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Abstract—Electromagnetic tracking (EMT) is essential in
surgical navigation without line of sight and to reduce the use
of harmful radiation-based imaging. The inductive sensors
used in current EMT systems are small, often less than a
millimeter in diameter, but the need for a wired connection
from the sensor to the control unit can cause obstruc-
tions and complicate the surgical field. This work introduces
a novel wireless method of tracking electromagnetic (EM)
sensors with immediate applications intended to streamline
surgical workflows. Wireless EM 6-degree-of-freedom (DOF)
sensor nodes were designed and manufactured with the
intended use as a patient-mounted registration device. The
battery-powered prototype device was shown to have a posi-
tion and orientation trueness of 0.84 mm and 0.7◦, respectively, over a tracking volume of 40 × 40 × 35 cm. The sensor
node performs analog and digital signal processing and uses bluetooth low energy (BLE) to transmit the sensor data at a
25-Hz refresh rate. The Bluetooth-based wireless EM sensor nodes developed in this work have comparable performance
to standard wired sensors and were tested in both a static volume characterization and a dynamic ex vivo lung model.
The work in this article is based on the open-source Anser EMT system although the approach can be generalized to
any tracking system. Wireless EMT offers the potential to introduce computer-assisted navigation in surgical procedures
where wired sensors were previously infeasible.

Index Terms— Bluetooth, electromagnetic tracking (EMT), endoscopy, image-guided surgery, localization, navigation,
wearable sensors, wireless sensor networks.

I. INTRODUCTION

ELECTROMAGNETIC tracking (EMT) has been widely
used in both research and clinical settings for enhancing

image-guided surgical interventions without requiring line
of sight and avoiding increased use of ionizing-radiation-
based imaging [1]. A spatially varying magnetic field is
created by a field generator usually placed near or beneath
the patient on the operating table. Miniature inductive coil
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sensors, typically less than a millimeter in diameter, measure
the field as a small induced voltage, which is then sampled and
processed to determine the sensor position and orientation with
millimeter- and degree-scale accuracy [2]. The requirement for
an extra wire for each sensor to be tracked adds complexity to
the operating space, hindering the movement of surgical staff
around the patient and negatively affecting device usability [3].

This work focuses on cardiothoracic interventions where
EMT is of benefit including cardiac electrophysiology (EP)
mapping [4] and flexible bronchoscopy [5], [6]. Accurate
real-time registration of the patient’s anatomy to preoperative
images used for navigation is crucial for the successful out-
come of these procedures [7].

Until recently, EP mapping has required intensive X-ray
exposure for the patient and clinician. However, magnetic
navigation has transformed EP mapping over the past decade
by combining position sensing, which does not require X-ray
exposure with existing EP mapping techniques, providing
clinicians with highly localized position information for diag-
nosis and treatment. Magnetic navigation has reduced radiation
exposure in EP mapping procedures by combining tiny sen-
sors inside the instrument with patient-mounted sensors (see
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Fig. 1. Patient sensing patches required during EP mapping proce-
dures include defibrillator and ECG electrodes along with EM position
reference sensors. (a) Back of patient. (b) Front of patient.

Fig. 1). However, this requires up to six additional wired
sensors [8] connected to the patient in order to monitor the
patient position. This is in addition to the existing defibrillator,
grounding, and ECG leads required for the patient. Additional
position sensors on the patient would yield even more accurate
sensing and potentially better clinical outcomes [8]. However,
this is practically impossible due to the existing “rat’s nest”
of leads already connected to the patient.

The CARTO mapping system (Biosense Webster, Irvine, CA,
USA) uses EMT to generate a 3-D geometry of the heart’s elec-
trical signals for arrhythmia mapping. A wired anatomical ref-
erence patch is placed on the patient’s back to remove patient
movement artifacts during the mapping procedure [9], [10].
The position of the EP mapping catheter is continuously calcu-
lated relative to the anatomical reference patch to ensure accu-
rate modeling of the chamber geometry and ablation locations.

