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Abstract

This thesis describes the design, development and testing of Anser, the world’s
first open electromagnetic tracking (EMT) platform for use in minimally invasive and
image-guided interventions; Anser EMT. The goal of this work is to advance the state
of the art of electromagnetic tracking systems by creating an open-source electro-
magnetic tracking platform for pre-clinical research and development. The specific
application of this work is in bronchoscopy, where accurate navigating and targeting
in the outer airways for the diagnosis and staging of lung cancer using endoscopic
technology is a key unmet clinical need.

A review of electromagnetic navigation and its use in bronchoscopy is included.
Different imaging modalities are compared and discussed, which give rise to the need
for electromagnetic tracking for navigation in the outer airways. Commercially avail-
able bronchoscopy systems are highlighted and their current drawbacks are discussed.
A review of the underlying principles of electromagnetic tracking is then performed.
The review enables the partitioning of an electromagnetic tracking system into inde-
pendent modules. The modules are implemented as a general software framework
in the Python programming language. The framework is applied to the Anser EMT
platform with accuracy and performance experiments described.

The hardware composition of Anser is then described in detail. A previous system
design is summarised and an improved circuit design is presented. The area footprint
of the revised system is reduced by approximately 75%, with significant improvements
in power supply efficiency also described. The Anser system is used to address some
shortcomings of commercially available electromagnetic tracking systems. Detection
of metallic distortion in the clinical environment is successfully demonstrated. Ex-
perimental results show that the modified field generator is capable of detecting the
severity, material type and approximate location of distorters near the field genera-
tor, a feature which commercially available systems do not provide. An exploration
of modular field generator designs is then performed by combining two Anser sys-
tems. Extended tracking and enhanced accuracy is demonstrated using combined field
generator configurations.

The integration of electromagnetic in surgical instruments is explored through the
design of custom electromagnetic tracking coils for use with the Anser system. A
number of hand-wound coils were designed and tested to successfully track laparo-
scopic and endoscopic instruments with accuracies on-par with commercially available
sensors. Lastly, Anser is demonstrated in a live, pre-clinical setting for electromag-
netic navigation bronchoscopy. An electromagnetically tracked catheter was used with
Anser to successfully target phantom tumours with minimum and maximum targeting
errors of 7.2mm and 19.6mm respectively.



ii

This thesis provides a platform which may accelerate research and development of
electromagnetic tracking at the pre-clinical stage and lead to future innovation to ad-
dress bottlenecks and drawbacks with existing technology. Supporting documentation
and resources are available at http://openemt.org

http://openemt.org
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Chapter 1

Introduction

This chapter provides a summary of the work presented in this thesis. The primary

motivations for the work are initially explained followed by a brief description of the

structure of the thesis.

1.1 Lung cancer

Lung cancer is the world’s deadliest cancer with over 2 million deaths annually, a

number which is rising each year [1, 2]. The standard of care for the diagnosis and

treatment of lung cancer is through bronchoscopy; a minimally invasive procedure used

to navigate a patient’s airway using the patient’s mouth for entry as shown in Fig. 1.1(a).

A device called a bronchoscope is used for navigation and consists of a long flexible

tube whose tip can be controlled using the handle as shown in Fig. 1.1(b). Traditional

bronchoscopy uses a computer tomography scan acquired before the procedure (pre-

operative CT) to provide the clincian with a static visual map of the airway as shown

in Fig. 1.1(c). The bronchoscope contains an open lumen called a working channel

which allows the clinician to insert biopsy and therapy tools through the scope into the

airway.

1
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(a)

(b)

(c)

Figure 1.1: (a) Illustration depicting a bronchoscopy procedure showing the tip of a

bronchoscope navigating within the lung [3]. (b) A model BF-P190 diagnostic bron-

choscope (Olympus Medical, Shinjuku, Tokyo, Japan) with a outer diameter of 4.2 mm

specifically designed for investigating the outer airway [4]. (c) Axial slice of a CT scan

used to guide the clinician when navigating the airways [5].

1.2 Limitations of Bronchoscopy

Flexible bronchoscopy is currently the standard procedure for the diagnosis and treat-

ment of pulmonary disease. While the technique is beneficial to both patients and

clinicians in terms of procedure speed and patient comfort, the minimal invasiveness

leads to limitations when investigating the outer airways. Similar to the roots of a tree,

the branching structure of the airways results in smaller and smaller airway diameters

as one travels deeper into the lung towards the outer airways. The limit occurs when

the bronchoscope diameter exceeds that of the airway, from which point the scope is

unable to navigate further without risking damage to the patient’s airway. Obtaining

access to the outer airways is becoming increasingly important in the diagnosis and

staging of lung cancer as many young cancers start in these hard to reach areas [6, 7].

Bronchoscope manufacturers are addressing the need to extend the reach of their de-
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vices by creating specialist diagnostic bronchoscopes such as that shown in Fig. 1.1(b)

with an outer tube diameter as narrow as 4.2 mm. However, the complex branching

structure and increasing airway density pose navigational difficulties to the clinician

which has led to the development of electromagnetic navigation bronchoscopy.

1.3 Electromagnetic Navigation Bronchoscopy

The navigation challenge described in section 1.2 is currently being addressed by ap-

plying electromagnetic sensing principles to bronchoscope devices and instruments

through electromagnetic navigation bronchoscopy (ENB) [8]. The technique provides

a radiation-free alternative for guiding instruments through the airway using low-

frequency electromagnetic fields. External camera tracking techniques are ineffective

for airway navigation as they require line-of-sight in order to operate. An illustration

of the procedure is shown in Fig 1.2. The patient lies on a magnetic transmitter from

which a magnetic tracking volume is created. The clinician guides ENB-enabled tools

through the airways via a standard bronchoscope. The position and orientation of the

guided instruments are displayed in the guidance software in the context of the pa-

tient’s chest CT scan. Performing bronchoscopy in this manner allows the clinician

to reach the outer airways without using real-time X-ray. Electromagnetic navigation

bronchoscopy relies on the use of an electromagnetic tracking (EMT) system, a com-

mercially available technology which provides a global high-speed precision position

and orientation reference using compatible magnetic tracking sensors. The magnetic

sensors are typically embedded into the tips of bronchoscopy instruments or probes

allowing them to be tracked within the patient. EMT operates on the principle of

Faraday’s law (1.1) which states that the induced voltage on a magnetic coil, v, is

proportional to the rate of change of the magnetic flux intersecting the coil Φ(t).

v(t) =−dΦ

dt
(1.1)

EMT utilises this induced voltage to resolve the position and orientation of the mag-

netic sensor.
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Figure 1.2: Illustration depicting electromagnetic navigation bronchoscopy being per-
formed on a patient using the SuperDimension Navigation System (Medtronic, Dublin,
Ireland) [9].

1.4 Shortcomings of ENB

Currently available commercial electromagnetic tracking systems used in medical

navigation systems suffer from a number of shortcoming which this thesis aims to

address.

• Magnetic distortion detection. The principles of electromagnetism result in elec-

tromagnetic tracking systems being susceptible to distorters comprising of fer-

rous and non-ferrous objects. Any deviations in the voltage due to these external

distorters can result in errors in the sensors’ position and orientation reported

by the system [10]. Medical instruments and procedure tables make up the

largest source of disturbances in the clinical setting. However, commercially

available systems cannot directly detect magnetic disturbances or sense their
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whereabouts. Position error compensation techniques have previously been de-

veloped, but these are purely numerical in design. [11–14], although there are

some researchers tackling the problem by analysing the underlying physics of

the magnetic signals [15, 16].

• Fixed sensor geometries. Commercially available tracking systems such as the

Aurora system (Northern Digital Inc, Waterloo, Ontario) provide a catalogue

of tracking sensors of fixed dimensions [17]. As a corporate customer one can

indeed develop custom sensors in partnership with these companies. However,

as a researcher developing novel tracking applications, the required upfront costs

of such a partnership can pose a barrier to entry.

• High cost. The cost of entry for using electromagnetic tracking in research is

high at approximately $10,000. This initial high cost can be a barrier to entry for

potential research. Electromagnetic tracking in the clinical setting is currently

dominated by Northern Digital which may be one of the reasons for such a high

system cost.

• Lack of underlying physics models. The physical models and algorithms used by

commercial tracking systems are not available to the public (closed-source). This

is a completely understandable strategy from a commercial standpoint, however,

no open-source tracking alternative exists. This can cause innovation in the area

to stagnate.
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1.5 Thesis Objectives

The work presented in this thesis aims to address some of the shortcomings of current

electromagnetic tracking system technology by developing:

An open software framework for EMT. Implementation details of the software and

algorithms governing the operation of commercial EMT systems are not publicly

disclosed. This thesis describes a reference implementation which researchers

can adapt and modify by breaking down EMT into several separate processing

steps. In this way researchers may understand, modify and apply, part, or all of

the framework within a larger EMT application.

Anser EMT - An open EMT hardware platform. The creation of an open-source

electromagnetic tracking system will allow researchers to understand, customise

and apply magnetic tracking to their specific application. While the initial focus

of this work is for enhancing the accuracy of ENB, it is envisioned that the

technology can be readily applied to research in other clinical disciplines where

electromagnetic tracking is beneficial.

Custom magnetic sensors. In providing an open tracking system design, this thesis

also proposes techniques for the creation of customised magnetic tracking sensor

coils. This work aims to facilitate the integration of electromagnetic tracking

into other tracking applications otherwise incapable of using EMT due to the

fixed geometries and sensitivities of commercially available sensors.

Redundant transmitter topologies. The tracking volume of EMT systems are limited

by the size of the magnetic field produced by the system field generator. Future

applications of EMT may require larger tracking volumes of different sizes. This

work proposes a low-cost method for scaling EMT field generator designs to

provide tracking volumes of arbitrary size.

Distortion analysis techniques. The effect of metal on the accuracy of magnetic track-

ing is a well documented phenomenon although the majority of compensation
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techniques are purely numerical or use redundant data sources. Direct character-

isation of the effects of different metal distorters can reveal information about

the type of metal and location of the distorter with respect to the transmitter as

well as the degree of positioning error experienced by the tracking system as a

result.

Reference ENB Platform. ENB is a relatively novel procedure and many innovations

in the field are currently being developed in the areas of robotics and motion

compensation [18]. This thesis presents an implementation of ENB using only

open-source hardware and software tooling. This work demonstrates that fully

open-source hardware and software can be effectively applied to ENB research

in the pre-clinical setting.

1.6 Thesis Structure

This thesis is broken into eight main chapters which investigate the different aspects

of the work. Chapter 2 investigates the clinical background of lung cancer, chest imag-

ing and electromagnetic navigation in bronchoscopy and provides a primer for the

preclinical work described in chapter 8. The chapter provides a motivation for further

development in the electromagnetic tracking and a brief outlook on the future of the

procedure.

Chapter 3 introduces the concepts of electromagnetic tracking and the construction

of an open electromagnetic tracking system framework from a top-down perspective.

Justifications for the creation of an open system are discussed. Each subsystem of

the system is presented in a separate section, starting with the hardware-software

boundary of the sampling electronics and finishing with the numerical techniques used

to for resolving tracking sensor positions and orientations. The framework is applied

to Anser EMT with experimental accuracy and speed results recorded.

Chapter 4 describes the hardware implementation of the open electromagnetic

tracking system, Anser EMT, from a bottom-up perspective. The reference design is

built to operate with the framework discussed in chapter 3. Current control, amplifier

design and power supply implementation details are simulated, discussed and their
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performance evaluated.

Chapter 5 builds upon the work of chapter 4 to investigate the effect of metal dis-

torters when placed near the system magnetic field generator. The physical principles

of distorters are discussed followed by the design, implementation and experimental

validation of a novel magnetic field generator capable of detecting the location and

severity of static magnetic distortions proximal to the magnetic field generator.

Chapter 6 builds upon chapters 3 and 4 to define a novel low-cost method of scaling

the effective tracking volume of electromagnetic tracking systems. A tiling structure is

introduced allowing an arbitrary number of field generators to form a larger aggregate

tracking volume. An implementation is designed and implemented using two planar

field generators. Experimental results are reported for planar and angled configurations

of the two tiled field generators.

Chapter 7 investigates the design and development of customised tracking sensors

for electromagnetic tracking applications. The physical principles governing the de-

sign of induction sensors are initially discussed, followed by physical implementations

using hand-wound coil sensors with both air and ferrite magnetic cores. The accuracy

metrics of the hand-wound sensors are compared with a commercial off-the-shelf elec-

tromagnetic sensor. Finally, surgical instrument tracking is experimentally validated

using endoscopic and laparoscopic devices.

Chapter 8 validates the clinical applications of the presented electromagnetic track-

ing system in electromagnetic navigation bronchoscopy. A custom tracked catheter

is presented along with the supporting software utilised to visualise the tip position

within the airway. An in vivo study is performed on porcine models with two qualified

pulmonologists. Accuracy in targeting peripheral lung lesions is demonstrated using a

novel tumour modelling technique and post-operative CT scan validation. The work

demonstrates the first fully-open source ENB suite for pre-clinical research.

Chapter 9 reviews the key findings of the thesis and some recommendations for

future work on electromagnetic tracking are presented.



Chapter 2

Clinical Background

2.1 Introduction

This chapter provides an overview of the medical technologies and techniques dis-

cussed in this thesis. We begin by describing bronchoscopy in the context of lung dis-

ease and endoscopic navigation. Software tooling for navigation research are described

along with commercially available navigation systems for applying electromagnetic

navigation in bronchoscopy.

2.2 The Lung

The lungs are a central part of the human respiratory system. Located in the chest

cavity, their primary function is the extraction of oxygen from the airway and removal

of carbon dioxide (CO2) from the body in a gas exchange process. A diagram of

the lungs is illustrated in Fig. 2.1 with all major structures labelled. The right lung

has three lobes (superior, inferior and middle) and is slightly larger than the left lung

which has only two lobes (superior and inferior). The trachea is the flexible tube which

extends from the larynx to the carina and forms the main airway. Air enters and leaves

the lungs through the main bronchi, which branch off from the trachea at the carina.

The tracheal and bronchi rings are C-shaped rings of cartilage that hold these main

airways open. The bronchi successively divide into bronchioles and are terminated

9
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with the alveolar sacks. These sacks contain a fine network of blood vessels called

capillary beds in which the gaseous exchange occurs. The pulmonary artery brings

oxygen-depleted, CO2 rich blood to the lungs alveoli while the pulmonary vein returns

the re-oxygenated blood from the lungs back to the heart [19].

Oral cavity

Trachea

rings

Diaphragm

Pulmonary artery
Pulmonary vein

Alveoli
Atrium

Carina 
Main bronchi

Capillary beds

Tracheal and bronchi

Larynx

Left lungRight lung

Superior (Cranial)

Middle
 

Inferior (Caudal)

Esophagus

Nose

Figure 2.1: Diagram of the the human airways with main anatomical structures labelled

[20].
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2.2.1 Lung Cancer

Cancer is the uncontrolled growth of abnormal cells in bodily tissues. Lung cancer

was a fairly rarely diagnosed condition in the 20th century, but is now the most deadly

cancer in the world with over 2 million deaths annually [1, 2] and is rising each year.

The carcinogenic ingredients of tobacco smoke are the primary cause of lung cancer,

with about 85-90% of all lung cancer patients being smokers. That being said, people

who have never smoked in their lives can also suffer from lung cancer due to environ-

mental factors. These include air pollution, radon exposure, viruses and an individual’s

genetic predisposition to the disease [21].

The most difficult lung cancers to diagnose and treat are those which express

themselves as tumours in the outer airways of the lung. The localisation, targeting

and treatment of these tumours remains a the most challenging clinical need. Despite

advances in technology, typically less than 30% of primary lung nodules beyond the

reach of the conventional bronchoscope are diagnosed [22]. With the advent of lung

cancer screening, small peripheral lung cancers are being detected which often require

tissue confirmation [23]. Conventional biopsy techniques for lung cancer require the

use of a bronchoscope to navigate to the tumour site to obtain a physical tissue biopsy.

2.3 Bronchoscopy

Flexible bronchoscopy (commonly referred to as bronchoscopy) is one of the most

commonly performed procedures for the investigation of the human lung, allowing

visualisation of the inside of the airways for the diagnosis and treatment of lung disease.

The procedure is performed with a bronchoscope: a long thin, steerable tube with

integrated camera optics. The first commercially available bronchoscope was invented

by Shigeto Ikeda in 1966 in association with Pentax (Pentax Medical, Tokyo, Japan).

A diagram illustrating the technique is shown in Fig. 2.2. The clinician navigates the

tip of the scope past the carina into the lungs [24]. The operating clinician, called

a bronchoscopist or pulmonologist, must have in-depth knowledge of the patient’s

lung structure in order to successfully navigate to a region of interest. A live camera

view of the bronchoscope camera is typically used alongside a pre-operative computed
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tomography (CT) scan, allowing the clinician to successfully navigate the scope using

the pre-operative scan as a guiding map. The clinician must mentally correlate the

position on the CT image to the live video feed in order to navigate the complex

structure of the airway, which is quite a cognitively heavy task.

Bronchoscope

Right lung

Left bronchus

Left lung

Trachea (windpipe)

Oesophagus (gullet)

Figure 2.2: Simplified illustration showing the introduction of a bronchoscope into a

patient’s airways.

Different models of bronchoscopes exist depending on the clinical need. Variable

features among designs are the scope’s outer diameter and the working channel di-

ameter. For diagnostic bronchoscopy deep within the lung, a small scope diameter

is desirable as it allows the clinician to access the narrowest bronchi. One example

of such a scope is the BF-MP290F bronchoscope (Olympus, Shinjuku, Tokyo, Japan)

which is specifically designed to access the peripheral airways; it features a 3.0mm

outer scope diameter and an 1.7mm working channel. Conversely, a therapeutic scope

features much larger dimensions. The Olympus BF-1TQ290 scope shown in Fig. 2.4

has a 6mm scope outer diameter and a 3.0mm working channel. Therapeutic scopes

are used for treatment of lung disease as their relatively large working channel enables

the passage of large therapeutic instruments such as probes for the ablation of airway

tumours [25]. Other well-known bronchoscope manufacturers include Fujifilm, Pentax



2.4. IMAGING IN BRONCHOSCOPY 13

Figure 2.3: Bronchoscope camera view of the carina whilst in the trachea (left). The
outline of the bronchial and tracheal cartilage rings can be seen. Computed tomography
(CT) scan of the lungs (right). Right-main-bronchus (RMB) and left-main-bronchus
(LMB) are labelled in each case [24].

and Karl-Storz.

Figure 2.4: An Olympus Medical BF-1TQ290 bronchoscope. This scope features a
large 3.0mm working channel allowing for the insertion of therapeutic instruments
into the lung.

2.4 Imaging in Bronchoscopy

The clinician has three techniques to assist him/her during bronchoscopic navigation:

(i) preoperative imaging, (ii) intraoperative imaging and (iii) virtual imaging.



14 CHAPTER 2. CLINICAL BACKGROUND

2.4.1 Preoperative imaging

Preoperative imaging consists of well established imaging modalities including com-

puted tomography (CT), magnetic resonance imaging (MRI) and positron emission

tomography (PET). CT is the preferred imaging technique for planning airway nav-

igations due its fast acquisition time and high-contrasting images it provides of the

airway. The longer acquisition times required by MRI result in blurry images due

to patient motion due to breathing and pulsing artefacts. The limited susceptibility

difference between delicate pulmonary tissues and airway cavities make obtaining

highly-contrasting MRI images difficult, although when combined with matching CT

images, MRI can provide the clinician with more insight of the tissue structure [26,27].

There has been an increased clinical uptake of PET in tandem with CT for the treat-

ment of lung cancer, as PET provides insight into the metabolic process of cancerous

lesions [28] while CT/MRI provides a structural context [29].

2.4.2 Intraoperative imaging

During the bronchoscopy procedure, the clinician may use a number of real-time imag-

ing techniques. These intraoperative imaging techniques are numerous and consist of

four main methods;

• Endoscopic imaging

• Endobronchial ultrasound

• Optical coherence tomography

• Cone beam computed tomography

Endoscopic imaging is the classic form of visualisation within the airway as it

provides the clinician with a real-time view of the airway from the perspective of

the tip of the bronchoscope, as shown in Fig. 2.3, using camera optics located at the

scope’s tip. Modern bronchoscopes use chip-on-the-tip camera technology where a

charge coupled device (CCD) converts incident light into an array of pixels which

are displayed on a screen after processing. Traditional bronchoscopes instead used
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bundled glass fibres to transmit light from the scope tip to the scope eyepiece. For

illumination inside the airway, fibre bundles in combination with a xenon arc lamp are

still used as a light source. Difficulties arise due to the large bronchoscope diameter

and the limited field of view offered by the camera, but visual imaging is still the only

direct means of viewing the inner airway for navigation and tissue inspection. Imaging

capabilities can be enhanced when used in combination with narrow-band-imaging

(NBI) which has been found useful for detecting and staging lung cancer [30, 31].

Endobronchial ultrasound imaging (EBUS) uses high-frequency sound waves to

provide localised imaging through tissues within the airway, enabling clinicians to

navigate, diagnose and treat airway diseases without the use of ionising radiation [32].

EBUS can be either fixed to the tip of the bronchoscope as a convex probe (Cp-EBUS)

or take the form of an endoluminal radial catheter probe (Rp-EBUS). The former has

been found to be effective for locating and targeting cancerous lesions outside of the

main airway. Transbronchial needle aspiration (TBNA) uses a needle to puncture and

biopsy suspect lesions which lie outside of the airway for which Cp-EBUS provides

greatly increased targeting accuracy [33,34]. Rp-EBUS has been shown to be effective

at detecting cancer in cases where sufficient biopsy material cannot be extracted from

a lesion [35, 36]. The radial probe is inserted into the lesion to localise targets prior to

biopsy. The resulting images provide diagnosis and staging information to the clinician.

(a) (b)

Figure 2.5: (a) Olympus ViziShot EBUS-TBNA kit. The convex ultrasound probe is
rigidly mounted to the tip of the bronchoscope. The needle is then visualised using
ultrasound guidance on a screen for the clinician. (b) Olympus Rp-EBUS probe. The
probe can pass freely through the working channel of the bronchoscope using the
Olympus Guide Sheath Kit. The Rp-EBUS probe is removed to allow for the passage
of biopsy instruments [37].
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Optical coherence tomography (OCT) is a relatively new imaging modality being

applied to bronchoscopy which uses low-coherence interferometry to capture high-

resolution images of the optical scattering from tissue structures [38–40]. The tech-

nology provides depth-resolved, non-invasive, non-destructive imaging features which

are similar to EBUS in many respects except at a significantly magnified scale [41].

2D OCT images can be combined to form 3D reconstructions of tubular structures

within the body. The ability of OCT to provide optical biopsy information in the form

of functional imaging of blood flow and tissue structure has led to its successful use

diagnosing and staging of lung cancer [42–45].

Figure 2.6: 2D OCT images within the lung obtained from Hou et al. [46]. The probe
images can easily discriminate different lung tissue types and the effects of therapy.

Intraoperative X-ray fluoroscopy and cone-beam computed tomography (CBCT)

are two radiological imaging modalities that can provide the clinician with a global

context of the location of instruments within the patient. Fluoroscopy and CBCT are

extremely useful for navigation through complex anatomy and confirming placement

of instruments for biopsy and therapy. The real-time nature of the imaging also allows

the clinician to capture motion of the airways due to breathing, allowing for increased
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accuracy during targeted biopsy and when providing radiation therapy [47, 48]. While

providing the clinician with a global view of the procedure site, imaging in this manner

exposes clinicians and patients to ionising radiation which is always best minimised.

(a) (b)

Figure 2.7: (a) General Electric OEC 9900 Elite C-arm. The device can provide real-
time X-ray footage of the patient during medical procedures. (b) Siemens Artis Zeego
robotic cone beam CT platform. The system is capable of producing 3D volumes of
the target site in a matter of seconds using its DynaCT protocol.

Global navigation

Of these four imaging modalities discussed (endoscopy, EBUS, OCT and X-ray/CBCT),

only real-time X-ray/CT can provide the clinician with a global contextual view of

the target site within the lung. In many cases successful application of EBUS and

OCT require X-ray in order to confirm successful navigation to a region of interest.

In all cases this exposes both the patient and clinician to ionising radiation which as

been proven to increase their risk of cancer [49]. Therefore, external tracking methods

have been created that are capable of providing a reference to the clinician without

radiation in order to reduce exposure. Optical and electromagnetic varieties of these

systems exist which, when combined with pre-operative patient imaging, can provide

the clinician with effective real-time virtual navigation within the patient in a global

patient context. Clinically approved systems include the Polaris Spectra for optical

tracking and the Aurora and Trakstar electromagnetic systems (Northern Digital Inc.,

Waterloo, Ontario, Canada) shown in Fig. 2.8. Optical tracking systems are ideally

suited for tracking rigid instruments where the user interface is within line-of-sight of
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the tracking camera. Optical tracking is therefore unsuited to bronchoscopy as the in-

struments are flexible and used deep within the lung. Electromagnetic tracking (EMT)

has proven effective for navigating the airways as the sensors can be readily embedded

in endoscopic tools and probes. The use of electromagnetic tracking in bronchoscopy

will remain the focus of this chapter and will be discussed in sections 2.5 and 2.6.

(a) (b)

Figure 2.8: (a) NDI Polaris Spectra optical navigation system. The system uses stero-

scopic infrared cameras to locate the position optical markers. Multiple optical markers

may be attached to surgical tools to behave as a position and orientation reference. (b)

NDI Aurora electromagnetic tracking system showing planar and table-top field gen-

erators. Small magnetic sensors can be embedded into surgical instruments to produce

a position and orientation reference for clinical applications.

2.5 Electromagnetic Navigation in Bronchoscopy

EMT provides the position and orientation (pose) of the bronchoscope and endo-

bronchial instruments using miniaturised sensors. In combination with preoperative

patient imaging, live instrument tracking within the context of the patient’s scan can

provide the clinician with the ability to navigate to parts of the body inaccessible by

cameras. These areas correspond to the outer airways of the lung where the diameter of

the bronchoscope exceeds the diameter of the bronchi. Camera guidance is no longer

effective from this point onwards as the target lies beyond the camera’s field of view.
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EMT has enabled the development of electromagnetic navigation in bronchoscopy

(ENB) [50] to increase diagnostic yield in outer airway navigation by allowing the

clinician to visualise their position within the airway without camera optics. Similar

to an automobile’s global positioning guidance system (GPS), ENB systems guide the

clinician through the complex branching structure of the human airway using magnetic

fields. Examples of commercial ENB systems are the superDimension Navigation Sys-

tem (Medtronic, Dublin, Ireland) and SPiN Drive (Veran Medical, St. Louis, MO)

systems. The SuperDimension system is shown in use in Fig. 2.9

(a)

(b)

(d)

(c)

(e)

Figure 2.9: Electromagnetic navigation (EMN) applied to bronchoscopy [9]. A tracked
instrument (a) is inserted through the working channel of the bronchoscope (b) into the
patient’s airway. The navigation system (c) combines the pose data of the instrument
with pre-operative patient imaging to provide the clinician a camera-less map of the
airway. The system field generator (d) lies beneath the patient (e) and produces the
magnetic field. The patient wears three reference sensors which allow the navigation
system to compensate for motion due to breathing.
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2.6 ENB Procedure

The workflow of an electromagnetic navigation bronchoscopy procedure can be sum-

marised in four steps:

1. Airway Imaging and Segmentation. A pre-operative patient CT scan is used to

generate a 3D rendering of the airway in a process called segmentation. The

rendering is visualised on-screen and used by the clinician as an airway map

during the navigation process.

2. Airway Mark-up and Planning. Mark-up target regions of interest (ROI) on the

3D model for navigation and generate routes to the airway targets through the

model.

3. Airway Registration. Register the 3D airway model to the patient’s coordinate

system in order to align the pre-operative CT imaging to the sensor location

within the patient’s airway.

4. Airway Navigation. Navigate to the target ROI using ENB-enabled instruments

and the path planning features of the navigation software. The 3D model can

provide a virtual endoscopy imaging view.

2.6.1 Airway Imaging and Segmentation

Accurate patient imaging data is crucial in bronchoscopy as it provides the clinician

with a map of the patient’s airway and tumour locations. Computed tomography (CT)

is the gold standard for chest imaging due to the high contrasting 3D images it can

produce for low-density structures such as the lung [51]. CT operates similarly to

a traditional X-ray, except that the X-ray source and detector are mobile and rotate

around the patient in a known configuration to produce a series of X-ray images as

shown in Fig. 2.10. Individual images are formed based on the amount of projected

radiation absorbed by the patient’s tissue. The resulting images are combined using a

reconstruction kernel to produce a three dimensional volumetric image of the patient
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[52,53]. The type of kernel used can be adjusted in order to highlight different anatom-

ical structures. Manufacturers of CT scanners generally provide a lung kernel that is

most suited for diagnosing pulmonary disease. In traditional bronchoscopy, clinicians

interpret the resulting scan using orthogonal cross-sectional views of the reconstructed

3D volume as shown in Fig. 2.11 and then mentally construct the instrument location

during the procedure.

Figure 2.10: Operation of a computed tomography (CT) scanner [54]. Multiple X-ray
images are acquired to create a three dimensional volume.

Figure 2.11: Chest CT image showing (a) axial, (b) sagittal and (c) coronal slices of
the human chest cavity.

ENB procedures utilise the resulting CT imaging as source data for creating a 3D

representation of the airway tree, in a process called segmentation. Segmentation refers

to the detection and extraction of anatomical regions of interest from sets of 2D pixels

or 3D voxels [56,57]. In ENB, the region of interest consists of the airway from which

segmentation generates a label map of all voxels belonging to the airway. Classical

segmentation implementations utilise a technique called region-growing where the
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Figure 2.12: Chest CT image showing (a)-(c) slice views with segmentation over-
lay. (d) 3D visualisation of the airway segmentation showing the branching trachea
and bronchial tree [55]. CT scan was acquired on a Somotom Sensation 64 scanner
(Siemens Healthineers, Erlangen, Germany).

segmented airway grows from an initial seed point [58–60]. Recent work has shown

that machine learning techniques can offer improved segmentation performance com-

pared to classical approaches [61, 62]. Segmentation can provide an additional 3D

airway model as shown in Fig. 2.12. The resulting airway model is used to provide the

clinician with a global, 3D visualisation of the airway for the purposes of ENB.

2.6.2 Airway Mark-up

Once a 3D model of the airway is generated, the clinician must highlight regions of the

airway for navigation. This is performed using the graphical user interface of the ENB

software. After all regions of interest have been highlighted, the software generates a
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virtual path to each target [63]. Highlighting these regions allows the ENB software

to generate a visualisation of the path from the trachea main airway to the regions of

interest as shown in Fig. 2.13.

Figure 2.13: Screenshot showing three navigation targets highlighted in the 3D vir-
tual model. The path to Target1 (red) is generated by CustusX medical visualisation
software [64, 65].

2.6.3 Airway Registration

Registration is the process of aligning two or more sets of data into a single coordinate

system. Standard ENB procedures have two data source reference frames which re-

quire alignment in order to allow the clinician to navigate the airway using the virtual

3D model.

