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Abstract

Magnetoencephalography (MEG) is a functional brain imaging technique which

combines high spatial and temporal resolution to provide unique insights into

the workings of the human brain. State-of-the-art commercial MEG systems

utilise an array of superconducting sensors to measure magnetic fields generated

by neuronal currents. These magnetic fields are around one billion times smaller

than the magnetic field of the Earth, requiring systems to be housed inside a

magnetically shielded room (MSR).

The limitations imposed by the superconducting sensors leave a source-to-sensor

separation of around 2-4 cm, diminishing the signal-to-noise ratio. The partic-

ipant must also move less than 5 mm during a session. This restricts access to

subject groups such as children, and patients with movement disorders. High

installation and operational costs have also prevented widespread clinical use of

the technology.

The miniaturisation and commercialisation of optically-pumped magnetometers

(OPMs), which can be placed directly onto the scalp, has stimulated interest in

the development of wearable MEG. By measuring fields closer to the source, an

increase in spatial resolution can be achieved and the OPMs can remain fixed in

position with respect to the brain during movements. As a result, they present

promise as the building blocks of a functional brain imaging system with high

spatial resolution, high temporal resolution and good tolerance to participant
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motion.

For high-sensitivity usage, the OPMs must operate in a region of zero magnetic

field within a range of ±5 nT. MSRs are constructed from ferromagnetic mate-

rials, leaving a remnant magnetic field of several tens of nT in magnitude, with

spatial variation around 10 nT/m which confounds OPM operation.

This thesis describes the development of a series of active magnetic shielding

systems for operation inside a MSR. Bi-planar systems based on design methods

previously employed in magnetic resonance imaging (MRI) are used to design coils

capable of generating three uniform field components and spatial field gradients

which are homogeneous over a volume of 0.4× 0.4× 0.4 m3 at the centre of the

coils. The six-coil, bi-planar system described here formed a crucial element of

an OPM-based MEG system and allowed participants to make head movements

of ±35◦ and ±10 cm.

Although successful, the construction and siting of these coils was a significant

challenge. By exploiting shared symmetry of pairs of field and field gradient

coils the number of coils required could be halved from six to three. Dynamic

stabilisation of the remnant field inside a MSR was also achieved via operation

of the coils in a feedback loop to adapt the system to interference generated by

a nearby railway line. Interactions between the coils and the high-permeability

walls of the MSR which result in degradation of the homogeneity from predicted

performance are also investigated.

Finally, a simulation study of new type of coil design where individual currents

are applied to a series of small unit coils in order to approximate myriad current

distributions is presented. This so-called ’matrix coil’ is highly flexible in concept,

being able to produce homogeneous magnetic field and field gradient components

at multiple locations (the bi-planar field and gradient coils can only produce

useful fields at the centre of the set) and readily incorporate interactions with the

ix
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high-permeability walls of the MSR. Upon its successful construction the matrix

coil would provide a crucial step towards achieving full ambulatory motion in

MEG experiments.
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Introduction

The human brain has been described by theoretical physicist Michio Kaku as ”the

most complicated object in the known universe”. The processing power required

for simple actions, such as coordinated movement, requires a complex process of

information transfer. Neuroscientific research via non-invasive imaging allows us

to obtain insights into the working of the human brain from a wide spectrum of

ages and abilities, across disease and mental health conditions. This is invaluable

to furthering our understanding of the human brain. In general, two types of

brain imaging are performed: structural and functional.

Structural imaging of the brain using either magnetic resonance imaging (MRI)

or X-Ray computed tomography (CT), non-invasively provides researchers and

clinicians with a ’snapshot’ of brain structure with very high spatial resolution (on

the order of 1 mm or better). MRI exploits the large quantities of water within the

body to produce images with very high spatial resolution, without using ionising

radiation [Lauterbur, 1973, Mansfield and Grannell, 1973]. X-Ray CT passes

a high-intensity X-Ray beam through the body forming images by measuring

the attenuation of this beam by different media [Hounsfield, 1973]. Despite the

success of MRI and X-Ray CT, little can be gleaned about the function of the

brain from assessment of structural images.

Underpinning the brain’s ability to communicate with itself and the rest of the

body is the passing of electrical currents along neurons. Directly measuring
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these currents, or physiological changes related to them, allows for measurement

of brain function.

Functional magnetic resonance imaging (fMRI) exploits the different magnetic

properties of oxygenated and deoxygenated blood to provide functional measure-

ments with high spatial resolution [Ogawa et al., 1990]. However, the temporal

resolution is restricted due to the timescale of blood flow. As a result, many

processes in the brain occur at a much higher frequency than can be temporally

resolved using fMRI. The requirement that a participant lie perfectly still inside

a MRI scanner restricts the subject groups that can be scanned and paradigms

that can be performed. Direct, high-bandwidth measurements of the effects of the

neuronal currents themselves, from a participant that is free to move, is required

for establishing a complete picture of the working brain.

Electroencephalography (EEG) uses electrodes placed on the scalp to record elec-

trical potentials generated by neuronal currents [Berger, 1934]. EEG is routinely

employed in clinical and academic work due to its ease of set-up, high tempo-

ral resolution and low-cost. However, due to the high electrical impedance of

the skull, the potentials are distorted, and ’smeared out’ across the scalp sur-

face restricting the spatial resolution that can be achieved. Although participant

movements are permitted (as the electrodes remain fixed in position with respect

to the head), interfering signals from muscles in the neck and other parts of the

body further suppress the brain signal [Muthukumaraswamy, 2013].

By contrast, the magnetic fields produced by neuronal currents pass almost unim-

peded through the skull and scalp, making magnetoencephalography (MEG) an

attractive prospect [Cohen, 1968, Hämäläinen et al., 1993]. MEG combines high

spatial resolution (typically 5 mm) with high temporal resolution (around 1 ms)

[Hansen et al., 2010]. Muscle artefacts are still generated, but due to a tighter

spatial signature their reduction via signal processing is a simpler task [Muthuku-

2
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maraswamy, 2013]. No electrical contact is needed for a magnetometer, so set-up

time and the comfort of a participant can be significantly improved.

The neuromagnetic signal is very weak, around 1 billion times smaller than the

magnetic field of the Earth [Hämäläinen et al., 1993]. Its detection is therefore

a significant engineering challenge. As a result, commercially available MEG

systems employ a fixed array of superconducting sensors which operate at a

temperature of 4 K [Hansen et al., 2010]. These sensors are placed inside a

dewar of liquid helium and the participant places their head inside a ’helmet’.

In addition to the high installation cost of a system and the operational costs

required for the replenishment of liquid helium (itself a dwindling resource) in

the dewar, the one-size-fits-all design has two key disadvantages: participant

motion is limited to <5 mm, and as the neuromagnetic signal decays with the

square of distance, weaker signals are measured from those with smaller heads

(e.g. infants).