Commercially available electromagnetic (EM) navigation
bronchoscopy systems including the SPiN Thoracic Nav-
igation System (Olympus Corporation, Tokyo, Japan) and
superDimension Navigation System (Medtronic, MN, USA)
also use secondary EM reference sensors attached to the
patient’s chest during the procedure for anatomical alignment
and respiratory gating. Three sensor pads are attached to the
chest before the preoperative current transformer (CT), which
are then automatically detected in the CT image during the
planning stage. When the procedure is ready to begin, the
sensors are connected with wires to the control unit.

In this work, a wireless EM sensor tracking system is
introduced based on the open-source Anser EMT research plat-
form [11] with prototype sensors tested both in static tracking
volume characterization and in a dynamic ex vivo lung model
simulator. The developed sensor nodes are designed for use as
wireless chest-mounted reference sensors.

A. Electromagnetic Tracking
The wireless tracking system presented here is based on the

open-source Anser EMT system previously developed at Uni-
versity College Cork [11]. The main system components are
the field generator, control unit, and sensor coils. Frequency-
division multiplexing is used to create temporally and spatially
varying magnetic fields at eight different frequencies using
eight transmitting coils in the field generator. This magnetic
field induces a time-varying differential voltage across the
inductive sensor coil that is dependent on the sensor position
and orientation (pose) in the tracking volume. The magnitude
of each frequency component in the signal is proportional to
the relative distance between the sensor coil and the respective
transmitting coil. Calculating the discrete Fourier transform
(DFT) of the sampled sensor voltage gives the amplitude of
the magnetic field at different frequencies. The demodulated
magnitudes can then be used to solve for the sensor pose
using a nonlinear least-squares solver. The solver uses the
Levenberg–Marquardt algorithm [12] to minimize the error
between the measured values and an analytical model of the
magnetic field.

In the standard wired system setup, the control unit syn-
chronously samples the current through the transmitter coils
along with the sensor signal. The phase of the sensor voltage
signal with respect to the transmitter coil current signal is
±π/2 after calibrating the phase effect of the acquisition
channels, in the absence of metallic distorters [13]. This phase
information is necessary for solving the pose of a single
uniaxial sensor. In the wireless case, this phase reference is
not readily available as field generation and sensor sampling is
based on two different clock sources. Section II-B describes a
novel method for synchronizing the analog-to-digital converter
(ADC) sampling of multiple devices connected on a bluetooth
low energy (BLE) network to the order of microseconds.

B. Related Works
There has been significant interest in achieving a wireless

EMT system in recent years but much of the focus has been
on integrated circuit (IC) solutions. IC-based wireless EMT
solutions, such as those described in the following, tend to
require custom, high-power magnetic field driver circuits. This,
along with the barrier presented by manufacturing custom
IC designs, may potentially limit their use by others in the
research field. We sought to create a wireless EMT solution
compatible with the previously reported open-source Anser
EMT system and achievable with off-the-shelf components
to enable easy adoption and design modification by other
research groups. To the best of authors’ knowledge, the only
wireless sensor tracking system based on discrete components
was developed by Park et al. [14]. Frequency-division multi-
plexing with three transmitter frequency components was used.
The sampled sensor signal is demodulated using the DFT, and
the field magnitudes are transmitted over Bluetooth to the base
station. The system avoids the need for signal phase measure-
ment as the 5-degree-of-freedom (DOF) pose can be solved
when the three orthogonal field components are measured
together. However, requiring a triaxial sensor coil would hinder
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further miniaturization or integration of the sensor in a catheter
tip.

A number of IC solutions have been developed to achieve
wireless sensor tracking. Monge et al. [15] developed a
wireless 2-D localization system inspired by nuclear magnetic
resonance using an IC designed to shift its transmitter output
frequency based on the magnetic field applied to it. The track-
ing volume (less than 2 cm) was not suitable for many clinical
applications, and the large required magnetic field (100-mT
scale) may pose a safety risk when used near magnetic objects.

Sharma et al. [16] designed a 3-D localization IC also
based on measuring dc magnetic field gradients that used
an off-chip Hall-effect sensor to directly measure the field
and digitally transmit the field value wirelessly, achiev-
ing 100-µm localization resolution. The 7-Hz sampling rate
reported is limited by the slow turn-on time of the dc used
in the transmitting coils. The sensor was wirelessly pow-
ered by a pickup coil wrapped around the outside of the
device.