• The patient frame. The frame in which the patient rests during the ENB pro-

cedure. This frame is generally referenced to the origin of the electromagnetic

tracking system being used.
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• The image frame. The reference frame of the CT scanner from which the pa-

tient imaging was obtained. The resulting airway segmentation will be in this

reference frame.

Coordinates obtained using an electromagnetic sensor within a patient’s airway will

not readily correspond to the 3D airway model unless a mathematical transformation

of coordinates is performed. In the simplest case, the registration can be defined as a

rigid transformation matrix, TR. Defining the electromagnetic system reference frame

as the patient frame and the CT scan frame as the image frame, the mapping from the

patient to the image can be expressed in (2.1)

pimage = TRppatient (2.1)

where ppatient and pimage are corresponding sets of positions recorded in both the

patient and image frames. TR is a homogeneous transformation matrix comprising of

a rotation matrix and a translation vector given by (2.2), where RR is an orthogonal

rotation matrix with det(RR) = 1 and tR is a translation vector pointing from the

origin of the patient frame to the origin of the image frame. Applying the resulting

transformation to the electromagnetic tracking coordinates in the patient frame allows

visualisation of an electromagnetically tracked instrument within the context of the

patient’s CT scan.

TR =

[
RR tR

0 1

]
(2.2)

The most basic method of obtaining the TR registration matrix uses the method of land-

marks [66, 67], in which a number of predefined points in the 3D model are navigated

and identified within the patient using an electromagnetic sensor. These landmarks

are usually easily accessible via traditional bronchoscopy. The corresponding sensor

coordinates are recorded at these landmarks and the mapping transform is calculated

using a closed-form approach [68]. This landmark registration technique can be te-

dious and requires meticulous acquisition of landmarks, as any error in positioning

directly affects the accuracy of the registration [69]. Registration techniques utilising

iterative-closest-point (ICP) [70] provide an easier and more robust method of calculat-
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ing the registration TR by instead calculating the best-fit transformation between two

sets of point-clouds in a least-squares sense [71]. Unlike landmark based techniques,

ICP registration does not require the two sets of points clouds to be the same size.

Time dependant registration techniques [72, 73] have also been developed which are

capable of compensation for patient motion during interventions.

2.6.4 Airway Navigation

Once successful registration has been achieved then navigation can proceed. Initially

the clinician uses a standard bronchoscope to enter and navigate the main airway. Once

the bronchoscope reaches an airway that is too narrow, the clinician may proceed

further to the target using ENB-enabled tools and instruments.

The use of ENB requires that the probes and instruments used are capable of

sensing the magnetic field from the system field generator located either beside or

beneath the patient (see Fig. 2.9(d)). Commercial systems have different methods of

achieving sensing. The SuperDimension system use a dual-instrument approach by

combining a pre-curved Edge sheath with a removable locatable electromagnetically

tracked guide catheter inside, as shown in Fig 2.14. The sheath and guide are inserted

through the instrument channel of the bronchoscope and used for airway navigation.

Once a region of interest has been reached, the guide catheter is removed while the

sheath is left in situ to act as an extended working channel allowing for the passage of

biopsy instruments to the region of interest. No tracking takes place during the biopsy

procedure.

Veran Medical’s SPiN System uses integrated tracking sensors in all of their instru-

ments as shown in Fig. 2.15. Tracking is not lost during the procedure, as the catheter,

forceps, brushes and guidewires all contain their own independent tracking sensor.

This Always-On Tip Tracked approach claims to reduce errors during biopsy when

compared to the SuperDimension system [74]. The single-use design of the tracked

instruments results in a high consumable costs for hospitals using the system.
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Figure 2.14: Medtronic SuperDimension catheters [75]. A range of tip curvatures

achievable available between 0◦ and 190◦ enabling access to all lung lobes. The inner

diameter of the catheters is 2.0mm and do not contain tracking sensors.

Optical
Probe

Peripheral
Catheter

Extended
Working
Channel

Tracked Biopsy
   Instruments

Sensor

Figure 2.15: Tracked bronchoscopy instruments available for Veran Medical’s SPiN

System [76]. All tools contain embedded tracking sensors enabling consistent tracking

throughout the bronchoscopy and biopsy procedure.
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2.7 The Future of Bronchoscopy

Bronchoscopy is currently experiencing major clinical developments in imaging and

therapy. The most prominent advancement is that of robotisation of the entire bron-

choscopy procedure which has been shown to be effective at targeting peripheral lung

lesions [77]. Development of a commercial robotic system is currently underway by

the developers of the Monarch platform (Auris Health Inc., Redwood City, CA) and

has been shown to be effective in preliminary studies [78,79] following its recent FDA

clearance and market approval.

(a) (b)

(c) (d)

Figure 2.16: The Monarch robotic endoscopy platform (Auris Health Inc., Redwood
City, CA) [18]. (a) Two robotic limbs guide and control an EMT enabled robotic
endoscopic catheter. (b) The catheter is controlled by the clinician using a joypad and
a head-up display (HUD). (c) The flexible catheter can conform to the shape of the
airway and provide illumination and a working channel to the target site (d).

Innovations in the area of histological imaging are also taking place. Confocal laser

endomicroscopy has been shown to provide histology of tissue changes within the
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airways without the need for biopsy [22, 80]. Endocytology is another optical biopsy

technique which uses a high magnification fixed focus objective lens for inspection of

the respiratory tract at a cellular level, although the precise role of this technique has

not been clearly defined [41].

2.8 The Future of ENB

Electromagnetic navigation in bronchoscopy is still a new field and the absolute effec-

tiveness of the technique when compared to standard bronchoscopy approaches has

not yet been conclusively shown in clinical practice [81]. While initial single-centre

studies in an expert setting indicated that ENB could increase clinical yield for en-

dobronchial biopsy in the outer airways by up to 88% when combined with radial

EBUS probe (miniature ultrasound probe through the bronchoscope working chan-

nel) [82], these initial results were not replicable elsewhere [83], [84–87]. Currently,

manufacturer-sponsored studies are seeking to address repeatability in a multi-centre

study [88]. However, the combination of inconclusive clinical performance and high

operating costs means that ENB currently remains limited to select centres. Technical

drawbacks, primarily in the accuracy of current registration procedures also exist while

ongoing efforts seek to compensate for lung deformation and patient movement during

the procedure [89].

In the context of these current shortcomings, this thesis aims to create an open

platform for the design and development of electromagnetic tracking systems suitable

for bronchoscopy as well as other image guided interventions. Building on the group’s

prior work on bronchoscopy software [59] and electromagnetic tracking [90], this the-

sis aims to integrate both to provide an open framework for future research into image

guided interventions, while also addressing some of the key shortcomings inherent in

current electromagnetic tracking system designs.



Chapter 3

An Open Framework for EMT System
Development

This chapter discusses the design and development of an open-source library for

use with the Anser electromagnetic tracking system. The name of the system is inspired

by the greylag goose Anser anser, which uses the earth’s magnetic field for navigation

during its annual migration. The framework was originally designed to overcome the

limitations of using Anser on Matlab (The Mathworks, Natick, MA). In particular, this

implementation [90, 92] used the proprietary Data Acquisition Toolbox which is only

compatible with Windows at the time of writing. The framework discussed in this

chapter uses free software and can be executed on all major OS platforms (including

Apple MacOS and Linux) and aims to provide a template for future tracking system

developers and users.

3.1 Introduction

The development of new image guided therapies relies heavily on intelligently combin-

ing data from multiple hardware sources. New techniques combining ultrasound and

This chapter is based on H. A. Jaeger, S. Hinds and P. Cantillon-Murphy, “An Open Framework
Enabling Electromagnetic Tracking in Image-Guided Interventions”, MICCAI 2018, LNCS 11073, pp.
168-175, Granada, Spain, 16-20 September 2018. [91].

29
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electromagnetic tracking (EMT) [93, 94] are among techniques which combine multi-

ple data sources to enhance the safety and accuracy of procedures. Progress in these

areas is made possible by the standardised open protocols [95, 96] that govern how

hardware and software should interact with one another. Fig. 3.1 shows the generalised

design flow of many image guided interventions. Applications interact with hardware

through vendor authored application programming interfaces (APIs) or interface toolk-

its such as the Public software library for Ultrasound (PLUS) [95] and Image-Guided

Therapy Toolkit (IGSTK) [97]. Such toolkits provide standardised software interfaces

through which applications and hardware can interact. From a software perspective,

this standardised approach enables developers to prototype and apply their work in a

manner that can be distributed and replicated. That said, these types of software devel-

opment typically fall short of incorporating custom innovations in tracking hardware.

The proprietary nature of medical tracking devices results in the developed libraries

being tied to closed, vendor specific application programming interfaces.

Hardware Comm. interface

PLUS server...

3D Slicer

MITK

CustusX

IGI Application

(a) (b) (c)

User interface

Application
IGSTK

Vendor APIs

OpenIGTLink

Figure 3.1: A standard approach for developing cross-platform IGI applications. (a)
Proprietary hardware is interfaced using an API or open communications interface (b).
(c) Guided therapy applications use this interface to ensure cross-platform compatibil-
ity.

Electromagnetic tracking systems in particular are very much considered ‘black-

boxes’ when developing clinical applications and cannot be directly modified by the

end-user or system integrator. This is understandable from a regulatory perspective as
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any modifications to either hardware or software may necessitate re-validation by reg-

ulatory bodies for clinical approval. On the other hand, those researchers who focus on

medical hardware development can find it difficult to interface their work as part of the

clinical workflow, as no template exists which unites the fundamental device operation

with the interfaces required by medical imaging software. An open-source hardware

magnetic tracking system was proposed by the National Alliance for Medical Image

Computing (NA-MIC) and details an overview of the design and implementation of a

magnetic tracking system using tri-axial transmitter and receiver coils [98]. While the

project provides a detailed overview of the design of the system architecture, it does

not provide the necessary implementation details required for rapid construction of

a system. Component specifications, circuit schematics and mathematical derivations

are scattered over multiple websites and paper, and although references are made to

relevant papers in the field [99], the resource may be insufficient for an engineer to

build a bespoke tracking design. The time investment required may also be too large

for engineers focussing on developing a clinical application. In order to accelerate

and bridge the gap between novel tracking hardware and clinical applications, this

chapter outlines a framework to encourage integration of new electromagnetic track-

ing hardware into the clinical setting. By modelling a tracking system in terms of its

functional blocks and communication interfaces it is hoped that other researchers can

accelerate integration of new EMT hardware into their own applications. The resulting

framework was implemented in the Python programming language and applied to the

open-source Anser EMT system [100] shown in Fig. 3.2. The corresponding reference

hardware enabling rapid construction of the system is described in chapter 4.

3.2 Framework Design

Electromagnetic tracking systems are complex electronic systems that incorporate ad-

vanced analog circuit design, signal processing and numerical optimisation techniques.

The specific topology of such systems will vary depending on the core design and

manufacturer, but in general all EMT systems can be distinguished by four common

processing steps outlined in Fig. 3.3: acquisition, filtering, modelling, and solving.
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Testpoint

(b)

Figure 3.2: (a) The Anser EMT system v1.0. (b) Field generator enclosure with test-
point sockets.

Each of these processing steps can be treated as a discrete and independent stage in the

tracking system software pipeline. The designed framework is structured according to

these stages.

Figure 3.3: The basic components which comprise all electromagnetic tracking sys-
tems are shown. The 5 degree-of-freedom magnetic sensor coordinate (x,y,z,θ ,ϕ) is
the most basic case for a symmetrical sensor coil, where θ and ϕ correspond to yaw
and pitch angles respectively.

3.3 Acquisition

The most fundamental step in any measurement system is data acquisition. It is the

process by which physical signals are digitised into forms suitable for manipulation

by a computer. In the case of EMT systems, the signals being measured are typically

voltages induced on a tracking sensor. Such signals are induced on a tracking sensor

coil when it is placed in the tracking volume of an EMT system. Acquisition hardware

in the form of an analogue-to-digital converter (ADC) converts the electrical signal

into a digital data stream by sampling at fixed periodic intervals as shown in Fig. 3.4

and 3.5. Manufacturers of analogue-to-digital converters which form the foundation
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(seconds)

Figure 3.4: A single frequency continuous time signal y= sin(ωt) where ω = 1rads−1

sampled with a sampling interval T = 1s, where n is the sampling index. The points

marked in blue are the acquired digital samples of the signal.

(seconds)

Figure 3.5: A continuous time signal y(t) consisting of a sum of sinusoidal waveforms

sampled at a rate of Fs = 2Hz. The points marked in red are the digital samples of the

signal. A tracking sensor’s induced voltage signal may contain many more frequency

components, depending on the type of field generator used.

of these acquisition systems include Analog Devices (Norwood, MA, USA), Texas

Instruments (Dallas, TX, USA), and Microchip (Chandler, AZ, USA). The rate at which

a continuous signal is sampled is known as the sampling frequency of the ADC and

is commonly denoted as Fs. The sampling frequency is the inverse of the sampling
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period, Ts, as indicated in (3.1).

Fs =
1
Ts

(3.1)

Most ADCs feature configurable sampling rates which the user can adjust to meet

the requirements of their application. Increasing Generally Fs is selected such that all

signals of interest lie below Fs/2 (Shannon’s sampling theorem). This is discussed in

section 3.4.

Instrumentation hardware manufacturers such as National Instruments (NI) and

Measurement Computing use ADCs to construct acquisition systems for industrial

research and development. Systems such as the PXI (PCI eXtensions for Instrumen-

tation) chassis and NI-USB platform, shown in Fig. 3.6, provide an all-in-one data

acquisition solution that is controllable from the user’s PC. The main advantage of

using such acquisition systems is that the sampling hardware is abstracted from the

user through software, allowing the user to focus purely on developing the application.

This standardisation leads to further advantages in community and software support

resulting in many researchers using these systems for the development of electromag-

netic tracking systems [15, 16, 101–104]. In particular [15, 16] have demonstrated the

use of PXI for interacting with field programmable gate arrays (FPGAs) in order to cre-

ate customised coil excitation and sampling conditions. The USB acquisition system

shown in Fig. 3.6b is used in the Anser EMT system [92, 100]. The main disadvan-

tage of these systems is the cost of purchase, with systems starting at approximately

1000 USD which limits their use to research and development.

3.3.1 Acquisition in Anser EMT

The Anser EMT system uses an NI-USB 6212/6216 data acquisition system (DAQ)

[105]. The plug-n-play functionality and wide software driver support make it very

suitable for building and prototyping portable instrumentation. A summary of the DAQ

features are outlined in Table 3.1.

Universal Serial Bus (USB) communication introduces latencies which prevent

deterministic, real-time streaming of sample data from a device’s internal ADC to

the end-user application. This is a result of the multiple layers of software that run
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(a)
(b)

Figure 3.6: (a)A NI PXI system. The chassis can house a number of modular expansion
cards for signal generation, acquisition and protocol decoding. Different options of
chassis are available depending on desired features and the maximum bandwidth
requirements. (b) An NI-USB data acquisition system. The device is portable and
powered directly from the host computer’s power rail. Maximum data bandwidth is
limited by the USB 2.0 bus.

Table 3.1: NI-USB 6212/6216 specifications [105]

Specification Value

Analog Inputs 16
ADC resolution 16-bits

Max. Sampling Freq. 400 kHz
Digital I/Os 32

Driver support Windows, MacOS, Linux

concurrently on the host computer system. Any real-time USB acquisition system

will suffer if the demanded update latency is below a few milliseconds [106]. One

therefore cannot rely on software-timed events on the host computer to schedule ADC

acquisitions, where the effective sampling rate can be in the orders of MHz. The NI-

USB DAQ overcomes this problem by implementing a buffered topology, as shown

in Fig. 3.7. The ADC samples are acquired at a fixed sampling rate and are stored

on the DAQ’s internal first-in-first-out (FIFO) buffer. Storing samples in this manner

ensures deterministic behaviour and uniform spacing between data samples. The Bus

negotiates with the host PC’s driver to transfer each frame of FIFO data in bulk to

main memory. The user application may then access and process the sample data. The

size of the FIFO buffer and sampling rate of the ADC are configurable from the PC
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ADC FIFO Bus PC
Driver

Config

Program
User

USB 2.0

Hardware Timed Software Timed

NI-USB DAQ

Figure 3.7: Simplified illustration of the data pipeline inside NI-USB 621X acquisition
systems. The hardware timed components of the DAQ operate independently of host
computer software.

Driver. Acquiring data in this manner has some very important repercussions from the

perspective of the Anser tracking system:

• The FIFO frame must be full before the frame is transferred to the host PC. This

introduces a finite length of time required to fill the FIFO frame with ADC data.

The length of the delay is proportional to the length of the configured FIFO

frame length L and inversely proportional to the ADC sampling frequency Fs.

Ignoring USB data transfer times which are in the order of microseconds, the

acquisition delay Tad = TsN, where Ts is the ADC sampling period.

• All FIFO data samples are available simultaneously. This allows efficient appli-

cations of many filtering and spectral analysis techniques such as the discrete

Fourier transform (DFT) and fast Fourier transform (FFT).

Anser EMT provides the user with the option to adjust the FIFO size. The amount

of latency can therefore be controlled to suit the end-user application. Section 3.4 will

discuss how the size of this FIFO impacts the overall system performance.

3.4 Filtering

Filtering is the process of conditioning and extracting useful information from a signal.

A typical EM tracking algorithm uses the frequency content of the induced voltage
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signal to resolve the position and orientation of the sensor. Assuming that the original

signal is band-limited (i.e. has a finite bandwidth of BWHz), then the frequency con-

tent of the sampled signal can be perfectly represented in its sampled form. In order to

ensure a continuous signal is sampled correctly, the Nyquist-Shannon sampling theo-

rem [107] must be obeyed: “If a function y(t) contains no frequencies higher than BW

hertz, it is completely determined by giving its ordinates at a series of points spaced

1/(2BW) seconds apart”

In equation form (3.2):

Fs > 2BW (3.2)

In other words, the sampling frequency, Fs, of the data acquisition must be greater

than twice the bandwidth of the signal being analysed. Tracking system field gener-

ators typically transmit their magnetic signals over a range of frequencies, with each

transmitter coil on the system field generator producing a magnetic field at a single

frequency. For example, the Anser tracking system is capable of transmitting eight

distinct frequencies between 10kHz and 50kHz on its eight coil field generator. In

general, the frequency ranges of AC-field based EM tracking systems span from 1kHz

[104] all the way to 400kHz [108]. Therefore the minimum sampling rate of the sys-

tem is determined by the highest possible frequency of interest, which in this case is

50kHz. If (3.2) is not obeyed, then any signal components with frequencies higher than
Fs/2 will be aliased and appear as a lower frequency in the resulting digital frequency

spectrum. That said, aliasing can be utilised effectively when using low-cost ADC

devices [109], although noise performance and overall system sensor position update

rates can suffer.

The correctly sampled sensor signal contains all the necessary information required

to resolve the sensor’s position and orientation in space. Since EMT systems operate at

multiple frequencies, the sampled sensor signal will be a superposition of the individual

frequency components generated by each transmitting coil as illustrated in Fig. 3.5.

The filtering stage extracts the relevant signal content. Fourier transform methods such

as the discrete Fourier transforms (DFT) and the optimised fast Fourier transform

(FFT) are common methods for extracting frequency components from a sampled
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signal. The discrete Fourier transform (DFT) of a sampled signal is given by (3.3).

F {x[n]}=
N f t−1

∑
n=0

x[n]e
− 2π j

N f t
kn

(3.3)

where N f t is the total number of samples in the DFT calculation, x[n] is the value of

the nth sample of the acquisition, e2π j is a complex exponential and k is the frequency

index. Anser EMT applies the summation of (3.3) in the form of a DFT matrix [110]

due to all acquisition samples being available simultaneously. For a discrete time signal

containing N f t = L samples from the data acquisition buffer (see section 3.3.1), the

DFT matrix, E, can be written in (3.4) as

E =
1
L



1 1 1 1 . . . 1

1 ω ω2 ω3 . . . ωN−1

1 ω2 ω4 ω6 . . . ω2(N−1)

1 ω3 ω6 ω9 . . . ω3(N−1)

1
...

...
... . . . ...

1 ωL−1 ω2(L−1) ω4(L−1) . . . ω(L−1)(L−1)


(3.4)

where ω = e−2π j/L and j2 = −1. The vector of complex frequency magnitudes, Y, is

then extracted by post-multiplying E by the vector of sample data, X, of length L, as

the matrix product indicated by (3.5).

Y = 2(EX) (3.5)

where the factor of 2 is required to recover the original signal amplitude of the fre-

quency component. This is due to the two-sided nature of the Fourier Transform [112].

An illustration of this multiplication is shown in Fig. 3.8. In effect, E in (3.4) can be

interpreted as a bank of DFT filters. In order to reduce spectral leakage due to discon-

tinuities in the acquisition dataframe, a windowing function may be applied. In this

case, (3.5) is changed to incorporate the coefficients of a windowing function, W, in

(3.6).

Y = 2 ·E(X ·W) (3.6)
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Figure 3.8: Illustration of the DFT matrix multiplication procedure [111]. Each row of
the DFT matrix can be visualised as a complex exponential waveforms. Each reference
waveform is multiplied by the acquired sample data to yield a vector of complex
frequency magnitudes. The resulting values of Y represent the strength of each of the
k frequency components.

where ‘·’ indicates the vector dot product. The absolute magnitude of a the resulting

frequency components can recovered by taking the absolute value of each complex

entry as shown in (3.7)

|Y|=
√

Y ·Y∗ (3.7)

where Y∗ is the element-wise complex conjugate of Y.

3.4.1 Sampling parameters

The two main parameters governing the calculation of the DFT are acquisition frame

size L and the acquisition sampling frequency Fs. The frequency resolution in Hz of

the DFT result (also known as bin width), w, is given by (3.8)

w =
Fs

L
(Hz) (3.8)
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Figure 3.9: Acquisition frame update rate as a function of the number of samples
acquired per frame for different sampling frequencies Fs. The relationship is log-linear.

For example, taking an Fs of 100kHz and frame length L of 5000 results in a bin

width of 20Hz. For a fixed L, increasing Fs has the effect of increasing the maximum

sampling bandwidth, but also increases w thereby reducing the resolution of the DFT

result. Fixing Fs while increasing L increases the frequency resolution but increases the

overall acquisition latency, TL, in (3.9). This latency governs the overall DFT update

rate, which in turn governs the overall tracking system position update rate, Fsystem, in

(3.10).

TL = FsL (3.9)

Fsystem =
1
TL

(3.10)

3.4.2 Spectral leakage

The DFT assumes that the sampled acquisition frame is periodic in nature. Spectral

leakage is an artefact caused by sampling in the DFT process and occurs when an

integer number of periods of a frequency component of a continuous-time signal do
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not fit inside the acquisition frame [113]. Consider a continuous sinusoidal waveform

of frequency Fin = 5 kHz sampled at a frequency of Fs = 100 kHz that oscillates for

three periods as shown in Fig 3.10. Both the discrete time Fourier transform (DTFT)

and discrete Fourier transforms of the signal are shown. The figure shows that pre-

cisely N f t = 20 samples represent each period of the input waveform. In order words,

precisely 1/20th of the input waveform is represented by each digital sample. This is

known as the normalised sampling frequency given by (3.11).

fn =
Fin

Fs
(3.11)

After performing the DFT on 20 samples of the waveform, the resultant frequency bins

indicate an amplitude of 1 V at the 5 kHz frequency bin. The remaining bins show an

amplitude of 0 V (-300 dB). This shows that the sampled 5 kHz waveform is perfectly

represented by N f t = 20 samples. Now consider what happens when input frequency
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Figure 3.10: A 7 kHz sampled at 100 kHz. The resulting DFT and DTFT are shown
for an N f t = 20 sample acquisition frame. The DTFT is achieved by zero-padding the
sample data before performing the DFT.

is changed such that Fin = 7 kHz. The sampled waveform is no longer periodic. Taking

the same DFT with N f t = 20 samples results in spectral leakage as shown in Fig. 3.11.

Instead of remaining in a single frequency bin, signal energy is now smeared across

The discrete time Fourier Transform (DTFT) is the continuous frequency spectrum of a discrete
time signal. The discrete Fourier transform (DFT) is the sampled spectrum of the DTFT whose fre-
quency resolution depends on the acquisition length, L, and sampling frequency, Fs, as shown in (3.8).
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all bins of the DFT. Even though a 5 kHz input signal is not present, the bin reports an

amplitude of 0.83 V. Taking the DTFT value at 7 kHz results in an incorrect apparent

signal amplitude of 1.035 V. Clearly a 7 kHz can not be represented accurately using

N f t = 20 samples. The effects of spectral leakage therefore must be considered when
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Figure 3.11: A 7 kHz sampled at 100 kHz. The resulting DFT and DTFT are shown
for N = 20 samples. The DTFT is achieved by zero-padding the sample data FFT.

designing an EMT system. Neglecting these effects can lead to errors and incorrect

measurements. Two methods can be used to ensure reliable data acquisition: They are

coherent sampling and windowing.

3.4.3 Coherent sampling

Coherent sampling is a design constraint applied to acquisition systems to ensure

frequency components of interest can be accurately measured using the DFT. The

constraint forces periodicity of the signal of interest in the acquired acquisition frame.

Coherent sampling can be implemented using (3.12)

fn =
J
L

(3.12)

where fn is the normalised sampling frequency given by Eq. (3.11), J is an integer

number of periods of the input waveform per acquisition frame and L is the size of

the data acquisition frame in samples. Assuming a fixed normalised frequency fn one

must select a value of L to ensure J is an integer. Optimised coherence can be achieved
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if L and J are even and odd integers respectively. Best coherence can be achieved if J

is a prime number. Selecting N f t and J in this manner prevents harmonics of Fin from

appearing on the same frequency bin as Fin, which would result in harmonic distortion

[114].

Returning to the case of Fig 3.10 and applying (3.12), an fn = 1/20 and N = 20

produces J = 1, i.e., the continuous signal experiences exactly 1 period over the ac-

quisition window, which by definition results in coherent sampling by default. The

2nd case of Fig 3.11 results in incoherent sampling unless N = 100 samples are ac-

quired, resulting in J = 3 for sampling to be coherent. Three times as many samples

are needed in order to calculate an accurate DFT for the 2nd case. In the context of

EMT, an increased sample count can result in lower position update rates according

to (3.10). The frequencies of the field generator must be carefully chosen to avoid

incoherence as a result.

Anser EMT uses eight transmitter frequencies from 20 to 34 kHz separated by

a spacing ∆F of 2 kHz. Utilising a sampling frequency Fs of 100 kHz results in a

theoretical minimum frame size of Lmin = 50 which obeys the coherence relation of

(3.12) whilst also obeying satisfying the frequency resolution requirement of (3.8)

(w = ∆F = 2000Hz). This results in coherent sampling of all transmitter frequencies

used in the field generator. In practice an acquisition frame size of N = 250 samples

is required to achieve good performance. The transmitter frequencies are shown in

Table 3.2 alongside the J cycles of each component acquired during a single frame.

The effect of the size of L is demonstrated in Fig. 3.12. Smearing of the voltage peaks

is observed for L = 50. The effect is less pronounced for L = 250 samples as the peaks

can be easily distinguished, although leakage still clearly exists in the DFT bins when

compared to the DFT bins of Fig 3.10.

The spectral leakage evident in Fig. 3.12 is due to imperfect sampling hardware:

Achieving perfect coherent sampling in practice is difficult due to frequency mismatch

between the ADC and waveform generator. This can be remedied by synchronis-

ing both systems with a common clock signal [115]. Spectral leakage can be totally

avoided in this case, and is the standard practice when evaluating the noise performance

and precision of analogue-to-digital converters. This method of achieving coherent
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Coil No. Fin (kHz) fn (cycles/sample) J [L=250] (cycles) J [Lmin=50] (cycles)

1 20 0.20 50 10
2 22 0.22 55 11
3 24 0.24 60 12
4 26 0.26 65 13
5 28 0.28 70 14
6 30 0.30 75 15
7 32 0.32 80 16
8 34 0.34 85 17

Table 3.2: Transmitter frequencies used in Anser EMT and their corresponding prop-
erties when in discretised form.
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Figure 3.12: DTFT of the sampled current sense waveform of the field generator using
N = 50 and N = 250. The DFT bins of frequencies of interest are highlighted. Even
though the coherent sampling criterion are met in both cases, the DFT experiences
spectral leakage throughout the spectrum.

sampling is not currently supported by Anser EMT as the data acquisition unit (DAQ)

and waveform generator rely on separate clock signals. The performance is as close

to coherent as possible with the current hardware configuration. Window sampling

techniques can employed to improve the performance and further reduce leakage.
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3.4.4 Window sampling

Sampling windows can be used to shape the frequency spectrum of a sampled signal

by attenuating the beginning and end of an acquisition frame. This is achieved by

multiplying an acquisition frame by a windowing function w[n] [112, 113]. A finite

data acquisition frame corresponds to multiplying by a rectangular window. The effect

of windowing is shown in Fig 3.13. The act of multiplying x[n] and w[n] together is

equivalent to convolving their frequency spectra, given by (3.13):

x[n]×w[n]≡ X [ f ]∗W [ f ] (3.13)

where f is the continuous normalised frequency variable.

Selecting an appropriate window

Selecting an appropriate sampling window depends on the demands of the applica-

tion. It can be seen from Fig. 3.13 that windowing affects the frequency spectrum

by decreasing the leakage at frequencies distant from the fundamental frequency of

7 kHz but at the cost of increasing the local spectral leakage close to the fundamental

component. The degree of this shaping is determined by the window type. The degree

of local leakage is captured by the width and height of the main lobe. The degree of

distal attenuation is captured by the maximum height of a side lobe. A table of window

functions and their attenuation characteristics is shown in Table 3.3. If a signal has

strong unwanted components distant from the frequency of interest then a high roll-off

(e.g. Hanning window) is desirable. On the other hand, if the interfering signals lie

close to the frequency of interest, then a window with a small maximum side lobe

level (e.g. flat-top window) should be used, although noise rejection can suffer in this

case [116]. A waveform with adjacent frequency components of interest is best anal-

ysed with no window (i.e. rectangular). If only one frequency component is of interest

then noise can be further minimised using a high-dynamic-range window such as the

Blackman window [117, 118].
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Window type -3dB Main Width -6dB Main Width Max Side Width Roll off

None (Rectangular) 0.89 bins 1.21 bins -13.2 20 dB/decade
Hamming 1.3 bins 1.81 bins -41.9 bins 20 dB/decade
Hanning 1.44 bins 2 bins -31.6 bins 60 dB/decade
Blackman 1.68 bins 2.35 bins -58 bins 60 dB/decade

Table 3.3: Comparison of different windowing functions [118]. Widths are normalised
with respect to the number of bins of the DFT. Larger side lobe attenuation results in
increased lobe width.

Window selection in Anser EMT

In its default configuration Anser EMT utilises eight frequencies between 20 and

34 kHz uniformly spaced ∆F = 2kHz apart. Careful consideration must be taken when

selecting the windowing function since there exist eight fundamental frequencies of

interest in proximity to one another. On the application of a windowing function,

each fundamental will create its own main lobe. Ideally these main lobes should not

intersect one another in order to avoid harmonic distortion in measurements. One can

design a window to ensure adjacent main lobes do not intersect one another as shown

in Fig 3.14. The window of choice is primarily dictated by the size of ∆F , the spacing

between adjacent transmitter frequencies. If we constrain the main lobe width ∆FML to

not exceed half the spacing ∆F/2, then the main lobes will never intersect. For example.

given a fixed acquisition frame size of N = 250, a Blackman windowing function has a

main lobe width of approximately 1160 Hz, while a Hamming window has a width of

780 Hz. The resulting frequency spectrum of the field generator signal using Blackman,

Hamming and rectangular windows is shown in Fig. 3.15.