Recent developments in the commercialisation and miniaturisation of optically

pumped magnetometers (OPMs) offer an exciting opportunity to develop wear-

able MEG systems [Shah and Wakai, 2013]. OPMs do not require cryogenic

cooling, and can be placed directly on the scalp. The sensor array is then able

to move with the head and can be tailored to each participant as in EEG. The

increased proximity of sensors to the brain manifests as an increase in signal

strength and spatial resolution when compared to EEG and a conventional MEG

system [Boto et al., 2016, Iivanainen et al., 2017].

The potential for wearable systems with high spatial resolution, high temporal

resolution and increased participant comfort due to high movement tolerance pro-

vides an opportunity for a ’step-change’ in MEG technology, and in neuroscience

in general. By providing access to subject groups that would be inconceivable

with current technologies (such as infants and those with movement disorders),

3
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coupled with the potential for implementing previously inaccessible neuroscien-

tific experiments (such as spatial navigation tasks or controlled virtual reality

experiences) a vast array of data could be obtained to further our understanding

of the human brain.

A major challenge with the operation of an OPM on a moving participant is the

narrow dynamic range. High-sensitivity recordings of magnetic field can only be

made in the range of ±5 nT within a bandwidth of 1-100 Hz with miniaturised,

commercially-available sensors [Shah et al., 2018]. Reduction of the background

magnetic fields in which the sensor operates (e.g. generated by the Earth’s mag-

netic field of 20-60 µT), further than the level sufficient for a conventional MEG

system, is required for OPM recordings.

This thesis describes the design and construction of a series of electromagnetic

coil systems which provide cancellation of the remnant magnetic field inside a

magnetically shielded room (MSR). Development of OPM-based MEG systems

at the University of Nottingham and University College London was aided by the

work presented here.

The thesis is divided into six chapters:

• Chapter 1: An overview of the basic physics of MEG is given. The focus

is on deriving formulae for the strength of the MEG signal due to neuro-

magnetic fields, and the hardware which is required to detect these very

weak magnetic fields. The OPM is introduced as a potential candidate for

integration into a wearable MEG system.

• Chapter 2: The physics of a commercially available OPM with charac-

teristics suitable for MEG is outlined. Signal equations are derived which

highlight the environmental requirement that the sensor operates around a

zero-field resonance, within a range of ±5 nT.

4
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• Chapter 3: Both passive and active magnetic shielding techniques are in-

troduced. Due to a remnant magnetic field of several tens of nT inside a

passively shielded enclosure, active shielding solutions comprised of elec-

tromagnetic coil systems are required to provide the zero-field environment

for OPM operation.

• Chapter 4: The design, construction and evaluation of a bi-planar coil

system featuring six individual coils that can be used to cancel the rem-

nant field over a volume spanning the participants head, at the start of an

experimental session is described. The bi-planar design permits movements

within a 40× 40× 40 cm3 region at the centre of the two planes. The degree

of motion which can be accommodated, stability of the field cancellation

and MEG data from a movement-based paradigm are reported.

• Chapter 5: Although successful, the six-coil system proved challenging to

construct. By exploiting the shared symmetry of coil designs, the same per-

formance can be readily achieved with only three coils. Temporal changes in

the magnetic field due to underground trains running near the installation

site were cancelled by dynamically varying the coil currents in a continually

running high-speed feedback loop. Interactions with the high-permeability

walls of the MSR which degrade coil performance are also investigated.

• Chapter 6: With a bi-planar coil system, the region over which the par-

ticipant is free to move is fixed in the centre of the coils. By applying a

different current to a series of small unit coils, an arbitrary magnetic field

at varying positions can be produced. Simulated results and development

of a prototype system are presented. Such a system would allow simpler

coil construction and could potentially permit full ambulatory motion of a

participant.

5



Chapter 1

Magnetoencephalography

1.1 Introduction

Magnetoencephalography (MEG) provides non-invasive measurements of brain

function with high spatial and temporal resolution [Hämäläinen et al., 1993].

MEG applications are widespread: rich datasets provide valuable insights into

many aspects of neuroscience [Baillet, 2017].

The first MEG recordings were performed by David Cohen in 1968 using an

inductive coil with 2 million turns [Cohen, 1968]. Significant advancements since

that time have been made, with whole-head MEG systems, featuring state-of-

the-art superconducting sensors, having been commercially available for many

years [Hansen et al., 2010].

This chapter outlines the basic principles of MEG, from signal generation by

neuronal currents to signal detection and data analysis. Limitations of state-

of-the-art commercial MEG systems employing superconducting magnetic field

detectors are discussed, and the benefits of measuring MEG on the scalp with a

’wearable’ array of magnetic field sensors are presented.



Neuronal currents

1.2 Neuronal currents

The cortex contains around 100 billion neurons. These are specialised cells re-

sponsible for the processing and transfer of information within the brain via the

passing of small electrical currents. These electrical currents are essential for

mediating brain function. As with any electrical current, an associated magnetic

field is also generated. It is these magnetic fields which are of interest in MEG.

A sketch of a single neuron is shown in Figure 1.1. It depicts four sections: the

soma containing the cell nucleus; dendrites which extend from the soma to receive

stimulation from nearby cells; the axon hillock, beneath the soma where neuronal

currents are initiated and the axon, a long structure which carries currents away

from the soma, and towards other cells. Grey matter in the brain is formed of

dendrites and the soma, whilst the white matter is mainly formed from the axons

as they extend to allow communication between different regions.

Figure 1.1: Outline of a single neuron, the key communication
unit of the brain. Figure adapted from [Purves et al., 2004].

7
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Figure 1.2: Different types of neuronal structure imaged with
light microscopy following Golgi staining. A) The asymmetric
structure of a pyramidal neuron. B) The dendrites form a sym-
metric configuration in a stellate neuron. Figure adapted from
[Churchill et al., 2004].

Neurons are enclosed by an insulating membrane, this divide between intracellu-

lar and extracellular tissue results in a different concentration of ions of (mainly)

potassium, sodium and chlorine (K+, Na+ and Cl- respectively) between the two

regions. This imbalance of charged ions results in a potential difference between

the two regions of ∆V = -70 mV (intracellular relative to extracellular). A change

in this potential difference at the soma, brought about by ion influx at the den-

drites, can result in electrical current flow in the form of an ’action potential’

[Hämäläinen et al., 1993].

Neurons can have different shapes and are often referred to either as ’pyramidal’

or ’stellate’. The pyramidal neurons have an asymmetric, extended dendritic

structure, which is oriented perpendicular to the cortical surface as shown in

Figure 1.2A. As a consequence, the dendrites coherently guide current flow along

the cell, which allows for a magnetic field to be generated. The dendritic structure

of stellate neurons is highly symmetric, as shown in Figure 1.2B resulting in no

coherent direction of current flow. As a result, these cells are likely to be of

limited influence in a MEG measurement as the magnetic fields generated by

such structures will likely cancel each other out [Hämäläinen et al., 1993].
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Figure 1.3: The action potential. A) Characterised as a short-
lived increase in potential difference following depolarisation of
the neuron due to open ion channels. B) Repeated stimulated
firing of the action potential shows an increase in frequency of
the potential but not an increase in the amplitude. Figure adapted
from [Hämäläinen et al., 1993].