Wireless position tracking is also of use in wireless capsule
endoscopy applications to identify the location along the
digestive tract where images from the capsule are captured.
Jang et al. [17] used an array of eight receiver nodes on the
body to receive the signal via body channel communication
(BCC) from a four-camera endoscope capsule and estimate its
position using contact attenuation compensated-received signal
strength indicator technique (CAC-RSSI) with subcentimeter
2-D localization accuracy. The authors carefully characterized
the signal attenuation of the phantom used for testing, which
may be difficult in real-world applications.

Another method of wirelessly tracking capsule endoscopes
is to generate different frequency reference excitation signals
using external body-mounted transmitters [18]. The capsule
sensor digitizes the received signal and transmits the data wire-
lessly. Submillimeter 3-DOF position tracking was reported.
The magnetic field frequency (2.048 MHZ) used was shown
to not be affected by the human body and has the advan-
tage of requiring smaller size and lower power transmit and
receive coils. However, the high magnetic field frequency
would likely introduce significant eddy currents in nearby
metallic conductors, potentially degrading the system usability
in the operating room. A similar batteryless localization IC
in [19] demonstrated 2-DOF 10-mm position accuracy using
a 40.68-MHz transmitter frequency. The medium between the
capsule IC and the receiver coils outside the body needs to be
characterized, which again may prove difficult in real-world
applications.

We previously demonstrated direct frequency modulation
of the inductive sensor signal for wireless transmission using
an audio transmitter and receiver [20]. The transmitted FM
signal was demodulated by the FM receiver connected to
the control unit of the Anser EMT system. The reported
accuracy of 1.61 mm made it a viable option for accom-
plishing wireless tracking. However, due to the high power
consumption of continuous FM signal transmission, it proved
difficult to miniaturize the sensor node as necessary for most
target applications, prompting our move to the Bluetooth-based
system outlined here.

Fig. 2. Sensor block diagram hardware schematic.

A summary of the wireless tracking methods and results of
related works.

II. METHOD

A. Hardware Design
The core component of the wireless sensor node is the

nRF52832 Bluetooth 5 system-on-chip (SoC) (Nordic Semi-
conductor, Trondheim, Norway). The wireless node acquires
the sensor signal using an external ADC, demodulates the
signal using the DFT, and transmits the demodulated field
magnitudes to the base station, which also uses the nRF52832
[21]. An ultrasmall 3.20-mm passive chip antenna and the
required matching network are integrated on the printed circuit
board (PCB). Fig. 2 outlines the hardware block diagram of
the sensor PCB.

The inductive sensor used in this work is a triaxial coil
(3DC06ISO-0345J, Grupo Premo, Málaga, Spain). The sensor
was chosen for its compact size (7 × 7 mm) with the
three sensor coils wound around a single magnetic core.
Custom inductive sensor design is also possible based on the
requirements of the intended target application [22]. To save
PCB space, cost, and power consumption, the three individual
sensors are multiplexed before the analog acquisition channel,
removing the need for three identical analog signal chains. The
16:2 multiplexer (MAX14661, Analog Devices, Wilmington,
MA, USA) is capable of switching positive and negative signals
from a single supply and has a channel crosstalk of −80 dB,
an ON-resistance of 8 �, and a 60-MHz bandwidth making it
suitable for switching the signal received from the sensor.

The signal induced on the sensor coil is on the order of
microvolts and is first amplified with a low noise (7−nV/

√
Hz

input voltage noise) instrumentation amplifier (INA821, Texas
Instruments, Dallas, TX, USA) with gain set to 200. The
amplified signal is then filtered using an active two-stage
fourth-order Butterworth filter implemented with the AD8617
dual op amp (Analog Devices) to remove high frequency noise
above 10 kHz [23]. The ADA4941-1 (Analog Devices) is
used to perform single-ended to differential conversion before
sampling with the MAX11198 (Analog Devices) 16-bit SAR
ADC with the sampling rate set to 100 kHz.