∆FML <
∆F
2

(3.14)

Anser EMT provides a user-adjustable windowing scheme. Anser EMT utilises a

Hamming window in its default configuration, and in most use cases the window type

does not require adjusting. The type and size of the applied window function should

be considered only when selecting different transmitter frequencies and frequency

separations ∆F .



3.4. FILTERING 47

0
1

2
3

4
5

10
4

-1
00-5
00

-1
00-5
00

R
ec

ta
ng

ul
ar

 W
in

do
w

H
an

ni
ng

 W
in

do
w

A
cq

ui
si

ti
on

 F
ra

m
e

D
T

F
T

D
T

F
T

F
re

qu
en

cy
 S

pe
ct

ru
m

F
re

qu
en

cy
 (

H
z)

10
 k

H
z

17
 k

H
z

M
ai

n
lo

be

S
id

e 
lo

be

Fi
gu

re
3.

13
:T

he
pr

oc
es

s
of

ap
pl

yi
ng

a
w

in
do

w
fu

nc
tio

n
w
[n
]

to
an

in
co

he
re

nt
ac

qu
is

iti
on

fr
am

e
x[

n]
co

ns
is

tin
g

of
a

7
kH

z
fu

nd
am

en
ta

ls
ig

na
ls

am
pl

ed
at

10
0

kH
z

pr
ev

io
us

ly
sh

ow
n

in
Fi

g
3.

11
.L

=
40

sa
m

pl
es

ar
e

us
ed

in
th

is
ca

se
.T

he
ef

fe
ct

of
th

e
H

an
ni

ng
w

in
do

w
is

se
en

af
te

rm
ul

tip
lic

at
io

n
w

he
re

th
e

be
gi

nn
in

g
an

d
en

d
of

th
e

ac
qu

is
iti

on
fr

am
e

ar
e

ta
pe

re
d

of
f.

T
he

re
su

lti
ng

fr
eq

ue
nc

y
sp

ec
tr

a
sh

ow
si

gn
ifi

ca
nt

ly
im

pr
ov

ed
si

de
lo

be
at

te
nu

at
io

n
fa

rf
ro

m
th

e
fu

nd
am

en
ta

lw
ith

up
to

-7
0d

B
of

at
te

nu
at

io
n

at
70

kH
z,

al
th

ou
gh

th
e

w
id

th
of

th
e

m
ai

n
lo

be
in

cr
ea

se
s

fr
om

10
kH

z
to

17
kH

z.



48 CHAPTER 3. AN OPEN FRAMEWORK FOR EMT DEVELOPMENT

0 1000 2000 3000 4000 5000
-200

-150

-100

-50

0

0 1000 2000 3000 4000 5000

Frequency (Hz)

Hamming
Window

Blackman
Window

1160 Hz

780 Hz

-38 dB

-53 dB

-200

-150

-100

-50

0
A

m
pl

it
ud

e 
(d

B
V

)
A

m
pl

it
ud

e 
(d

B
V

)

Frequency (Hz)

Figure 3.14: The effect of using Hamming and Blackman windows on an L = 250 sam-
ple acquisition frame. The application of a Blackman window significantly improves
the SNR of the system at the cost of increased mainlobe width. Gain is in units of
decibels (dB) with respect to 1V (dBV).
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Figure 3.15: Frequency spectrum of the sampled current signal for rectangular, Ham-
ming and Blackman window functions with L = 250 samples. Gain is in units of
decibels (dB) with respect to 1V (dBV).
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3.5 Model

An accurate mathematical model of the tracking system’s generated magnetic field

is a necessary component in all EMT system designs. Models are typically defined

as analytical expressions which define the spatial distribution of magnetic fields in

the volume around the tracking system field generator. Solving for the position and

orientation of a tracking sensor generally involves fitting acquired sensor data to a

magnetic field model. The type of model used in tracking systems depends on the

design of coils that comprise the field generator.

3.5.1 Dipole approximation model

By far the most popular EMT model design is the dipole approximation model [119],

in which the magnetic flux densityB from a solenoidal coil (in Tesla) can be approxi-

mated using (3.15).

B(r) =
µ0

4π

(
3r(m ·r)
||r||5

− m

||r||3

)
(3.15)

where m is the magnetic dipole moment of the transmitter coil (in NmT−1), r is

the displacement vector between the observation point (i.e. the tracking sensor) and

the transmitter coil origin and µ0 is the magnetic permeability of free space (µ0 =

4π×10−7 in Hm−1). This approximation only holds if the distance r is much larger

than the dimensions of the generating coil as shown in Fig 3.16. The resulting B(r)

is a vector denoting the strength and direction of the magnetic flux density (3.16)

B(r) = [Br
x,B

r
y,B

r
z] (3.16)

Variations of the dipole model are used in many research tracking systems [120–

122] and formed the original model of the first magnetic tracking systems [99, 123],

in which three orthogonal transmitter coils produced a spatially unique magnetic field.

Commercial systems that use this coil configuration include the Liberty and Patriot

from Polhemus Navigation Systems (Colchester, VT, USA), and the AmfiTrack system

from Amfitech Systems (Hjortsvang, Denmark).

If the transmitting coils are large relative to the observation point, the dipole as-
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Small Coil

Figure 3.16: Magnetic dipole moment approximation for the field generated by a small
coil described by (3.15).

sumption no longer holds and the tracking system will suffer from errors. In this case

a discrete-source model based on Biot-Savart’s law must be used as was demonstrated

in [102]. The resulting field components require significantly increased computation

due to the presence of elliptic integrals, but the result is a magnetic field model which

holds at distances close to the field generator.

3.5.2 Large circular coil model

The use of large circular transmitter coils is another useful topology for field generator

design [102,103]. The use of larger windings makes for easier construction of transmit-

ter coils and enables larger tracking volumes to be constructed. The main consequence

of using such a design is that the magnetic dipole model no longer holds as a valid

approximation since the dimensions of the coil are relatively large with respect to the

tracking distances. Accurate calculation of the resulting magnetic fields requires full

integration of the Biot-Savart law around the coil [124] resulting in Cartesian expres-

sions which can be found in [102]. The resulting equations require calculation of both

elliptic integrals of the first and second kind, E(k) and K(k), and are computationally

expensive, although updates rates of upwards of 650 Hz have been demonstrated with

this method [102].
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3.5.3 Current filament model

The magnetic model used in the Anser EMT system uses a piece-wise approach to

calculate the magnetic field due a planar coil. Originally described in [125], the first

EM tracking system to use this method was described in [92] using discrete printed-

circuit-board coils. The model is based on the Biot-Savart Law and calculates the

magnetic field due to single straight line of current as shown in (3.17) and Fig. 3.17

B(r) =
µ0I
4π

(
c×a
|c×a|2

)(
a ·c
|c|
− a ·b|b|

)
(3.17)

where I is the current flowing through the filament, a is a vector representing the

length and direction of the current filament, and b and c are vectors pointing from

the observation point, r, to the tip and tail of a respectively. A transmitter coil can

comprise multiple filaments as shown in Fig. 3.18. In this case, the total magnetic

field at an observation point, r, is a superposition of the fields produced by all current

filaments (3.18):

Bcoil =
k−1

∑
i=1
B(ri) (3.18)

Figure 3.17: Magnetic due to a single straight line current filament.

This model provides is a satisfactory trade-off between accuracy and speed. The

degree of approximation is reduced by considering each filament as an isolated indi-

vidual magnetic element, resulting in a higher precision model at distances close to

the coil. Linearity also allows each filament calculation to be performed in parallel on
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Figure 3.18: Magnetic due to a multiple straight line current filaments. The total
magnetic field at a point r is the sum of the magnetic fields produced by all k− 1
current filaments.

a computer. If multiple coils exist with each coil transmitting at a specific frequency,

the magnetic field at r will be a superposition of all frequencies.

3.5.4 Sensor Model

The second aspect of the magnetic field model is the tracking sensor which detects the

magnetic field produced by the field generator. The most basic form of tracking sensor

for an AC magnetic tracking system is a solenoidal coil. The coil will experience an

induced voltage on its terminals when placed in an time-varying magnetic field. Alter-

natively, DC-based tracking systems can also sense pulsed DC magnetic signals using

fluxgate sensors, which are used in the Ascension Trakstar system [126]. Fig. 3.19

shows a solenoidal coil placed in a time varying magnetic field. The voltage in this

case is produced by the changing magnetic flux inside the sensor. With reference to

Fig. 3.19, the total instantaneous magnetic flux in the sensor at at an instant in time is

given by (3.19):

Φ(r, t) = µaB(r, t)A · n̂ (3.19)

where Φ is the instantaneous magnetic flux through the sensor,B is the instantaneous

magnetic flux density at a time t and position r with respect to the origin, A is the

scalar cross-sectional area of the sensor, n̂ is a normal vector to the cross-sectional
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area and points along the axis of the sensor and μa is the apparent permeability of the

sensor’s magnetic core, discussed in chapter 7. Eq. (3.19) is only valid for small sensor

cross sections, where the magnetic flux density, B(r, t), can be assumed uniform over

the cross-sectional area of the core as shown in (3.20).

∫
B(r, t)dA · n̂=B(r, t)A · n̂ (3.20)

The induced voltage vs(t) is then found by taking the derivative of (3.19) in (3.21):

vs(t) =
dΦ
dt

= μr
dB
dt

A · n̂ (3.21)

(a) (b)

Figure 3.19: (a) 3D Illustration of a solenoidal coil sensor wrapped around a magnetic

core. (b) Diagram showing a symmetrical solenoidal coil and magnetic core with cross

sectional area A, normal vector n̂ and relative magnetic permeability μr placed in a

time-varying magnetic flux density B(t).

From (3.21) we can see that the induced voltage of the sensor depends on both

the position and orientation of the sensor as illustrated in Fig. 3.20, since B(r, t) is a

function of x, y and z, while n̂ is a function of spherical the orientation angles θ and ϕ
defined in (3.22), which are also defined with respect to the global origin O as shown

in Fig 3.20.

n̂= sinθ cosϕ · x̂+ sinθ sinϕ · ŷ+ cosθ · ẑ (3.22)

where x̂, ŷ, and ẑ are Cartesian unit vectors. The total instantaneous flux on the

sensor can be written in expanded form by combining (3.19) and (3.22) to produce the
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expression in (3.23)

Φ(r, t) = µaB(r, t)A · [sinθ cosϕ · x̂+ sinθ sinϕ · ŷ+ cosθ · ẑ] (3.23)

The flux density being a vector quantity in (3.16) results in a single scalar magnetic

flux quantity shown in (3.24)

Φ(r, t) = µaA
[
Br

x sinθ cosϕ +Br
y sinθ sinϕ +Br

z cosθ
]

(3.24)

where Br
x, Br

x and Br
x are the time-varying Cartesian components ofB(r, t). Multiple

time-varying magnetic fields from multiple field generator coils will produce inde-

pendent magnetic fluxes at different frequencies within the sensor. For an arbitrary

number of transmitting coils, Ncoil , the induced voltages on the sensor can be expressed

in vector form in (3.25).

V =


v1

v2
...

vN

=


dΦ1
dt

dΦ2
dt
...

dΦNcoil
dt

 (3.25)

Anser EMT extracts each of these independent voltage signals from the sensor

using the sampling and filtering techniques discussed in sections 3.3 and 3.4. This

sensor model forms the basis for the solver discussed in the next section. For a planar

magnetic tracking system like Anser EMT, a minimum of Ncoil = 8 coils is required

for successful tracking as proposed by [102] and [92]. An in-depth derivation of the

model taking into account all sensor parameters can be found [92] and [90].

Anser EMT implements the magnetic system model in two stages. The field gener-

ator model, which defines the spatially varying magnetic field, is kept separate from the

sensor model. The sensor model is implemented as part of the position and orientation

solving process (discussed in section 3.6). This design allows different sensor models

to be interchanged as will be demonstrated in chapter 7.
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Figure 3.20: The magnetic flux through a 5-DoF sensor is a function of the sensor’s
position r = (x,y,z) and the orientation (θ ,ϕ) in spherical coordinates with respect to
the global originO.

3.6 Solver

The solving stage is the final step in the tracking system process. Magnetic tracking

systems resolve EM sensor position through a process of non-linear optimisation in

which a cost function is minimised to yield the best-fit solution for the position and

orientation of the tracking sensor. The cost function is generally formulated such that

the squared difference between the magnetic model of the sensor coil and acquired

sensor measurements is minimised. For the 5-DoF sensor shown in Fig. 3.20, the

system cost function for the Anser EMT system is given by (3.26)

F (x,y,z,θ ,ϕ) = Vd−κ ·Vm (3.26)

where Vd is a vector of voltage measurements acquired from the sensor from (3.25),

Vm is a vector of corresponding voltages from the magnetic model and κ is a vector

of scaling factors obtained during the calibration process which fits the magnetic

model with the acquired sensor measurements. Electrically, each κi establishes the

relationship between the current in a single transmitter coil and the corresponding
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voltage induced on the tracking sensor. Linearity allows all these parameters to be

lumped into a single scalar for each transmitter coil.

The minimisation problem to solve for the best fit sensor position and orientation

can then be stated as (3.27)

minimise
p

F (p)2

subject to lb≤ p≤ ub
(3.27)

where p= (x,y,z,θ ,ϕ)

where lb and ub are lower and upper bounds that define the minimum and maximum

allowable values of p and F (p)2 is the vector of squared residuals to be minimised.

The p which globally minimises F is the position and orientation of the tracking

sensor, pmin. The task of finding pmin is accomplished using iterative methods. A non-

linear least-squares approach is usually required to yield accurate results. Examples

of general solving methods include the well known Levenburg-Marquard (LM) [127]

and trust-region (TRF) algorithms [128].

Anser EMT implements both solving LM and TRF solving algorithms which can

be selected by the user. The tolerances that define the solving process are readily acces-

sible and can be adjusted to meet the accuracy and speed demands of the application.

3.7 Framework Implementation

The proposed EMT framework is composed of four Python modules representing each

of the signal processing steps shown in Fig. 3.1. An expansion of this design showing

the data-flow between modules is shown in Fig. 3.21. The framework is divided into

four modules labelled (i) to (iv). Analogue signals from the EMT sensing electronics

are acquired through a data acquisition module daq.py. This module facilitates the ab-

straction of acquisition hardware APIs into a standard interface. The acquired digital

samples are fed into the filter module filter.py where the frequency components of inter-

est are conditioned and extracted from the digital waveform. The filter module allows

easy configuration of filter parameters while providing routines for efficient matrix
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multiplications required during filtering operations. The extracted signal information

is then fed to the solver module solver.py. Simultaneously, the magnetic field model of

the system, model.py, is compared with the extracted signal data to minimise the sys-

tem cost function (3.26) according to (3.27). The solver module provides access to the

tolerance and parameter settings for the minimisation process. The resulting sensor co-

ordinates from the solver may be streamed to the user application using OpenIGTLink

[96].

The framework was applied to the Anser EMT project [100]. The open-source

codebase, which was initially implemented in Matlab, was fully converted to Python in

order to conform with the framework. The PyDAQmx driver [129] was used to provide

a cross-platform interface with the NI-DAQmx driver acquisition system (National

Instruments, Austin, Texas). Filtering and solving operations were performed using

NumPy and SciPy libraries [130]. OpenIGTLink connectivity was achieved using

PyIGTLink [131].

3.8 Experiments and Results

EMT framework’s performance and accuracy were tested relative to the original

Windows-only Matlab implementation. Testing of the framework was performed on

three operating systems: Windows 10, MacOS 10.13 and Cent-OS 7.0 Linux. All re-

ported metrics result from tests performed on a laptop PC configured with an Intel i7

4810HQ 3.5GHz CPU and 16GB of RAM, utilising both a Windows 10 and CentOS

7.0 installation. Compatibility with the MacOS 10.13 operating system was confirmed

using a separate machine, but comparative results were not possible due to significant

differences in the laptop hardware configuration. The variable sampling frequency of

the data acquisition system, Fs, as indicated in section 3.3, was set at 100kHz for all

experiments.

Framework code implementation available at https://openemt.org
The experimental MacOS laptop featured a much slower CPU (approx. 2.2 GHz) compared to

the Windows testing machine. Differences in the NI-DAQ kernel driver performance can also play a
significant role which were not studied in this work.

https://openemt.org
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Figure 3.21: (i) Analogue signals are sampled by the data acquisition module. (ii)

The samples are filtered in software with relevant frequency components extracted.

(iii)-(iv) A cost function utilises the component magnitudes to yield a position vector

which can be transmitted using OpenIGTLink as a 4x4 transformation matrix.

3.8.1 Performance benchmark

Performance testing measured the framework’s ability to stream position measure-

ments as quickly as possible with minimal latency over an OpenIGTLink connection to

CustusX [64] and 3DSlicer [132], two open-source medical imaging and visualisation

tools used for pre-clinical research. Acquisition latency, maximum update frequency

(with both a stationary and moving sensor) were recorded for multiple acquisition

frame sizes shown in Tables 3.4 and 3.5. An acquisition frame, L, constitutes the num-

ber of samples gathered by the acquisition system per single resolved position. A finite

acquisition time for each frame puts a limit on the minimum latency figure as discussed

in section 3.3. Static measurement refers to a slow moving sensor speeds of <5cm per

second while ‘Dynamic’ measurements refers to speeds >50cm per second.

3.8.2 Accuracy benchmark

Accuracy testing consisted of comparing errors between sensor positions obtained

from a 7x7 plane test x-y grid providing a total of 49 points. One hundred and fifty
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Figure 3.22: 3D Plot showing positions from both Matlab and Python software imple-

mentations. Performance is comparable with increased errors observed at the boundary

of the tracking volume.

Table 3.4: Performance measurements using Matlab on Windows.

Matlab Frame size Acq. Latency (ms) Max. Static (Hz) Max. Dynamic (Hz)

- 250 2.5 72 64

- 500 5 70 61

- 1000 10 65 62

- 2000 20 50 50

- 5000 50 20 20

position acquisitions at an approximate height of z = 70mm from the transmitter board

(Fig. 3.2 (b)) were recorded per grid point from which the mean x, y and z coordinate

of each point was calculated. Measurements were obtained from both Matlab and

Python implementations. Maximum, minimum and root-mean-square (RMS) errors

were calculated between the two obtained point grids, using the Matlab measurements

as the ground-truth. The grid obtained using the Matlab implementation was used as

the reference since its performance has already been characterised in [100]. Maximum

and minimum grid errors were measured as 3.1mm and 0.1mm respectively with an

RMS error of 0.9mm and a standard deviation of 0.75mm.
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Table 3.5: Performance measurements using Python framework (Windows/Linux).

Python Frame size Acq. Latency (ms) Max. Static (Hz) Max. Dynamic (Hz)

- 250 2.5/5000+* 138/120 84/70
- 500 5/2000+ 142/115 95/83
- 1000 10/1000+ 102/80 66/62
- 2000 20/100 51/45 52/45
- 5000 50/50 20/21 20/20

* Due to operating system driver, see discussion.

3.9 Discussion

Table 3.5 shows how performance of the Anser EMT system varies with acquisition

sample size over Windows and Linux operating systems. Benchmark results on Win-

dows are clearly favourable to Linux particularly at low sample sizes. The high laten-

cies in Linux were found to be related to a low-level buffer issue caused by limitations

in the NI-DAQmx Base kernel driver for Linux. Forcing the acquisition time to be

greater than the solving time prevents this latency issue occurring. Empirically setting

the acquisition frame L to 2000 (i.e. a frame acquisition delay time of Tad =20 ms) mit-

igates the issue, although this approach limits the maximum effective position update

rate Fsystem.

It can also be seen that the update speeds vary significantly depending on the

movement speed of the sensor. This is due to the previous sensor position being used

as the initial condition for the solver during each position update. A moving sensor

causes previous sensor positions to lie further from the current true sensor position,

resulting in the solver requiring more iterations to converge to the global minimum.

Artificially forcing periodicity by limiting the update rate of the system prevents this

issue from occurring. This approach must be implemented with care in order to avoid

increasing the overall system latency.

The purpose of the accuracy benchmark is to identify any significant differences

between the two EMT software implementations. The accuracy of the benchmark is

limited since it uses the previous Matlab implementation results as reference rather

than a gold standard comparison such as optical tracking. The reported mean error

value of 0.9mm falls within the mean error value of the Matlab implementation which
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was recorded as 1.14mm [100]. From this we can conclude that the Python implemen-

tation is of similar accuracy to the original implementation. Characterisation of this

system according to the previously reported Hummel test protocol [133, 134] is neces-

sary in order to fully validate the accuracy of the system under the new framework.

Summary

An open source framework for designing electromagnetic tracking systems has been

designed and implemented. The framework was applied to a previously characterised

tracking system with performance results reported. The source code of the Anser EMT

implementation is publically available on https://openemt.org. It is hoped that

this work will assist in the translation of new EMT developments from research into

the clinical setting.

https://openemt.org


Chapter 4

EMT system design

This chapter describes the design and development of an open-hardware electro-

magnetic tracking (EMT) system, Anser EMT. Originally based on the work of [92],

the goal of this work was to refine the original tracking system design and create a

development kit for image-guided intervention research. We start with a brief overview

of electromagnetic tracking and the fundamental components of these systems. Sys-

tem design criteria is then developed using the original system implementation as a

reference. Finally, design features of the new system and performance metrics are

discussed.

4.1 Introduction

Electromagnetic tracking systems operate by detecting magnetic fields to resolve the

position and orientation of a magnetic field sensor. Tracking consists of three fun-

damental steps from a hardware standpoint: Transmission, Reception and Solving.

Transmission refers to how the EMT system generates and transmits its magnetic field

locally in space. Reception is performed by an inductive sensor, whose induced volt-

age is a function of its position in space. If the induced voltage response is unique

This chapter is based on H. A. Jaeger et al. “Anser EMT: the first open-source electromagnetic
tracking platform for image-guided interventions”, Int. J. Comput. Assist. Radiol. Surg., vol. 12, no. 6,
pp. 1059–1067, 2017.
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with respect to the sensor’s position and orientation (P&O) then it is possible to re-

solve the P&O based purely on this measurement through the process of cost function

minimisation, described in chapter 3. Solving the resulting set of equations requires

iterative techniques in order to achieve the sufficient accuracy. Examples of solvers

include the well known Levenberg-Marquardt [127] and Trust-Region [128] methods.

The solving process is discussed in more detail in chapter 3. A block diagram of the

system components is shown in Fig. 4.1.

Signal
Generator

AC
Amplifier

Signal
Generator

Tracking
Sensor

Sensor
Amplifier

Data
Acquisition

Signal
Extraction

P&O
Solving

Airgap

Figure 4.1: General processing stages in an electromagnetic tracking system.

Innovations in the tracking system design occurred in all stages of the system

with major changes occurring in power design, signal generation, amplification field

generator stages. This resulted in a more power efficient system with a significantly

reduced printed circuit area footprint. The software tooling used in the work included

Altium Designer 16 , LTSpice and National Instruments Multisim.

4.2 Previous transmitter driver

The Anser EMT system utilises eight transmitter coils in its default configuration.

Each coil is driven by a user-programmable signal generator subsystem. Advantages

of this signal generator include its programmability and closed-loop current sensing

features. The original implementation of the signal generator [90, 92] will now be

briefly discussed. This will provide a design background when discussing the design

improvements in section 4.3.
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4.2.1 Waveform generation

Waveform generation was replicated as the original design [92], and provides the ref-

erence signal for the generation of a time-varying magnetic field. The Analog Devices

(Norwood, MA, USA) AD9833 programmable waveform generator system-on-a-chip

was used to provide the user with the ability to select different transmitter frequencies.

The waveform generator utilises a Direct Digital Synthesis engine to reconstruct an

analogue waveform according to the desired frequency. A block diagram of the system

internals is shown in Fig. 4.2. Programming takes place over the Serial Peripheral

Interface (SPI) bus using a microcontroller, discussed in section 4.5. A 6 MHz crystal

oscillator is used as a reference signal for the IC’s synthesis engine. The equation

relating the desired output frequency to the reference clock is given by (4.1) [135]

where fOUT and fMCLK is the waveform generator’s output and master clock input

frequencies respectively in Hz.

SERIAL INTERFACE
AND

CONTROL LOGIC

SCLK SDATAFSYNC

CONTROL REGISTER

PHASE1 REG
PHASE0 REG

MUX

SIN
ROM

10-BIT DAC
MUX

FREQ0 REG

FREQ1 REG

12

ON-BOARD
REFERENCE

AGND DGND VDD

AD9833

PHASE
ACCUMULATOR

(28-BIT)

REGULATOR

CAP/2.5V

2.5V

AVDD/
DVDD

MUX
DIVIDE

BY 2

MSB

MUX

FULL-SCALE
CONTROL

COMP

VOUT

R
200Ω

MCLK

Figure 4.2: Block diagram of the AD9833 waveform generation system [135]. The
device utilises direct digital synthesis (DDS), in which an analogue waveform is recon-
structed from internal read-only memory (ROM). The output frequency is controlled
using a pair of user-programmable registers.

FreqReg =
FOUT ×228

FMCLK
(4.1)
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The resulting binary word, FreqReg, is written to the frequency register of the

device. Further details of the programming process can be found in the AD9833

application note [136]. The output analogue waveform has an amplitude of 0.6 V. A

Teensy 3.2 microcontroller is used interface with the AD9833 and is described in more

detail in section 4.10.4.

4.2.2 Signal conditioning

The waveform generator’s output amplitude of 0.6 V is too low to be of any practical

use in a tracking system when used in isolation and must first undergo conditioning and

amplification in order to drive a field generator transmitter coil. The device’s output

signal is generated by the AD9833’s internal DAC current source output stage across

the output 200 Ω resistor as shown in Fig. 4.2. The output impedance can therefore be

approximated as a 200 Ω resistance.

Signal conditioning and amplification is broken into four stages: (i) amplification,

(ii) passive filtering, (iii) closed-loop current control and (iv) a current boosting stage.

The original coil driver is a DC coupled design [90,92] and utilises a discrete AB class

current booster stage. The improved design is AC coupled which uses an efficient

discrete current boosting stage to reduce quiescent power dissipation and is discussed

in section 4.3.

Waveform amplifier

A gain stage is initially needed to buffer and amplify the high impedance 0.6 V refer-

ence waveform. An adjustable non-inverting amplifier stage was designed as shown

in Fig. 4.3. The gain G of the op-amp stage is given by (4.2) where G is the resulting

gain factor and RG is the programming resistance in ohms.

G =

(
1+

RG

1000

)
(4.2)
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Figure 4.3: Non-inverting amplifier configuration used to buffer the signal generator
output. The AD9833’s output is modelled by a 0.6 V source in series with a 200 Ω

resistor. A 10 µF capacitor provides a low-impedance AC coupled connection to the
gain stage. RG was chosen as a 10 kΩ ten-turn potentiometer to provide a maximum
gain of 11 according to (4.2).

Passive filtering

Following amplification, a filtering stage is required to attenuate the undesired har-

monic components of the amplified waveform signal caused by the AD9833. The

Anser system is designed to transmit frequencies in the tens of kilohertz band. An

appropriate passive bandpass filter was designed as shown in Fig. 4.4(a). The filter

passband lies between 820 Hz and 30 kHz as shown in Fig. 4.4(b).

Closed-loop current control

AC electromagnetic tracking systems rely on accurately sensing a spatially varying

magnetic field in the working volume of the field generator using an induction coil

sensor. The stability of the magnetic field is therefore of critical importance as any

deviation over time can result in position and orientation errors in the reported sensor

position. The physics of the magnetic fields and sensors is discussed in chapter 3.

A fast, closed-loop control scheme was devised in the previous implementation [92]

in order to ensure a stable magnetic field is generated by each transmitter coil. This
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Figure 4.4: (a) Passive RC bandpass filter circuit (b) The frequency response of the

passive bandpass filter. The filter has a bandwidth of 32 kHz with corner frequencies

of 820 Hz and 33 kHz respectively.

section briefly reviews the original control scheme before describing the modifications

made for the Anser system.

An ideal constant current control scheme can be constructed using an operation

amplifier (op-amp) as shown in Fig. 4.5. This non-inverting negative feedback con-

figuration results in the op-amp driving the voltage on the v− pin being equal to vre f .

This property gives relation (4.3) where the current through the sense resistor Rs is

determined by the reference voltage applied to the non-inverting input pin.

iout =
vre f

Rs
(4.3)

Modelling the transmitter coil as a purely resistive circuit element is not sufficient

as the coil will have a relatively large inductance associated with its design due to its

purpose of generating a time-varying magnetic field. The magnetic properties of the

transmitter coil is described in greater detail in chapter 3, but its circuit parameters

can be estimated with by a lumped 70 μH inductor, Lcoil , in series with a 3 Ω resistor,

Rcoil , as shown in Fig. 4.6. The current sense resistor Rs of 1 Ω was used to generate

the feedback voltage to the amplifier. Taking the Laplace transforms of the system and

rearranging terms results in the admittance relation between the output coil current and
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Figure 4.5: Basic current source op-amp topology.

input reference voltage in (4.4) where Lcoil is the lumped transmitter coil inductance

(in Henries), Rcoil is the lumped coil series resistance (in ohms) and s is the complex

frequency variable of the Laplace transform, where in sinusoidal steady state s = jω .

Y (s) =
iout

vout
=

1
Rcoil +Rs + sLcoil

(4.4)

At low frequencies where s = jω � (Rcoil + Rs), the output admittance is ap-

proximately constant as Y = 1/(Rcoil+Rs), but as input signal frequency increases, the

admittance reduces as the sL term in the denominator begins to dominate. An LM7171

operation amplifier was used in the design with a transfer function (4.5) where τ1 and

τ2 are the two internal time constants of the op-amp and AOL is the op-amp’s open-loop

gain which were estimated in [92] from the device datasheet [137].

AOL(s) =
AOL

(1+ sτ1)(1+ sτ2)
=

(
3×106

1+0.01s

)(
1

1+1.6×10−8s

)
(4.5)

The open-loop feedback signal of the current source can then be expressed by combin-

ing the transfer function of the coil with (4.5) in (4.6)

v f b(s)

vre f (s)
=

Rs

Rs +Rcoil + sLcoil
AOL(s) (4.6)



70 CHAPTER 4. EMT SYSTEM DESIGN

Figure 4.6: Ideal current source op-amp configuration with lumped transmitter coil

parameters taken into consideration. Lcoil and Rcoil represent the transmitter coil’s

internal self inductance and resistance. Rs is the current sense resistor. Ccomp and

Rcomp constitute a phase-lead compensation network to reduce amplifier ringing during

closed loop operation.

where v f b is the feedback voltage into the inverting input of the op-amp, vre f is the

reference waveform and AOL(s) is the transfer function of the LM7171 operational

amplifier. The system open-loop response in Fig 4.7 shows the frequency response

of the circuit of Fig. 4.6 using the LM7171. The sum of the phase lags introduced

by both the op-amp’s low-frequency pole and transmitter coil inductance results in a

very low phase margin being present in the 1-30 of kHz band. This can potentially

cause instability in closed loop configuration. This stability issue was solved using

a phase-lead compensator resistor capacitor network composed of Rcomp and Ccomp

shown in Fig. 4.6. The compensation network is discussed in terms of closed-loop

performance of the new design in section 4.3.3.