1.2.1 Action potentials

If the potential difference across the membrane at the axon hillock reaches a

threshold level of ∆V = -55 mV then ion channels open resulting in K+ flowing

out of the neuron and Na+ ions flowing into the neuron. The permeability of

the membrane to Na+ ions changes, resulting in a flow of ions which raises the

potential difference to ∆V = +40 mV in a period of around 1 ms. This triggers

the action potentials to pass down the axon. As the potential rises, permeability

of the membrane to K+ ions greatly increases such that the cell is repolarised

by a flow of K+ ions restoring the potential difference to ∆V = -70 mV. This

process is outlined in Figure 1.3.

As the action potential passes down the axon, the processes of depolarisation at

the leading edge and repolarisation at the trailing edge, can be modelled as two

current dipoles with opposing orientations. This creates a quadrupolar current

source [Hämäläinen et al., 1993].
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Figure 1.4: Excitatory and inhibitory synapses. The excitatory
synapses mainly form at the dendrites and the inhibitory synapses
form at the cell body. Figure adapted from [Hämäläinen et al.,
1993].

1.2.2 Post-synaptic potentials

When an action potential reaches the end of an axon, chemical transmission

between two neurons can occur. These interactions occur in connections, or

’synapses’ between two neurons. Two types of synapse, excitatory and inhibitory,

are shown in Figure 1.4. Excitatory synapses (mainly found on dendrites) make

the post-synaptic neuron more likely to fire by decreasing the potential difference

∆V , and inhibitory synapses (mainly located on the soma) increase ∆V making

the neuron less likely to fire.
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Figure 1.5: The post-synaptic potential. Longer in duration but
smaller in amplitude than an action potential and excitatory or
inhibitory in nature. Caused by a terminating action potential
opening ion channels into the post-synaptic neuron resulting in
either hyperpolarisation or depolarisation of the neuron. Again
the frequency but not the amplitude of the potential is increased
via stimulated firing. Figure adapted from [Hämäläinen et al.,
1993].

The process of transmission of signal from a pre-synaptic neuron to a post-

synaptic neuron begins when an action potential reaches the end of the axon

of the pre-synaptic neuron. This event stimulates the release of chemicals known

as neurotransmitters into the space between the axon and the dendrite of the

post-synaptic neuron (the ’synaptic cleft’). These neurotransmitters stimulate

the opening of ion channels in the wall of the post-synaptic neuron causing ions

to flow in or out of the neuron. This imbalance of ions again causes a change in

the potential difference which produces a post-synaptic potential.

If the ion channels which are opened allow the flow of Na+ ions into the neuron

then a depolarisation occurs as before and the post-synaptic potential is a excita-

tory potential. If the ion channels allow K+ ions to flow out of the cell or Cl- ions

into the neuron then a hyperpolarisation occurs and the post-synaptic potential

is inhibitory. The probability of a neuron firing an action potential depends on

the sum of these excitatory and inhibitory events. Both cause a current to flow

along the dendrites and into the soma on a timescale of about 10 ms as shown in

Figure 1.5. This event can be approximated by a current dipole and is referred

to as the primary current.
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In order to balance ion flows in depolarisation and repolarisation, current must

flow in the extracellular space around the neuron. This current flow is therefore

on average in the opposite direction to the primary current and highly dependent

on the electrical conductivity of the surrounding region. This is referred to as the

volume current and has little effect on the measured magnetic field as detailed

later [Hämäläinen et al., 1993].
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1.3 Measurable effects in MEG

Considering both the structure of pyramidal neurons and the timescales of post-

synaptic potentials (10 ms c.f. 1 ms for an action potential) significant coherence

of current flow can be achieved between the post-synaptic potentials in groups

of pyramidal neurons [Baillet, 2017]. This synchronous firing will constructively

interfere and generate a measurable effect which can be measured in a MEG

experiment as shown in Figure 1.6. Three main effects are commonly investi-

gated: Evoked responses, spontaneous rhythms and induced responses [Hansen

et al., 2010]. Robust effects producing a known response in the vast majority of

participants are useful tools when evaluating the performance of a MEG system.

Figure 1.6: Synchronous firing of around 10,000 pyramidal
neurons to form the MEG signal. The post-synaptic poten-
tials (PSPs) interfere constructively due to their long timescale.
Adapted from [Baillet, 2017].
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1.3.1 Evoked responses

Presentation of a sensory stimulus typically generates a measurable neuromag-

netic response, e.g. stimulating motion in a finger via controlled application of

an electrical current to the median nerve [Hari et al., 1993]. A visual flicker gen-

erates a visual response. [Ahlfors et al., 1992]. A repeated audible tone generates

an auditory response [Hari et al., 1987]. Each process produces a repeatable,

measurable response in the brain. The resulting neuromagnetic signal is not

only time-locked to the stimulus, but also phase-locked to it, so averaging data

recorded over many repeats of the stimulus will reduce the noise in the data,

leaving a clear response as outlined in Figure 1.7 [Hansen et al., 2010].

These time-and-phase-locked signals are known as evoked responses. They are a

useful marker of healthy brain function, as changes in latency or the temporal

morphology can indicate a number of neurological or physiological disorders such

as multiple sclerosis [Rossini and Rossi, 1998].

Figure 1.7: Evoked response from electrical stimulation of the
median nerve. Response is observed in the somatosensory region
of the brain. Averaging over N trials improves the signal to noise
ratio of the response although its characteristics are observable
in a single trial recording. Figure adapted from [Hansen et al.,
2010]

1.3.2 Spontaneous rhythms

The background activity of the brain results in continually firing neuronal cur-

rents without any stimulation, forming spontaneous rhythms. Recordings of elec-
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trical activity in the human brain were performed by Hans Berger and constituted

the first electroencephalography (EEG) experiment. In his experiments he dis-

covered a change in the amplitude of an oscillatory rhythm, of frequency ≈8-13

Hz when a participant opened and closed their eyes [Berger, 1934]. This became

known as the alpha rhythm and following Berger’s work a series of oscillatory

rhythms were discovered.

The frequencies of brain rhythms are typically split into five ’bands’ (sometimes

referred to as the ’Berger bands’)

• Delta <4 Hz

• Theta 4-8 Hz

• Alpha 8-13 Hz

• Beta 13-30 Hz

• Gamma >30 Hz

Each band is responsible for a different process, as the rhythms continually occur

without external stimulation. Most MEG studies therefore require sensitivity to

changing magnetic fields with at least a 1-100 Hz bandwidth, but there is also

evidence of higher frequency effects [Baillet, 2017]. These rhythms are thought

to aid connectivity between regions, but also to promote local activity. Their

coupling across frequency bands facilitates the process of information transfer,

via stimulation of neuronal firings over short and long-range connections [Hipp

et al., 2012, Engel et al., 2013, Donner and Siegel, 2011].
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Figure 1.8: Induced response during a single finger abduction.
The oscillatory power in the beta band decreases during the finger
movement and a post-movement beta rebound is observed during
rest. The size of this beta rebound is diminished in schizophre-
nia patients compared to healthy controls. Adapted from [Robson
et al., 2016].

