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Abstract:
Electromagnetic tracking systems (EMTS) are utilized to track surgical instruments during navigated
interventions. Compared to optical tracking technologies, the non-line-of-sight feature is the biggest
advantage of EMTS. However, significant distortions due to nearby metallic objects and a small working
volume are serious drawbacks preventing ETMS from being widely used. We worked on developing new
methods to improve the accuracy of EMTS even in the vicinity of large metal objects while speeding up
the position estimation frame rate. Therefore, we proposed a method to realize frequency deviation
multiplexing (FDM) for EMTS in order to speed up the frame rate, and a quadratic-rectangular (QR)
excitation method to remove the distorted voltage induced by the nearby conductive distorter. The results
show that the measurement speed and robustness to nearby metal objects of our EMTS were improved
by the FDM and QR method.

Keyword: Electromagnetic Tracking, Image-guided Interventions, Navigation

1

Problem

Electromagnetic tracking is a growing technology for use in clinical applications1. Commercial available
EMTS such as NDI Aurora (NDI Medical, Canada), Polhemus Fastrack (Polhemus, Canada) and
Ascension MiniBIRD (Ascension Technology, USA) were used of clinical researches2. The following
requirements of clinical EMTS are essential: high frame rate of position estimation, the number of
sensors to be tracked in parallel, large working volume, small-sized sensors, high tracking accuracy and
robustness with regard to metal objects3.
Our work focuses on increasing the refresh rate and robustness of EMTS. Time division multiplexing
(TDM) and frequency division multiplexing (FDM) are the common methods for electromagnetic
tracking systems4,5. For TDM, the signals are sent to distinct transmitter coils sequentially in the time
domain. Meanwhile, the sensor coil measures the voltage induced by the magnetic field generated by
each transmitter coil. The FDM method separates the measured signals in the frequency domain in
parallel that speeds up the measurements. By other research groups6,7 and also in our previous studies8
the digital signal processing (DSP) structure-based devices were used for signal generation and data
acquisition in electromagnetic tracking. The DSP-based devices do not support the parallel executions
of the FDM method. In this work, we propose a method to use a field-programmable gate array (FPGA)
to realize the FDM method in EMTS.
The largest drawback of EMTS is its weak robustness due to nearby metallic distorters9. There are two
types of metal distortions: conductive and/or ferromagnetic distortion. Ferromagnetic distorters interfere
the shape of the generated magnetic field that is hard to be analytically characterized10. Calibrations
compensate the static metallic distortions; however, they cannot correct the dynamic distortions in the
operating room (OR) environment in real time11. We propose a method to remove the distorted voltage
induced by the nearby conductive object so as to reduce the dynamic conductive distortions12,13.
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Method

A. Experimental Setup
NDI Aurora 5-DOF catheter (NDI Medical, Canada) were selected as the EM sensors because they are
widely used in clinical applications. Eight channels of voltage signals were generated and passed through
eight current feedback amplifiers LT1210 (Linear Technology, USA) into the transmitter coils to produce
magnetic fields. The voltage induced in the sensor coil were increased by a micropower amplifier
LT1168a (Linear Technology, USA) and measured by the system. The core element of the EMTS
experiment setup in our lab is the NI PXIe 8133 system (National Instrument, USA). It was used to
program the FPGA board in NI PXI 7854R (National Instrument, USA) for signal generation and data
acquisition. The PXI system also realizes direct memory access (DMA) communication between FPGA
and the central processing unit (CPU). Figure 1 shows the experimental setup of the EMTS. As a standard
testing platform, the experimental setup of EMTS allows us to use it for distinct research purposes.

Figure 1. The experimental setup of the electromagnetic tracking system: (1) system block diagram,
(2) NI PXI system, (3) NDI Aurora 5-DOF catheter, (4) Transmitter coils.
B. FDM Method
The NI PXI 7854R, including a Virtex-5-LX110 FPGA (Xilinx, USA) inside, was proposed to generate
eight channels of sine-wave signals in parallel using direct digital synthesis (DDS). The generated signals
were passed through the amplifiers into the eight transmitter coils to generate the magnetic field. In the
meantime, the voltage induced across the sensor coil was measured by the FPGA. Each of the transmitter
coils was supplied with signals at different frequencies from 1650 Hz up to 2000 Hz with an increasing
step of 50 Hz. Eight FPGA IIR band-pass filters were designed and implemented to realize parallel
filtering. A magnetic dipole model was commonly utilized to simulate the generated magnetic fields of
EMTS14,15. The non-linear parameters describing the sensor’s position and orientation (PO) are optimized
using the Levenberg-Marquardt algorithm16.
C. Quadratic-rectangular Excitation
The eddy current induced in a nearby electrically conductive object produces a secondary magnetic field
adding on to the original magnetic field generated by the transmitter coils. The voltages induced by
transmitter coils and distorter were simultaneously measured by the sensor coil. EMTS often use the
sinusoidal waveform as system input signal17,18. However, according to sinusoidal excitation there is only
a slight phase shift between the voltages induced in the sensor coil, with and without a proximate
conductive distorter. It does not consist of adequate information to differentiate between distorted and
non-distorted voltages. However, a quadratic-rectangular input waveform enables the differentiation of