The system is powered by a single 3.7-V, 50-mAh LiPo
battery in a 20 × 10 × 3.8 mm package. A dc/dc converter
boosts the voltage to 6.5 V and two separate low dropout
(LDO) regulators provide stable 3.3- and 5-V power rails for
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Fig. 3. (a) Rendering of wireless sensor PCB design with main
components labeled. (b) Assembled wireless sensor node PCB.

Fig. 4. Wireless patient reference sensor patch prototype. The sensor
enclosure is designed to attach to a disposable skin patch allowing the
sensors to be reused after the procedure.

the digital and analog components, respectively. The system
also includes an integrated battery charge management con-
troller IC (MCP73832, Microchip Technology, Chandler, AZ,
USA) for easy charging of the devices.

A power latching circuit enables the device to be switched
on and off with a small footprint momentary button usually
used as a reset button. Pressing the button turns on the 3.3-
V LDO long enough for the microcontroller unit (MCU) to
initialize and set a general purpose input/output (GPIO) pin
high to keep the 3.3-V LDO enabled. After the MCU has
set the 3.3-V latch, it can then individually enable the 6.5-
V dc/dc converter and 5-V LDO that supplies power to the
analog components on the PCB. The button can then be used
as a GPIO input for changing device modes or switching off
the device.

The PCB was designed with KiCad and manufactured on
a circular four-layer FR4 PCB with a diameter of 3 cm.
A comparison of the labeled PCB rendering and the assembled
device is shown in Fig. 3.

Using a single button rather than a switch for turning on the
device allows the PCB and battery to be completely enclosed
in a plastic case for sterility and water tightness. The battery
can be charged by incorporating a waterproof connector in
the enclosure. A plastic enclosure for the PCB and battery
was designed and 3-D-printed using flexible polypropylene
(PP) filament. The enclosure press-fits to a back cover, 3-D-
printed with polylactic acid (PLA) filament. The back cover
was super glued to a foam adhesive skin patch. The adhesive
skin patch can be disposed of after use and the sensor node

enclosure cleaned and sterilized for reuse. Fig. 4 shows a
proof-of-concept prototype with the sensor PCB in the 3-D-
printed enclosure attached to the adhesive back cover.

B. System Architecture
A custom BLE receiver module was also designed using

the nRF52832 microcontroller. It contains an identical analog
signal chain and ADC as on the sensor node for sampling
the current of the field generator coils. Sampling on the
sensor node and receiver module is wirelessly synchronized
to provide a direct phase reference between the coil currents
and induced sensor voltage.

The programmable peripheral interconnect (PPI) feature of
the nRF52832 is used to perform ADC sampling without
requiring central processing unit (CPU) intervention. Samples
are acquired using a serial peripheral interface (SPI) and stored
directly in RAM using direct memory access (EasyDMA). The
ADC sampling rate is set at 100 kHz with 2000 samples in
each window, leading to a 20-ms window acquisition time.

The Nordic Semiconductor SoftDevice wireless protocol
stack is capable of multiple communication protocols includ-
ing the standard BLE protocol, used in this work for streaming
the sensor data, and the proprietary Radio Timeslot API, used
here for timer synchronization, which gives the application
full control over the radio. The value of a free running timer
on the receiver module is broadcast at 30-Hz intervals and
is captured by the sensor nodes. The transmission delay is
precalibrated and used in resetting the sensor node’s timer
value to the main timer value. Timer updating is achieved
using PPI and low-level software triggers to reduce reliance on
the CPU in keeping time synchronization. The synchronized
timer automatically triggers the start of a sampling window
using PPI.

After 2000 samples are acquired, ADC sampling is paused
for 20 ms while the window is processed and wireless trans-
mission takes place, resulting in a total sensor pose refresh
rate of 25 Hz. The eight magnetic field magnitude and phase
components are placed in a buffer along with the sensor infor-
mation (device identification (ID) and sensor axis) to be sent
to the receiver module in the next available BLE connection
event. When the receiver receives the sensor window packet,
the sensor voltage phases are corrected by subtracting the
phase of the coil currents. The signs of the resulting phases
are then applied to the sensor field magnitudes. The signed
magnitudes are sent to the PC over a serial connection for
sensor pose solving.