1.3.3 Induced responses

Changes in spontaneous brain rhythms can be ’induced’ by an external stimulus.

In general the frequency of the neural oscillations is unaffected, but the amplitude

is modulated [Pfurtscheller and Lopes Da Silva, 1999]. As spontaneous rhythms

occur naturally, the induced effects are time-locked, but not phase-locked to

the external stimulus. To analyse the data a time-series recording is filtered to

the frequency band of interest and the amplitude envelope is then calculated.

Averaging this envelope over trials allows stimulus-induced changes in oscillatory

power with respect to a baseline level (when the participant is not performing

any task) to be clearly shown.

For example, the movement/sensory induced beta response is a robust response

that is elicited when a participant makes a movement (or receives a somatosensory

stimulus). During the movement (for example abducting a single finger out with

an open palm) the amplitude of the beta oscillations decreases compared to the

baseline level. After the movement ceases there is a ’post stimulus beta rebound’

during which the amplitude increases above the baseline level. This decrease in

beta power is thought to be due to the brain region responsible for the finger
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removing itself from the wider brain network during the movement, the rebound

following movement cessation then being responsible for re-integrating this region

to the wider network [Donner and Siegel, 2011].

Figure 1.8 shows an example beta rebound signal on a time-frequency spectro-

gram (TFS). The TFS is a common tool for displaying temporally rich MEG

data in which time is shown along the x-axis and frequency on the y-axis. Colour

information provides an indicator of the oscillatory amplitude. The percentage

change from baseline in beta band activity during the post stimulus period has

been shown to be diminished in patients with schizophrenia, providing promise as

a clinically relevant biomarker which is simple to measure [Robson et al., 2016].
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1.4 The MEG forward problem

As discussed previously, the synchronous firing of post-synaptic currents in pyr-

maidal neurons constructively adds to generate a measurable magnetic field. In

order to determine the hardware required for a MEG system (and allow for accu-

rate data modelling and analysis) a mathematical model of the neuronal magnetic

field is required. This is referred to as the MEG forward problem, where the mag-

netic field at a detector placed outside the head is calculated from a known current

density inside the brain. The magnetic field generated by a current density J

can be described using Maxwell’s equations

∇.E =
ρ

ε

∇.B = 0

∇×E = −∂B
∂t

∇×B = µ0

(
J + ε

∂E

∂t

)
(1.4.1)

where, µ0 is the permeability of free space, ε is the permittivity of the medium

and ρ is the charge density in the medium. As most neuronal activity occurs

within the 1-100 Hz frequency range, a quasistatic approximation without charge

accumulation can be made, resulting in

∇×E = 0

∇×B = µ0J .

(1.4.2)

Defining a volume, G in which the current density exists then the magnetic field

measured by a detector at position r(x, y, z) outside the volume, produced by

current density J(r′(x, y, z)) inside the volume is given by the Ampere-Laplace

law as
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B(r) =
µ0

4π

∫
G

J(r′) × r − r′

|r − r′|3
dV ′. (1.4.3)

Decomposing the current density into separate components corresponding to the

primary (Jp) and volume (Jv) currents as

J(r′) = Jp(r′) + Jv(r′) (1.4.4)

allows the volume current to be further expressed in terms of an electrical poten-

tial, V , (as the volume current results from the effects of the electric field on the

medium) as [Sarvas, 1987]

Jv(r′) = σE(r′) = −σ∇V (r′), (1.4.5)

where σ is the electrical conductivity of the medium. The resulting current

density is then given by

J(r′) = Jp(r′)− σ∇V (r′) (1.4.6)

and the magnetic field, assuming a constant value of σ throughout the volume,

becomes

B(r) =
µ0

4π

∫
G

Jp(r′) × r − r′

|r − r′|3
dV ′−σ µ0

4π

∫
G

∇V (r′) × r − r′

|r − r′|3
dV ′. (1.4.7)

If σ varies throughout the medium then the volume current integral can be per-

formed over several ’compartments’, followed by summation of the results. The

conductivity profile has no effect on the magnetic field generated by the primary

current. Applying vector calculus identities to the volume current term, we can

write [Sarvas, 1987]
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∇V (r′)× r − r′

|r − r′|3
= ∇× V (r′)

r − r′

|r − r′|3
. (1.4.8)

Then applying the generalised Stokes theorem to convert the volume integral to

a surface integral gives the generated field as [Geselowitz, 1967]

B(r) =
µ0

4π

∫
G

Jp(r′) × r − r′

|r − r′|3
dV ′ − σ µ0

4π

∫
S

n̂(r′)×∇V (r′)
r − r′

|r − r′|3
dS ′,

(1.4.9)

where S denotes the surface of the volume G and n̂(r′) is a vector perpendicular

to this surface at r′.

A common approach in MEG analysis is to assume that the volume has uniform

conductivity and is bound by a spherical surface. This is often referred to as the

single sphere model [Hämäläinen et al., 1993]. If only the radial component of

the field is considered, i.e. Br(r) = B(r) · êr(r) where êr(r) is the radial unit

vector at position r, then upon inspection of the volume current term it follows

that

n̂(r′)× (r − r′) · êr(r) = [n̂(r′)× r − n̂(r′)× r′] · êr(r) = 0 (1.4.10)

since (n̂(r′) is parallel with r′ so n̂(r′)× r′ = 0, and n̂(r′)× r is perpendicular

to êr(r′) so (n̂(r′) × r) · êr = 0. As the volume current term drops out in the

single sphere approximation the radial field can be expressed just in terms of the

primary current [Sarvas, 1987]

Br(r) =
µ0

4π

∫
G

Jp(r′)× r − r′

|r − r′|3
· êr(r) dV ′. (1.4.11)

To estimate the magnitude of the magnetic field produced by neuronal currents,

the current density can be approximated by a current dipole, Q inside the volume
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Figure 1.9: The single-shell forward model. The magnetic field
measured by a detector at position r generated by a dipole source
at position rQ oriented along the z axis inside the volume G.