Current boost stage

The system field generator requires a significantly large current driver in order to

produce the 250 mA of current demanded by the design [92]. A final current boosting
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Figure 4.7: Open-loop frequency response of the LM7171 and transmitter coil as
shown in Fig. 4.6. The phase angle of the feedback voltage v f b approaches 180◦ in the
kHz region of the response which can potentially lead to oscillation when the circuit
loop is closed. A phase margin of 15◦ is present at a frequency of 30 kHz.

stage allows closed-loop current source to effectively source and sink up to a maximum

of 500 mA of current [92]. The original topology used a discrete AB class amplifier

design as shown in Fig. 4.8. This design provided a low-impedance output for con-

nection to the transmitter coils. Further design details are provided in [90]. While this

design provided very stable currents, it suffered performance drawbacks which are

discussed in section 4.2.3.
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Figure 4.8: The class AB push-pull current amplifier stage used in the previous system
implementation. RL signifies a simplified circuit load which represents an ideal trans-
mitter coil. Diodes D1 and D2 are matched diodes which serve to bias transistors Q1
and Q2 in order to minimise crossover distortion.
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4.2.3 Design critique

Section 4.2 has so far discussed the design of the original current driver circuit for

driving the field generator transmitter coils. Originating from a waveform generator

IC, a reference waveform is generated, amplified, filtered and fed as an input into a

closed-loop current control circuit. The resulting current is buffered using a discrete

class AB amplifier. The original system design has a number of drawbacks which

limit its ability for integration into a design suitable for replication, distribution and

application in clinical settings.

• Power consumption. The AB class amplifier topology requires a quiescent

current for biasing the output transistor pairs to the brink of conduction. This

quiescent current is significant and when used with eight transmitter coils, causes

an overall power consumption of 30 watts. This wasted power is dissipated as

heat from the biasing diodes and output transistors. A large 3 kg heat sink is

required in this case in order to conduct heat away from the electronics and

prevent thermal runaway of the silicon. This heat sink adds significant volume

and weight to the field generator enclosure.

• Footprint area. The original driver circuit footprint utilises discrete silicon for

the current boost stage as well as large 1206 surface mount technology (SMT)

components for the remaining circuitry. The resulting transmitter PCB had a

total area of 660 cm2, with each transmitter channel consuming 56 cm2, making

the design infeasible for integration in a small enclosure.

The solution to both of these issues is discussed in section 4.3. Power loss is

minimised by modifying the closed-loop current source topology and current booster

circuit designs. These modifications also significantly reducing the overall circuit foot-

print, which is further reduced by moving to 0603 surface-mount technology (SMT)

components.
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4.3 Optimised transmitter driver

The main design objectives of optimising the transmitter driver were to reduce circuit

power consumption and heat dissipation while also consolidating the overall circuit

layout to reducing the final PCB footprint area. This was achieved in three stages:

• Integrated current buffer. Replacing the discrete AB class current booster

stage with a single buffer integrated circuit. Quiescent currents, heat and circuit

footprint are significantly reduced as a result.

• Single rail operation. Operating the current buffer on the main 15 V supply

reduces power-loss and current draw from the −15 V voltage rail.

• SMT components. Replacing all 1206 passive components with their equivalent

0603 variants resulted in a reduction in the overall circuit size. The resulting

PCB footprint area of the current boosting circutry was reduced to 180 cm2 from

660 cm2.

Integrated current buffer

An integrated current buffer from Texas Instruments, the LMH6321, was chosen for

replacing the discrete AB class current booster stage described in 4.2.2. The buffer is an

integrated, open-loop, unity gain buffer circuit which can source and sink a maximum

current of 300 mA. This figure can be increased if the current limiting feature of the

device is disabled. Current buffer circuits such as the LMH6321 are designed to be

inserted into the signal path in order to lower the output impedance of a circuit block,

while minimising the noise and distortion caused by its insertion. A circuit diagram of

the device internals can be seen in Fig. 4.9. The bandwidth the buffer is very high as a

result, with the LMH6321 quoted as having a small signal bandwidth of 110 MHz and

a large-signal bandwidth of 39 MHz from the device datasheet [138].

Single rail operation

The original tracking system design was entirely powered by a linear laboratory grade

bench supply. This provided adequate current capabilities on both positive and negative
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Figure 4.9: Simplified circuit topology of the LMH6321 current buffer [138]. The
device uses an open-loop complementary follower design, where the bases of output
transistors Q3 and Q4 are driven by their own push-pull stages. Transistors Q7 and
Q8 are current mirrors for biasing. Diodes D1-D12 serve as input/output protection
diodes.

15 V rails. All analogue circuit stages utilised this split-supply configuration in order

to maximise the bandwidth and dynamic range specifications of the parts used. The

revised system does not feature symmetry in its power delivery. The main source of

power is a 15 V adapter capable of delivering up to 60 W of power, which is discussed

further in section 4.7. The negative supply is generated on-board the system PCB

by a buck-boost switching converter as described in section 4.7.3, and is capable of

delivering a maximum current of 1.5 A. Since the switching converter delivers less

power compared to the main 15 V power source, it was decided to partition the system

power delivery into two functions:

• Split supply. ±15 V rails are used for all low-power circuitry. This includes all

voltage amplification and signal conditioning stages.

• Single supply. Any high current devices will be powered from the 15 V rail.

This includes the LMH6321 current buffer circuitry.
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Utilising a single supply for the current buffer design means reducing the potential

voltage swing of the LMH6321 from ±15 V (centred at 0 V) to 0-±15 V (centred at

7.5 V). Reducing the voltage swing may negatively impact the current delivering ca-

pacity of the driver especially if the load impedance is large. Nominal current delivery

for the tracking system is 250 mA [92]. A frequency analysis of the transmitter coil

load was performed to confirm that utilising a single supply could achieve the required

current drive.

The transmitter coil load impedance can be modelled as a series resistor-inductor

network as shown in Fig. 4.10. The total complex impedance of the transmitter coil

is given by (4.7) where Lcoil , Rcoil and Rs are the electrical coil parameters obtained

previously from Fig. 4.7.

Zcoil(s) = sLcoil +Rcoil +Rs (4.7)

Figure 4.10: Circuit diagram of the transmitter coil and current sense resistor param-
eters. A test sinusoid with an amplitude of 7.5 V is used to simulate the theoretical
maximum coil current conditions.

The maximum coil current can then be written as (4.8) where V max
coil is the peak

amplitude of the sinusoid and Imax
coil is the peak current through the coil impedance Zcoil

resulting from V max
coil .

Imax
coil =

V max
coil

Zcoil(s)
(4.8)

Equation (4.8) is plotted with respect to frequency in Fig. 4.11. The theoretical max-

imum coil current is always larger than the required nominal value until a frequency

of 70 kHz is reached. While the absolute maximum currents shown are technically

unachievable by the LMH6321 current buffer, it nonetheless shows that it is possible
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to successfully drive the transmitter coil load with a reduced voltage range of 7.5 V.

102 103 104 105 106

Frequency (Hz)

0

0.5

1

1.5

2

2.5

M
ax

im
um

cu
rre

nt
(A

) Maximum possible current
Nominal coil current

Vin = 7.5V

0.25 A

Figure 4.11: Magnitude bode plot showing the maximum possible current achievable

through the transmitter coil given a 7.5 V voltage swing. The minimum required trans-

mitter current is shown by the dotted 0.25 A line. This minimum current is achievable

through the entire transmitter band (20-30 kHz) until the frequency reaches approxi-

mately 100 kHz at which point the load impedance Zcoil ≈ 47Ω.

4.3.1 AC coupled driver design

The transmitter driver was revised using an AC coupled design shown in Fig. 4.12.

This design change from a DC system to an AC coupled design is a consequence

of using a single supply rail to power the current booster circuitry. Having a directly

coupled system is undesirable in this case as it would result in a constant DC current

through the transmitter coil even when the waveform generator is inactive, since the

output of the LMH6321 would be a constant 7.5 V.



78 CHAPTER 4. EMT SYSTEM DESIGN

Component functions

• R1, R2, R3 and R4 serve as resistor-divider pairs used to bias circuit nodes to

the midrail voltage of 7.5 V. High precision 0.1 % resistors were used to ensure

precise biasing.

• C1 and C2 serve as AC coupling capacitors. They allow the LMH6321 circuit to

operate at a shifted DC operating point of 7.5 V while preserving the integrity

of the reference voltage signal and preventing unwanted DC currents.

• The TL082 behaves as a unity-gain buffer in this configuration and provides

a low-impedance bias voltage to the LMH6321, allowing it to operate at the

midrail voltage.

• Rcomp and Ccomp form an optional shunt RC compensation network. This net-

work inserts positive phase into the amplifier feedback signal in order to increase

the system phase margin and reduce unwanted oscillations. This is discussed in

section 4.3.3.

• Lcoil and Rcoil are the electrical transmitter coil parameters.

• Rs is the current sense resistor used to generate the feedback voltage signal.

• R f b1 and R f b2 are feedback resistors which feed the inverting input of the

LM7171. R f b1 conducts the current feedback signal, while R f b2 provides a high

impedance DC return path for the feedback loop. Without a DC feedback path,

any slight DC offset between the inverting and non-inverting inputs will be mul-

tiplied by the open-loop gain of the op-amp and cause large undesired deviations

in the output voltage.

Load analysis

Introducing an AC coupled load requires specifying the coupling capacitors, C1 and

C2, such that they provide a low impedance current path in the frequency band of

interest. A load analysis was performed to investigate which capacitor values should

be considered in the circuit design. The critical capacitor is C2 as this must conduct
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sufficient current through the transmitter coil during operation. The simulated circuit

is shown in Fig. 4.13. A dependant voltage source with unity gain is used to model

the LMH6321 as an ideal high input impedance current buffer. R1, R2 and C1 form the

input RC coupling network to the buffer as shown previously in Fig. 4.12. C2 is the

output coupling capacitor to the transmitter coil.

C1 was empirically chosen as 1 µF, in combination with R1 and R2 set to 10 kΩ to

produce a high-pass RC filter network with ωc = 200 rads−1 which is sufficient to pass

the transmitter’s desired frequencies. The circuit was simulated with an input voltage

of 7.5 V, equal to the maximum voltage swing provided by the design. Multiple orders

of C2 were simulated with their responses shown in Fig. 4.14. A coupling capacitance

of 100 µF was chosen due to its flat gain response in the main field generator frequency

band between 10 and 30 kHz. This larger capacitance value also allows the potential

use of lower transmitter frequencies in the kHz range. This may be a desirable when

minimising interference due to Eddy-current distorters [16]. A distortion-free low

frequency field generator could be combined a distortion susceptible generator to

produce an improved estimator-based tracking system design, in which the distortion-

free field generator behaves as a reference measurement [12].
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Figure 4.13: Small signal circuit model used to simulate the effects of coupling capac-
itor values in the ac coupled transmitter driver design.



82 CHAPTER 4. EMT SYSTEM DESIGN

Figure 4.14: Bode diagram of the simulated open-loop frequency response using dif-

ferent coupling capacitor values.
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4.3.2 Open-loop transmitter analysis

The response of the optimised current driver in Fig. 4.12 was simulated in SPICE

using the part specific circuit models for all components provided by the manufacturer.

AC analysis was performed in Multisim (National Instruments, TX, USA). The v f b

node was analysed. For simulations C1 was set to 1 µF and C2 set to 100 µF. An equiv-

alent DC coupled split supply design was also simulated for reference. The frequency

response of the circuit between 0 and 1 MHz is shown in Fig. 4.15. Significant differ-

ences between both AC and DC coupled designs are found throughout the first three

decades of the frequency response in Fig. 4.15. For very low frequencies ( f < 10 Hz)

the phase angle approaches 180◦. Moving towards the 10 kHz band, the responses

converge to become identical. This difference in response is due to the coupling ca-

pacitors, C1 and C2, shown in Fig. 4.12. The impedance of each capacitor produces a

large capacitive reactance, XC, where the magnitude of the reactance is given by (4.9)

and the phase angle given by (4.10)

|Xc|=
1

ωC
(4.9)

arg(Xc) = arctan(−ωC) (4.10)

where ω is the angular frequency. A low frequencies, Xc dominates the signal chain

and produces a large positive phase contribution as shown in the lower frequencies in

Fig. 4.15. The choices of C1 and C2 result in both AC and DC responses converging at

the desired transmitter frequency band of 10 to 30 kHz.



84 CHAPTER 4. EMT SYSTEM DESIGN

Figure 4.15: Frequency response of open-loop transmitter without RC compensation

network. The initial positive phase shift at low frequencies is a consequence of the AC

coupled design inserting +180◦ of positive phase. A phase margin of 65◦ is present at

30 kHz.



4.3. OPTIMISED TRANSMITTER DRIVER 85

4.3.3 Closed-loop transmitter analysis

Closing the loop of the transmitter involves connecting v f b to the inverting input of

the LM7171. From to Fig. 4.7 we can see that the phase margin of the fully simulated

system (65◦) is considerably higher than that of the transfer function simulation shown

in Fig. 4.7 (15◦) developed from [90, p. 92]. This phase margin increase may be due

to using the more accurate system SPICE model for the LM7171 amplifier which

takes into account all the part specific circuit parasitics. Consequently potential for

closed-loop oscillation is significantly reduced as a result, reducing the requirement

for an RC compensation network. This is verified in section 4.10 where the start-up

and steady-state current waveforms are analysed.

The closed loop frequency response of the transmitter driver is shown in Fig. 4.16.

The transmitter exhibits a flat gain characteristic at the operational frequencies of the

tracking system, with an overall unity-gain bandwidth between 5 kHz and 100 kHz.

This flat characteristic is desirable as it allows the user to vary the transmission fre-

quencies within a wide band without running the risk of saturating the current buffer.

Closed-loop current tracking performance

For the ideal current source, shown in Fig. 4.5, the current through the sensing resistor

Rs should be independent of the load impedance Zcoil . Referring back to Fig. 4.5 and

(4.3), it can be seen that the output current depends solely on the sensing resistor RS.

In reality, amplifiers have limited voltage swing and output current drive capability as

discussed in section 4.3. However, a constant current design is desirable as it implies

that the driving currents can be assumed constant within a certain range of Zcoil . In

the context of electromagnetic tracking, this functionality would allow different field

generators of different impedance characteristics to be connected without altering the

coil current.

A parameter sweep analysis was performed to investigate how effectively the cur-

rent drive circuit drive could react to various loads. Both transmitter coil resistance and

inductance were swept over five discrete values using a 1 kHz to 1 MHz AC analysis.

A reference voltage vre f of 200 mV was used for the analysis. The magnitude plots

for each sweep are shown in Fig. 4.17 and Fig. 4.18. It can be seen from both plots
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Figure 4.16: Bode diagram of the closed loop frequency response of the transmitter

driver. A flat ≈ 0 dB gain response is observed between 5 kHz and 100 kHz. A resonant

peak occurs at 800 kHz, but this is sufficiently distant from the operating frequencies

of the tracking system to pose problems

that the coil current remains approximately constant for each parameter. The precise

currents are shown in Table 4.1.

It can be observed from Table 4.1 that changing the coil inductance Lcoil has a
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Figure 4.17: Magnitude response of transmitter coil current for different values of coil

inductance.

Figure 4.18: Magnitude response of transmitter coil current for varying values of coil

inductance Lcoil and resistance Rcoil . Coil parameters were varied independently for

each corresponding analysis.

much greater effect on the closed-loop performance when compared to scaling the

resistance Rcoil . The standard deviation of the current is approximately 2.54 mA dur-
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Lcoil (µH) (Rcoil = 2Ω) Coil current (mA)

70 193.683
90 192.033

110 190.411
130 188.816
150 187.247

mean µ 190.44
std. dev. σ 2.54

Rcoil (Ω) (Lcoil = 70µH) Coil current (mA)

2 192.032
4 191.915
6 191.789
8 191.655

10 191.512

mean µ 191.78
std. dev. σ 0.2057

Table 4.1: Transmitter coil current for different transmitter coil parameters. Parameters
were var Simulated measurements were taken at a transmission frequency of 20 kHz.

ing the inductance sweep, but only 0.2057 mA for the resistance sweep. Assuming a

constant current for different transmitter PCB designs is clearly incorrect in this case,

particularly if the coil inductance changes significantly. Nonetheless the performance

should be sufficient to account for small deviations in the manufacturing process of the

PCB, including the slight variations in copper trace resistance that can occur during

low-cost etching processes.

4.4 Sensor amplifier design

The developed tracking system uses electromagnetic induction in order to produce a

voltage signal on a small inductive sensor coil. Induction sensors comprise primarily

of a wound coil wrapped around a ferromagnetic core. A ferrite core is typically

used, with the core increasing the overall sensitivity of the sensor by the apparent

permeability of the material µa, discussed in chapter 7. This manufacturing process

allows extremely small sensors to be fabricated while maintaining an acceptable signal-

to-noise ratio whilst using low-energy magnetic fields. A full derivation of the sensor

model can be found in chapter 3.

However, the induced sensor voltage a very weak, high-impedance signal in the

order of microvolts. Amplification of the received sensor signal is required before

any further signal processing steps can take place. Previous work [90, p. 70] saw the

development of a 2nd-order sensor transfer function model, shown in (4.11), for a

5 degree-of-freedom induction sensor, where vin is the induced voltage on the coil
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and vout is the apparent voltage at the sensor terminals. This sensor model enabled

the design and implementation of a magnetic field detector circuit [90, p. 102]. The

equivalent circuit model for an induction sensor from which the transfer function was

derived is shown in Fig. 4.19 where Rs and Ls are the sensor’s series resistance and

inductance parameters, and Cs is the sensor’s winding capacitance.

vout

vin
=

1

LsCs

s2 +
Rss

Ls
+

1

LsCs

(4.11)

This section builds upon this previous work by describing the design of a refined

magnetic field detector circuit for integration into the Anser EMT system which takes

size, cost and electrostatic safety into consideration.

Figure 4.19: Equivalent circuit model for an induction sensor

The original detector circuit was an instrumentation amplifier design based around

the INA128, a high performance amplifier from Texas Instruments [139]. The most

critical characteristics for an amplifier in this sensor amplification role is its linearity

and noise performance metrics. Replacing the INA128 with an INA163 amplifier [140]

results in noise and cost improvements. Table 4.2 shows a comparison of the main

specifications of the two amplifiers.
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Table 4.2: Specifications of INA128 and INA163 instrumentation amplifiers taken
from [141, p. 363] and the respective device datasheets [139,140]. INA163 experience
significantly reduced input stage voltage noise due to its increased input bias current
requirements.

Datasheet Metric INA128 INA163

CMRR (dB) 120 100
Input Bias Current (nA) 5 12000

Max. Gain (V/V) 10000 10000
-3dB BW, G = 100 (kHz) 200 800

Voltage Noise @ 1 kHz (nV/
√

Hz) 8 1
Current Noise @ 1 kHz (pA/

√
Hz) 0.3 0.8

Voltage Noise @ 10 kHz+, G = 500 (pA/
√

Hz) 8 1.1
Current Noise @ 10 kHz+, G = 500 (nV/

√
Hz) 0.3 0.8

Price per unit($) ∼ 3.41 ∼ 2.90

4.4.1 Noise analysis

To estimate of the noise characteristics of the amplifiers, the noise figure was calcu-

lated assuming an operating frequency of 30 kHz and a sensor impedance of 377 Ω

(based on R, L and C values of 70 Ω, 2 mH and 900 pF respectively from [90]). Both

instrumentation amplifiers have bipolar junction transistor (BJT) input stages. The

relevant noise figure equation is given in (4.12) [141].

NF = 10log10

(
1+

e2
n +(inRs)

2

4kBT Rs

)
dB (4.12)

where en and in are the voltage and current noise parameters extracted from the device

datasheets, Rs is the source impedance of the connected sensor, T is the ambient

temperature and kB is the Boltzmann constant. If the induction sensor is connected

directly to the amplifier, (ignoring any input biasing resistors for the moment), then

the noise figures using each amplifier would be:

NFINA128 = 20.93dB, NFINA163 = 5.44dB

INA163 has a lower noise figure due to the relatively low sensor source impedance.
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A low source impedance allows the voltage noise term, en, to dominate the noise

figure equation. For sensors with high input impedances in the orders of kiloohms and

upwards, the current noise value, in, becomes dominant and the INA128 would be a

much better design choice. This is demonstrated in Fig. 4.20 where the noise figure of

each amplifier is plotted with respect to source impedance.

Figure 4.20: Simulated noise figures for both INA128 and INA163 instrumentation

amplifiers with varying load impedance Rs with gain G set to 500. At approximately

10 kΩ source impedance, the noise figure of the INA128 becomes more favourable

than that of the INA163.

4.4.2 Amplifier circuit design

An improved instrumentation amplifier circuit utilising the INA163 is shown in Fig. 4.21.

Diodes Dz act as input protection for the amplifier input pins. These zener diodes have

a reverse breakdown voltage of 15 V. Rin and Cin form an input low-pass filter. The

filter impedance was designed such that the source impedance as seen from the input

pins did not exceed 10 kΩ. High value RB resistors provide the required biasing for the

INA163 inputs since the induction sensor is a floating source. The gain of the circuit

is adjusted using a potentiometer. The output voltage, vout , connects to the system’s

data acquisition unit (DAQ).
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Figure 4.21: Simplified schematic of the implemented instrumentation amplifier circuit.
For simplicity, programming gain potentiometer RG is not shown.

4.5 Microcontroller

The waveform generators discussed in section 4.2.1 require programming each time

the system is turned-on. The original system utilised an Arduino Uno microcontroller

(Scarmagno, Italy) for this purpose. In this design, the controller was hard-programmed

with the desired transmission frequencies which were downloaded to the corresponding

waveform generators during the power-on-reset process. The initial system prototype

did not provide a facility to alter these frequencies during operation and required the

enclosure to be physically opened to reprogramme the microcontroller.

An improved microcontroller-based interface was developed to allow the system

frequencies be modified in real-time during system operation. This new interface pro-

vides the user with the ability to alter the system frequencies with ease based on the de-

sired application and will be discussed in section 4.10.4. A Teensy 3.2 microcontroller

(PJRC, Oregon, USA) was used as the programmable platform due to its increased

speed, smaller size and compatibility with the Arduino code ecosystem. Table 4.3
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Figure 4.22: Photograph of a

Teensy 3.2 microcontroller.

Specification Uno Teensy 3.2

CPU Type 8-bit 32-bit

CPU Freq. (MHz) 16 120

RAM (kB) 2 64

Program Mem. (kB) 32 256

Price per unit ($) 22 22.50

Table 4.3: Specifications comparing

Uno and Teensy 3.2.

compares some of the basic specifications of both controller platforms.

4.6 Data acquisition unit

The original system implementation used a National Instruments USB-6216 acquisi-

tion device for sampling the current and sensor channels of the tracking system. In the

revised system, the OEM variant of a similar device, the NI-USB-6212 was used in-

stead. This board features identical specifications to the USB-6216 albeit with reduced

electrical isolation on the analogue input channels, which are not required: It was de-

cided to forego the isolation features since the analogue inputs are already buffered

by the INA163 input stage which features electrostatic discharge input protection dis-

cussed in section 4.4.2.

Table 4.4: USB-6212/6216 specifications

Specification NI USB-6212 NI USB-6216

Analog Inputs 16 16

ADC resolution 16-bits 16-bits

Max. Sampling Freq. 400 kHz 400 kHz

Digital I/Os 32 32

Unit Cost e1350 e1610
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Figure 4.23: National Instruments USB-6212 OEM PCB

4.7 Power delivery

The previous tracking system prototype did not feature on-board voltage conversion or

regulation and thus required the use of a bench power supply. An EL302RT (Fort Worth,

TX, USA) linear power supply shown in Fig. 4.24 was used to supply low-noise bipolar

15V power rails through banana plugs to the system. While this supply provides clean

power, it is not suitable box-build product due to its large size and cost. A integrated

dual rail power design was created to allow the system to operate from a single 15V

wall adapter. The individual components of this design will in section 4.7.1.

4.7.1 Mains power

An off-the-shelf medical grade power supply was chosen as the main power delivery

system for the tracking system. The ME60 60 Watt supply (SL Power Electronics,

South Molton, UK) was chosen due to its compliance with isolation and EMC stan-

dards required by electronic medical devices; in particular the IEC 60601 and the

Means of Patient Protection (MOOP) standards contained within [142]. A 5.5mm

diameter barrel jack provides a standard connection for interfacing with the tracking

system. The ME60 supply is suitable for use in all regions of the world and can accept

a voltage input range of 90-264 Volts.
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(a)
(b)

Figure 4.24: (a) A TTi EL302RT linear DC power supply. (b) General purpose medical
grade power adapter.

4.7.2 Input filtering

The ME60 is a switching power supply and therefore produces significant switch-

ing noise compared to using a linear supply. A common mode choke (10µH,Wurth

Elektronic, Niedernhall, Germany) in combination with some electrolytic capacitors

(100µF, Nichicon, Kyoto, Japan) was designed to remove any common mode noise

introduced by the barrel jack cable.

4.7.3 Split rail design

A bipolar supply is required for the majority the analogue circuitry in the tracking

system. A DC/DC converter module was used to step the +15V rail to -15V. The Texas

Instruments PTN78000AAH adjustable negative output converter was used to perform

this conversion [143]. Output filtering is also required on this converter design. A

capacitor-inductor-capacitor (CLC) filter (also known as a ‘pi’ filter) was implemented

to attenuate switching noise from the converter. Fig. 4.25b shows the schematic of the

converter circuit. The CLC behaves as a second order low-pass filter. The simulated

response of the filter for various load current is shown in Fig. 4.26.
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(a)

+

(b)

Figure 4.25: (a) The Texas Instruments PTN78000AAH adjustable regulator module.

The module measures 19 mm×13 mm and can deliver up to 1.5 A of current. (b) The

schematic of the converter implementation. Rad j was chosen as 100 Ω according to

the device datasheet to set the converter output to −15 V. Component value C1 was

set to 100 μF according to the datasheet, while C2 and L1 were empirically set to 22 μF

and 10 μH respectively for attenuating the converter’s nominal switching frequency of

440 kHz [143].

Figure 4.26: Simulated CLC filter responses for different load currents. Loads of 10 Ω,

20 Ω, 30 Ω and 50 Ω are simulated. A pole exists at approximately 10 kHz, but is

sufficiently far from the converter’s typical switching frequency of 400 kHz to cause

stability issues.
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4.7.4 Linear regulation

The ±15V rails may contain high frequency noise which cannot be fully eliminated

by passive inductor-capacitor filters. Active regulation is still required to reduce this

noise figure use with sensitive analogue amplification circuitry. A low drop-out (LDO)

regulation stage was designed for both rails to achieve this goal. The Texas Instruments

TPS7A33 [144] and TPS7A47 [145] were selected to regulate the -15 V and +15 V

rails respectively.
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4.8 Field generator design

The system field generator is responsible for emitting the alternating the magnetic

field into the working volume. The original field generator was comprised of eight

individual square transmitter coils of 25 turns each. The coils were housed in a custom

machined polycarbonate housing and were individually wired to the transmitter driver

using coaxial cable. The design is quite costly over multiple runs due to the machining

required and can suffer variances in coil placement due to machine tolerances. The

new design shown in Fig. 4.27 shows all transmitter coils integrated onto a single

30× 30cm printed circuit board (PCB). Manufacturing the field generator in this

manner results in significant cost savings in terms of materials and assembly time,

but it also reduces coil tolerating problems by taking advantage of the micron-level

accuracy of PCB fabrication process [146]. For the purposes of tracking this means

that the field generator can be interchanged without affecting the calibration accuracy

of the system as discussed in section 4.3.3.

4.9 Enclosure design

A user-friendly enclosure was designed for both transmitter and driver PCBs. The

designed enclosure allows the system to be transported and easily assembled/disas-

sembled in a matter of minutes. An off-the-shelf enclosure was selected for the driver

PCB while a custom housing was designed in-house for the field generator PCB.

4.9.1 Driver PCB enclosure

An off-the-shelf enclosure from a German enclosure manufacturer (OKW, Buchen, Ger-

many) was used to mount the driver PCB for the tracking system. The Eurocase shown

in Fig. 4.28 was chosen due to its large PCB capacity of 350×220mm [147]. The lay-

out of the driver PCB was performed according to these dimensions. Aluminium front

and back panels are also provided with the enclosure which were machined separately

in order to access all the external system connectors and buttons.
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Figure 4.27: Single PCB field generator design for the Anser EMT system. The board
measures precisely 30×30cm, measures 1.6mm thick and is connected to the system
base station with a 3M 26-position miniature delta ribbon (MDR) connector. The lead
trace pairs between the connector and the respective coils we’re designed to be as close
to the coils and as narrow as possible in order to prevent unwanted magnetic coupling.
The measured inductance value for each coil is 70µH with a series resistance of 2Ω.
The coils furthest from the connectors have slightly larger resistance values due to
their longer trace lengths. The origin of the tracking system is defined as shown at the
centre of the PCB.
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367mm

54mm

(a)
(b)

Figure 4.28: (a) Diagram of the main dimensions of the Eurocase enclosure. (b) 3D
rendering of the enclosure with front panel machines for the field generator cable
connector and sensor ports.

4.9.2 Field generator PCB enclosure

The field generator PCB shown in Fig. 4.27 is approximately 1.6mm thick and contains

bare electrical contacts which require isolation. The PCB itself is made of fibreglass

resin (FR4) and is prone to cracking and fracture if mishandle or if large external force

is applied to it. The tracking system is designed for future use in medical procedures,

therefore the field generator must be designed to support the weight of a patient. The

tracking system also requires calibration before use, and this process necessitates

that a number of test point positions be sampled above the field generator with a

calibrating induction sensor [92]. Acquiring these points requires having a ground truth

measurement of the sensor’s position, a task which is very difficult to achieve using

the bare PCB as a reference. The previous tracking system design used Duplo blocks

(The Lego Company, Billund, Denmark) to precisely locate the test sensor in known

positions for the calibration process [92]. An alternative approach was developed by

integrating the test positions within the field generator enclosure as a uniform grid of

holes as shown in Fig. 4.29. A plastic dowel containing the calibrating test sensor is

then placed at each of these test positions during the calibration process and is shown

in Fig. 4.30.
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33 cm

Figure 4.29: Plan view of the field generator enclosure showing the square 7x7 point
grid of calibration test points positions.

Figure 4.30: 3D rendering of the enclosure in Solidworks with PCB and calibration
sensor in the central test position.
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4.10 System operation

This section briefly explores the system behaviour on power-on and how the system

may be programmed for different transmitting frequencies.