The receiver was tested with a simultaneous connection to
up to five sensor nodes, limited by the minimum connection
interval and transmission time. More sensor nodes can be
added at the expense of a refresh rate. In this work, the
magnetic field frequencies are set from 2050 to 5900 Hz,
spaced by 550 Hz.

C. Device Performance Evaluation
The wireless sensor performance was tested using a

two-axis robotic positioning system and an optical tracking
system as a gold standard reference (Polaris Vega, NDI,
Waterloo, ON, Canada) [21]. The sensor was attached to
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a custom-made perspex optical tool and placed at varying
heights on the robot end-effector. For simplicity, only one
of the three sensor axes of the triaxial coil was used in the
testing procedure as all three axes share the same analog signal
chain and will perform equivalently. The sensor axis tested was
directed orthogonally to the surface of the PCB. The robot
gantry was mounted on a wooden frame to keep the tracking
volume free from metallic distorters.

The sensor was first calibrated by collecting four grids
of 5 × 5 points at approximately 15 and 25 cm above the
field generator in both the y-orientation (horizontal) and z-
orientation (vertical). Calibration scaling factors were found
for each of the eight magnetic field components by minimizing
the error in a least-squares sense between the sensor mea-
surements and magnetic field model while solving for sensor
positions. These scaling factors account for the sensor sensi-
tivity, acquisition channel gain, and DFT processing gain [11].

Test sets were gathered wherein the sensor was repeatedly
moved in 30-cm square grids each comprised of 100 points
(10 × 10 grids), with the height manually adjusted between
each grid to range from 10 to 35 cm above the field generator.
The tracking area of the field generator used was 40 × 40 cm;
however, the robot positioning system had a span of only
30 cm, limiting the test volume. Grids at each height were
collected with the sensor in the field generator x-orientation
(horizontal) followed by rotating the sensor and optical tool
to the z-orientation (vertical) to give a total of 1200 different
sensor poses in the test volume. At each test position, the
sensor was held stationary and 50 magnetic measurements
were collected for sensor noise and precision analysis. The
optical tool position matrices were simultaneously collected.
For each grid, the optical positions were fit to the resolved
sensor positions by finding a rigid transformation matrix using
Horn’s absolute orientation method [24] to register the optical
position grid to the EM reference frame.

The measurement setup showing the two-axis robotic posi-
tioning system and optical tracking system is shown in Fig. 5.
The wireless sensor was powered by a 50-mAh LiPo battery
during all tests to replicate realistic use. The same testing
methodology used for the wireless sensor was repeated for
an identical triaxial sensor (3DC06ISO-0345J, Grupo Premo)
that was connected directly to the Anser base station with
shielded twisted-pair wires.

The position error, 1r(i), at the i th test point was defined
as the Euclidean distance between the optical tracker position,
ri = (xi , yi , zi ), and the EM sensor position, r̃i = (x̃i , ỹi , z̃i ),
solved using the average of the 50 magnetic flux measurements
taken at position i as given by the following equation:

1r(i) =

√
(x̃i − xi )2 + (ỹi − yi )2 + (z̃i − zi )2. (1)

The orientation error, 1n(i), was defined as the deviation
of the sensor orientation at each location from the mean
orientation of each grid where n and n̄ are the local sensor
orientation and mean sensor orientation, respectively,

1n(i) =
180◦

π

∣∣∣∣ cos−1
(

n̄T
· n

)∣∣∣∣. (2)

Fig. 5. (a) Two-axis robotic positioning system used for collecting grids
of test points with gold standard position measurements provided by
(b) NDI Polaris Vega optical tracking system. The wireless EM sensor
node was attached to (c) custom optical tool and mounted on the
plastic arm of the robot. (d) Anser EMT control unit was connected
to the magnetic field generator placed in the robot testing volume.
(e) BLE receiver was connected to the control unit to measure the
field generator coil currents to obtain a phase reference. The receiver
sends the received sensor measurements over a serial connection to
the computer running MATLAB for data collection and solving the sensor
pose.