G at position rQ [Sarvas, 1987]. Concentrating the current source to a single point

allows expression of Jp using a dirac delta function as

Jp(r′) = Qδ(r′ − rQ). (1.4.12)

It then follows that the radial component of the measured magnetic field is

Br(r) =
µ0

4π

∫
G

Qδ(r′ − rQ)× r − r′

|r − r′|3
· êr(r) dV ′, (1.4.13)

and finally,

Br(r) =
µ0

4π
Q× r − rQ

|r − rQ|3
· êr(r). (1.4.14)

In this model a radial source produces no measurable Br field. Constraining the

orientation of Q to the z direction as shown in Figure 1.9 and evaluating the field
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inside a single x− y plane of the volume G for analysis allows the expression to

be reduced to

Br(r, φ) =
µ0

4π

|Q||rQ| sin(φ)

(|r|2 + |rQ|2 − 2|r||rQ| cos(φ))3/2
. (1.4.15)

The magnitude of the vector quantities are expressed as |A| and the angle between

r and rQ is φ. As a result the measured field varies anti-symmetrically with

respect to the angle φ for fixed values of r, rQ and Q. The angle φ which

produces the maximum measured field is found by differentiating and given as

the solution to

cos(φ) =
−(|r|2 + |rQ|2) +

√
|r|4 + |rQ4|+ 14|r|2|rQ|2

2|r||rQ|
. (1.4.16)

An estimate of the variation of the maximum resulting magnetic field which is

measured at the surface of the volume G with source depth, is plotted in Figure

1.10. Here, the ’head’ is modelled as a spherical volume with a radius of 10 cm.

An on-scalp detector was assumed such that |r| = 10 cm. A source magnitude

of |Q| = 10 nAm was used (typically values of 1-10 nAm are assumed for MEG

modelling). The depth of the dipole, |rQ| is varied between 1 cm and 9 cm (where

1 cm approximates the cortical surface and 9 cm reflects deep sources such as the

hippocampus). For each value the angle giving the maximal field was calculated

using equation [1.4.16].

The magntitude of the produced magnetic field from this single-sphere approx-

imation varies between 3,000 fT to 10 fT as the depth of the 10 nAm source

increases from 1-9 cm. This represents a magnetic field which is around 1 billion

times smaller than the magnetic field of the Earth (20-80 µT) and thus MEG

represents a significant engineering challenge.

For completeness, the remaining (tangential) components of the magnetic field
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Figure 1.10: The maximum magnetic field measured on the scalp
from a single-shell forward model. Assuming the head is a sphere
of radius 10 cm containing a current dipole of strength 10 nAm.
The field is plotted as a function of the source depth for depths
of 1 cm to 9 cm.

B(r) can be obtained by expressing B(r) in terms of a magnetic scalar potential

U(r) (since ∇×B = 0 outside the head where J = 0) as

B(r) = −µ0∇U(r). (1.4.17)

The expression for U(r) is derived by Sarvas through evaluation of a line integral

of ∇U along the radius r+ têr with 0 < t <∞ (U vanishes at∞) [Sarvas, 1987].

Sarvas defines the integral as

U(r) = −
∫ ∞

0

∇U(r + têr) · êr dt (1.4.18)

with solution

U(r) = − 1

4π

Q× rQ · r
F

. (1.4.19)

Here, F = a(ar + r2 − rQ.r), a = r − rQ and the vector magnitudes |a| and |r|

are given as a and r respectively.
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Using equation 1.4.17, the complete magnetic field vector outside the spherical

conductor model generated by a current dipole can be expressed as [Sarvas, 1987]

B(r) =
µ0

4πF 2
(FQ× rQ −Q× rQ · r∇F ). (1.4.20)

Although simplistic, this so-called ’single-sphere’ head model is commonly used

in MEG analysis. More accurate models include the ’multiple-sphere’ head model

where a different sphere is chosen for each detector giving a series of overlapping

volumes which better approximates the brain’s geometry [Huang et al., 1999].

Boundary element model (BEM) analysis can also be employed, by extracting

the scalp, skull and brain surfaces from a participant’s anatomical MRI such that

the exact structure is known [Stenroos et al., 2014]. BEMs are very accurate, but

computationally expensive. With parallel or cluster-based processing becoming

widely available, such methods are increasingly being employed. Modelling of

the additional components of the magnetic field can readily be applied in these

cases. As the MEG measurements described in this thesis concentrate on simple

paradigms with sensor coverage limited to specific brain regions, the single-sphere

head model is used.
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1.5 The MEG inverse problem

In a MEG experiment it is necessary to reconstruct the neuronal current dis-

tribution which generated the magnetic fields detected outside the head. This

is the MEG inverse problem. It is mathematically ill-posed as field cancellation

means there is an infinite number of different current distributions which would

produce the same magnetic field pattern [Hämäläinen et al., 1993]. A considered

approach, taking into account the MEG forward modelling described previously

and several other assumptions is therefore required when addressing this problem.

1.5.1 Lead fields

The magnetic field detected at sensor i of a set of N sensors at time t is expressed

as mi(t). A model of this field, as would be generated by a dipole of unit strength

at position r′, at each detector is given as li(r
′). Calculated using the forward

model, this is referred to as the ’lead field’ [Van Veen et al., 1997]. Multiplying

this lead field by the actual dipole strength at position r′ and time t, q(r′, t) and

integrating over the volume of interest V gives mi(t) as

mi(t) =

∫
V

li(r
′) · q(r′, t) dV. (1.5.1)

This is known as the generative model for MEG. If the volume of interest is the

brain volume as extracted from a MRI scan of the participant, then a simple

approach is to discretise the brain into a series of voxels (typically cubes of side

length 2 - 4 mm are used). Assuming a single dipole exists in each of j = 1 to

M voxels, the measured field mi(t) is given as [Vrba and Robinson, 2001]

mi(t) = ΣM
j=1li,j · qj(t), (1.5.2)
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where li,j is the lead field at detector i generated by a unit dipole in voxel j. For

all N detectors and all M voxels the matrix equation

m(t) = Lq(t) (1.5.3)

can be written. m(t) is a (N × 1) vector of the magnetic fields at each detector

as measured by the MEG system, L is the lead field matrix with dimensions

(N ×M) constructed using the forward model. The underlying neuronal current

distribution q(t) is then a (M × 1) vector.

In typical MEG analysis M can be on the order of 104 (typical brain size dis-

cretised to a 4 mm grid) and N is typically around 200-300 sensors. As a result

the matrix L is a non-square matrix which is unlikely to have full rank (number

of linearly independent columns) so inversion in the form of q(t) = L−1m(t)T

(where T denotes the transpose of a matrix) is not possible without applying

additional constraints.

1.5.2 Beamforming

Many solutions to the inverse problem exist, here particular attention is paid to

the beamformer solution as results using this method are presented in Chapter 4.

Originally developed for radar and communications, the mathematical framework

is also applicable to MEG [Van Veen and Buckley, 1988, Van Veen et al., 1997].

