff)
λ/4
λ/6
λ/8
λ/10

ZIN (Ω)
1 GHz
2.35 GHz
12.18-j*4.71 7.82-j*1.00
8.96-j*9.57 5.76-j*5.23
8.25-j*13.29 5.45-j*8.15
8.15-j*16.34 5.50-j*10.41

Pabs (W/kg)
1 GHz
2.35 GHz
0.863
1.07
0.984
1.15
1.17
1.27
1.28
1.37

As explained earlier, the total SAR in a confined volume
around the tip is slightly higher at 2.35 GHz compared to 1 GHz.
Moreover, smaller tip lengths show more localized power
absorption. However, due to the ease of fabrication and
impedance matching we have chosen the λ/4 case at 2.35 GHz
(L=3.81mm) in our experimental setup.
III. EXPERIMENT SETUP
Figure 3 shows the experimental setup. The probe tip was
made by cutting an RG-58U coaxial cable and exposing the
appropriate length of inner conductor. A solution of UltraPure
Agarose (Invitrogen) and sodium chloride was prepared and
allowed to set into a gel. The probe input was matched to the
microwave source using a triple-stub tuner and a VNA. The
function generator was used to create a modulation signal of
N=10 pulses in a burst with a 20 ms burst period at a pulse
frequency of 72 kHz, which matches the center frequency of the
two CMUT detectors. The wavelength of the ultrasound signal
in agar is 2.14 cm at this frequency. For coherent processing,
this pulse was synchronized to the oscilloscope to determine the
onset time of the signal to the sample. The pulse train then
modulated the microwave excitation at a carrier frequency of
2.35 GHz. The modulated pulse signal was then amplified to a
peak of 4 kW and the resulting signal was applied to the probe
tip. The generated US signals were detected by highly-sensitive
CMUTs, amplified through an LNA, and shown on the
oscilloscope. Averaging was performed with Navg = 100.
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Fig. 2.
Simulation of local SAR field magnitudes in log scale
around exposed probe tip. Input power is 1 W and the probe is not
matched to the source.

Fig. 3.

Schematic representation of the experiment setup.
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IV. RESULTS AND DISCUSSION
The experiment was designed to use trilateration techniques
to measure the position of the tip in the plane of the US setup
using two transducers. This creates two solution points where
one is located vertically above the transducers and is therefore
ignored. The other solution gives the vertical distance below
and the horizontal distance away from the CMUTs. The actual
vertical distance between the surface of the agar gel and
CMUTs remained constant at 40 cm. The agar gel was molded
into the shape of a long cylinder and placed in parallel with the
CMUT axis. The probe tip was inserted in 5 cm increments
along this axis, at the approximate locations of -10, -5, 0, and 5
cm, where the 0 cm point represented the midpoint of the two
CMUTs. The measurement at -10 cm was included to show
performance at the edge of the CMUTs’ field of view.
The signal time-of-flight was measured from the oscilloscope
(example for the 0 cm case shown in Fig. 4) using the time
difference between the onset of the excitation microwave pulse
train to the left and the onset of the US signal at the CMUTs

Fig. 4.
Waveform showing onset of US signal used in time-offlight calculations. Signal resulting from multipath reflection is
seen after the initial onset of US signal.
.

(shown with markers). A thresholding scheme was employed to
identify the signal arrival time at each CMUT. From this and
the known vertical distance from the CMUTs to the agar
surface, two curves were created, corresponding to possible
probe tip location measurements for each CMUT. Refraction
due to different acoustic wave velocities in air and agar was
accounted for in these curves [13-14]. It is noted that the
effective wavelength for 72 kHz ultrasound is 2.14 cm in agar
and 0.48 cm in air. The intersection of the two curves gave the
actual measured location. For clarity, the setup along with one
location calculation for the x-direction 0 cm case is shown in
Fig. 5.
TABLE II
STANDARD DEVIATION OF MEASUREMENT LOCATION AT
EACH PROBE TIP POSITION FOR N = 100, 500, AND 1000
AVERAGES
Probe Tip
Location
(cm)
5 cm
0 cm
-5 cm
-10 cm

Standard Deviation of Measurement
Location, σ (cm)
Navg = 100 Navg = 500 Navg = 1000
0.92
0.65
0.29
0.52
0.35
0.28
0.64
0.51
0.35
1.21
0.81
0.74

For each probe position, 100 measurements were taken to
determine the standard deviation of the position estimate.
Position estimates were not compared to the exact 5 cm
increments due to the approximate nature of the probe
placement. Figure 6 shows a box and whisker plot for the
measured position at each approximate position in the
horizontal dimension for Navg=100. Table II shows the standard
deviation of the measurement location for Navg=100, Navg=500,
and Navg=1000. Averages of 500 and 1000 were applied by
averaging groups of five and ten measurements respectively
from the original Navg=100 dataset. In order to maintain a
constant sample size for standard deviation calculations 10
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Fig. 5.

Calculation of probe tip location with refraction.

Fig. 6. Box and whisker plot for measured position vs. actual
position in the horizontal dimension with N=100 averages.
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position measurements were selected from the Navg=100 and
Navg=500 datasets corresponding to the maximum sample size
of the Navg=1000 dataset.
With averaging, assuming additive white Gaussian noise, and
using the Cramer-Rao lower bound (CRLB) for pulse arrival
time variance, the error in the measured location is expected to
improve [15]. This was confirmed by the results in Table II by
the reduction of the standard deviation with averaging across
all probe tip locations. We see that for probe positions outside
of the aperture of the CMUTs, the measured position
experienced increased deviation from the location estimate.
This indicates the probe tip is leaving the aperture of the
tracking system thus decreasing the signal levels measured by
the CMUTs and this increases the pulse arrival time
uncertainty. Further improvements to the location estimate may
be achieved with more sophisticated threshold detection
algorithms and coherent processing techniques to increase SNR
and bandwidth. Precise comparison of estimated and actual
position may be evaluated with a carefully designed
experimental setup.
V. CONCLUSION
We propose and experimentally demonstrate a non-contact
tracking system for medical interventional devices such as
catheter probes or ablation probes. Our system presents a
modulation on the microwave excitation that is already present
in the device, to generate coherent US signatures from the
volume immediately surrounding tissue via the TA effect.
These US signals are then detected using CMUTs in a
trilateration scheme. Interventional devices and human tissue
are modeled with exposed tip coaxial probes in an agar
phantom. Measurements of probe tip location using two
CMUTs indicate accurate tracking at cm-scale resolution over
a range of locations within the aperture of the tracking array and
increasing error for locations outside the aperture. The
proposed standoff tracking method avoids the fixed device
structure setups present in typical iMRI procedures and allows
for freedom of movement and placement of both the tracking
setup and the patient under examination. Future work includes
reducing location tracking error by developing more advanced
signal detection algorithms and improving the accuracy of the
trilateration scheme by employing a more mobile, wideband,
and multi-element US receive array.
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