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Abstract

Electromagnetic tracking is a navigation technology used
in guided medical interventions. The technology is gaining
popularity in the fields of robotic surgery, catheter navigation
and human-machine interface design. Small magnetic sen-
sors provide enable the position and orientation of a surgical
instrument to be tracked in real-time without line of sight.
This paper discusses how low frequency electromagnetic
fields are used as a tracking medium to precisely estimate
the pose of magnetic sensors. The quasi-static approach to
magnetic field modelling is presented along with number of
pose estimation methods. Advantages and disadvantages of
each system type are also discussed.

1 Introduction

Electromagnetic tracking is seeing significant uptake in
guided medical procedures and increased integration within
new surgical instruments. Commercially available mag-
netic tracking systems include the NDI Aurora and Trakstar
(Northern Digital, Waterloo, Canada) which are widely used
in the medical device industry. Other OEM electromagnetic
tracking system manufacturers include Polhemus (Vermont,
USA) and AmfiTeck (Vejle, Denmark). Many large medical
device companies implement their own proprietary in-house
electromagnetic tracking solutions that are specific to a sin-
gle clinical application.

Novel applications of electromagnetic tracking technology
are frequency published and aim improve the safety and
efficiency of medical procedures. Some highlights include
the development of a dental implant guidance system [1],
wireless gastrointestinal endoscopy capsule tracking [2], or-
thopaedic intra-medullary nail placement [3, 4], guided bron-
choscopy [5] and electrophysiology mapping [6].

Electromagnetic tracking systems operate by sensing the
magnetic field at a point in space. Tracking systems can
use either solid-state or passive sensor technology, however
the majority of commercially available tracking systems
use passive inductive coil sensors due to their low hazard
risk, high magnetic sensitivity and ease of integration within
medical devices. Fig. 1 shows the design of an example
electromagnetic tracking system. A transmitter creates a
magnetic excitation field B and is powered by a control unit.
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Figure 1. An electromagnetic tracking system.

A magnetic sensor is also connected to the control unit which
detects a signal at a location r and orientation R within the
excitation field. Resolving the sensor’s position and orien-
tation, also known as the pose, is generally performed by
comparing a magnetic model of system with received sensor
measurements. The system topology determines whether a
solution to the pose problem can be obtained analytically, or
whether a numerical solver must be used. Tracking systems
can resolve either a five or six degree-of-freedom (6-DoF)
poses depending on the design of the sensor. A classic 6-DoF
system design is shown in Fig. 2. The Cartesian position of
the sensor relative to the system origin O is represented by
the vector r given by

r = (x,y,z) (1)

and the orientation of the sensor R is given by

R = (θ ,ϕ,γ) (2)

where x, y and z are Cartesian position coordinates and θ , ϕ

and γ are the elevation, azimuth and the roll angles of the
sensor relative to the system origin, in radians.

2 Tracking system types

The first electromagnetic tracking systems utilised a triax-
ial coil source with magnetic moments (M1,M2,M3) and
an orthogonal triaxial sensor array to form an orthogonal
transmit-receive pair shown in Fig. 2 [7]. The resulting pose
estimation problem contains six degrees of freedom, how-
ever the orthogonal nature of the system allows for mutual
independence of the solutions for the position and orien-
tation respectively. A single measurement from a triaxial
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Figure 2. Triaxial tracking system described in [7].

sensor is therefore sufficient to provide a unique analytical
solutions for the pose in which position and orientation re-
solved in separate calculations. In fact, only two transmitter
coils are required to determine the position of a three axis
sensor, provided some additional calculations are performed
to resolve ambiguities [8]. This tracking method allows
for fast and deterministic tracking performance suitable for
real-time computation and can be performed on relatively
low-powered hardware.

An alternative approach to magnetic tracking uses a set of
non-orthogonal transmitter coils with magnetic moments
(M1 . . .MN) and a single-axis sensor as shown in Fig. 3.
Single-axis sensors are preferable in medical devices since
they can be manufactured into narrow solenoids as shown
in Fig. 4 which makes them ideal for embedding within
medical instruments. However, such a design increases the
mathematical complexity of the pose estimation problem
since the sensor is limited to detecting the magnetic field
along one axis instead of three. The solutions for the position
and orientation are no longer independent of one another and
are instead tightly coupled. In addition, the solenoidal shape
of the sensor introduces a rotational ambiguity about its axis,
thus making γ indeterminate. The resulting pose estimation
problem therefore contains five degrees of freedom whose
variables must all be solved simultaneously. Solutions are
generally implemented by a minimising cost functions of
the form

minimize
r

N

∑
i=1

(Vi−KiΦi(r)) (3)

where N is the total number of transmitting coils, Vi is the
received sensor signal from the ith transmitter coil, Φi is
the modelled magnetic flux contribution at the pose r from
the ith coil, and Ki is a scalar obtained through calibration
[9, 10]. Obtaining a solution requires the use of non-linear
solvers. Iterative solvers such as trust region and Levenberg-
Marquardt algorithms [11, 12] are non-deterministic in terms
of the time required to achieve convergence, since they de-
pend on many parameters including the shape of the cost
function at the global minimum as well as user-defined ter-
mination settings. Systems of this type generally require
eight or more transmitter coils in order to obtain reliable data
at all sensor poses and prevent zones of unreliable tracking
due to low-resolution field regions [13].
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Figure 3. Single axis sensor tracking system.
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Figure 4. 5-DoF single axis sensor.