The beamformer aims to find an estimate of the current density, q̂Θ, at a given

position and orientation, denoted by Θ. The estimate is formed from a weighted

sum of sensor measurements given by

q̂Θ(t) = wT
Θm(t) (1.5.4)
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where, wΘ is vector of weights of dimension (N×1) for dipole position and orien-

tation Θ [Van Veen et al., 1997, Vrba and Robinson, 2001]. The weights vector is

chosen such that activity at Θ is emphasised and all other activity is suppressed

[Van Veen et al., 1997]. The weights are derived based on a minimisation of the

variance of q̂Θ, but with a linear constraint that the signals which are generated

at Θ remain. The minimisation is expressed as

min
wΘ

|〈q̂2
Θ(t)〉| subject to wT

ΘlΘ = 1, (1.5.5)

where lΘ is the lead field for the magnetic field measured at N sensors from a

dipole at location Θ, a column of the matrix L and 〈q̂2
Θ(t)〉 denotes the expectation

value of q̂2
Θ(t) over time. q̂2

Θ(t) is expressed as

q̂2
Θ(t) = wT

Θm(t)[wT
Θm(t)]T = wT

Θm(t)m(t)TwΘ. (1.5.6)

The covariance matrix, C contains a measure of the covariance of data recorded

across all channels. C is a square matrix of dimension (N × N), which can be

approximated as 〈m(t)m(t)T 〉. The solution for wΘ is then given as

wT
Θ =

lTΘC
−1

lTΘC
−1lΘ

. (1.5.7)

If C is close to singular then regularisation is required to provide a stable solution

of C−1. Typically, a Tikhonov regularised matrix, Cr, of the form Cr = C +µI

is used. µ is a regularisation parameter, usually some small percentage of the

maximum eigenvalue of C, and I is the identity matrix (regularisation of this

type is applied in Chapter 6 to design electromagnetic coils).

Although the source orientation is unknown, a common approach is to assume the

source is azimuthally constrained (as a radial source would produce no magnetic
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field in the single-sphere model) and to vary the angle φ (as introduced in the

forward model derivation) between 0 and π defining a new weights vector for

each value of φ. The maximum signal to noise ratio for a given location is then

estimated by comparing the ’pseudo Z statistic’ from each value of φ [Vrba and

Robinson, 2001]. The pseudo Z statistic for a dipole at position rQ is given as

ZrQ,φ =
wT

rQ,φ
CwrQ,φ

wT
rQ,φ

IwrQ,φ

. (1.5.8)

In an MEG experiment involving induced responses it is common to compare

changes in brain activity during stimulation. Trials are separated into two peri-

ods: baseline brain activity, known as the ’control window’ and a period where

the stimulation occurs, known as the ’active window’. A separate covariance

matrix is formed for each window. These are written as Ca and Cc for the ac-

tive and control periods, respectively. The contrast between the two periods is

calculated for each location Θ (taking the orientation which gives the maximum

SNR) using a pseudo-T -statistic as [Vrba and Robinson, 2001]

TΘ =
wT

ΘCawΘ −wT
ΘCcwΘ

2wT
ΘCcwΘ

. (1.5.9)

Computing this statistic for each position in the brain allows a ’heatmap’ of brain

activity to be formed, which highlights regions where the contrast between active

and resting brain activity is highest [Vrba and Robinson, 2001]. For example,

it would be expected that during a finger movement task the contrast would be

highest over the motor cortex, specifically in the finger and hand region.
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1.6 MEG hardware

The MEG forward problem indicates that the neuromagnetic signals of interest

are of the order 10-3,000 fT in magnitude at the scalp surface within a frequency

range of around 1-100 Hz [Hämäläinen et al., 1993]. This signal is many orders

of magnitude smaller than biomagnetic signals generated by other parts of the

body, such as those produced by the beating heart, movements of the eyes and

muscles, as well as signals generated by the movement of magnetic particles that

have been lodged in the lungs by inhalation. Magnetic fields generated by urban

sources such as cars, trams, trains and electrical equipment also create interfering

magnetic fields at magnitudes much larger than the brain signals [Vrba, 2000].

The relative magnitudes of these sources compared to the sensitivity of several

magnetometers are shown in Figure 1.11. Housing the MEG system inside a

magnetically shielded room (MSR) can attenuate external sources (as discussed

in Chapter 3), but the biomagnetic interference still requires consideration.

Figure 1.11: Magnetic field strengths of biomagnetic signals,
interfering sources and the sensitivity of various magnetome-
ters. Values for biomagnetic and interfering sources taken from
[Hämäläinen et al., 1993] and [Hansen et al., 2010]. Magne-
tometer sensitivities taken from [Seltzer, 2008].
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The MEG forward, and consequently inverse problem requires high-quality mea-

sures of the very small magnetic fields generated by the brain. Commonly used

magnetometers such as Hall effect probes, giant magnetoresistance (GMR) sen-

sors or fluxgates have a sensitivity of roughly 1 µT/
√
Hz, 1 nT/

√
Hz and 0.1

pT/
√
Hz, respectively, which is insufficient for MEG experiments. The state-of-

the-art sensor for measuring very weak magnetic fields in commercial and research

applications is the superconducting quantum interference device (SQUID), which

typically has a sensitivity of 2-5 fT/
√
Hz [Vrba, 2000].

1.6.1 SQUIDs

SQUID sensors are the key components of current commercial MEG systems.

The SQUID was first developed in 1964 [Jaklevic et al., 1964, Zimmerman et al.,

1970] and the first MEG measurements were performed by Cohen in 1972 [Cohen,

1972]. Whole-head systems became the norm in the early 2000s [Vrba, 2000].

Superconductivity is a phenomenon arising when certain materials are cooled to

a low enough temperature such that they have no electrical resistance. Current

can then pass through the material unimpeded [Bardeen et al., 1957]. The tem-

perature at which this occurs is material-dependent and referred to as the ’critical

temperature’ Tc. Superconductivity has vast applications such as in MRI where

the continually flowing current in superconductive wires allows the generation of

large magnetic fields, which would not be achievable with resistive electromag-

nets.

Described by the Bardeen, Cooper and Schrieffer (BCS) theory, electrons in the

material ’pair-up’ when the critical temperature is reached and can be described

with a single macroscopic wavefunction, as many of these boson-like pairs can

exist in the same quantum state [Bardeen et al., 1957]. In a ring of supercon-

ducting material the wavefunction is constant throughout the ring leading to the
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Figure 1.12: Schematic and voltage characteristic of a SQUID
formed from a superconducting ring broken by two Josephson
junctions. A) An applied magnetic field Ba results in an in-
duced flux Φa inside the ring which can be measured if a known
bias current IB is applied to the SQUID. B) In negative feedback
operation the field dependent voltage is held around an operat-
ing point by applying a flux which opposes Φa to avoid ambigu-
ous measurements of a periodic function. Figure adapted from
[Hämäläinen et al., 1993] and [Hansen et al., 2010].

quantisation of flux passing through it. This flux quantum is equal to Φ0 = 2.07

Wb and induces a current in the ring. This so-called ’shielding current’ maintains

a constant flux throughout the ring. The value of the shielding current depends

on the applied flux and the inductance of the ring.

A measurement of the shielding current of a superconducting ring placed in a

magnetic field would therefore provide a measure of the applied field, but doing

so would break the ring and flux quantisation would disappear as the quantum

coherence is destroyed. If however, the ring is broken by only a very thin layer

of electrically insulating material then the wavefunction can tunnel through the

insulator as shown in Figure 1.12A [Josephson, 1962]. These so-called Josephson

junctions give rise to a flux-dependent resistance across the SQUID. If a known

bias current is applied then a change in flux will be reflected in the voltage

measured across the ring (see Figure 1.12) [Hansen et al., 2010].