The position trueness is defined as the mean error (ME)
over all N position or orientation vector, e, in the test volume

ME(e) =
1
N

N∑
i=1

ei. (3)

To measure the jitter that would be observed in the sensor
position at a stationary point, the precision was calculated from
the sensor positions resolved from the 50 flux measurements
at each stationary point. The standard deviation over the
50 measurements of the three Cartesian coordinates, σx , σy ,
and σz , were calculated separately and summed in quadrature
to give the local position precision, σi , in the following
equation:

σi =

√
σ 2

x + σ 2
y + σ 2

z . (4)

The global precision, σ̄ , given by the following equation
was taken as the mean of all local precision values in the
tracked volume:

σ̄ =
1
N

N∑
i=1

σi . (5)
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TABLE I
POWER CONSUMPTION ESTIMATE OF SENSOR PCB COMPONENTS

D. Ex Vivo Breathing Lung Simulator
To test the wireless sensor nodes in the intended application

as a chest-mounted registration and movement compensation
sensor, the developed chest patch prototype was applied to
the outer wall of a plasticized swine lung model. The lung
model was placed in a vacuum chamber with the trachea open
to atmospheric pressure and the internal pressure varied to
cause the lungs to inflate and deflate with a realistic breathing
cycle [25]. The breathing rate was set to 6.34 s with a 50%
duty cycle. A CT scan of the inflated lungs was segmented to
create a 3-D model of the airways and lung tissue.

MATLAB (Mathworks, Natick, MA, USA) was used to
calculate the sensor pose from the wirelessly transmitted
magnetic field data and was streamed using IGTLink to Slicer
5.4.0 (https://www.slicer.org) [26] for real-time visualization
of the chest sensor position. For demonstration purposes, the
lung model was manually registered to the sensor position and
the model’s position was updated in real time using the data
received from the sensor. The sensor position was recorded for
5 min for postprocessing of the respiratory movement data.

III. RESULTS

A. Power Consumption
The estimated power consumption of each component cal-

culated from their respective datasheets is shown in Table I.
The microcontroller power consumption depends on the device
mode (e.g., ultralow power, BLE advertising or connected,
etc.). The estimate in Table I is based on the nRF52832 acting
as a BLE peripheral streaming data to a central device at a
rate of 2 kB/s. The total current consumption from a 4-V
power supply was measured at 25 mA with the sensor node
sampling and demodulating the magnetic field and transmitting
to the receiver at a rate of 25 Hz. This results in a total power
consumption of 100 mW, in line with the estimates from the
component datasheets.

When powered with the smallest available lithium polymer
battery (3.7 V, 50 mAh, 20 × 10 × 3.8 mm), the battery
life of the device in 25-Hz tracking mode was approximately
one hour. For procedures requiring longer battery life, a larger
battery or lower refresh rate may be used.

B. Phase Synchronization
The timer synchronization method was tested by toggling a

GPIO pin at 25 Hz on both the receiver and sensor node and
measuring the delay between the signals with an oscilloscope
over 5000 periods. The mean and standard deviation of the
difference of the toggle time between the receiver and sensor

Fig. 6. DFT of the sensor signal acquired with the wireless sensor node
and with the Anser control unit. In both cases, the sensor was placed
vertically 20 cm above the center of the field generator.

node was 21.72 ± 10.03 µs. The maximum difference was
50 µs over the 5000 measurements.

The synchronization accuracy required for stable signal
phase measurement is half the period of the maximum mag-
netic field frequency. For the system setup used in this work,
the maximum magnetic field frequency used was 5900 kHz,
giving a period of 170 µs. The maximum timer jitter of 50 µs
recorded with the oscilloscope test does not cause a sign
reversal of the phases.

The sampling synchronization was further tested by placing
the sensor in a stationary position above the field generator
and recording the sign of the phase difference between the
coil current and the sensor voltage. One million phase mea-
surements were recorded over a 16-h duration. The sign of
the phase for each field frequency remained consistent for the
entire test duration, confirming correct phase synchronization
using this method even overextended use.