4.10.1 System start-up

The system start-up sequence occurs when the system is initially powered-on using

the power switch. Fig. 4.31 shows the initialisation steps from the perspective of

a single coil current driver. A reset signal is initially sent to all waveform generator

circuits, followed by a byte sequence to programme each coils’ desired frequency. Each

waveform generator then begins producing the programmed frequency. A settling time

of approximately 0.2 s is required.
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Figure 4.31: Zoomed-out view of a single coil driver’s output voltage waveform en-
velope during the system start-up sequence. (a) The AD9833 waveform generator
is reset. (b) Waveform generator is programmed via the Teensy microcontroller. (c)
Waveform generator begins producing the programmed frequency and output settles
to steady-state after a transient period of approximately 0.2 s
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4.10.2 Current settling

All electronic components undergo temperature dependent drift when heated. This

effect becomes noticable when the system is powered-on from ambient temperature

(cold-start). The gradual heating of the components due to the power consumption of

the system results in the transmitter current drifting over time as shown in Fig. 4.32.

The LMH6321 current buffer reaches a maximum temperature of ≈ 55◦C in steady

state. The printed circuit board behaves as a heat sink which may, over time, cause the

value of connected passive components’ values to drift with temperature. Component

value drift in the feedback loop will cause changes to the system’s response, and is

a drawback of using a densely populated PCB design. A maximum drift of 2 mA is

observed. The system achieves constant current approximately 6 minutes after power-

on. One should therefore let the system warm-up for this length of time in order to

achieve the best calibration.
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Figure 4.32: Current amplitude versus time for each transmitter coil when the system
is turned on at ambient temperature. The coil currents take approximately 6 minutes
to settle to steady state.
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4.10.3 Steady state

Once powered-on, initialised and warmed-up, the system can be assumed to be operat-

ing in steady state: Each transmitter coil of the field generator produces an alternating

current signal of constant amplitude to produce a spatially varying magnetic field in

the tracking volume. The current through each coil is monitored using the DAQ in

Fig. 4.23. The plot of the sensed field generator current signal is shown in Fig. 4.33

and the frequency spectrum of this signal is shown in Fig. 4.34. The spurious free dy-

namic range (SFDR) of the signal is defined as the strength of the fundamental signal

to the highest undesired signal [141]. An SFDR of 40dB is observed using the 20 kHz

fundamental frequency as reference. The total harmonic distortion (THD) is defined

in (4.13) as the ratio of all powers of all NH harmonic components to the fundamental

frequency F .

THD =

√
V 2

1 +V 2
2 + . . .VN2

H

VF
(4.13)

THDTotal =

√
V 2

1 +V 2
2 + · · ·+VN2

H√
V 2

F1 + · · ·+V 2
F8

(4.14)

Taking the 20 kHz as the fundamental frequency, a THD of 1.3% is observed

during normal operation. If all eight coil frequencies are considered, as fundamentals

then the THD can be written as (4.14), where the calculated THD is approximately

0.35%. It should be noted that the magnitude of the low-frequency harmonics present

in the current sense signal do not significantly impact the induced tracking sensor

signal as shown in Fig 4.35. The natural high-pass filtering effect of Faraday’s law in

combination with passive circuit filtering produce a clean output signal which contains

significantly fewer low-frequency tones. With the exception of the DC component, the

observed SFDR is 57 dB (i.e. referenced to 1 V). A new THD of 0.2% found using

(4.14).
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Figure 4.33: Current sense signal of the field generator. The resulting waveform is
a superposition of the eight transmitter frequencies. Data acquired using an Agilent
DSO-X3024A oscilloscope at a sampling frequency of 4 MegaSample per second
(MSps). Signal amplitude units are in volts (V).
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Figure 4.34: Fast Fourier transform (FFT) of the field generator current signal. Each
peak represents a single transmitter coil. The 50k point FFT was generated using an
Agilent DSO-X3024A oscilloscope at a sampling frequency of 4 MegaSample per
second (MSps) using a Hanning window. Units are in decibels (dB) relative to 1 Volt,
(dBV).
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Figure 4.35: Fast Fourier transform (FFT) of the induced voltage on the tracking
sensor due to the field generator after amplification and filtering. The sensor was
placed vertically above the centre of the field generator at a height of 12cm. Each peak
represents an induced frequency component due to a single transmitter coil. 50k point
FFT generated using an Agilent DSO-X3024A oscilloscope at a sampling frequency
of 4 MSps using a Hanning window.
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4.10.4 Frequency programming

A USB-serial interface was designed for the Teensy microcontroller to allow system

users to independently adjust the transmission frequencies of the field generator. The

user can connect to the microcontroller over a virtual-serial terminal interface and

issue commands to the microcontroller using a set of command strings. On receiving

a valid command, the microcontroller decodes and programs the requested waveform

generator. The command syntax draws inspiration from the Standard Commands for

Programmable Instruments (SCPI) specified by IEEE 488.2 [148].

At the time of writing, four commands are currently supported:

READ: Queries the controller about which frequencies are currently being transmitted

by the system. The user can query an individual coil number and the controller

provides the corresponding frequency of that coil (in Hz) in response.

FREQ: Programs a specific coil to a desired transmitting frequency while leaving all

other coils transmitting

FREQR: Similar to FREQ, but resets all other coil frequencies to 0 Hz. This is useful

for debugging and testing.

RESET: Resets all coil frequencies to 0 Hz.

Formulating a command string to program a single transmission coil over the serial

port takes the following form:

>> FREQ:<coilno >@<frequency >

where the <coilno> is the number of the coil for programming, and <frequency>

is the desired frequency in Hz. Multiple frequencies can be programmed at once by

stringing together coil indices and frequencies:

>> FREQ:<coilno >@<frequency >:<coilno >@<frequency > ...
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4.11 Accuracy evaluation

The Anser EMT system subjected to a standardised testing assessment described in

[100,149,150]. Standardised testing allows one to objectively compare Anser EMT to

existing commercially available trackers. In this section, we aim to show that the Anser

EMT system is comparable in performance to commercially available systems. The

original implementation of the system by [92] was used for this work, as the optimised

system detailed in this chapter was not fully constructed at the time when experiments

took place. Both the original and revised system are identical in terms of magnetic

design, so the results which follow can be assumed to apply to both systems. The

revised system design is used for all other experimental work in this thesis.

4.11.1 Testing protocol

The Hummel protocol is a well-known standardised testing platform that is utilised

to evaluate commercially available electromagnetic tracking systems [133, 134]. The

protocol provides a method to quantitatively measure the error between a tracking

sensor’s resolved position and the sensor’s actual position in space. The setup is shown

in Fig. 4.36. The grid is used for positional error measurements [x,y,z]. The board

contains a set of 32 holes arranged in a circle which are used for rotational error

measurements [θ ,ϕ]. Two distinct angular displacements are also included and shown

as Rotation 1 and 2 in Fig. 4.36b. The Hummel board was placed at three distinct

heights of 11 cm (bottom), 16 cm (middle) and 21 cm (top) above the FG using the

wooden stackable platforms shown in Fig. 4.36. For the position measurements 5×5 =

25 points in the central area of the Hummel board were used, shown in Fig. 4.37. The

FG was aligned in the middle of the covered volume before the measurements. The

rotational measurements were taken at the middle height.

4.11.2 Results

Tables 4.5 and 4.6 display the results of the Anser system subjected to the Hummel

protocol. One-hundred and fifty position samples were recorded and processed for
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Figure 4.36: (a) Hummel board system setup [150]. The Hummel board is mounted
on a set of stackable platforms. The field generator (not visible) is placed beneath the
stacks on a metal-free surface. (b) The Hummel adapter for use with the Hummel
board. Dimensions are in millimeters (mm)

Figure 4.37: Diagram of the Hummel board. A 5×5 subsection of the grid, shown in
green, was used for accuracy evaluation.

each measurement at an update rate of 15Hz. The precision measurement (also called

jitter) describes how much variation exists in the sensor’s resolved position whilst in a
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fixed position. N = 25 locations were acquired for jitter measurements on each height

of the setup. For each location the root mean square (RMS) error was calculated over

all 150 positions samples. The accuracy measurement describes how well the resolved

sensor position corresponds with the actual coordinates of the sensor in space. The

sensor position was averaged over 150 position samples for each location. N = 40

distances (20 horizontal and 20 vertical) were acquired at each height (bottom, middle

and top) with the relative distances between each point (5 cm) used as the reference.

For determining the rotational accuracy, 31 measurement errors of 11.25◦ steps were

recorded for each of the two rotation orientations. Position data was transferred to the

MITK medical imaging environment [151] over the OpenIGTLink protocol [96]. A

screenshot of the acquired points is shown in Fig. 4.39.

Distortion tests were also performed using a set of solid metal cylinders individ-

ually placed between the FG and tracking sensor. Five separation distances between

each distorting cylinder and the tracking sensor were tested. A detailed description

of the experimental setup can be found in Hummel’s original paper describing the

testing protocol [150]. Table 4.7 shows Anser’s tests results alongside those from

commercially available systems.

Separation Precision (mm) Accuracy (mm)

Top 0.29±0.34 1.98±1.47
Middle 0.15±0.1 1.14±0.8
Bottom 0.13±0.11 0.82±0.63

Table 4.5: Precision (jitter) and accuracy results for the Anser system (µ ±σ ). The
precision is averaged over 25 RMS errors on each height. The accuracy is averaged
over 40 errors of 5cm distance measurements on the Hummel board.

Rotation type Rotation error (◦)

Perpendicular (Rotation 1) 0.04±0.02
Co-planar (Rotation 2) 0.09±0.05

Table 4.6: Rotational error (µe±σe) results for the Anser system. For each rotation
type, the error is averaged over 31 measurements of 11.25◦ steps.
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Device FG Type Ref. Prec. (mm) Acc. (mm) Rot (◦)

NDI Aurora
Planar FG [149] 0.20 0.80 1.2/1.0
Tabletop FG [149] 0.05 0.3 0.8/0.7
Compact FG [149] 0.05 0.5 1.0/0.8

Ascension microBird
Mid Range FG [133] 0.14 0.69 0.04

Ascension 3D Guidance
Mid Range FG [152] 0.15 0.24 0.05/0.06
Flat FG [152] 0.20 0.18 0.02/0.02

Anser EMT
Planar FG – 0.15 1.14 0.04/0.09

Table 4.7: Test results commercial systems subject to the Hummel protocol taken from
[134]. The mid-height Anser EMT results have been added for comparison.
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Figure 4.38: Position error vs. separation distance using four solid cylinders of different
metals. The aluminium cylinder induces the largest positional error of 27mm.

Table 4.7 compares Anser with commercially available EMT trackers. The open-

source tracker compares favourably to the NDI and Ascension system in terms of

precision, accuracy and rotation. Precision (jitter) measures 0.15mm; similar to other

systems. Positional accuracy is 1.14mm compared to 0.8mm for the Aurora planar field

generator. Rotational accuracy compares favourably with errors of 0.04◦ and 0.09◦

for both rotation positions shown in Fig. 4.36(b). This rotational accuracy matches

those of the Ascension system while significantly improving over the Aurora system.

The sensor used in these experiments was an NDI 5-DOF sensor (model no. 610099)
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Figure 4.39: Screenshot of the acquired points visualised in the MITK medical imaging
environment [151]. The three planar 5× 5 grids correspond to the bottom, middle and
top heights of the Hummel board and was used for positioning error calculation. The
circular array of points was captured in the middle layer and was used to calculate
rotational errors.

which was rigidly glued into a 2.5mm diameter catheter to minimise rotation of the coil

within the Hummel adapter during testing. Previous work reported cable orientation

and sensor flipping impacting measurements [153], both of which did not occur in this

experiment. Fig. 4.38 shows the distorting effects of metal on the tracking performance

of the system. In all cases, an increase in position error is observed with decreasing

separation between the distorting cylinders and the sensor. The aluminium cylinder

caused the highest error of 27mm. This is expected as aluminium exhibits highest

conductivity of the metals used in the experiment and will therefore produce the largest

Eddy currents when placed in a time-varying magnetic field. The effects of metal

distortions are studied in more detail in chapter 5.
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4.12 Summary

This chapter described the design and implementation of an improved revision of the

Anser electromagnetic tracking system. The design can now be fabricated as part of

a system box-build as a result. Experiments we’re then performed to evaluate the

system’s accuracy in light of commercially available tracking systems. Results show

that Anser performs similarly to the NDI planar generator for accuracy measurements,

and the Ascension 3D Guidance system for rotational measurements. The revised

hardware design is a foundation for the experimental work carried in chapters 5, 6 and

7, while pre-clinical validation of the system is demonstrated in chapter 8.



Chapter 5

Detection and localisation of
distortions in EMT

This chapter describes a novel method of detecting static magnetic distortions

using only the magnetic field transmitting array. The existing field generator design

described in chapter 4 is modified to enable simultaneous transmission and reception

of the generated magnetic field. A mutual inductance model is developed for this field

generator design in which deviations from control measurements indicate the location,

magnitude and material of the field distorter to an approximate degree. Whilst not

directly compensating for errors, this approach enables users of EMT systems to op-

timise placement of the magnetic field generator by characterising a distorter’s effect

within the tracking volume without the use of additional hardware. The discrimina-

tion capabilities of this method may also allow researchers to apply material-specific

compensation techniques to minimise position error in the clinical setting.

All magnetic tracking systems experience error due to distorters in the operating

environment [134, 155]. Distorters typically take the form of metallic objects which

can be either static or moving with respect to the tracking system field generator. A

distorter causes the redistribution of the generated magnetic field in their local envi-

This chapter is based on H. A. Jaeger and P. Cantillon-Murphy, “Distorter characterisation using
mutual inductance in electromagnetic tracking”, Sensors, 18(9), 2018. [154]

115
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Figure 5.1: Generalised operation of an EM tracking system. A control unit is con-

nected to a field generator board (TX) and magnetic sensor (RX). The sensor expe-

riences an induced voltage from the generated time-varying magnetic field B. The

control unit measures this voltage and resolves the sensor position based on this mea-

surement to yield the position and orientation of the sensor P with respect the origin

O. The orientation component take the form of a vector, quaternion or transformation.

Distorters D in the region of the TX board distort the magnetic field and result in

sensor positioning errors.

ronment as indicated in Fig. 5.1. Tables and surgical instruments make up the majority

of distorters in the clinical setting as they are typically made from either aluminium or

stainless steel due to sterility requirements. These metallic structures, when placed in

the vicinity of the tracking system field generator, may affect the spacial distribution

of the transmitted magnetic field which can cause significant errors in the reported

sensor positions [13, 155]. Ferromagnetic distorters (those containing iron) change

the shape of the local magnetic field distribution due to their relatively high magnetic

permeability. Highly conductive non-ferromagnetic distorters such as aluminium pro-

duce opposing magnetic fields by induced Eddy-currents [156]. Commercial EMT

systems such as the Aurora system (Northern Digital Inc., Ontario, Canada), trak-

STAR (Ascension Technologies, VT, USA) and Fastrak (Polhemus, VT, USA) have been

subject to standardised assessments to determine the effects of different distorter types

[149,150]. Some of these tracking systems contain compensation techniques, although
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these methods remain proprietary and do not provide any localisation of the distorter

location.

Compensation for the effects of metallic distorters has become a popular topic

among researchers working on integrating EMT into the clinical setting. Intrinsic com-

pensation techniques include manipulation of the underlying magnetics through the

use of magnetic shielding [157] and novel field modulation methods [15, 16] which

act to nullify the effect of local metallic objects. Other techniques rely on the use of

redundant position measurements in order to characterise and map the nature of the

distortion while simultaneously compensating for positioning error: EMT-only tech-

niques utilise multiple magnetic sensors in fixed in relative orientation combination

with simultaneous localisation and mapping (SLAM) to effectively reduce error by as

much as 67% [11]. Optical tracking systems have also been used in combination with

EMT to provide a position reference for sensor fusion algorithms [12].

While many of these compensation techniques are effective in reducing error from

distorters, characterisation of the distortions themselves typically requires an undis-

torted sample of tracking system positions be obtained and analysed for baseline com-

parison. This approach provides distortion information purely from the perspective

of the magnetic sensor and not from that of the field generator. It is also a relatively

time-consuming process as a cloud of points needs to be acquired with respect to ei-

ther a relative [11] or optical ground truth [12]. Procedural tables, trolleys and other

medical equipment are the biggest distortion sources in the clinical setting, and their

proximity to the field generator board has a large impact on overall system accuracy

[157]. This chapter proposes a novel distortion detection scheme which utilises only

the EMT field generator. The design is based on an existing field generator design

for the open-source Anser EMT tracking system described in chapter 4 [92, 100].

The modified design allows calculation of distortion error from the perspective of the

field generator based on measurements of the mutual inductance between constituent

transmitting coils. Amplitude and phase measurements from the resulting signal wave-

forms allow discrimination between different distorting materials. The calculations

can be performed autonomously allowing EM tracking systems to detect the presence,

material type and approximate location of distortions without the need for position
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acquisition or undistorted control data.

While this work does not attempt to compensate for position errors, the proposed

technique can potentially be used in tandem with existing compensation methods. The

proposed method can allow EMT users to quickly optimise placement of EMT field

generators such that environmental errors can be minimised prior to the application of

further compensation techniques.

5.1 Background

5.1.1 Magnetic Field Generator

All EMT systems use a magnetic field generator to produce a time-varying magnetic

field as shown in Figure 5.1. The transmitting field must be spatially unique such

that each position in space has a unique magnetic signature. Most field generator

designs employ multiple transmitting coils with each generating a magnetic field at a

different frequency to fulfil this requirement. EMT field generators come in a number

of different arrangements including tri-axial [99], planar coil [103] and planar printed

circuit board (PCB) [92, 100] such as shown in Fig. 3.2. In this chapter we alter the

role of the magnetic field generator such that each transmitter coil can also behave as

a receiver. The operation of the modified field generator and receiver coils is described

in the following sections.

5.1.2 Mutual Inductance

Mutual inductance is the electrical property which relates how an electrical current in a

conductor influences the voltage on another conductor. Consider the coil arrangement

shown in Figure 5.2. The alternating current, iP(t), flowing through the primary coil

creates a time-varying magnetic field. The resulting magnetic flux, Φ(t), interacts with

a secondary coil in the vicinity and causes a voltage vS(t) to be induced across it. The

extent of this interaction is captured by the mutual inductance coefficient, M, in (5.1)
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and is the basic principle of an electrical transformer [158].

vS(t) = NS
dΦ(t)

dt
= M

diP(t)
dt

(5.1)

Figure 5.2: The interaction between two coupled inductors. A time varying current
iP(t) in the primary coil establishes a time varying magnetic flux Φ(t), a portion of
which links the secondary winding and causes a time-varying voltage to be induced at
its terminals.

In the case of an EMT field generator containing multiple coils, the mutual induc-

tances between all coils can be represented as a matrix M shown in (5.2). The diagonal

entries represent the self inductances of each coil. The induced voltages on a particular

coil can then be expressed as a superposition of its self-induced voltage and those in-

duced by every coil in the field generator according to (5.3). Matrix representation of

inductance is a commonly used tool in circuit analysis as it compactly defines the inter-

action between all current-carrying structures within a system, from the small scales of

integrated circuit packages [159] to high powered electrical machine windings [160].

M =


L1 M12 . . . M1N

M21 L2 . . . M2N
...

... . . . ...

MN1 MN2 . . . LN

 (5.2)
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V =


v1

v2
...

vn

=


L1 M12 . . . M1N

M21 L2 . . . M2N
...

... . . . ...

MN1 MN2 . . . LN




di1/dt

di2/dt
...

diN/dt

= M
dI
dt

(5.3)

Ideally the induction matrix is symmetric about the diagonal since the definition of

mutual inductance implies that Mαβ = Mβα . If an EMT magnetic field generator is

capable of switching its coils between transmitter (TX) and receiver (RX) modes

of operation, then the mutual inductance between every coil can be experimentally

recovered in matrix form.

5.1.3 Field Generator Inductance Matrix

The mutual inductance matrix defines how effectively magnetic flux is coupled from

one circuit to another and is therefore dependant on the intrinsic parameters of the

circuits being analysed. The Anser EMT system field generator shown in Figure 5.3

uses eight identical transmitter coil circuits in a well known optimised planar arrange-

ment [102]. According to (5.1), obtaining the mutual inductance between two coils

requires applying a time-varying current to the primary coil whilst simultaneously

measuring the induced voltage on the secondary coil. For a tracking system containing

Ncoil transmitter coils, N!/(N−2)! mutual inductance measurements should be acquired,

since two coils are utilised for a single inductance measurement. Generalising, the

voltage induced on coil α due to a transmitting coil β is given by (5.4). This relation

can be represented in matrix from in (5.5).

vαβ (t) = Mαβ

diβ (t)
dt

(5.4)
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
0 v12 . . . v1Ncoil

v21 0 . . . v2Ncoil
...

... . . . ...

vNcoil1 vNcoil2 . . . 0

=


0 M12 . . . M1Ncoil

M21 0 . . . M2Ncoil
...

... . . . ...

MNcoil1 MNcoil2 . . . 0




di1/dt 0 0 0

0 di2/dt . . . 0
...

... . . . ...

0 0 . . . diNcoil/dt


(5.5)

If both the source current and induced voltage can be measured, then the mutual

inductance matrix can then be calculated using simple matrix inversion in (5.6):

M =


�

di j

dt
�


−1

V (5.6)

5.1.4 Summary

The eight transmitter coils of the Anser tracking system result in a total of 56 mu-

tual inductance measurements. Metallic objects in the vicinity of the transmitter will

change the measured mutual inductance due to ferromagnetic and non-ferromagnetic

(Eddy-current) effects, as they act to distort the shape and strength of the surrounding

magnetic field. Detecting these changes in inductance is a commonly found design

in very-low-frequency metal detecting circuits [161, 162]. Measuring this change in

inductive coupling is the foundation of this work. Initially we simulate the inductive

coupling between the field generator’s transmitter coils from first principles. The ex-

perimental hardware is then discussed in detail followed by a thorough description of

the experimental procedures performed. Finally the measured inductance error results

are correlated with position errors experienced by the tracking system.

5.2 Field Generator Inductance Simulation

The mutual coupling between each coil of the transmitting field generator shown in

Figure 5.3 was simulated to investigate whether detection of mutually induced voltages
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Figure 5.3: (a) The Anser electromagnetic tracking system [100]. (b) The arrangement
of coils on the Anser EMT field generator. This arrangement was originally based on
an optimised coil arrangement proposed by [102].

was feasible and to provide a reference for experimental measurements. For simulation,

each transmitter coil of the tracking system can be considered as a set of individual

straight copper traces, with each trace idealised as a current carrying filament [125].

The magnetic field (in Tesla) observed at a point r due to a single current carrying

filament is given by (5.7), where I is the magnitude of the filament current, µ0 is the

magnetic permeability of free space and a, b and c are vectors relating the location of

the current filament to the observation point r as shown in Figure 3.17. The magnetic

field due to each printed circuit board coil can then be modelled as a superposition

of fields produced by all constituent current filaments [90, 125]. This approach is

described in section 3.5.3 for the simple field generator design.

B(r) =
µ0I
4π

(
c×a
|c×a|2

)(
a ·c
|c|
− a ·b
|b|

)
(5.7)

The magnetic coupling between any two coils can be simulated by integrating

the magnetic field of the primary coil over the area of the secondary coil. Since all

transmitting coils are co-planar in the x-y plane, the total flux produced by a primary

coil P intersecting a secondary coil S can be written as an area integral in (5.8), where

BP is the primary’s magnetic field strength at location (x,y) and dAS is a differential

An implementation of this equation can be found online: https://osf.io/47q8q/

https://osf.io/47q8q/
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Figure 5.4: 3D model of the double-sided PCB traces of a single transmitter coil with
the origin O located at its centre. Each straight-line trace can be considered a single
current filament.

area element of the secondary coil.

ΦS =
∫

AS

BP(x,y) ·dAS (5.8)

The equation for the magnetic field is highly non-linear and must be numerically

integrated as a discrete a sum over the length l and width w of the secondary coil. The

total flux linkage λS is computed by scaling the result by the number of secondary coil

turns N as shown in (5.9).

λS = NSΦS ' NS ∑
l

∑
w
BP(x,y) ·∆x∆y (5.9)

In this work, numerical computation of the integrals was performed using Matlab

(MathWorks, MA, USA). Consistent with the experimental design described previously

[92], the coil integration area was approximated as 25 uniform turns of the mean coil

side length of 66.75mm. Full coil dimensions are shown in Table 5.3. Acceleration

of the calculations was performed using the parfor language feature of the Parallel

Computing toolbox in Matlab. Through rearrangement of (5.1), the mutual inductance
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between two coils α and β can be calculated using (5.10):

Mαβ =
NαΦα

Iβ

, (5.10)

where Nα and Φα are the turn count and magnetic flux respectively of the secondary

coil and Iβ is the current flowing in the primary coil. The resulting mutual inductance

matrix is shown in Table 5.1. The colour-coding of the entries reveals that there are

only four unique mutual inductance values for the field generator (ignoring the 10nH

difference between 1.31µH and 1.32µH entries, which may be attributed to modelling

error). These unique entries are a consequence of the square symmetry in the field

generator design. Referring back to Figure 5.3 it can be expected that adjacent coils

will experience the highest mutual inductance values, while the furthest separated coils

will experience the lowest values. For example, coils 1 and 2 have a mutual inductance

(indicated by M12) of 1.32µH, while coils 1 and 8 have a comparatively low mutual

inductance M18 = 6nH. Taking each entry for Mαβ , one can calculate the predicted

induced voltage due to a sinusoidal time varying current i(t). Assuming a sinusoidal

coil current of amplitude Iβ = 160mA [90] at a frequency of 20kHz, (5.11) provides

the induced voltage for a given mutual inductance Mαβ ;

vαβ = Mαβ

diβ
dt

= ωIβ Mαβ (5.11)

where ω = 2π f , the angular frequency of the primary coil current. Table 5.2 shows

the matrix of predicted voltages for the different inductances shown in Table 5.1.

On the order of millivolts, these induced voltages are well within acceptable sensing

ranges enabling reliable measurements to be taken. The measurement hardware used

to experimentally measure these voltages is now discussed in section 5.3.
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M, (µH) =

Mα1 Mα2 Mα3 Mα4 Mα5 Mα6 Mα7 Mα8



− 1.32 0.18 1.31 0.18 0.18 0.18 0.006 M1β

1.32 − 1.31 1.32 1.32 0.18 0.48 0.18 M2β

0.18 1.31 − 0.18 1.31 0.006 0.18 0.18 M3β

1.31 1.32 0.18 − 0.48 1.31 1.32 0.18 M4β

0.18 1.32 1.31 0.48 − 0.18 1.32 1.31 M5β

0.18 0.18 0.006 1.31 0.18 − 1.31 0.18 M6β

0.18 0.48 0.18 1.32 1.32 1.31 − 1.32 M7β

0.006 0.18 0.18 0.18 1.31 0.18 1.32 − M8β

Table 5.1: Simulated mutual inductance matrix for the eight coil PCB field generator of
the Anser EMT system. The entries have units of microhenries (µH). Self inductances
of each coil are omitted. Precision of entries have been truncated for clarity. Each coil
area was subdivided into 4 million area elements for the integration process.

V, (mV) =

vα1 vα2 vα3 vα4 vα5 vα6 vα7 vα8



− 26.5 3.62 26.3 3.62 3.62 3.62 0.12 v1β

26.5 − 26.3 26.5 26.5 3.62 9.66 3.62 v2β

3.62 26.3 − 3.62 26.3 0.12 3.62 3.62 v3β

26.3 26.5 3.62 − 9.66 26.3 26.5 3.62 v4β

3.62 26.5 26.3 9.66 − 3.62 26.5 26.3 v5β

3.62 3.62 0.12 26.3 3.62 − 26.3 3.62 v6β

3.62 9.66 3.62 26.5 26.5 26.3 − 26.5 v7β

0.12 3.62 3.62 3.62 26.3 3.62 26.5 − v8β

Table 5.2: Simulated induced peak-voltage matrix for the eight coil PCB field generator
of the Anser EMT system based on the results in Table 5.1. The entries have units of
millivolts (mV).

5.3 Experimental Setup

5.3.1 Modified Field Generator Design

The tracking system field generator consists of a planar transmitter coil array fabricated

on a single printed circuit board as shown in Figure 5.3. The tight process accuracy

of PCB fabrication ensures experimental repeatability and similar self-inductance val-
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ues on each coil winding. The properties of each coil are shown in Table 5.3. This

field generator design was modified with additional circuitry to enable the generator’s

mutual inductance to be experimentally calculated. Each coil circuit was modified to

allow independent switching between modes of transmission (TX) and reception (RX).

By selectively controlling each coil in this manner, the mutual inductances of the field

generator can be experimentally acquired.

The ADG1436 analog switch (Analog Devices, MA, USA) was used to enable the

switching functionality. This switch was chosen due to its small PCB footprint, high

current carrying capacity of and low Ron resistance. The switch is controlled using a

logic signal programmed by a microcontroller. In TX mode, the switch connects the

coil to the driver circuit of the tracking system. In RX mode, the switch routes the

induced coil signal to an instrumentation amplifier for conditioning and amplification.

The INA163 (Texas Instrument, TX, USA) was selected for amplification due to its

high input impedance and low noise characteristics. The gain of the amplifier was set

to 81 using a resistor with 1% tolerance, resulting in a maximum gain deviation of

±1.6 using the amplifier’s gain equation (5.12). A simplified circuit diagram of the

switching circuit can be found in Fig. 5.5a. The switch implementation for a single

transmitter coil is shown in Figure 5.5b.

G = 1+
6000
RG

(5.12)

5.3.2 Distorter Selection

A broad selection of metallic objects were chosen in order to investigate the effects

of different materials on the mutual inductance of the field generator. Both ferrous

and non-ferrous metal objects of various dimensions were chosen in order to simulate

different scenarios in which distortion error may occur. A photograph of the tested

distorters is shown in Figure 5.6a with the details of each distorter found in Table

5.4. Each object was placed at a known position beneath the field generator for each

measurement. The distance between the distorter under test and field generator board

was varied in fixed z-axis increments using Duplo bricks (The Lego Group, Billund,
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Property Value Unit

Length (Max.) 70 mm
Width (Max.) 70 mm

Turns 25 -
Inductance 70 µH

Resistance (coil) 1.5 Ω

Resistance (switch) 3 Ω

Resistance (Total) 4.5 Ω

Trace Width 1.6 mm
Trace Spacing 0.25 mm

Table 5.3: Properties of EMT transmitter coils.

(a)
(b)

Figure 5.5: (a) Simplified circuit diagram of the coil switching circuit. The ADG1436
behaves as a double-pole double throw (DPDT) switch enabling the coil to switch
between TX and RX modes. Sin is the logic signal used to control the switch position.
In TX mode (normal operation), the switch connects the driving source vd(t) to the coil
to produce a stable time-varying magnetic field. In RX mode the INA163 is connected
to the coil and is used to amplify the induced voltage signal to produce vs(t). (b) Layout
of the switching circuit on the PCB.
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Denmark), with each brick measuring 19.2mm in height as shown in Figure 5.7. The

tight 10μm manufacturing tolerance of Duplo [163] ensures repeatability of the exper-

iments while allowing accurate adjustment of the field generator height displacement.

Locations of the distorters with respect to the field generator’s x-y plane can be seen

in Figure 5.6b. Large distorters span the length of the field generator and therefore

lie underneath more than one labelled location. For example, the steel slab (c) spans

lengthways from locations B to D while the sheet distorters span the entire area of the

field generator.