3 Quasi-static magnetic models

The electromagnetic field produced by oscillating charge in
an antenna consists of three distinct regions: the near-field,
the far-field and a transition region between the two called
the Fresnel zone. The near-field, also called the reactive
field, exists in the space near the antenna. The size of region
depends on the wavelength, λ , of the excitation signal as can
be approximated as being within (λ/2π) meters of an an-
tenna structure [14]. In this region the electromagnetic field
is dominated by electric and magnetic field components that
are decoupled from one another. Electromagnetic tracking
systems operate with excitation frequencies between 1 kHz
and 20 kHz corresponding to wavelengths between 300 m
and 15 m. The working volume of electromagnetic track-
ing systems is on the order of 1 m to 1.5 m, meaning that
these systems can generally be treated as operating entirely
within the near-field. Propagation of electromagnetic waves
can be ignored in this instance, provided that the excitation
frequencies remain sufficiently low.

Using low-frequency excitation signals brings substantial
design benefits in terms of magnetic field modelling. The
excitation signal wavelengths of interest are orders of mag-
nitude larger than the working dimensions of the tracking
system hence a quasi-static modelling approach can be taken
for determining the transmitter’s magnetic field distribution.
We can apply Maxwell’s equations for magnetostatics∮

B ·dA = 0 (4)

∮
B ·dL = µ0I (5)

since the current density is assumed uniform at any moment
in time for the low-frequency excitation signals being con-



sidered. These static conditions allow expressions for the
magnetic field to be developed in a simple manner, provided
the geometry of current is known. Contrary to a purely
magnetostatic system, Faraday’s law may be reintroduced to
predict the changing magnetic flux once the static magnetic
field distribution is known. The induced induced sensor emf
ε due to the transmitter field can therefore be expressed as

ε =
dΦ

dt
(6)

where Φ is the magnetic flux cutting the axis of a magnetic
induction sensor given by

Φ =
∫

B(r) ·dAs (7)

where B(r) is the magnetostatic flux density at a point r,
and As is the cross sectional area of the sensor. A number
of different formulations are used to evaluate the magnetic
flux density B(r) which depend on the geometry of the
transmitter coils and will be discussed next.

A widely adopted approach for modelling magnetic field of
a transmitter is by approximating each magnetic source with
that of a dipole [10]. The expression for the field produced
by a magnetic source can be described as a dipole if the
region of interest for magnetic measurements is significantly
greater than the largest dimension of the source [14]. As-
suming this assumption holds then near-field magnetic field
of a source can be described as

B(r) =
µ0

4π

(
3(M · r)r

r5 −M
r3

)
(8)

where M is the equivalent magnetic dipole moment of the
source and r is the location at which the field is evaluated.
The dipole model as therefore very simple and requires little
computational overhead. A drawback of such a model is
that sensors must maintain a minimum distance from the
magnetic sources, otherwise the dipole model approximation
becomes invalid and introduces tracking errors. Systems
using this modelling method therefore typically use small
circular coils as magnetic sources [15].

If the mechanical dimensions of the transmitter coils are of
the same order as the tracking volume then the magnetic
dipole approach will result in erroneous pose estimation
data. In this case a more complicated model must be used
to evaluate the magnetic flux density as a function of space.
Assuming a thin wire, the magnetic field at any point in
space can be computed using the Biot-Savart law:

B(r) =
µ0

4π

∫
C

IdL× r′

|r′|3
(9)

where I is the current flowing in wire loop and dL is a
differential segment of the wire geometry, and r′ is the dis-
placement vector pointing from dL to the location at which

Figure 5. Vectors shown in (10)

the field is computed. Integrating this expression over a wire
large circular loop yields expressions for the magnetic field
which contains complete elliptic integrals of the first and
second kind [16, 17]. For brevity the expressions have been
omitted here but are described in detail in the references.
The resulting field expressions are not trivial to calculate
and require substantial computation compared to the dipole
method. An advantage of this approach is that the field
description is no longer an approximation thus allowing
magnetic sensors to be tracked much closer to the magnetic
source.

A compromise between between the dipole approximation
and the full loop coil models is to use a current filament
approach [9]. Optimisations to the integral in (9) can be per-
formed depending on the geometry of the magnetic transmit-
ter coils. If one assumes a coil consisting solely of straight
and finite current filaments then the expression for the mag-
netic field of a single filament can be simplified to

B(r) =
µ0I
4π

(
c×a
|c×a|2

)(
a · c
|c|
− a ·b
|b|

)
(10)

where a is a vector representing the length and direction of
a current carrying conductive filament. The vector r points
to the observation point from which the field is measured.
Vectors c and b point from the observer position r to the
start and end points of the current filament respectively [18].
These vectors are shown in Fig. 5. It is interesting to note
that this closed-form expression consists entirely of finite
linear operations. The calculation for the total magnetic field
produced by a multi-turn coil as shown in Fig. 6 must con-
sider the field produced by each individual current filament.
Summing the individual field contributions yields

B =
k−1

∑
i=1

Bi(r) (11)

where k−1 is the total number of current filaments compris-
ing a coil defined by k points. Computation of the magnetic
fields in this manner can be parallelised with appropriate
hardware since each contribution is unique and independent.
Coils of this type can be easily manufactured using printed-
circuit board technology, in which case the length of each
current filament, a, is derived from the board geometry [9].



Figure 6. A square coil consisting of multiple filaments.

4 Conclusion

Electromagnetic tracking is a core technology in guided
surgery with applications including bronchoscopy, electro-
physiology, dentistry and orthopaedics. A number of mag-
netic tracking and modelling approaches were discussed
with references provided to key papers.
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