C. Robot Grid Testing
The spectrum of the fast Fourier transform (FFT) of the

sensor signal is shown in Fig. 6, comparing the wireless sensor
prototype and the wired sensor acquired using the Anser
control unit. Only the amplitudes and phases of the eight
frequency components (visible as the eight peaks in the
spectrum) are transferred over BLE to reduce the amount of
data being transferred. The multiplexing of the sensor input
allows the sensor axis to be switched in approximately 1 ms.

The mean position error (accuracy) over the 30 × 30 ×

25 cm test volume was 0.84 ± 0.90 mm for the wireless sensor
and 0.76 ± 0.65 mm for the case of the comparative wired
sensor. The cumulative distribution function of the position
errors is shown in Fig. 7.

The mean orientation error was 0.7◦ for both the wireless
and wired sensors.

The precision of the wireless sensor was found to be 1.54 ±

1.50 mm and the wired sensor precision was 0.17 ± 0.13 mm.
The wireless sensor precision was less than a millimeter for
all grid heights less than 25 cm above the field generator.
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Fig. 7. EMT errors for the wireless sensor prototype device and the
wired comparison sensor.

Fig. 8. Sensor position precision measurements for varying grid test
heights above the field generator. The wired sensor was connected
directly to the Anser EMT control unit for acquisition. Wireless sensor—
on PCB and—isolated refers to the sensor placed directly on the
wireless PCB prototype and separated from the PCB with a distance
greater than 2 cm, respectively.

An increased noise level was observed in the wireless PCB
sensor signal which was found to be a result of digital noise
from the MCU inducing a voltage on the inductive sensor.
Moving the sensor greater than 2 cm away from the MCU was
found to mitigate the effect of the noise from the MCU. The
test grids described in Section II were repeated with an adapted
wireless prototype where the inductive sensor was removed
from the PCB and connected with a twisted-pair wire to the
PCB to maintain a separation greater than 2 cm during the
grid tests. The precision of the wireless sensor with the PCB
isolated was 0.29 ± 0.28 mm.

Fig. 8 shows the effect of distance from the field generator
on position precision.

D. Dynamic Motion Tracking
The wireless sensor patch was placed on the left lung in a

central position, and the resolved sensor poses were recorded
at a rate of 25 Hz. The Slicer scene view and recorded motion

Fig. 9. (a) Slicer scene view with the segmented lung model registered
to the wireless sensor node visible in red on the left lung. The field
generator model is shown in white beneath the lung model. (b) Breathing
motion of the lung recorded using the wireless sensor node.

results are shown in Fig. 9. The respiratory rate observed in
the plot matches the pump controller set-point of 6.34 s and
50% duty cycle. The maximal displacement of the lung sensor
was 13 mm.

IV. DISCUSSION

Table II shows a comparison of the wireless tracking sys-
tem developed in this work with other previously developed
solutions. It is worth noting that this work differs from most
other efforts to develop wireless localization systems in that
it was designed using off-the-shelf components on a PCB
rather than involving custom IC development. Additionally,
the device presented here is compatible with an existing
open-source EMT system. The wireless sensor in this work
supports the highest sensor tracking rate and is the only
wireless tracking system capable of 6-DOF tracking. Using
lower frequency magnetic fields will reduce the eddy currents
in nearby conductors but the actual distortion caused by this
requires further study. Using BLE is convenient as it is widely
used and compatible with many devices such as phones,
tablets, and computers. However, it may face problems when
used in a noisy radio environment such as the operating room
if other nearby devices are also using Bluetooth or Wi-Fi.

The main limitation of the sensor node in this work is
the power consumption, which is notably higher than the
comparable works shown in Table II. The higher power con-
sumption requires a larger battery, limiting the minimum
sensor node size achievable. The main source of the higher
power consumption is the external ADC used. It was chosen
for its high resolution (16 bits), small footprint, and dual
simultaneous sampling capability. Future work will seek to
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TABLE II
COMPARISON WITH RELATED WIRELESS LOCALIZATION SYSTEMS

replace the analog front end and ADC with a lower power IC
solution designed for EMT applications such as [27].