(a)
(b)

Figure 5.6: (a) Photograph of the metallic distorters used in the experiment. The

properties of each distorter are shown in Table 5.4. (b) Illustrated top-down view of

the field generator showing the locations of the distorters used in experiments.

5.3.3 Acquisition Hardware

A photograph of the experimental setup can be seen in Figure 5.8. An Anser EMT

system unit was used to drive a constant amplitude alternating current through the

transmitting coils. The embedded Teensy 3.2 microcontroller (PJRC, Oregon, USA)

was used to automate the switching of the coils between TX and RX modes for the

acquisition process. Each inductance measurement consisted of switching a single coil,

αi, to RX mode and setting an adjacent coil, βi, to TX mode for a total of 56 indepen-

dent inductance measurements. A National Instruments USB-6216 data acquisition
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Distorter

Field Generator

Displacement

Non-Conductive, Non-Magnetic Surface

Brick

19.2mm

Perspex Board

Figure 5.7: Side-view diagram of the modified field generator. The Duplo bricks allow
adjustment of the displacement between the field generator and distorter in increments
of 19.2mm. The perspex board height is also adjustable, although this was kept at a
constant height during the position error experiments described in section 5.4.1. The
experimental setup was placed on an all-wood table.

unit was used to record the received vs(t) signal of each RX coil, while simultaneously

monitoring the TX coil current. The current signal was set to a frequency of 20kHz

for all measurements. The DAQ was configured with a sampling rate of 50kHz. An

acquisition frame length, L = 5000, was used for each individual signal measurement.

A minimum signal-to-noise ratio (SNR) of 80dB was observed in the worst case when

the furthest separated coil pairs (e.g. Coils 1 and 8) are transmitting and receiving

respectively.
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Figure 5.8: Block diagram of the experimental setup.
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5.4 Acquisition Methods

5.4.1 Mutual Inductance Measurement

Switching the EMT system transmitting coils between TX and RX modes was per-

formed iteratively in order to measure the induced voltages on each coil with respect to

every other coil. The algorithm outlined in Procedure (1) was applied to each distorter

location in Table 5.4 at differing heights in multiples of 19.2mm as shown in Figure 5.7.

The minimum heights in each case were limited by the size and shape of each distorter,

with the lowest minimum height of one Duplo brick displacement (19.2mm) applied

only to the sheet distorters (e)-(g). Distorters (a)-(d) required a minimum of three

bricks of separation to avoid touching the field generator. The output of the procedure

is a matrix of voltage amplitudes and phases corresponding to a particular distorter

location and height. The phase information indicates the angle between the field gener-

ator (primary) coil current and induced (secondary) voltage waveforms. The procedure

was implemented using Matlab and its Data Acquisition Toolbox. Total acquisition

time was approximately 10 seconds for each distorter configuration. The mutual in-

ductance matrix for the field generator was then calculated from the experimentally

recorded voltage matrix V using (5.6).

5.4.2 Position acquisition

Position measurements were also acquired in the presence of each distorter in order to

correlate the inductance and phase measurements with the position error experienced

by the tracking system. This test requires that all transmitter coils are operating in

TX mode with each transmitter coil emitting a unique frequency between 20kHz and

30kHz as described in chapter 3 [92, 100]. The planar perspex board shown in Figure

5.9 was set at a fixed height above the field generator. The positions were acquired by

moving a commercial magnetic sensor (Model No. 610099, Northern Digital Inc.) in a

‘scribbling’ motion on the perspex board to acquire a planar array of x-y data points at a

fixed z-displacement above the transmitting field generator. This was repeated for each

distorter at the various distorter positions described in Table 5.4. One thousand random
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Result: Matrices V and φ, where entry V(α ,β ) is the voltage on coil α due to
coil β , and φ (α ,β ) is the voltage phase angle of coil α relative to the
current in coil β .

1 begin
2 T = no. of transmitter coils;
3 V = zeros(T, T);
4 φ = zeros(T, T);
5 for α ← 1 to T do
6 RXCoil← α;
7 for β ← 1 to T do
8 if α == β then
9 skip iteration since self inductance is not calculated;

10 end
11 else
12 TXCoil← β ;
13 V(α ,β )← DemodulateSignalAmplitude(RXCoil);
14 φ(α ,β )← PhaseAngle(RXCoil) - PhaseAngle(TXCoil);
15 end
16 end
17 end
18 end

Procedure 1: Coil switching and acquisition procedure. Acquisition is skipped if
indices α = β since this matrix entry represents a coil’s self inductance.

position coordinates were recorded for each measurement. A control acquisition with

no distorter present was also acquired.

5.5 Results

5.5.1 Mutual Inductance Matrix

The mutual inductance matrix calculation was carried out with no distorter present in

order to verify the results of the simulation provided by Table 5.1. The experimental

mutual inductance matrix was calculated using the measured voltages in (5.6) with

the results shown in Table 5.5. The symmetry of this matrix matches closely with that

of the simulated results. Four unique mutual inductance values can also be identified
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using the colour-coding scheme used previously in Table 5.1.

M, (µH) =

Mα1 Mα2 Mα3 Mα4 Mα5 Mα6 Mα7 Mα8



− 1.04 0.10 1.08 0.12 0.13 0.12 0.03 M1β

1.06 − 1.06 0.97 1.00 0.11 0.30 0.10 M2β

0.10 1.05 − 0.10 1.11 0.04 0.12 0.11 M3β

1.08 0.98 0.10 − 0.30 1.03 0.99 0.10 M4β

0.11 0.98 1.08 0.30 − 0.10 0.98 1.00 M5β

0.10 0.10 0.03 1.00 0.10 − 1.04 0.10 M6β

0.10 0.28 0.10 0.97 0.98 1.03 − 1.04 M7β

0.03 0.10 0.10 0.10 1.01 0.11 1.05 − M8β

Table 5.5: Experimentally calculated mutual inductance matrix for the eight coil mag-
netic field generator of the Anser EMT system. All entries have units of microhenries
(µH). The diagonal entries are left blank as the system is not built for measuring
self-inductances. Results have been truncated and colour-coded for clarity.

It can be seen that the simulated and experimental results compare favourably,

with corresponding matrix entries experiencing very similar inductance values. The

absolute accuracy of the measurement is not critical due to the nature of the mutual

inductance error calculation, as only changes in inductance are considered when cal-

culating the error.

5.5.2 Inductance Error

The presence of a conductive or magnetic distorter near the system field generator

will cause the mutual inductance between the coils to deviate from the control mea-

surements of Table 5.5. The magnitude of the change is related to the severity of the

distortion. This deviation from the control can be captured by calculating the mutual

inductance error matrix Me in (5.13) where Mdistort is the measured mutual inductance

matrix with a metallic distorter present and Mcontrol is the measured inductance matrix

with no distorter present. Normalising this error with respect to the control measure-

ment in (5.14) gives the element-wise percentage mutual inductance error with respect
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to the control measurement.

Me = Mdistort−Mcontrol (5.13)

Me% = (Me/Mcontrol)×100% (5.14)

The resulting matrix allocates a percentage inductance error to each mutual induc-

tance measurement. The mutual inductance mean error (ME) per coil can be calculated

by taking the column summation of Me% in (5.15). The mean error was used as op-

posed to the mean absolute error (MAE) so that net average increases and decreases in

mutual inductance can be distinguished. Calculating the row summation is also correct

since inductance matrices are symmetric by nature. The resulting mean error vector

allocates each coil a signed mean percentage inductance error.

Mean Error % =


∑

8
β=1 Me%1β

...

∑
8
β=1 Me%8β

/8 (5.15)

The inductance error of each coil was plotted against the distance of the distorter

from the field generator for each distorter location. These locations are denoted in

each plot using Fig 5.6b as a reference. Fig. 5.10 and 5.11 show the mean mutual

inductance error experienced between transmitter coils in the presence of sheet metal

and aluminium section distorters. The independent variable, distorter distance, is the

vertical displacement between the distorter and the field generator PCB as shown in

Fig. 5.8.

Results for the other remaining distorters can be found in appendix A.1.
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Figure 5.10: Mutual inductance error for planar sheet distorters. The Mu-metal sheet

is the only material to consistently increase the mutual inductance of the transmitter

coils.
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Figure 5.11: Mutual inductance error for the small aluminium section distorter in

locations A, B and C. It can be seen that the location of the distorter decreases the

mutual inductance of the coils in closest proximity.
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5.5.3 Phase response

The demodulation process used to acquire the induced voltage signal magnitudes also

yields the phase angle between the transmitter coil current and the corresponding mutu-

ally induced voltage waveforms. The phase angle θ between these current and voltage

waveforms is ideally π/2 radians in the absence of distorters. This phase angle, similar

to the inductance, will deviate depending on the magnitude of the distortion and the

material of the distorting object. Subtracting the phase angle of the control measure-

ment from the distortion measurement in (5.16) yields a matrix of phase differences

for each mutual inductance entry. Fig. 5.12 and 5.13 show the mean phase angle error

experienced between transmitter coils in the presence of sheet metal and aluminium

section distorters. The independent variable, distorter distance, is the vertical displace-

ment between the distorter and the field generator PCB as shown in Fig. 5.8. The phase

plots for the remaining distorters can be found in appendix A.2.

ϕe = θdistort−θcontrol (5.16)

where θdistort is a matrix of calculated phase angles between the driving coil current

and mutually induced voltages when a distorter is present and θcontrol are the corre-

sponding phase angles with no distorter present. The mean coil phase error ϕe is then

calculated in (5.17). 
∑

8
j=1 ϕe1 j

...

∑
8
j=1 ϕe8 j

/8 (5.17)
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Figure 5.12: Phase error for the planar sheet distorters. The aluminium sheet con-

tributes a small positive phase shift, while both steel and Mu-metal sheets contribute

large negative phase shifts when in close proximity to the field generator.
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Figure 5.13: Phase error plots for small aluminium block distorter in locations A, B

and C.



142 CHAPTER 5. DISTORTION DETECTION IN EMT

5.5.4 Position Error

The planar position acquisitions provided point clouds in the x-y plane of the field

generator at a fixed z displacement. For a given distorter configuration, the mean z-axis

error, ez, with respect to the control, was calculated by subtracting the mean z value

of the control, z̄control , from the distorted cloud positions zi, and then averaging over

Ncloud points in (5.18). The absolute error was not taken in order to preserve the sign

of the error. The standard deviation of each distorted point cloud was calculated with

respect to its own mean z̄distort using (5.19).

ez =
1
N

N

∑
i=0

(zi− z̄control) (5.18)

σz =
1
N

√
N

∑
i=0

(zi− z̄distort)
2 (5.19)

The plots for both sheet and aluminium distorters are shown in Figures 5.14 and

5.15. High values of σz indicate large variances in the error when the distorter is near

the field generator. The presence of the steel sheet results in unaccounted changes to the

field generator’s magnetic model. The field generator’s magnetic model is discussed

in section 3.5. Reported sensor positions tend to stray from the planar ground-truth in

in the presence of the steel sheet as the real physics no longer adheres to the system’s

magnetic model. This error variance is visualised in the example point cloud plot in

Figure 5.16 with and without the 1mm steel sheet, where its presence causes a large

deviations in position compared to the control where no distorter is present. Position

error plots for the remaining tested distorters can be found in appendix A.3.

5.6 Discussion

Comparing the data of both inductance matrix and position experiments highlights a

number of useful relationships between the properties of the distorters and the mutual

inductance measurements of the field generator transmitter coils.
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Figure 5.14: Mean error and standard deviation for sheet metal distorters

Figure 5.15: Mean error and standard deviation for aluminium section distorter in
locations A, B and C.

5.6.1 Error versus Distance

There is an excellent correspondence between the measured inductance and positional

error in relation to the distorter’s distance from the field generator. In all cases it can

be clearly seen that placing a distorter nearer to the field generator will increase both

the inductance and positional errors. This is intuitively correct as a distorter’s inter-

action with the field generator’s magnetic field will become increasingly significant

the closer it is placed to the field source. Steel and aluminium distorters tend to give

rise to negative z-position errors, in which the distorter negatively impacts the mutual

inductance of the field generator. However, it can be seen in Fig. 5.10 that a slight



144 CHAPTER 5. DISTORTION DETECTION IN EMT

Figure 5.16: Point clouds a scribble test position acquisition for the 1mm steel sheet

placed 57mm below the field generator PCB. The point cloud with steel present has a

mean height of z̄steel of 129.5mm and standard deviation of σzsteel = 7.46mm. The con-

trol point cloud is also shown for reference (z̄control = 118.5mm, σzcontrol = 0.37mm).

positive positive inductance contribution is evident for z-positions greater than 50mm.

The Mu-metal sheet contributes positively to the field generator’s mutual inductance

for all z-positions. These results strongly agree with [157] in which the signal-to-noise

ratio of the tracking system sensor is increased when a Mu-metal shield is used.

5.6.2 Phase Angle versus Material

A significant relationship can be found between the experimentally calculated phase

angle and the material of the distorter. All steel distorters exhibited negative phase

angles in these experiments, while the aluminium distorters experienced all positive

phase angles. The mu-metal sheet distorter introduced very significant negative phase

compared to the steel sheet, with a total phase angle of approximately -140◦. Clearly

the phase angle and permeability of the material have a positive correlation and can
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be used to determine whether the distorter is ferromagnetic or purely conductive in

nature. These results compare favourably with those of [161] which showed that purely

conductive materials introduce opposing phase to that of ferrous materials. The degree

of phase shift experienced in the presence of the distorter depends on the size, thickness

and inductance and resistance of the distorter as well as the excitation frequency [164].

5.6.3 Inductance and Phase Error versus Distorter Location

A strong correlation was also shown between the location of a distorter and the error

that it produces. This is particularly relevant to the small steel and aluminium distorters.

In the case of the aluminium section and steel block distorters, the transmitter coils

that are in closest proximity to the distorter experience the highest inductance (and

phase) errors. This holds for the larger steel slab and aluminium cylinder distorters,

although the relationship becomes less significant with increasing distance from the

field generator. In particular, Figure 5.11 shows that the highest inductance errors

for a distorter in position A are experienced by coils 1, 2 and 4 which are directly

above the distorter as shown in Figure 5.6b. From these observations we can conclude

that there is a correlation between the location of the distorter and the location of the

coil(s) experiencing the highest inductance error. This relationship may be useful when

initially placing the system field generator in order to minimise position errors from

local distorters. Further more, the relationship may also enable EMT users to create

quantitative measures of tracking confidence in the presence of distorters based on their

location, in which specific portions or sub-volumes of the full EMT tracking volume

are assigned a confidence score derived from the nearest transmitter coil’s inductance

error. It should be noted that the analysis presented in this chapter is most effective

when distortions are of a static nature, as the method assumes the environment does

not change during the induction measurement procedure.

5.7 Summary

Chapter 5 presented a novel electromagnetic tracking system field generator capable

of characterising the nature of distortions in close proximity without the use of a stan-
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dalone magnetic sensor. A mutual inductance model for the system field generator was

developed, followed by an experimental amplitude and phase analysis of the system

transmitter coils. The results allow the user to distinguish the size, severity and material

(ferromagnetic or non-ferrous conductor) of the distorting objects in close proximity

to the system field generator. The presented analyses can be readily applied to other

electromagnetic tracking field generatorfield generator designs if induced voltages can

be measured on all constituent transmitter coils. Achieving material discrimination

in this manner may allow researchers to craft error compensation methods which are

specifically designed for a particular distorter configuration.



Chapter 6

Modular and Tiled
Field Generator Design

6.1 Introduction

The first electromagnetic tracking systems [99, 123, 165] were relatively large and

suffered from significant positioning errors, but the technology has since advanced

significantly to the point where they can employed in medical procedures [93].

Electromagnetic tracking systems invariably share two common components: a

magnetic field generator and a magnetic receiver (sensor). The field generator, such as

the planar generator used in the Anser system, produces a time-varying magnetic field

such that each point in the vicinity of the generator has a unique magnetic signature

dependant on the distance from the generator. Many field generator topologies exist

and feature different magnetic field designs. Tri-axial generator designs as shown in

Fig. 6.1(a) [120, 166–168] are by far the most common as they provide a sufficiently

unique magnetic field distribution using three orthogonal coils. Generators using mul-

tiple planar coils as shown in Fig. 6.1(b) [92, 101, 102, 169] are also common as this

This chapter is based on H. A. Jaeger et al. “Electromagnetic Tracking using Modular, Tiled Field
Generators”, IEEE Transactions on Instrumentation & Measurement, 2018 (under review).

147
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Figure 6.1: (a) Illustration of a tri-axial field generator consisting of 3 orthogonal
windings on a cube former. (b) Illustration of a planar field generator design consisting
of multiple circular coils. (c) The magnetic field sensor detects the component of
the generated magnetic flux density B that is aligned axially with the sensor’s cross-
sectional area A · n̂.

enables the field generator to be planar in shape allowing tracking over large areas,

though this form factor requires a higher coil count to achieve a spatially unique mag-

netic field. In general, for the solenoidal tracking sensor receiver shown in Fig. 6.1(c),

the induced voltage signal vs(t) is proportional the magnetic flux densityB produced

by the generator at the point (x,y,z) projected along the axis n̂ of the sensor. Sec-

tion 3.5.4 explains the magnetic sensor physics in detail. Recent work [170] has shown

that even a single uni-axial field generator can be used to successfully achieve six

degree-of-freedom tracking, although this requires a relatively advanced sensor design

capable of sensing both DC and AC magnetic signals.

As the applications of electromagnetic tracking continue to expand, the require-

ment for customisable tracking volumes becomes of particular interest. At present, the

only commercially available systems that readily support expandable tracking volumes

are the Liberty Latus and G4 tracking systems (Polhemus Inc, Colchester, VT, USA)
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in which multiple field generators can work in tandem to form an aggregate tracking

volume, but their modular tracking methods are proprietary and their associated sensor

geometries are too large for many medical applications. Recent work [171–173] has

described methods of achieving this functionality using discrete coils, though these do

not produce a readily scalable design.

This chapter describes a method of constructing customised magnetic tracking vol-

umes using multiple planar PCB field generators. The Anser electromagnetic tracking

platform [100] described in chapter 3 is demonstrated with a configurable tracking vol-

ume using two such generators. The magnetic field model for the system is developed

and experiments are performed for various generator configurations. Though only two

field generators were used in experimental work, the method can be scaled for NFG

field generators to form larger tracking volumes.

6.2 Planar EM Tracking

The tracking system used in this work utilises a planar magnetic field generator im-

plemented in a printed circuit board (PCB) and is capable of tracking a five degree-

of-freedom (DoF) solenoidal coil sensor in a 25cm×25cm×25cm volume [174]. The

induced voltage signals on the sensor are numerically fit to an analytical magnetic

model of the field generator to yield the position and orientation of the sensor. This

information can be represented as a 5-DoF vector as described in chapter 3.

Now consider a single field generator comprising multiple coils as shown in

Fig. 6.2. For a tracking system containing M coils, transmitting M distinct frequencies,

the full field generator magnetic model results in a 3×M matrix of magnetic flux

densities given by (6.1).

BFG = [Bcoil1 Bcoil2 . . . BcoilM ] (6.1)

In order to compactly define the coil filament locations for each coil in the field gener-

ator, we define a 3×k coil matrix P j in (6.2) which contains the consecutively ordered

start and end points for each segment of the jth coil of the generator in Fig. 6.2. A row
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of ones is appended to allow manipulation of P using homogeneous transformations.

P j = [p1 p2 . . . pk] =

⎡
⎢⎢⎢⎢⎣

px1
px2

. . . pxk

py1
py2

. . . pxk

pz1
pz2

. . . pxk

1 1 . . . 1

⎤
⎥⎥⎥⎥⎦ (6.2)

Figure 6.2: Diagram illustrating the location of each transmitter coil relative to the

origin on the tracking system field generator.

6.2.1 Multi Field Generator Design

The shape and monolithic design of the system field generator coupled with the high

manufacturing precision of printed circuit board process (10μm) allows multiple gen-

erators to be treated identically. It is then possible to place multiple field generators

together and increase the overall system tracking volume. In this chapter we show

results for two adjacent field generators, to increase the effective volume of the single

field generator shown in Fig. 6.2.

We begin by introducing two identical field generators, A and B, as shown in

Fig. 6.3. Generator B shares a common edge with A that is parallel to the yA axis

and is inclined at an angle β . The Euclidean distance between the origin of both field

generators is given by the translation vector t. Combining this information allows for

the creation of a single 4×4 homogeneous transformation matrix which completely

describes the location of field generator B with respect to A given by (6.3)
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Figure 6.3: Diagram illustrating the spatial relationship between two square field

generators A and B. The planar field generators are inclined at an angle β with respect

to one another. If both generator boards touch at a common fulcrum then the translation

vector t pointing from the origin of generator A to generator B can be readily calculated

from the field generator PCB length l (30cm).

TA
B =

[
RA

B tA
B

0 1

]
(6.3)

where RA
B describes the orientation of field generator B’s origin with respect to A and

tA
B is the translation vector pointing from the origin of generator A to generator B,

defined by (6.5). RA
B is constructed using two elemental rotation matrices about the y

and z axes of A respectively, and is shown in (6.6) and (6.7).

RA
B = RyRz (6.4)

tA
B =

⎡
⎢⎢⎣

tx
ty
tz

⎤
⎥⎥⎦=

⎡
⎢⎢⎣

l
2 (1+ cos(β ))

0

l sin(β )

⎤
⎥⎥⎦ (6.5)
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Ry =


cos(β ) 0 sin(β )

0 1 0

−sin(β ) 0 cos(β )

 (6.6)

Rz =


cos(α) −sin(α) 0

sin(α) cos(α) 0

0 0 1

 (6.7)

The angle α which describes Rz is the initial rotation in the x-y plane of field

generator B with respect to A, while the angle β of Ry describes the inclination of B

relative to A as shown in Fig. 6.3. If both field generators share a common edge as

shown, then α is restricted to angles of 0◦, 90◦, 180◦ and 270◦. Angle β does not have

this limitation and can be continuously varied whilst maintaining full contact along

the common edge, although for experimental demonstration we restrict ourselves to

angles between 0◦ and 90◦.

With this transform defined, the matrices defining the coils coordinates of field

generator B can be written in terms of those of A. Applying (6.3) to all coil matrices,

P j, of field generator A yields the corresponding coil matrix of generator B (6.8).

P jB = TA
BP jA (6.8)

This transformation allows the position of every coil to be defined in terms of the

global reference frame of field generator A. The total magnetic field at any point r

relative to generator A can now be calculated for each coil using (3.17) and (3.18).

This modelling technique can be readily scaled for multiple field generators (C, D, ...)

as shown in Fig. 6.4, to provide an arbitrarily large tracking area with the constraint

that their origins be referenced with respect to the global reference A.

6.3 Field Generator Hardware

The open source electromagnetic tracking system [92,100] described in chapter 3 was

also used in this chapter to obtain experimental results.
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C

DE

Figure 6.4: Multiple planar field generators can be tiled to form larger tracking volumes.

All field generators share a common edge in order to preserve tracking continuity.

A commercial 5-DoF tracking sensor (Model No. 610099, Northern Digital Inc,

Waterloo, Ontario, Canada) was used for experimental testing. The field generator

current signal is also monitored in order to determine the phase angle between the

transmitted magnetic field and the induced voltage signal. This angular information

is used to resolve the axial orientation ambiguity associated with symmetric 5 degree-

of-freedom magnetic sensors. Each base station is capable of driving an 8-coil field

generator. This work uses two identical generators and thus required two base stations

to operate. The coils of each field generator are excited by an AC signal at a unique

frequency. Sixteen frequencies ranging from 18kHz to 33kHz with 1kHz spacing were

chosen. The connectivity between the base stations is illustrated in Fig. 6.5.

Fig. 6.6 shows the experimental setup for two field generators labelled A and B.

The origin of generator A is defined as the global reference frame. Generator B shares a

common edge with A and is rotated by an angle α of 90◦ as indicated by the location of

the cable connector. This orientation was chosen to minimise the mechanical warping

of the circuit board due to the weight of the cable. Angle β can be adjusted to the

desired value using the protractor. A precision machined polycarbonate test board

with a thickness of 6mm is used to mechanically locate the tracking sensor in known

positions. The height of the test board is adjusted using Duplo bricks (The Lego Group,
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FG A FG B

Station BStation A

NI-DAQ

Amp

Filter

Host PC

DriverDriverSensor
Ports

Figure 6.5: Diagram illustrating the connectivity between the two base stations. Each
station powers a single field generator using an independent current driver circuit.
Station A is used as the primary system for the tracking sensors. The DAQ of A is
connected to the host PC and used for data acquisition. Station B is used solely as a
current driver whose reference signal is fed back to the DAQ in station A.

Billund, Denmark) with each brick measuring 19.2mm in height with a manufacturing

tolerance of 10µm [163].

6.4 Experimental Methods

Two experiments were undertaken to validate the effectiveness of the tiled field gener-

ator design. The first experiment investigates the use of a second field generator at a

variable inclination angle on the overall precision (jitter) and position accuracy of the

system. The second experiment investigates the continuity performance of the system

at the tracking volume boundary when both generators are horizontally tiled.
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Figure 6.6: Photograph of the experimental field generator setup. (a) Generator A is
mounted with plastic screws onto a planar wooden frame. (b) A protractor is mounted
to the wooden frame such that the fulrum point is aligned with the edge of generator
A. (c) The second generator, B, is mounted at an angle with respect to A using the
protractor and an adjustable plastic rod. The configuration shown has α = 90◦ and
β = 45◦. (d) A precision machined polycarbonate test board is used in combination
with Duplo to mechanically locate the test sensor at multiple locations above generator
A.

6.4.1 Angle Experiment

The introduction of field generator B inclined to generator A provides additional mag-

netic fields whose spatial distribution is a function of the inclination angle β . Non-

coplanar magnetic field generators, such as those used in orthogonal tri-axial magnetic

tracking systems, require only three transmitting coils to provide a sufficiently spa-

tially unique magnetic field. Intuitively the addition of generator B should increase the

overall tracking accuracy of the system. The setup shown in Fig. 6.6 was used with

test grid heights of 66mm, 162mm and 258mm. Adopting a similar testing technique

to the compact field generator design in [149] described in chapter 3, the tracking

sensor was placed at 9 equally spaced points on the test board’s 3×3 point grid spaced

50mm apart. One hundred position measurements were acquired at each point. The

acquisition is repeated for β angles of 0◦, 20◦, 45◦, 70◦ and 90◦. A typical plot of the
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Figure 6.7: Plot of grid points gathered for β = 90◦. The field generator coil filaments
are also plotted for reference. Similar acquisitions were performed for angles β = 0◦,
20◦, 45◦ and 70◦.

acquired position data for β = 90◦ is shown in Fig. 6.7. A control measurement was

also taken in which field generator B was switched off and removed from the position

solving algorithm.

Error measurements were determined by calculating the fiducial registration error

(FRE) for each grid of 9 points at z = 66mm, 162mm and 258mm. This method was

adopted from [149] for testing the performance of a compact field generator tracking

system in the absence of a ground truth measurement. Calculation of the FRE begins

by determining the rigid registration transformation which best maps the acquired

sensor position (source) points to the corresponding points in the test grid (destination)

in a least-squares sense. This is performed using a well known closed form approach
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[68]. The FRE for a grid height z is then defined as the root mean square Euclidean

distance between corresponding source and destination points after registration has

been applied to the source points according to (6.9) [175].

FRE =

√
1
P

P

∑
i=1
|TRpsi−pdi|2 (6.9)

where psi and pdi are corresponding source and destination points, TR is the best fit

rigid registration matrix between the two sets of points in a least squared sense and

P = 9 corresponding to the nine points on each x-y plane.

Calculation of the precision (or jitter) is another important metric when evaluating

magnetic tracking systems [108]. The precision at each grid position r was calculated

as the root-mean-square error of the reported sensor position measurements with re-

spect to the sample mean as indicated by (6.10) where p̄r is the sample mean over the

Q = 100 acquired position measurements at a single position within the grid.

σr =

√√√√ 1
Q

Q

∑
j=1
|pr j −pr|2 (6.10)

The jitter was calculated for heights of z= 66mm, 162mm and 258mm. The mean jitter

for each grid height z was then calculated by taking the average of the 9 individual

jitter calculations.

6.4.2 Scribble Experiment

The simultaneous use of multiple field generators allows for the creation of larger

tracking volumes. In certain circumstances the common edge configuration shown

in Fig. 6.3 may not be possible and a displacement may exist between the two field

generators. The experimental setup used to investigate the effect of this displacement

is shown in Fig. 6.8. The tracking sensor was randomly scribbled in a single plane

on the test grid at a fixed height of 66mm above the two field generators. The test

grid was centred on the gap d which is varied between 0mm and 30mm in steps of

5mm. One thousand random positions measurements were acquired for each value of
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Figure 6.8: Photograph of the experimental field generator setup for acquisition of
planar points during scribble testing. (a) Field generators A and B are placed in the same
plane (β = 0◦). (b) The machined test grid is placed in between both generators. A 3D-
printed attachment allows the sensor to move smoothly on this plane. A displacement
d exists between both generator boards and is adjusted from 0mm to 30mm with the
planar test grid re-centred after each adjustment.

d. The error in z of each position measurement was calculated with respect to the d =

0 measurement using (6.11), where zk is the current point and z0 is the mean value of

z when d = 0.

∆zk = zk− z0 (6.11)

The RMS error and standard deviation of each point cloud was calculated from these

data in (6.12) and (6.13) respectively.

RMSEz =

√√√√ 1
Q

Q

∑
k=1

(∆zk)2 (6.12)

σz =

√√√√ 1
Q

Q

∑
k=1

(∆zk−∆zk)2 (6.13)

where ∆zk is the mean z coordinate over Q = 1000 position measurements for a partic-

ular point cloud.
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6.5 Results

6.5.1 Error versus Angle β Results

Fig. 6.9 summarises the accuracy of the system at fixed heights of 66mm, 162mm

and 258mm for different values of the inclination angle β . For heights of 66mm and

162mm above field generator A, the FRE remains below 2mm. The presence of field

generator B becomes significant at a heights of 258mm above generator A. At this

height the control measurement exhibits the highest FRE of 10.6mm, while the pres-

ence of an inclined generator B reduces the error to between 1.5mm and 2.3mm for

angles between 45◦ and 90◦. The observed trend shows that the FRE errors tend to re-

duce when generator B is inclined for large values of β , with the exception of β = 90◦.

Fig. 6.11 shows the frequency domain representation of the sampled sensor signal at a

height of z = 258mm for two angle configurations of field generator B. The signal-to-

noise ratio (SNR) of the frequency components produced by generator B are improved

for β = 90◦, as the Euclidean distance between generator B and the sensor is reduced.

SNR differences of up to 40dB are observed between the two configurations.

6.5.2 Scribble Test Results

The scribble test results of Fig. 6.12 show how the separation between two field gen-

erators affects the overall system accuracy. A scatter plot of the results for d = 0mm,

15mm and 30mm is shown in Fig. 6.12. A bell-shape characteristic is observed for

values of d > 0mm, with the peak value of the bell increasing with d. The relationship

between d and the RMS error is plotted in Fig. 6.13.