the non-distorted voltages12. The mutual inductances between sensor and transmitters were calculated
and lead to the sensor’s PO estimation. The method was implemented by the NI PXI system to achieve
faster measurement speed13. The constructed EMTS prototype applying quadratic-rectangular excitation
was evaluated by experiments with static and dynamic sources of distortion.
D. Experimental Evaluation
Using LEGO bricks is a standard method to evaluate the accuracy of the EMTS due to the plastic feature
and high precision19,20. In this work, an accuracy assessment protocol using LEGO bricks (The Lego
Group, Denmark) is proposed to evaluate all EMTS methods.
Figure 2. Accuracy evaluation of EMTS setup
Figure 2 shows the setup of the EM tracker accuracy evaluation. The measurements were performed in
a 3D volume of 𝟐𝟓. 𝟔 𝐜𝐦 × 𝟐𝟓. 𝟔 𝐜𝐦 × 𝟏𝟖 𝐜𝐦 . In each measurement, the tracker’s position was
measured at five layers with 𝟖 × 𝟒 = 𝟑𝟐 points for each layer. Each step sensor movement towards x,
y, z direction was 𝟑. 𝟐 𝐜𝐦, 𝟔. 𝟒 𝐜𝐦, and 𝟏. 𝟗𝟐 𝐜𝐦 respectively. The positions recorded by LEGO bricks
were used as the reference positions to assess the accuracy of the EM tracker. Two metallic disks with
different size and material were utilized as the worst case of nearby conductive distorters in the clinical
environment. The same setup was also used to measure the standard deviations (SD) of the estimated
sensors’ PO for the TDM method in a metallic clean environment. In the experiment, each measurement
of 160 positions was repeated 30 times to calculate the SD of the PO.
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Results

A. Refresh Rate
By applying the FDM method, the system’s refresh rate increased to 35.0 fps, which is approximately
six times faster than the TDM method. The update rate of the QR method was 1.6 fps, which is much
slower than the other two methods because the system needs much longer to measure the steady state
response of a rectangular excitation.
B. Accuracy Assessment using LEGO Bricks
The tracker accuracy in six different scenarios: TDM, FDM and QR methods with and without nearby
conductive distorter, was evaluated by LEGO bricks. Figure 3 shows the positional errors of the six
measurements.

Figure 3. Error plot of the accuracy measurements. The horizontal axis represents the distance
between the sensor and the middle point of the transmitter coils, and the vertical axis represents
the positional error.
In a clean environment without metallic distortion, both TDM and FDM methods have a high precision.
However, they are not able to track the sensor precisely when there are nearby conductive distorters. For
the QR method, the results are similar with and without neighboring conductive distorters. The QR
method works properly in a quite small 3D volume within the distance of approximate 11 cm between
the sensor and the central point of the transmitter coils. The errors become larger with larger distances
between sensor and transmitters.
The positional accuracy of the experimental EMTS decreases while the distance between sensor and
transmitter is increasing. In a small working volume with a distance between sensor and center of field
generator up to approximately 10 cm, the RMSE of the QR method was measured to be 1.7 mm and 2.0
mm in clean and distortion environment, respectively12.

Figure 4. Standard deviations of the measured sensor PO for the TDM method in clean
environment. The horizontal axis represents the distance between the sensor and the middle point
of the transmitter coils, and the vertical axis represents the standard deviations.
As shown in Figure 4, the SD of the measured PO in all x, y, z positions and pitch, yaw orientations
increase while the distance between sensor and transmitter is becoming larger. The maximum SD of the
x direction within the testing volume is measured to be 1.4 mm, which is too large and requires to be
reduced for clinical applications.
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Discussion

In this work, we presented the FDM and QR method developed to enhance the EMTS performances. The
results show that the PO estimation frame rate and the robustness to nearby conductive distortions of the
EMTS were improved. Compared to the TDM method with the refresh rate of 6 fps, the FDM method
increased the refresh rate of the EMTS experimental setup up to 35 fps. The positional accuracy of the
EMTS by applying both methods was similar. For both the TDM and FDM method of the experimental
EMTS, 20 periods of voltage signals induced in the sensor coil were measured and averaged. The
measurement speed has the room to be increased by acquiring fewer signal periods. To reduce the
conductive distortion, the QR method currently only works properly in a small testing volume with a
distance between the sensor and the center point of the field generator of up to 11 cm. In larger working
volume, the performance of QR method is poor because the measured steady-state signal of the system
response to the rectangular excitation is weak. Increasing the generated signal amplitude and using
amplifiers with larger gains are the potential ways to improve the QR method. The current refresh rate
of the QR method is 1.6 fps that is too low for real-time clinical navigation. Therefore, we are
investigating a new method to increase the system speed. The SD of the estimated position and
orientation of the sensor becomes larger when the distance between the sensor and transmitter increases.
By increasing the distance, the measured voltage induced in the sensor coil has a smaller signal to noise
ratio (SNR). The averaging process can be applied to increase the accuracy of the measured PO of the
sensor22. However, it takes more time to run the averaging algorithm. Therefore, we will investigate if
Kalman filtering could reduce the SD of the tracked PO of the sensor without slowing down the
measurement speed. Furthermore, the evaluation of the self-built EMTS setup in clinical environment,
e.g. in angiographic laboratory, and a systematic comparison between with commercially available
EMTS is part of future research.
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