The voltage versus flux characteristic of a SQUID is a sinusoidal function if

the change in flux is less than an integer step of Φ0 [Hämäläinen et al., 1993].

31



MEG hardware

Figure 1.13: Pickup coils and flux transformers to enhance sensi-
tivity. A) The flux transformer allows the induced flux generated
by a current (shown in green, e.g. from a neuron) to be gathered
over a larger area by a pickup coil (orange) and then transferred
to the SQUID (blue). B) Different pickup coil arrangements. i)
simple magnetometer measuring the flux over a single loop. ii)
Planar gradiometer which measures the difference in flux gath-
ered by the two loops, this system is sensitive to sources directly
beneath the coils and reduces the strength of interfering fields.
iii) Axial gradiometer, the difference in field is measured at two
points with increased radial separation from the head, again re-
ducing the strength of interfering sources. Figure adapted from
[Hansen et al., 2010]

The periodic response of Φ0 makes a magnetic field measurement ambiguous

[Hämäläinen et al., 1993]. As a result SQUIDs are often run in a negative feedback

mode, where a ’flux-locked loop’ involves applying additional flux that opposes

the flux which is induced in the ring in order to keep the SQUID at a known

operating point as shown in Figure 1.12B. The size of the feedback signal is

therefore equivalent to the negative of the applied flux in the SQUID and can

be used as a measure of the magnetic field [Hansen et al., 2010]. By operating

SQUIDs in this mode, field values which exceed a single flux quantum can be

measured.

To increase sensitivity, SQUIDs are generally inductively coupled to a supercon-

ducting pickup coil using a flux transformer, which can collect flux from a larger

area (typically 1-2 cm) than a SQUID (around 1 mm) as shown in Figure 1.13A

[Vrba, 2000, Vrba and Robinson, 2001]. Adding a second ’compensation’ coil
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connected in series with the pickup coil can decrease the effects of interfering

sources. These ’gradiometer’ configurations comprise two loops wound in oppo-

site directions, such that the measured flux reflects the gradient of the magnetic

field passing through the two coils [Vrba and Robinson, 2001]. Axial and pla-

nar gradiometers are shown in Figure 1.13B. Sources which are far away from

the gradiometer produce fields that are nearly homogeneous in magnitude over

the coils due to the slower rate of decay of magnetic fields and gradients with

increasing distance from the source meaning a gradiometric measurement is al-

most zero. Fields from nearby sources (i.e. the brain signals) decay more quickly

with distance and their gradient is larger and consequently their signal is boosted

relative to that from distant sources of interference.

1.6.2 Commercial SQUID based MEG systems

Commercial systems contain around 200-300 sensors with the pickup coils and

SQUIDs contained in a dewar filled with liquid helium as shown in Figure 1.14A

[Hansen et al., 2010]. These dewars require filling with around 50-100 litres of

liquid helium which has to be replenished as the supply boils off. A vacuum

separates the dewar and sensors from the surface of the MEG system. The

participant then places their head inside a ’helmet’ which contains the pickup

coils (the SQUIDs are displaced further inside the dewar) providing coverage of

the whole brain.

The Canadian thin films (CTF) MEG system (CTF, Coquitlam, BC, Canada)

at the University of Nottingham is shown in Figure 1.14B and contains 275 axial

gradiometers as well as a reference array positioned away from the head, providing

synthetic third-order cancellation of magnetic interference.

The head is localised within the helmet via head position indicator (HPI) coils

attached to known reference points on the head of the participant [Gross et al.,
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Figure 1.14: Whole-head coverage MEG system. A) Sketch of
the liquid helium dewar used to house the SQUIDs and the pickup
coils. Adapted from [Hansen et al., 2010] B) The CTF-MEG
system at the University of Nottingham with seated participant,
the dewar can also be tipped so that the participant can be scanned
supine.

2013]. Current at a known frequency is passed through these coils generating a

magnetic field. The data measured by the SQUIDs thus reveals the position of

the HPI coils relative to the SQUID array. The head and HPI coil locations are

digitised using either a Polhemus digitiser or optical methods and coregistered to

the MRI, giving the position of the brain with respect to the sensors as required

for inverse modelling [Gross et al., 2013]. This can either be done at the beginning

and end of a scan to ensure the particpant has not significantly moved during a

session or continuously so that the head position can be dynamically updated.

1.6.3 Limitations of SQUID systems

SQUID gradiometer configurations are commonly used in commercial MEG sys-

tems [Hansen et al., 2010, Gross et al., 2013]. This, along with the MSR allows

for significant reduction of the magnetic field interference arising from unwanted
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sources, thus maximising the brain signal and minimising the interference. How-

ever, the low Tc materials require cryogenic cooling to a temperature of 4 K using

liquid helium, placing several limitations on SQUID-based MEG systems:

• To ensure the surface of the helmet is at room temperature there must be a

vacuum between the head and the pickup coils producing a minimum scalp

to sensor distance of roughly 2 cm. This results in a decrease in signal

magnitude with a 1/r2 dependence.

• As the sensors are fixed in position, the same system is used to scan all

head sizes and consequently the scalp-to-sensor distance increases further

for children, as a result of their smaller head-size. Signal-to-noise ratio

therefore, is a function of head size making it difficult to scan children.

• The fixed sensor positions reduce the available paradigms due to the immov-

able nature of the system, making experiments addressing social interaction

and spatial navigation challenging.

• The spatial frequencies of the measured fields are reduced due to the large

scalp to sensor distance, again translating to a limiting factor in the spatial

resolution that can be achieved.

• In a typical scan head movements of no more than ≈ 5 mm are permitted

[Gross et al., 2013]. Although several approaches for compensating for head

movement within the confines of the helmet have been developed [Nenonen

et al., 2012, Taulu et al., 2005, Wehner et al., 2008], large motion of the

head away from the helmet remains a problem due to loss of signal, which

cannot be compensated for in post-processing.

• Liquid helium is a costly and finite resource. Although modern systems

have recycling facilities a refill is periodically required (two times a week,

or once a year with a recycling system) resulting in significant running

costs.
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• MSRs are expensive and difficult to site, requiring a solid foundation in a

large room to accommodate multiple metal layers.

As a result, it is desirable to develop a MEG system which is cost-effective and

universal. The ability to scan across the lifespan from newborns to adults would

provide a wealth of neuroscientific information. Scanning participants who can-

not remain still during experiments such as most patient populations (especially

those with Tourette’s syndrome or Parkinson’s disease) and infants would be of

great interest. Although use of a MSR is most likely still a requirement, any re-

duction in operational or installation costs would permit greater takeup of MEG

technology: for example, presently (2019) only 10 MEG facilities are currently

operating in the UK but many more sites could benefit from access to a MEG

system. On-scalp sensing of magnetic fields by a system which is tailored to the

individual, based on a liquid-helium-free sensor could overcome these disadvan-

tages.
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1.7 On-scalp MEG

The variation in signal strength with source depth when measuring MEG signals

is shown in Figure 1.15 for three cases: firstly, measuring the magnetic fields with

detectors placed on the scalp, secondly with a detector positioned 2 cm from the

scalp (as in the majority of cases for a SQUID sensor) and finally for a sensor

placed 4 cm from the scalp (this spacing or even larger could occur for a child).