6.6 Discussion

The results of Fig. 6.9 and Fig. 6.10 show that the addition of a secondary field gen-

erator increases the position tracking accuracy particularly at distances far from the

primary field generator. The use of inclination angles between 45◦ and 90◦ appears to

improve the accuracy of the tracking performance and decrease jitter above generator
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Figure 6.9: Fiducial registration error (FRE) calculated using (6.9) for grid heights of
66mm, 162mm and 258mm above field generator A for different angle configurations β

of generator B. The control measurement with generator B powered off is also shown.
The addition of field generator B significantly reduces the grid registration error at
large values of z.

A. The reason for this is evident Fig. 6.11 which shows that the sensor experiences

an improved signal-to-noise ratio at the fringes of the tracking volume when field

generator B is inclined at 90◦.

The scribble tests identify the continuity performance of the tracking system when

two field generators are placed side-by-side in the same plane. The results of Fig. 6.12

show that any gap d > 0mm causes significant tracking error, where the maximum

error occurs at the midpoint of the gap between the two field generators. The error

characteristic is shown in Fig. 6.13 where it is clear the error increases with larger gap

sizes. As expected, this result indicates that for tiled field generators of this particular

design, neighbouring boards should physically touch along a common edge in order

to preserve tracking continuity.

This work gathered results for two field generators. Expansion of this design for

NFG field generators is possible allowing larger customisable tracking volumes can be
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Figure 6.10: RMS jitter error σr calculated using (6.10) for grid heights of 66mm,
162mm and 258mm above field generator A for different angle configurations β of
generator B. The control measurement with generator B powered off is also shown.
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Figure 6.11: FFT of the tracking sensor signal for β = 0◦ and 90◦ after amplification.
Each peak represents the induced voltage from a single field generator coil. The sensor
was located in the center of the test grid at z = 258mm above generator A.
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Figure 6.12: Sensor error point cloud for field generator separation distances of 0mm
(black), 15mm (blue) and 30mm (red). The 3D coordinates are projected onto the x-z
plane for clarity and are referenced to the origin of field generator A. The peaks of the
point clouds shift in the positive x direction as the separation distance is adjusted by
only displacing generator B.

constructed as shown in Fig. 6.4. Future work might study how to robustly implement

a full tiling strategy whilst addressing limitations inherent in the current system design,

such as transmission bandwidth and computational complexity. The system shown in

this chapter requires 16 unique frequencies with a uniform spacing of 1kHz to achieve

sufficient tracking performance. The requirement for all frequencies to be transmitted

simultaneously (synchronous transmission) coupled with a system sampling rate of

100kHz (i.e. Nyquist 50kHz) results in bandwidth limitations occurring for NFG >

6 field generators, since all constituent coils must have their own distinct transmis-

sion frequency. Increasing the system sampling rate alleviates the issue, but this will

eventually be limited by some hardware maximum. In this work the sampling rate

limit is determined by the USB-6212 data acquisition unit which features a maximum

sampling rate of 400kHz. Scaling the system in this manner also increases the compu-

tational load on the host PC as the number of filaments in the magnetic model scales
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Figure 6.13: RMS error of the z coordinate data calculated using (6.12) plotted as
a function of gap size d between 0mm and 30mm. Error bars indicate the standard
deviation σz of each plot cloud’s z coordinates calculated using (6.13).

linearly with the number of field generator current filaments as shown in (6.2). These

constraints will need to be addressed when developing a full modular field generator

tiling strategy. Notwithstanding these limitations, the current work may represent a

significant milestone in extending the volume of accuracy of electromagnetic tracking

technology, particularly in applications such as virtual reality and industrial robotics

where low cost and modularity are beneficial.

6.7 Summary

A method of creating custom magnetic tracking volumes has been demonstrated using

modular magnetic field generators in a tiled configuration. Static positional accuracy

improvements occur when an inclination angle exists between the field generators.

Tiling of this particular design shows that errors are minimised when a common edge

is shared between both field generators. The system design may be easily scaled to

create larger tracking volumes in applications such as medical instrument tracking,

robotics and virtual reality.





Chapter 7

Bespoke Tracking Sensor Design

7.1 Introduction

Electromagnetic tracking (EMT) is the gold standard technology for tracking and

navigation in image-guided interventions when there is no line of sight to the tar-

get. Clinical applications which currently exploit EMT for virtual navigation include

bronchoscopy [8,176], neurosurgery [177] and ear,nose and throat surgery [178]. Com-

mercial systems which use EMT for navigation include the Medtronic superDimension

[179], the Veran SPiN system [35] and the Fiagon system [180]. EMT is also increas-

ingly common in visualization systems used for surgical simulation and robotic surgery.

A number of OEM EMT systems have been developed which are suitable for third-

party use and research purposes. These include the NDI Aurora (Northern Digital

Inc., Waterloo, Canada), the NDI Trakstar (Northern Digital Inc., Waterloo, Canada,

formerly sold by Ascension Technologies) and the Polhemus Fastrak (Polhemus Inc.,

Colchester, Vermont).

Apart from the NDI Trakstar which operates on the principle of pulsed DC opera-

tion, all commercial EMT systems work on the principle of Faraday’s law of electro-

This chapter is based on O. McVeigh, H. A. Jaeger et al. “Sensor design for electromagnetic
tracking in image guided interventions”, Submitted to IPCAI 2019

165



166 CHAPTER 7. BESPOKE TRACKING SENSOR DESIGN

(a) (b)

Figure 7.1: (a) The typical electromagnetic sensor consists of copper winding of N
turns. The coil may be air-cored or with a soft magnetic (ferrite) core, as shown here.

(b) Commercially availble EMT sensors provide x− y− z position, as well as pitch

and yaw angular position (i.e., 5 ‘degrees of freedom’ or 5-DoF). 6-DoF sensors also

provide angular roll position using 2 5-DoF sensors within a single sensor package.

magnetic induction, given by Equation (7.1) where vs(t) is the induced sensor voltage

in Volts and Φ is the sensor magnetic flux in Webers.

vs(t) =−dΦ
dt

(7.1)

AC-based EMT systems tend to be more amenable to smaller sensor designs and

are the basis of recent efforts to design open-source EMT architectures [92,100] which

might address shortcomings in current systems such as electromagnetic distortion,

proprietary interfaces and relatively high hardware costs.

The generalised form of (7.1) which is dependent on a function of the time deriva-

tive of the magnetic flux experienced by the sensor, is more specifically given by (7.2)

for a coil-based inductive sensor of cross-sectional area, Ac, with N turns as shown in

Figures 7.1a and 7.1b.

vs(t) =−N
d
dt

∮
Ac

B ·dA (7.2)

In EMT systems, the magnetic flux density B, which is provided by the planar field

generator board, is spatially and temporally varying and transmits has a number of

unique frequency components (8 in the Anser EMT system, between 20 and 30 kHz)
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which can be used to resolve the sensor position and orientation in the working volume

around the field generator. For small sensors, such as those shown in Figure 7.1b, the

variation in flux density across the sensor cross-section is usually small, so that (7.2)

may be simplified to (7.3) where the flux density B is related to the field intensity H
(in A/m) by the magnetic permeability of free space, µ0 = 4π×10−7 for an air core

and Ac is the coil’s mean cross sectional area, approximated by (7.4) where di is the

innermost winding diameter and do is the outermost winding diameter.

B = µ0H

vs(t) =−µ0NAc
dH
dt

(7.3)

Ac = π

(
do

4
+

di

4

)2

(7.4)

In this work, larger sensor cross-sections require the use of the more general (7.2).

The addition of a ferromagnetic core, as shown in Figure 7.1a, can significantly in-

crease the received sensor voltage, vs, particularly in the case of smaller sensor geome-

tries. The presence of a ferromagnetic core tends to concentrate the magnetic flux lines

so as to increase flux through the coil area, resulting in increased vs. The apparent

increase in magnetic permeability of the core, µa (compared to the air-core case), is

related to the manufacturer-supplied relative permeability, µr, as given by (7.5) where

kd is the geometry-specific demagnetisation factor [181], resulting in a changed sensor

voltage, vs as indicated by (7.6).

µa =
µr

1+ kd(µr−1)
(7.5)

vs(t) =−µaµ0N
d
dt

∮
Ac

H ·dA (7.6)

The demagnetisation of the core, kd , is a geometry dependant parameter which is

used to determine the effective or apparent permeability, µa, of an object. The longer

the core is in relation to its diameter, the lower the demagnetisation factor. In the limit-
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ing case, as the length-to-width ration of the core tends to infinity, the demagnetisation

factor approaches 0. This limiting case can be realised by using closed magnetic struc-

tures such as toroidal cores, which have a demagnetisation factor of 0. Such designs

are used to maximise the energy storage capacity of electrical transformers while min-

imising magnetic field leakage. Magnetic sensors instead require an open core design

in order to allow the external magnetic fields from the field generator to excite the

sensor coil. The open core will increase the sensitivity of the received signal, although

the resulting gain factor becomes a function of the material’s relative permeability µr

and the core’s geometry. The demagnetisation factor, kd , encapsulates this geometry

dependency. By approximating the core to be elliptical in shape, the demagnetisation

factor may be estimated using (7.7) where dc is the diameter of the core, and lc is

the length of the core [181]. The apparent permeability of the material can then be

calculated using (7.5).

kd ≈
d2

c
l2
c

[
ln
(

2lc
dc

)
−1
]

(7.7)

The ferromagnetic core can dramatically increase the sensitivity of sensor. How-

ever, this comes at the cost of linearity. All ferromagnetic materials are inherently

non-linear in nature, hence the output of the sensor will now have some non-linear

behaviour which can depend on many factors such as frequency, temperature, field

strength etc. [182]. Increased noise is also observed from ferromagnetic materials due

to Barkhausen noise [181]. If the applied magnetic field to the sensor is sinusoidal in

nature (as is typically the case for EMT systems), (7.6) can be further simplified to

(7.9) where ω is the received field frequency in radians per second.

H = H0(x,y,z)sinωt (7.8)

vs(t) =−µaµ0Nω cosωt
∮

A
H0(x,y,z) ·dA (7.9)

Equation (7.9) is the basis of the investigations in this chapter where µa = 1 in the

case of an air-core coil. To date, EMT sensors, such as those shown in Figure 7.1b,

are commercially manufactured to specified sensitivities in fixed geometries. However,
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with the increasing prevalence of EMT across image-guided interventions, the need

for flexible sensor geometries and sensitivities has become more important. While

bespoke sensor design is not feasible with proprietary systems, the Anser EMT system

[100] facilitates new sensor geometries for specific applications such as laparoscopic

instrument and endoscope tracking. In these applications, tracking accuracy may often

be less important than ergonomic sensor geometries which easily integrate with the

large instrument diameter (6-12 mm) without taking up the instrument channel of

endoscopic instruments [183]. The goal of this chapter is to demonstrate the feasibility

of bespoke sensor design, development and testing for the Anser EMT system, where

variations in sensor accuracy with turn count, Nturn, and coil area, Ac are investigated,

using both air and ferrite core geometries. The work represents the first attempt to

demonstrate bespoke inductive sensor characterisation for electromagnetic tracking

systems within the limits of hand-wound geometries and 5 degree of freedom (5 DoF)

sensing.

7.2 Materials and Methods

7.2.1 Sensor Design

A series of air-core inductive sensors were wound on custom Delrin formers with

varying turn count, N, coil length, lc, inner coil diameter, di (to the innermost winding),

outer coil diameter do (to the outermost winding), and wire diameter, dw as indicated

in Table 7.1.

Coil Nturn lc [mm] di [mm] do [mm] dw [mm] R [Ω] L [µH](Air)

A 321 12 9 12.5 0.19 7.4 604
B 319 12 11 14.1 0.19 8.6 804
C 120 12 9 12.2 0.32 0.8 91
D 216 12 9 11.4 0.19 9.4 425
E 417 12 9 12.0 0.15 14.3 1018

Table 7.1: Properties of EMT sensor coils designed and tested in this work.

Each coil was carefully hand-wound with visual inspection and still photography
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used to confirm turn count upon completion of each layer. A typical completed winding

layer is shown in Figure 7.2a. One turn of magnet tape was used to fix each layer upon

winding as shown in Figure 7.2b. Each former could facilitate insertion of a ferrite rod

core also shown in Figure 7.2b for testing. The final wound sensor coil was terminated

with twisted-pair cable as shown in Figure 7.2c, before connection to a miniXLR

connector (part no. RT5FC-B, Neutrik AG, Liechtenstein). Ferrite core cylinders were

investigated as magnetic cores in coils C, D and E. The cores measured 12 × 6 mm

(length× diameter) and were made of 3C90 grade ferrite (Ferroxcube, Eindhoven, The

Netherlands) with relative permeability µr of 2300.

(a) (b) (c)

Figure 7.2: (a) Enamelled copper wire wound on the Delrin coil former. (b) Each
completed winding layer was secured with magnet tape. Also shown is the removable
ferrite core. The core may be inserted into the former’s lumen. (c) The wound coil
is located above the Anser EMT calibration board using the Delrin former during
calibration and testing.

7.2.2 Sensor Calibration

Each sensor was calibrated for use with the Anser EMT system using the previously

reported model-fitting routine [92] for sensor calibration. This involves a 7×7 point-

by-point calibration of the sensor and the Anser field generator (FG) shown in Figure

7.4. For 5-DoF sensor coil calibration, the coil is positioned at a fixed distance and

orientation (z-oriented) relative to the field generator as shown in Figure 7.5. The

induced sensor voltages at each point are processed to produce a vector of scalars

which fit the magnetic model of the system FG to the sensor in a least-squares sense.



7.2. MATERIALS AND METHODS 171

Figure 7.3: The typical impedance characteristic for an air-core and ferrite inductive
sensor (Coil B) The coil exhibits linear impedance characteristics in the operating
range of the Anser EMT system 20 and 30 kHz. The resonance frequency of the air
coil is approximately 485 kHz, which is reduced to approximately 290 kHz due to the
increase in coil inductance when the ferrite core is inserted.

(a) (b)

0.042m

0.042m Origin

Figure 7.4: (a) Top-down view of Anser EMT field generator (FG) showing the 49
positions used for calibration and static position accurcy testing. (b) Zoomed in section
of the top-left quadrant of the FG. Positions are shaded according to their (x,y,z)
Euclidean distance from the FG origin (0,0,0).
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(a) (b) (c)

Figure 7.5: (a)-(b) Anser EMT base station and field generator (FG) used in experi-
ments. The FG contains 8 field-generating coils below a 49 point grid of equispaced
holes into which the coils may be inserted using a Delrin former. (c) Delrin formers
of two heights were used in experiments. 49 position measurements are recorded with
each former resulting in a total of 98 measurements per coil.

7.2.3 Static Accuracy Testing

The coils described in Table 7.1 were tested for static positional accuracy following

calibration with previously described methods in chapter 3 [92, 100] for z-directed

sensor coils using the 49 point grid shown in Figure 7.5 at fixed heights at 85.6 and

152 mm above the FG. The resultant scatter plots in Figure 7.6 show positional errors

at 98 unique positions within the tracking volume. In each figure, the position error is

shown as a function of the Euclidean distance from the sensor’s absolute position to

the centre-point of the transmitting board.

In general, it can be expected that points further from the centre-point of the trans-

mitting board will give rise to the largest errors in position accuracy. The experimental

positional errors are summarised in Tables 7.2 to 7.5. The associated point-by-point

measurements are included in Fig. 7.8, 7.9 and 7.10. Static accuracy was determined

by calculating the error between the reported sensor positions and the absolute position

of the sensor above the field generator in a root-mean-squared (RMS) sense. Equation

(7.10) was used to calculate the volume-averaged RMS error along each axis of the

FG (i.e., ∆xRMS, ∆yRMS and ∆zRMS) where xi
Meas is the measured (x,y,z) position at

the ith point, xi
Re f is the absolute x coordinate of the sensor coil and N = 98 is the total

number test-points.
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∆xRMS =

√
1
N

N

∑
i=1

(
xi

Meas− xi
Re f

)2

∆yRMS =

√
1
N

N

∑
i=1

(
yi

Meas− yi
Re f

)2
(7.10)

∆zRMS =

√
1
N

N

∑
i=1

(
zi

Meas− zi
Re f

)2

The volume-averaged total RMS error by vector summation of the measured and

reference positions at each experimental point is then given by (7.11)

TotalRMS =
√

∆x2
RMS +∆y2

RMS +∆z2
RMS (7.11)

7.2.4 Instrument Trajectory Tracking

One principle of application of the sensors developed in this work is in the tracking

of instruments used in image-guided interventions. To demonstrate the utility of the

sensors and in order to visualise real-time instrument trajectory tracking, two typi-

cal instruments were investigated. A therapeutic bronchoscope (Olympus BF-XT160,

Olympus Corp. Shinjuku, Tokyo) with a 3.2 mm instrument channel was tracked us-

ing a 0.5 mm commercial 5-DoF sensor in the instrument channel. In addition, the

bronchoscope was also tracked using Coil B from Table 7.1. A laparoscopic graspers

(EndoClinchT M, Medtronic, Dublin, Ireland) with an outer diameter of 5 mm was sim-

ilarly attached with an identical 5-DoF commercial sensor to the bronchoscope as well

as with Coil B from this study. Each instrument was then moved through the tracked

volume and the position and orientation of both attached sensor coils was recorded.

The resulting trajectory paths for both sensors is shown in Figure 7.12.
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7.3 Results

7.3.1 Static Accuracy Testing

Fig .7.8 shows the total RMS error for coils A and B as a function of distance from the

origin of the FG. The results are summarised in Table 7.2 which includes the different

coil areas, Ac available for flux linkage (as given by (7.4)). Each coil has approximately

equal turn count as noted in Table 7.1 and these coils were used to investigate the effect

of increasing Ac on positional accuracy. No ferrite cores were used with coils A or

B. The mean errors, ∆xRMS, ∆yRMS and ∆zRMS, as well as the total RMS error were

calculated using (7.11).

Coil Ac [mm2] ∆xRMS [mm] ∆yRMS [mm] ∆zRMS [mm] σx σy σz TotalRMS [mm]

A 90.7 1.05 1.23 0.97 0.95 1.15 0.96 1.89
B 123.7 0.86 0.99 0.90 0.87 0.99 0.90 1.59

Table 7.2: Static accuracy of coils A and B with air-cores.

Figure 7.9 shows the total RMS error for coils C, D and E as a function of distance

from the origin of the FG in the absence of any ferrite core. The results are summarised

in Table 7.3 which includes the different turn counts, N. In this case, each coil has

approximately equal core area, Ac as noted in Table 7.1 and these coils were used to

investigate the effect of increasing N on positional accuracy in the absence of a ferrite

core. As previously, the mean errors, ∆xRMS, ∆yRMS and ∆zRMS, as well as the total

RMS error were calculated using (7.11).

Coil N ∆xRMS [mm] ∆yRMS [mm] ∆zRMS [mm] σx σy σz TotalRMS [mm]

C 120 1.57 1.50 1.52 1.50 1.17 1.17 2.48
D 216 1.14 1.08 1.26 1.21 1.01 1.01 1.98
E 417 0.99 1.09 0.84 0.98 1.09 0.83 1.70

Table 7.3: Static accuracy of coils C, D and E with air-cores.

Figure 7.9 also shows the effect of inserting the ferrite core described in section

7.2.1 into cores C, D and E. The results described for this case are summarised in

Table 7.4 where a 4.5 mm 3C90 ferrite core is present.
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Coil N ∆xRMS [mm] ∆yRMS [mm] ∆zRMS [mm] σx σy σz TotalRMS [mm]

C 120 1.04 0.89 1.31 1.03 0.78 0.8 1.90
D 216 1.13 0.73 0.91 0.94 0.73 0.91 1.62
E 417 0.86 1.04 0.81 0.74 1.03 0.76 1.58

Table 7.4: Static accuracy of coils C, D and E with ferrite cores.

For comparison, the NDI coil used in subsequent trajectory tracking experiments

was also tested for static accuracy and the results are included in Figure 7.10 and

summarised in Table 7.5.

Coil ∆xRMS [mm] ∆yRMS [mm] ∆zRMS [mm] σx σy σz TotalRMS [mm]

NDI 1.19 1.12 0.73 0.98 1.11 0.73 1.79

Table 7.5: Static accuracy test results for the NDI coil.

The effect of the ferrite core is more clearly demonstrated in the results of Fig-

ure 7.11 which showns the Fast Fourier Transform (FFT) of the sensor voltage at a

fixed position {x,y,z} = {0,0,85} mm from the FG where each voltage peak corre-

sponds to the induced voltage due to one of the 8 transmitting coils of the FG shown

in Figure 7.5b. The plot shows that the ferrite core increases the sensor voltage by

approximately 10 dB for the four transmitting coils located closest to the origin of the

FG.

7.3.2 Instrument Trajectory Tracking

In the absence of a gold standard for instrument position tracking, the error during

instrument trajectory tracking is calculated relative to the position measurement of

the NDI sensor (part no. 610099, Northern Digital Inc., Waterloo, Canada) used in

previous investigations [92, 100]. In the case of the bronchoscope, the NDI sensor is

concentrically located inside the scope’s working channel as shown in Figure 7.7b. In

the case of the laparoscopic graspers, the NDI sensor is located between the instrument

and the inner diameter of the coil former concentric to the sensor coil’s diameter as

shown in Figure 7.7b. Due to the coil and NDI sensors not being located in the same po-

sition in each instrument, a constant displacement r will exist between the two reported
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sensor positions. This offset remains physically constant as both sensors are rigidly

fastened to the instrument, but tracking system imperfections and interference due to

the metal content of the instruments will result in variations occurring in the reported

offset measurement. The instrument moves through the spiral trajectories shown in

Figure 7.12. ∆rRMS is calculated as the root-mean-square position difference between

the two sensors over the N acquired points. The RMS offset in each principle axis (i.e.,

∆xRMS, ∆yRMS and ∆zRMS) was calculated using (7.12) and total RMS offset calculated

using (7.13) where xi
coil and xi

NDI are ith corresponding reported x coordinates of the

coil and NDI sensor resolved at the same instant in time and Ncloud is the total number

of acquired points.

∆xRMS =

√
1
N

N

∑
i=1

(
xi

Coil− xi
NDI
)2

∆yRMS =

√
1
N

N

∑
i=1

(
yi

Coil− yi
NDI
)2 (7.12)

∆zRMS =

√
1
N

N

∑
i=1

(
zi
Coil− zi

NDI
)2

∆rRMS =
√

∆x2
RMS +∆y2

RMS +∆z2
RMS (7.13)

The standard deviation σr was calculated using (7.14).

σr =

√
1
N

N

∑
i=1

(ri− r)2 (7.14)

where ri is the ith absolute offset between the wound coil and the NDI sensor and r is

the sample mean of all absolute offsets over Ncloud position measurements.
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7.4 Discussion

7.4.1 Coil Design Theory and Practice

The coil geometries in this work are limited to geometries which were practical for

hand-winding without automation. Significantly smaller coils capable of 5-DoF and

6-DoF sensing could be achieved with automated coil winding. However, the resultant

coil geometries provide excellent inductance properties over the frequency range of

the Anser EMT system, as indicated by Fig. 7.3. The resultant voltage gain was ap-

proximately tripled (+10 dB) using the ferrite core as shown in the voltage response in

Figure 7.11. Referring to (7.3), this corresponds to an apparent magnetic permeability

µa ≈ 3. This experimental result may be compared with the expected value based on

an estimated demagnetising factor, kd ≈ 0.1 using the core’s dimensions (12 mm ×
6 mm) and (7.7), leading to an apparent magnetic permeability, µa ≈ 10 using (7.5).

It should be noted that recent work [184] indicates that for lc/dc = 2, Parker’s equa-

tion (given by (7.7)) may significantly underestimate kd and a value of 0.2 is correct.

This would effectively decrease the apparent magnetic permeability to µa ≈ 5. The

remaining difference between the experimental and theoretical values for µa might

be explained by the mechanical machining of the ferrite core to decrease its length

to fit inside the former which likely also increased demagnetisation within the core

volume. The core’s large manufacturing tolerance (±20%) and failure to degauss the

core during use in order to avoid any potential for inadvertent magnetic saturation are

other potential sources for the error. However, the result highlights a simple design

methodology which can be used to predict the approximate increase in sensed voltage

which can be achieved with a ferrite core. Clearly, as the dimensional ratio lc/dc in-

creases, the apparent magnetic permeability of the core will also increase resulting in

larger sensor voltages.

7.4.2 Static Accuracy Testing

Static accuracy measurements were completed for each sensor and, in the case of coils

C, D, and E, these results were compared with and without the addition of the ferrite
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core.

Table 7.2 details the effect of increasing coil area, Ac, on total tracking error. As

predicted by (7.9), increasing coil area, results in significant improvement in the total

tracking accuracy. This is because, as the area of the coil increases, the induced voltage

is due to an increased flux density crossing the coil’s cross-section. Clearly, care needs

to be taken in the numerical calculation of the expected B field across Ac to account for

spatial variations which can generally be disregarded with small point-based sensors

such as the NDI probe included in Table 7.5.

The results of Tables 7.3 shows the effect of turn count, N on tracking accuracy.

Clearly, as N increases, the total tracking error decreases. This is to be expected since

the associated induced voltage, vs given by (7.9), increases linearly with N. As vs

increases, the signal-to-noise ratio increases correspondingly with resultant improve-

ment in tracking accuracy. It is also noted that calculation of the total tracking error (as

given by (7.11)) is required to avoid anomolies in the single-axis errors (e.g., ∆xRMS,

∆yRMS etc.) which is due to the significant variance across each axis, as indicated by

the results for σx, σy, and σz.

The addition of a magnetic core to the coil improved tracking accuracy in the case

of all 3 coils as might be expected. Table 7.4 shows a reduction in the total RMS error

of {0.58,0.36,0.12} mm or {23.4,18.2,7.1}% for coils C, D and E respectively in

the presence of the ferrite core.

One general comment relates to the static position accuracy of small electromag-

netic tracking sensors which is intrinsically limited by the radial dimension of the coil

geometry. So, for example, the RMS error of the 0.5 mm NDI coil used in this work

(reported here as 1.85 mm but previously reported as 0.8 mm [149]), is inherently

limited to the diameter of the sensor coil due to the point-based approximation used

in the magnetic field model (see (7.3)). However, larger diameter coils such as those

used in this work, which require spatial integration of the magnetic field across the

coil’s cross-section (see (7.9)) do not have this limitation and can resolve positions

with errors significantly smaller than their diameter, where the resolved position corre-

sponds to the coil’s geometric centre. For this reason, the total RMS errors in all cases

investigated in this work are substantially smaller than the coil diameter.
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7.4.3 Instrument Trajectory Tracking

Trajectory tracking of two separate instruments was demonstrated without a gold stan-

dard reference such as optical tracking. In the absence of such a reference, the results

of Figure 7.12 should be treated with some care as error sources other than tracking

errors may account for the discrepancy. These sources include the inevitable shielding

and Eddy current effects in the outer sensor (and the bronchoscope shaft in the case of

the bronchoscope) on the inner NDI sensor which may cause distortion of the detected

magnetic field for the inner sensor. A second source of error is the off-centre position-

ing of the inner NDI sensor relative to the outer wound coil sensor. Notwithstanding

these caveats, the overall trajectory mapping between the two sensors is reasonable

with reported difference errors of 7±1mm in the case of the bronchoscope and 7±2mm

in the case of the laparoscopic graspers. It will be noted that in many clinical scenarios

(e.g., colonoscopy and endoscopy), a tracking resolution of 5-10mm may be suffi-

ciently accurate to resolve position within the patient anatomy. It is supposed that in

the presence of a gold-standard for tracked instrument trajectory, the reported error

would be significantly closer to the static position errors of 1.59 mm and 1.70 mm

reported for coils E and B respectively with an air core.

The principle advantage of the current design approach for instrument tracking is

the improved form factor of the sensors which makes it easy to integrate a wound-coil

around the outer diameter of the existing instrument shaft and, in the case of the bron-

choscope, maintain the instrument channel of the scope free for clinical investigations.

Future work might look to integrate such a sensor design within the instrument shaft,

thus eliminating the requirement to fix the sensor ends to the outside of the instrument.

It is also conceivable to include a high µr material within the instrument core in order

to increase the sensed voltage.

7.5 Summary

This work represents the first investigation of bespoke sensor designs for medical

applications of electromagnetic tracking with reported static RMS errors of 1.58 to

2.48 mm. As expected, errors are decreased by the use of larger diameter coils, addi-
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tional winding turns and the presence of a ferrite core. The devices used to validate the

prototype inductive sensors used in this work were limited to tracking of large laparo-

scopic and endoscopic instruments. However, the principles and experimental results

indicate the approach of this chapter can easily be used to produce highly-integrated

bespoke sensors using automated coil winding for miniature instrument tracking with

reasonable prediction of sensor voltage gain based on simple theoretical calculations.
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Wound coil

NDI sensor

NDI sensor

Wound coil

(a) (b)

Figure 7.7: (a) Olympus BF-XT160 therapeutic bronchoscope using both the commer-

cial NDI 5-DoF sensor and Coil B described in this study. The NDI sensor is inserted

through the working channel and advanced to the tip of the bronchoscope (b) Tracking

of the laparoscopic graspers using both the commercial NDI 5-DoF sensor and Coil
B described in this study. The NDI sensor is fixed to the tip of the graspers using

insulation tape.

Figure 7.8: Error plots for coils A and B.
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Figure 7.9: Error plots for coils C, D and E with and without ferrite cores.
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Figure 7.10: Error plot for the NDI coil.
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Figure 7.11: Fast Fourier Transform of the sensed voltage in coil B with air and ferrite
cores. Voltage units are in decibels (dB) with respect to 1 Volt.
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(a)(b)

Figure 7.12: (a) Trajectory plot of sensor tracking using Coil B and NDI sensors

with the Olympus bronchoscope (ro f f setRMS =7 mm, σr =1 mm) (b) Trajectory plot

of sensor tracking using Coil B and the NDI sensor with the Medtronic graspers

(ΔrRMS =7 mm, σr =2 mm).





Chapter 8

Pre-clinical Evaluation
with Anser EMT

This chapter discusses how the Anser EMT system was integrated as part of an

image-guided solution for bronchoscopy, and tested in a live pre-clinical evaluation.

The design and development of a novel electromagnetically tracked catheter is then

discussed as well as the procedure used for testing the accurate targeting of simulated

cancer tumours in the outer airways.

8.1 Open Navigation System Design

To advance the field of electromagnetic navigation bronchoscopy (ENB), open-source

approaches to both navigated bronchoscopy [64] and electromagnetic tracking [174]

were combined. The rationale is that by enabling open-source access to the under-

lying technology and visualisation tools behind ENB, current technical bottlenecks

and shortcomings described in chapter 2 can be collaboratively tackled by the research

community, eventually resulting in more reliable, low-cost methods of diagnosing lung

cancer. This chapter describes the design, development and pre-clinical testing of an

This chapter is based on H. A. Jaeger et al. “Peripheral tumour targeting using open-source virtual
bronchoscopy with electromagnetic tracking”, Minimally Invasive Therapy & Allied Technologies, 2018
(in press)

187
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Tracking
Hardware

Visualisation
   Software

Interface

Imaging

ClinicianPatient

Figure 8.1: Generalised block diagram of a surgical navigation system. As the clinician
navigates in the patient these actions are monitored using the tracking hardware. The
tracking data is transferred to a visualisation software package and combined with
either prior or real-time patient imaging for viewing by the clinician. Compatibility
with the PLUS system [95] is discussed in chapter 9.

open-source navigated bronchoscopy visualisation tool.