The phase synchronization method outlined in this article
proved to be robust and well-suited for this application.
It requires no changes to the EMT system hardware or field
generator. For cases where tracking is required with higher
frequency magnetic fields (i.e., for higher update rate), it is
possible to further fine-tune the timer synchronization by
more accurately calibrating the transmission delay. The main
drawback of wireless sensor sampling is the loss of coherent
sampling. In the wireless tracking case, the magnetic field
signal is generated and sampled based on two separate clocks
leading to spectral leakage and scalloping loss. The effect of
leakage is clearly visible in Fig. 6 with the signal energy more
distributed between the tones in the wireless signal than in
the wired case. For the selected frequencies, spectral leakage
does not affect accurate amplitude estimation as the tones are
spaced far enough apart that crosstalk is negligible. However,
scalloping loss due to the frequency of the signal tones falling
between two DFT bins will introduce random errors in the
amplitude estimation. The effects of scalloping loss can be
minimized by using a flat-top window. In this case, there was
no significant difference between the flat-top and rectangular
windows.

The mean position error over the 30 × 30 × 25 cm test
volume was measured to be less than one millimeter, the
generally accepted value for use in image-guided interven-
tions [3]. The orientation was only tested for pitch and roll,

as yaw may be determined by sampling one of the orthogonal
coils on the triaxial sensor. For applications requiring 6-DOF
pose tracking, the sensor axis can be selected in software
and rapidly switched without negatively impacting the sensor
refresh rate. Tracking accuracy may be further improved
with further processing of the sensor data such as Kalman
filtering [28] or by using evolutionary algorithms [29].

The precision of position measurements is degraded in the
case of the wireless sensor node compared with the sensor
sampled with the Anser EMT control unit. Wireless precision
is degraded by a combination of interference from digital
switching in the MCU and the effect of scalloping loss due to
the sensed signal frequency not being perfectly coupled with
the sampling rate. The position precision is improved from
1.54 to 0.29 mm by separating the inductive sensor from the
PCB. Future work will improve the PCB layout to maintain the
necessary spacing while still allowing the sensor to be fixed
on the PCB. In line with previously published results in [20],
the position precision was found to be largely dependent on
distance from the field generator, as the signal-to-noise ratio
(SNR) degrades with distance from the transmitting coil. This
is due to reduced magnetic field strength and induced sensor
voltage further from the field generator. A programmable gain
amplifier after the instrumentation amplifier could be used
to dynamically increase the gain and boost SNR at greater
distances from the field generator.

The breathing motion recorded on the breathing lung model
is in line with clinical results of pulmonary nodule motion
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identified using CT scans [30]. The technology outlined here
is highly effective for an automatic registration and breathing
motion correction system for use in guided-catheter cardiotho-
racic procedures as described in [7] and [31].

The wireless tracking system developed in this work was
tested in the absence of metallic distorters in a laboratory
environment. However, in a clinical setting, there is likely to be
many environmental factors to contend with, including metal
objects near the tracking volume, temperature fluctuations,
and EM interference from other equipment. Further study is
required to assess the performance of the wireless sensor nodes
in a real clinical environment.

V. CONCLUSION

This article detailed the design and testing of a 6-DOF
wireless sensor node with submillimeter and subdegree track-
ing accuracy with immediate applications in image-guided
cardiothoracic procedures. The sensor node presented here
has a 3 cm diameter and is designed to perform as a patient
registration and motion compensation reference. The wireless
sensor node enhances the usability of the open-source Anser
EMT system by removing the reliance on a wired connection
from the sensor to the control unit. The phase synchronization
technique outlined in this article solves the loss-of-phase
problem associated with wireless sensor sampling networks.
The wireless tracking system was demonstrated in a realistic
breathing lung simulator and proved capable of measuring
breathing motion in real time with a 25-Hz update rate.

Future work will include further power optimization and
device miniaturization, directly solving sensor pose on the
wireless nodes and compatibility with commercially available
EMT systems.
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