Successful ENB requires the integration of tracking hardware and visualisation

software in order to function. The Anser system described in chapters 3 and 4 provides

the real-time instrument position and orientation (pose) information. The visualisation

software utilises this information to guide the clinician using the patient CT scan as a

reference. A block diagram of a generalised navigation system is shown in Fig. 8.1.

8.1.1 Tracking Hardware

The tracking hardware provides the position and orientation reference for the instru-

ments being used in a medical procedure. Electromagnetic tracking (EMT) tracks

the position of a magnetic sensor by providing the Cartesian coordinates and rotation

angles (8.1) of a tracking sensor with respect to the magnetic field generator. Alterna-

tively the angles may be represented as a rotation matrix R or quaternion q. A thorough

discussion of the Anser EMT system design is discussed in chapters 3 and 4.

Position = [x,y,z] , Orientation = [θ ,ϕ] (8.1)
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(a) (b)

Figure 8.2: Commercial proprietary OEM electromagnetic tracking systems approved
for clinical use. (a) The Aurora system and (b) the Trakstar system.

Commercially available tracking systems include the Northern Digital Aurora and

Ascension Technology Trakstar systems shown in Fig. 8.2. While these companies

do offer regulatory approved tracking systems as original equipment manufacturers

(OEMs), the proprietary nature of their design limits their applicability in research,

as fundamental system parameters (e.g. transmission frequencies, analog-to-digital

converter sampling rate) cannot be adjusted. The Anser EMT system was created as

an open-source alternative to begin to overcome some of these limitations [92, 100]

and was used in the development the open-source bronchoscopy tools in this chapter.

8.1.2 Visualisation Software

Visualisation of the instrument position and orientation during electromagnetic naviga-

tion bronchoscopy is necessary as the use of cameras is not be feasible. The software’s

main function is to combine the position and orientation data of the tracking hardware

with patient imaging data to create a computer-rendered representation for interpreta-

tion by the clinician. Many open-source tools exist to accomplish this task. CustusX,

MITK and 3D Slicer [64, 132, 151] are the three major open-source medical imaging

packages currently under development. The main difference between these software

packages are in terms of user interface and software plug-in architecture, but under-

neath they all rely on similar software libraries, including:

• The Insight Segmentation & Registration Toolkit (ITK) [185], used for manipu-

lating and processing image data, with an emphasis on medical imaging such as

from MRI and CT scanners.
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• The Visualization Toolkit (VTK) [186], used for rendering and visualising image

data.

• Qt [187], used for the graphical user interface of all programs and plug-ins

CustusX is an image-guided diagnostics and therapy research platform dedicated

to intraoperative navigation and imaging. The package has the flexibility to be utilised

in a wide range of clinical settings including neurosurgery, laparoscopic surgery [188],

vascular surgery [189] and bronchoscopy [71, 153]. The developers’ current research

focus on bronchoscopy [63,65] made it an ideal candidate for developing a full airway

navigation system, and it was chosen as the visualisation environment for this work

as a result. An example visualisation palette from the virtual bronchoscopy toolkit is

shown in Fig. 8.3.

8.1.3 Communication Interface

The OpenIGTLink standard [96] is an open-source network communication protocol

created to standardise communication protocols between hardware and software of

medical imaging navigation systems. The standard defines a number of standard mes-

sage types allowing different computer systems and architectures may communicate

and exchange data with one another reliably without data corruption. This library is

utilised heavily in this work to establish connectivity between Anser EMT and Cus-

tusX. It should be noted that a newer software library, the Public software Library for

Ultrasound (PLUS) [95] exists which combines OpenIGTLink and hardware specific

libraries in an all-in-one solution for interfacing with ultrasound, camera-based and

electromagnetic tracking hardware. Anser EMT is not yet usable with this toolkit,

although it is envisaged it will become compatible in the future.

8.2 Tracked Instrument Design

Diagnosing lung cancer in the outer airways requires extending the reach of the bron-

choscope using an extended working channel. Commercially available electromagnet-

CustusX is available at https://www.custusx.org

https://www.custusx.org
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(a)

(d)(c)

(b)

Figure 8.3: Screenshot of the interface palette of CustusX configured for bronchoscopy
navigation. (a) 3D airway segmentation of the patient pre-operative CT scan. (b) Ax-
ial, coronal and sagital views of the pre-operative CT with position overlay. (c) 3D
segmentation of the airway with tumour highlighted (blue) and route to target (green).
(d) Virtual bronchoscopy view of the airway from the perspective of the targeting
instrument.

ically tracked tools exist and are described in chapter 2 in Fig. 2.14 and 2.15 , but

their proprietary sensor interface means that they are not readily compatible with the
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Anser EMT system. A custom tracked catheter was designed for this work based on a

previous design [174] and recent work by [190], in order to showcase the open nature

of the system.

8.2.1 Bronchial Catheter Specification

An extended working channel behaves as an extension to the bronchoscope, allowing

the clinician to navigate the outer airways and access the fine bronchiole structures

at the lung periphery. Once the extended working has reached the region of interest

it acts as a conduit for biopsy brushes, needles and forceps as shown in Fig. 8.4. The

catheter design must adequately fulfil this role according to a number of constraints.

The catheter must:

• Maintain compatibility with commercially available bronchoscopes. The catheter

must pass smoothly through the working channel of the bronchoscope.

• Contain tracking sensors to enable electromagnetic navigation (EMN)

• Provide a working channel which is capable of passing commercially available

biopsy instruments.

Forceps Catheter EWC Bronchoscope

Figure 8.4: Diagram showing the extended working channel functionality of the

catheter. The catheter extends beyond the tip of the bronchoscope providing a path for

biopsy tools such as forceps, cytology brushes and needles.

The designed catheter was designed and manufactured in partnership with Teleflex

OEM (Annacotty, Co. Limerick, Ireland). A diagram showing the catheter specification
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is shown in Fig. 8.5. Photographs of the proximal and distal ends of the manufactured

catheter are shown in Fig. 8.8. The 3.0mm outer diameter of the catheter provides

compatibility with a range of therapeutic bronchoscopes including the Olympus BF-

XT160, Pentax EB-1970TK and Fujifilm EB-530XT which all feature a 3.2mm work-

ing channel. A 1.5mm central lumen provides extended working channel capabilities

to the catheter. The length of the catheter was specified at 105cm. This dimension was

chosen to allowing biopsy instruments to protrude from the tip of the catheter, as it

lies between the channel length of the bronchoscope (60cm) and the length of biospy

instruments (110cm).

Proximal Distal Tip

Sensor
Lumens

Steel
Pullring

Steel
Pullwire

3.0

0.5

0.2 Instrument
   Lumen

1.5

Figure 8.5: Diagram of the proximal, distal and tip sections of the catheter shaft. All
dimensions are in millimeters (mm).
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8.3 Experimental Procedure

In order to provide a quantitative in vivo measure of tracking accuracy, an innovative

methodology of tumour targeting was used as follows;

1. Injection of the tumour model by percutaneous needle injection

2. Imaging with CT scan to determine position and volume of each tumour model

after the animal is placed in the Anser field generator.

3. Registration and navigation to each target tumour model using electromagnetic

navigation bronchoscopy

4. Deployment of a marking coil (embolization coil) at the site of the tumour model.

Using the subsequent 3D x-ray, distance from the tumour model to the marking

coil was measured.

8.3.1 Tumour Model Deployment

The radiopaque tumour model was obtained through a proprietary process (IRCAD

France, Strasbourg) based on reported efforts [191] to form a homogeneous solution

suitable for needle injection. In each case, a total model volume of 1.5ml was injected

percutaneously at each ‘tumour’ site. In the two pre-clinical animal investigations,

four lung sites were targeted in each of the two animals; the caudal (lower) left lobe,

the cranial (upper) right lobe, the middle right lobe and the caudal (lower) right lobe.

Tumour models were injected to an approximate depth of 2 cm via a 1.5mm double-

lumen needle. Following injection of the tumour models in each of the two animals,

a follow-up CT image was obtained with identical imaging parameters to that of the

initial CT. This second CT confirmed the absence of pneumothorax and was also used

to characterise tumour model position and volume. The results are summarised in

Table 8.1 where each tumour model site (x, y) position is measured from the centre

of the CT image while z position is measured from the top of the CT topogram. The

tumour dimensions (x× y× z in mm) upon deployment were measured from the same
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CT image and these are also included in Table 8.1. The tumour marker labels A1-

B4 correspond to the eight models placed where the A and B labels indicate distinct

clinical end-users and animal subjects.

8.3.2 Segmentation, Registration and Mark-up

At the beginning of the procedure the animal was placed on the table, with the Anser

field generator located beneath the animal, and centred on the animal’s sternum. A

second CT image was acquired after the tumour injection, and was used to perform

a segmentation of the lung volume using previously reported methods [63] and the

Virtual Bronchoscopy plugin to CustusX. Semi-automatic registration was achieved

using the CloudCompare tool [192]: Initially the Bronchoscopy Registration plugin

of CustusX was used to perform a balanced bronchoscopy airway survey, with an

EM sensor in the scope channel, to acquire a coordinate point cloud in the animal’s

reference frame. A corresponding point cloud of the airways was generated from

the airway image segmentation. The two resulting point clouds, corresponding to

the image reference frame and patient reference frame, were registered by manual

alignment followed by an automatic iterative-closest-point (ICP) registration [70]. A

single rigid registration transformation matrix (see chapter 2) was calculated during

this process. Time domain compensation for errors due to breathing motion was not

performed in this study. Following registration, the four injected tumour models were

marked with fiducials in CustusX to provide targets for virtual navigation as shown in

Fig. 8.7.

8.3.3 Virtual navigation

Each clinical user sequentially navigated to each of the four virtual targets correspond-

ing to the site of the percutaneous tumour model injection. Endobronchial navigation

was performed using the novel 4-tendon catheter shown in Fig. 8.8) with two 5-DOF

electromagnetic sensors embedded in the tip as indicated in Fig 8.5. The catheter had

an outer diameter of 3 mm to fit the 3.2 mm working channel of a standard therapeutic

endoscope (Pentax EB-1970TK) with a 1.5 mm working lumen for instrument and
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marker delivery. Once the user achieved minimal separation from the virtual fiducial

marker (see Figure 8.9), an embolization coil (Fig. 8.10(a)) was deployed to mark the

target site. In each case, the closest Euclidean distance between the tool tip and the

virtual fiducial marker was recorded at the point of marker coil deployment (see Table

8.1). The marker coil was a 0.035” MReye embolization coil (Cook Medical, Limerick,

Ireland) with a coiled embolus diameter of 2-5 mm and an extended embolus length

of 2-4 cm after deployment [193]. The marker was deployed by means of the working

lumen within the tracked catheter shown in Fig. 8.8. The marker coil was advanced

and deployed from the distal tip using closed endobronchial forceps. Deployment was

verified by the inserted length of the forceps.

8.3.4 Measuring targeting accuracy

Targeting accuracy of marker coil deployment was measured using subsequent 3D

x-ray (Artis Zeego, Siemens Healthineers, Erlangen, Germany) as indicated in Figure

8.10(b). While one goal of electromagnetic navigation is to reduce reliance on real-

time imaging, the use of x-ray in this study was to facilitate accuracy measurements

of the electromagnetic targeting. The closest, furthest and centre-to-centre distance

from the tumour model to the centre of the deployed coil was measured (see Table

8.1). Indicative measurements for tumour model A3 are shown in Fig. 8.10(b) where

d4 corresponds to the centre-to-centre distance, d5 is the closest distance and d6 is the

furthest distance between the marker coil and the tumour model. A similar procedure

was completed for all eight tumour models in the two live animal studies. All animals

were humanely euthanised using a potassium chloride injection under anaesthesia

immediately following the procedure.

8.4 Results

8.4.1 Tumour model results

Following percutaneous injection of the four tumour models in each of the two reported

live studies, no evidence of pneumothorax was seen in the subsequent CT images.
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Tumour model position was successful at the four targets. A single tumour model was

deployed in each middle left lobe to avoid excessive manipulation. The remaining

three targets were successfully deployed in the cranial, middle and caudal right lobes

in each of the two studies.

The tumour dimensions recorded from subsequent CT (see Table 8.1) are represen-

tative of the injected volume of 1.5 ml, albeit model A1 appears larger than expected

due to syringe slippage during injection. Major axis lengths for the deployed tumour

models ranged from 21.1 mm (labelled A1) to 15.5 mm (labelled A3). The models are

representative of stage IA2-3 lung carcinoma non-small cell lung peripheral airway

nodules as defined in the TNM classification guidelines [194]. The headings for Table

8.1 are detailed below.

Tumour label- Label applied to specific tumour throughout studies

Lobe location- Anatomic of tumour within lung

Tumour Position on CT- Coordinates of tumour location in CT volume

Tumour Size- Size of tumour using CT volume coordinate system

Closest Dist.- Closest distance between tumour and marker on DynaCT

Centre Dist.- Distance between centre of tumour and marker on DynaCT

Farthest Dist. Farthest distance between tumour and marker on DynaCT

Virtual Dist. Distance between tumour and marker as reported by the virtual bron-

choscopy software
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Initial Condition

Pre-alignment

ICP Registration

Survey points

Centerline
points

Figure 8.6: Screenshots of CloudCompare [192] during the registration process. The
balanced survey of the lungs using the electromagnetic tracker provides a set point
cloud of in the patient frame (red). This is the source point cloud. The airway centerline
points (green) are obtained from the 3D airway model and and forms the destination
cloud in the image frame. Manual alignment is performed by manipulating the source
cloud to the same approximate rotation of the destination. The ICP algorithm [70] is
invoked to perform the final registration.
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Right lungLeft lung

B1

B2
B3

B4

Figure 8.7: Screenshot of CustusX showing the marked up tumour model locations
B1-B4. The exact locations are described in Table 8.1.
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Proximal
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Instrument
 Channel

Figure 8.8: Custom four tendon catheter with attached handle used in bronchoscopy
procedures. The handle design allows continuous deflection of the catheter while
providing an instrument port for the insertion of biopsy instruments.
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(a)

(b) (c)

(d)

Figure 8.9: Screenshot of the CustusX screen during navigation with the airway. (a)

Live bronchoscope camera feed. (b) 3D model of the airway showing the catheter tip

location (green) and the tumour target (pink). (c) Alternative 3D view of the sensor

position within the lung [63]. (d) CT scan slices indicating the location of the catheter

tip using crosshairs.

(a)

2mm

(b)

Figure 8.10: (a) MReye embolization coil (Cook Medical, Limerick, Ireland). In its

deployed state the coil measures less than 1mm in diameter. The integrated fibres allow

to coil to successfully lodge within the outer airway when it is deployed. (b) Distance

calculations between an embolisation coil and the injected tumour model., used to

calculate the overall accuracy of the electromagnetic navigation system.
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Figure 8.11: Photograph of the clinical setup of the animal study performed in IHU
Strasbourg. The electromagnetic field generator lies beneath the pig. The pulmonolo-

gist navigates the airway using the ENB catheter through the working channel of the

bronchoscope. The overhead screen displays the CustusX navigation panel, indicat-

ing the live catheter tip location within the 3D airway model. The live bronchoscope

camera feed and CT scan slices are also displayed.
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8.4.2 Targeting accuracy results

Post-imaging segmentation and registration of the post-injection CT image with the

Anser EMT platform was achieved in each study. All eight tumour models deployed in

this study lay outside segmented airways. In each case, the user navigated without the

assistance of the virtual pathway planner available in the CustusX platform. The tool

tip roll-angle orientation was not enabled. Expert users noted that the use of 6-DOF

sensing at the tool tip would not improve accuracy in targeting the tumour models in

this study. Virtual distances from the tool-tip to virtual tumour fiducial between 3.6

mm (label B4) and 18.7 mm (label A3) were reported in Table 8.1. Given the small

cohort, statistical analysis was not attempted. However, it was noted that the closest

virtual distance to the tumour fiducial for both users was for targets in the caudal right

lobe. The furthest distance to the tumour fiducials occurred in the caudal left (label B2)

and middle right (label A3) lobes where the A and B labels indicate distinct clinical

users. Therefore, centre-to-centre and furthest distance measures are also included in

the results of Table 8.1.

Following deployment of the marking coils, the closest distance from deployed

marker coil to the injected tumour model was found to be between 1.39 mm (model

B4) and 12.04 mm (model B2). In one of eight instances (B2), the distance between

the tumour model and the deployed marker exceeded 10 mm. Furthest distance mea-

surements varied between 14.87 mm (model B1) and 30.96 mm (model A4). There

was weak statistical correlation between the virtual distance to the tumour at marker

deployment and the closest distance to the tumour marker from subsequent x-ray im-

ages (r = 0.55). However, the shortest virtual distance (model B4) did correspond to

the minimum closest distance to the tumour model measured by x-ray. Furthermore,

in all cases, the virtual distance to the tumour model measured at marker deployment

was within the range of the closest and furthest distances to the tumour marker as

measured with subsequent x-ray. Edited video footage of this study is available at

https://youtu.be/5S8pvGGAV8Q.

https://youtu.be/5S8pvGGAV8Q
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Chapter 9

Summary and Future Work

This thesis presents the design and development of an open-source electromagnetic

tracking system for clinical applications. The theory of operation, software and hard-

ware design of an exemplary electromagnetic tracking system is presented. The ef-

fectiveness of the system for developing novel sensing applications is demonstrated

through the creation of a novel metal distorter detection technique and a scalable field

generator scaling design. The system is also demonstrated to facilitate experiments for

the design of bespoke magnetic sensors for medical instruments. Finally the system is

applied to virtual bronchoscopy navigation in the pre-clinical setting to demonstrate

the first fully open-source electromagnetic navigation bronchoscopy suite. The novel

contributions of the thesis are summarised here.

1. Open-source electromagnetic navigation. The design and development of a fully

open-source electromagnetic navigation system, Anser EMT, is presented in

Chapter 3 and 4 [91, 100]. A novel hardware design was refined with improve-

ments in power supply and current driver design. The system designs are open

and can be manufactured at scale using standard circuit fabrication techniques.

An accompanying open software platform was developed for the system. The

structure of the system allows for future modification and refinement by re-

searchers in the field. The performance of the proposed system was evaluated

and compared using a standardised testing protocol. The system’s accuracy and

precision metrics compare favourably with commercial electromagnetic tracking

205
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systems.

2. Magnetic distortion detection. A novel magnetic field generator design was de-

signed, developed and demonstrated to effectively detect and distinguish metal

distorters in the vicinity of the electromagnetic tracking system tracking volume

[154]. Chapter 5 provides a detailed analysis of the construction of the field

generator the switching circuit design. Experimental data on the discriminative

capabilities of the metal detection system is provided. Distorters comprising of

ferrous material exhibit significantly different phase shift characteristics com-

pared to non-ferrous materials. The approximate location of the distortion can be

localised by measuring the net change in mutual inductance experienced by prox-

imal transmitter coils. Such an approach using mutual inductance measurements

has not been proposed for distortion identification in EMT.

3. Scalable tracking volumes. Chapter 6 details a novel method of creating scalable

tracking volumes for electromagnetic tracking systems using low-cost printed

circuit board field generators [195]. Experiments using angled and planar con-

figurations of two field generators are demonstrated using fiducial registration

error as a measure of accuracy. Improved system accuracy is demonstrated with

when two field generators are angled with respect to one another. Tiled planar

configurations are shown to experience significant error on the mutual boundary

unless both field generators share a common edge. This work represents the first

reported modular field generator design for electromagnetic tracking systems.

4. Bespoke sensor design. The proposed tracking system was used for the design

and experimentation of customised magnetic induction coils for tracking med-

ical instruments in chapter 7 [196]. The theory of induction coil design was

detailed followed by the construction of a number of hand-wound coils. Exper-

iments were performed to analyse the effects of turn count and cross sectional

area on the positional accuracy of the sensors. The effect of a soft ferrite core

was also demonstrated. Positional performance of the coils compares favourably

with commercially available tracking sensors. The feasibility of integrating such

sensors into medical instruments is demonstrated by tracking both a laparoscopic
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graspers and bronchoscope using a commercial sensor as a reference. This work

represents a first step towards developing customised magnetic sensors for mini-

mally invasive surgical instruments.

5. Electromagnetic navigation bronchoscopy suite. The proposed tracking sys-

tem was demonstrated in the pre-clinical setting for electromagnetic naviga-

tion bronchoscopy [197]. Successful tracking of a custom bronchial catheter

demonstrated use of the tracking system in combination with the open-source

visualisation and planning tool, CustusX. This represents the first reported elec-

tromagnetic navigation bronchoscopy study performed solely with open-source

tooling and software visualisation.

9.1 Proposals for Future Work

This thesis provides many avenues for future work in the area of electromagnetic

tracking and navigation. This section provides suggestions for future work on the

topics discussed in this thesis.

9.1.1 A scalable and robust field generator topology

The work in Chapter 6 discusses how two or more field generators may be used in

combination to form a larger aggregate tracking volume for magnetic sensors. Scaling

of this idea for more than two generators requires careful consideration of many system

parameters such as frequency selection and cost function optimisation. Forcing every

transmitter coil of the field generators to transmit a unique frequency quickly utilises

analogue signal bandwidth due to the large signal separation required for high position

update rates. As-is, the complexity of the system cost function will also increase

linearly with the number of transmitter coils in active use. A proposed method of

addressing this scaling problem is the creation of an intelligent switching system,

analogous to that of the handover process in a cellular phone network, where a sensor

would be handed over from one field generator to another whilst crossing the boundary

between two adjacent field generators. Signal bandwidth would be preserved while
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maintaining a constant complexity system cost function. It may possible to achieve

this handover process in a more granular manner, where individual transmitter coils

become the focus of the handover process, rather than entire field generators sets.

9.1.2 Integration with toolkits

Commercially available tracking systems are currently interfaced using the Public

Library for Ultrasound Imaging (PLUS) [95], which manages the interoperation of

multiple tracking and imaging platforms in a single software package. Future work

will see integration of the Anser EMT platform as part of this interface system.

9.1.3 Distortion detection and compensation

The effect of distorters on the mutual inductance of the field generator coils and track-

ing performance discussed in this thesis may provide a foundation for more advanced

distortion compensation techniques. Building on the work of chapter 5, a first step

would be integrating inductive sensing technology as an integral part of the open source

tracking system design. This may facilitate the creation of a smart field generator that

is capable of detecting the severity of distortion in the vicinity in real-time, allowing

the user to quickly optimise placement of the field generator during the system setup

phase. Intelligent selection of field generator frequencies based on the material of the

distorter may also be possible, as lower frequency magnetic fields suffer less distortion

with non-ferrous materials at these frequencies.

9.1.4 Improved sampling

The sampling scheme used by the proposed tracking system is limited by the use of the

National Instruments data acquisition unit. By acquiring raw electrical samples in hard-

ware and then performing DFT processing in software, the position solver is required

to wait until a finite number of samples are acquired to constitute an acquisition frame.

The number of samples in an acquisition frame and the sampling frequency of the DAQ

then determine the minimum latency and position update rate of the system. Minimum

latency may be significantly reduced if both sample acquisition and DFT processing
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are performed in hardware. A sliding window scheme could be implemented remov-

ing the need for a finite size acquisition frame. While the minimum system latency

is still determined by the window size in this case, the theoretical update rate of the

system becomes equivalent to the sampling period of the analogue-to-digital converter

being used. Implementation of such a sampling scheme can be performed on a digital

signal processing microcontroller and field programmable gate arrays. Fully coherent

sampling is then achievable, which would significantly enhance DFT performance.

9.1.5 Simplified calibration using machine learning

The advent of advanced machine learning techniques in recent years has led to a

plethora of network models capable of analysing speech, text and image data to an

extremely high accuracy, and in many cases better than traditional model based ap-

proaches. An investigation into whether machine learning can be applied to electro-

magnetic tracking should be conducted with particular focus on the calibration process

of these systems. Current calibration techniques for the proposed electromagnetic

tracking system rely on the acquisition of a fixed set of predefined position measure-

ments at a fixed height above the field generator. The process is cumbersome and must

be repeated for each new sensor in order to be used in the system. For example, each

sensor in chapter 7 was individually calibrated before experimental data were acquired.

An alternative calibration technique may take the form of a trained neural network

whose training data consists of a set of labelled magnetic field strength values from the

magnetic sensor. Labels in this case could be obtained from an optical tracking system,

whose measurements are unaffected by metal distorters and thus can be treated as a

ground truth source. The resulting machine learning model would represent a coupled

magnetic model of both the magnetic field (due to the field generator) and the sensor

model (flux intersecting the sensor) in a single network. A sufficiently trained net-

work may allow for the calibration of any sensor without the requirement for a set of

predefined points (i.e. a random set of magnetic field data from an un-calibrated sen-

sor may yield sufficient information for the network to resolve the system calibration

coefficients.)
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9.1.6 Persistent calibration

Anser EMT currently requires calibration of each new sensor used with the system.

Calibration is also necessary when the field generator transmitter current amplitude

and frequency parameters are adjusted. If the current-sense voltage can be measured,

as demonstrated in chapter 3, then it may be possible to create a persistent calibration

model for each sensor, taking into account the transmitter coil currents’ frequency and

magnitude. Assuming linearity, a look-up table scheme may be constructed which

encapsulates an individual sensor’s frequency response over a certain frequency range.

This response, when combined with real-time current sensing, may provide sensors

with a persistent system calibration over a pre-defined operating bandwidth. The cur-

rent drift issue discussed in chapter 4 will need to be addressed in this case.

9.1.7 Miniaturised sensor design

Wound induction coil sensors, such as those used with the Anser EMT system, reach

a scaling limit beyond which they cannot be manufactured any smaller via traditional

spool-based, tension-controlled machine winding techniques. For example, the small-

est commercially available induction coil sensor measures 0.5mm in diameter [17].

Advances in the semiconductor industry, particularly in the area of on-chip magnet-

ics, may provide a solution to this problem. Recent advances in integrated magnetics

technology [198,199] may allow densely packed copper turns, in the order of microns,

to be manufactured on a silicon die. The physical behaviour of such a sensor can be

readily simulated to very high precision using state-of-the-art magnetic simulation

tooling. The creating of sensors at such a scale could enable magnetic tracking in

many more surgical instruments than there are available today. The first step in this

process would be an in-depth Helmholtz coil characterisation of the hand-wound coils

presented in chapter 7. This should provide an understanding of the minimum coil

sensitivities required for accurate and consistent electromagnetic tracking. To this end,

an improved mechanical strain relief could be developed to facilitate robust electrical

connectivity for these sensor designs.



Appendix A

Extended Results

This chapter contains extended results of the experiments described in chapter 5. The

inductance, phase and position error plots for all tested distorters in Table 5.4 are

shown.

A.1 Inductance Error Plots

The inductance error plots for the sheet and aluminium section distorters were shown

in Fig. 5.10 and 5.11. These plots are repeated here along with the remaining mutual

inductance error plots for the distorters in Table 5.4. In almost all cases, the mean

mutual inductance error calculated using (5.15) decreases with decreasing distance

between the distorter and field generator. It can also be seen that the smaller distorters

cause the highest percentage error in the transmitter coils which are in closest proximity

to one another.
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Figure A.1: Mutual inductance error plots for planar sheet distorters spanning the

area of all transmitter coils. The mu-metal sheet contributes positively to the overall

inductance of the field generator over all distances.
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Figure A.2: Mutual inductance error plots for small steel block distorter in locations B

and D, with the corresponding coils 4 (closest to position B) and 5 (closest to position

D) respectively experiencing the largest mutual inductance error.
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Figure A.3: Mutual inductance error for small aluminium section distorter in locations

A, B and C. The distorter placed at locations A and B experience the largest errors

in their nearest respective coils, 1 and 4. The centrally placed distorter at location

C causes the central transmitter coils 2,4,5 and 7 to experience the largest mutual

inductance errors.
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Figure A.4: Mutual inductance error plots for large aluminium cylinder in locations

E to F and B to D. The cylinder spans the length of the field generator. The highest

mutual inductance errors correspond to the coils to the distorter.
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Figure A.5: Mutual inductance error plots for steel slab in locations B to D and E

to F. The effect is similar to that of the aluminium cylinder, with the highest error

experienced by the coils closest to the distorter.



A.2. PHASE ANGLE PLOTS 217

A.2 Phase Angle Plots

The phase angle error plots for the sheet and aluminium section distorters were shown

in Fig, 5.12 and 5.13. These plots are repeated here along with the remaining phase

error plots for the distorters in Table 5.4 calculated using (5.16) and (5.17). The result-

ing angle allows for a clear differentiation between materials. Aluminium distorters

cause a positive phase error in all cases, while steel distorters cause negative phase

error.
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Figure A.6: Phase error for planar sheet distorters. The aluminium sheet causes a small

positive phase error of approximately 10◦ when placed very close to the field generator,

but quickly returns to zero with increasing distance. The steel sheet initially causes

very large negative phase errors when close to the field generator but returns to zero at

approximately 120mm from the field generator. The mu-metal sheet phase error is an

exaggerated version of that of the steel sheet, with maximum errors of approximately

140◦.
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Figure A.7: Phase error plots for small steel block distorter in locations B and D. The

largest errors are experienced by coils 4 and 5 since these coils are closest to locations

B and D respectively. Negative phase error is experienced in both locations.
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Figure A.8: Phase error plots for small aluminium block distorter in locations A, B

and C. The largest phase errors are experienced by the coils closest to locations A, B

and C. Positive phase error is experienced in all cases.
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Figure A.9: Phase error plots for large aluminium cylinder in locations E to F and B

to D. The cylinder spans the length of the field generator. The highest phase errors

correspond to the positions of the distorter. Positive phase error is experienced in each

case.
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Figure A.10: Phase error plots for steel slab in locations B to D and E to F. Negative

phase is experienced in each case, with the highest phase error experienced by the coils

in closest to the distorter.



A.3. POSITION ERROR PLOTS 223

A.3 Position Error Plots

The position error plots for the sheet and aluminium section distorters were shown

in Fig 5.14 and 5.15. These plots are repeated here with the remaining position error

plots for the distorters in Table 5.4. (5.18) and (5.19) were used to extract the mean

error ez and standard deviation σz from each planar point cloud. The resulting errors

show how the different distorters effect the tracking performance of the Anser EMT

system.

Figure A.11: Position error plots for sheet metal distorters. Aluminium causes the
most severe position error and highest standard deviation. A cross-over point is seen
at approximately 100mm in which the errors are minimised, before increasing for
distances >100mm.
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Figure A.12: Position error plots for the steel block at locations B and D.
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Figure A.13: Position error plots for aluminium section in locations A, B and C. Lo-

cation B causes the highest positioning error and standard deviation as the aluminium

section is placed directly below transmitter coil 4.
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Figure A.14: Position error plots for aluminium cylinder at locations B and D and E

to F.



A.3. POSITION ERROR PLOTS 227

E

F

E

F

Figure A.15: Position error plots for steel slab at locations B and D and E to F.
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