The maximal measured field was calculated using the forward model parameters

outlined in Section 1.4. An order of magnitude difference in magnitude is observed

for these fairly small changes in scalp to sensor distance.

Figure 1.15: The maximum magnetic field measured by a mag-
netic field sensor using a single-shell forward model for differ-
ent scalp-to-sensor distances. The model assumes the head is a
sphere of radius 10 cm with a dipole strength of 10 nAm. The
measured field is plotted as a function of the source depth for
depths of 1 cm to 9 cm.

Quantitative studies into the benefits of recording MEG signals closer to the

brain than can be achieved with SQUID-based systems have been performed

in simulation. Boto and colleagues employed a beamformer study comparing

the simulated data from a CTF-MEG system to a hypothetical on-scalp array.

Results showed an increase in signal to noise ratio (SNR) by around a factor

of 4 could be achieved if a detector with similar sensitivity to a SQUID could
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be placed a few mm from the scalp surface [Boto et al., 2016]. Improvements

in spatial resolution over the cortex were also observed due to the sampling of

higher spatial frequencies that can be achieved.

Iivanainen and colleagues produced similar results comparing a Neuromag (Elekta,

Stockholm, Sweden) whole-head, SQUID-based MEG system to simulated on-

scalp arrays using BEM forward models and minimum-norm inversion methods.

This work shows the theoretical improvements in SNR, spatial resolution and

information content of the on-scalp array versus the SQUID system [Iivanainen

et al., 2017]. These improvements are lesser for deeper sources, but still outper-

form SQUID systems in most cases.

In order to detect MEG signals on the scalp, a different type of magnetic field

sensor is required, which is not limited by the need for liquid helium. From Figure

1.11 three candidate sensors are highlighted: the High-Tc SQUID, the nitrogen

vacancy (NV) centre and the optically pumped magetometer (OPM).

1.7.1 High Tc SQUIDs

By forming the main ring of the SQUID with a material which has a higher

Tc than in a standard SQUID, the device can be cooled using liquid nitrogen

instead of liquid helium. This increases the dewar temperature to 77 K and

reduces the insulation requirements needed between the scalp and the sensor,

resulting in around 1 mm separation [Andersen et al., 2017, Riaz et al., 2017].

Development of a 7-channel High-Tc SQUID system is ongoing with evoked and

induced responses being measured using devices with sensitivities of around 50

fT/
√
Hz [Pfeiffer et al., 2019]. Whilst promising, such a system would still require

a dewar for operation meaning that the subject would have to remain still, thus

limiting its prospects in providing MEG measurements on infants or those with

movement disorders.
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1.7.2 Nitrogen vacancy centre

A nitrogen impurity at the site of a carbon atom inside a diamond leaves a

vacancy in the lattice structure. This NV centre has a simple quantum structure

which through the use of a microwave source and a laser can form a magnetically

sensitive state with long coherence time at room temperature [Rondin et al.,

2014]. NV centres have been used to perform magnetic resonance experiments

with high spatial resolution, producing images of proteins and within a single cell

[Shi et al., 2015, Wang et al., 2019]. A miniaturised version of the technology

could be applied to on-scalp MEG, but the current sensitivity of >100 pT/
√
Hz

makes them ill-suited at present [Dale and Morley, 2017]. The requirement for a

microwave source near the head of a participant is a potential disadvantage.

1.7.3 Optically pumped magnetometers

The OPM exploits the properties of a gas of alkali atoms via a process called

optical pumping. A magnetically sensitive state can be prepared and interro-

gated using laser light [Budker and Jackson Kimball, 2011]. The OPM operates

without cryogenic cooling, but requires heating to an atomic species dependent

temperature (e.g. 150◦C for Rubidium-87) in order to achieve coherence times

suitable for magnetometry [Allred et al., 2002].

The first MEG measurements with an OPM occurred in 2006 [Xia et al., 2006] but

recent developments in miniaturising OPMs have led to commercially available

sensors (QuSpin Inc., Colorado, USA) with a scalp to sensor distance (6 mm),

external temperature (<45◦), footprint (13 mm × 9 mm), bandwidth (1-130 Hz)

and sensitivity (<15 fT/
√
Hz) which are all suitable for on-scalp MEG [Shah

et al., 2018]. The construction of a multi-channel, OPM-based, MEG system

presents an exciting challenge.
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Chapter 2

Optically-Pumped

Magnetometers

2.1 Introduction

Optically-pumped magnetometers (OPMs) have the potential to vastly impact on

the field of magnetoencephalography (MEG) and neuroscience in general [Boto

et al., 2016, Iivanainen et al., 2017]. With flexible sensor placement, myriad

opportunities for neuroscientific and clinical investigations on participants who

are free to move become available. In order to develop an OPM-based MEG

system, careful consideration of the physics which govern optical magnetic field

measurements must be taken.

Optical magnetometers with high sensitivity were first developed in the 1960s by

applying light sources which are resonant with atomic transitions to atomic pop-

ulations. This generates a magnetically sensitive system which can be probed

to obtain a measure of local magnetic field [Bell and Bloom, 1957, Bell and

Bloom, 1961]. Optical magnetometers have been developed with a sensitivity

which rivals, and sometimes exceeds, that of superconducting quantum interfer-
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ence devices (SQUIDs), the state-of-the-art devices for detection of very weak

magnetic fields [Dupont-Roc et al., 1969, Kominis et al., 2003]. Despite these

achievements in sensitivity, early systems were bulky and required housing on an

optical laboratory bench.

Recent developments in the field have allowed the miniaturisation of optical mag-

netometers and these have prompted an interest in applying the technology to

MEG [Shah et al., 2007, Schwindt et al., 2007, Knappe et al., 2010]. Signifi-

cant advancements in microfabrication techniques have lead to multiple sensor

designs, all with noise levels on the order of a few tens of femtotesla, comparable

in most cases with the noise levels of a SQUID.

The first MEG measurement using OPMs which was reported was of an auditory

evoked response in 2006 [Xia et al., 2006]. Multiple MEG experiments have since

been performed, involving measurement of evoked effects following auditory or

somatosensory stimulation [Borna et al., 2017, Boto et al., 2017, Johnson et al.,

2013, Johnson et al., 2010, Sander et al., 2012]. Changes in the alpha and beta

rhythms have also been observed [Boto et al., 2017, Kamada et al., 2015, Sander

et al., 2012]. OPMs have also been used to detect biomagnetic signals generated

by both adult [Bison et al., 2009, Kamada et al., 2012] and foetal heartbeats

[Batie et al., 2018].

The final step towards realising the potential of OPMs as a neuroscientific tool

was the commercialsiation of sensors leading to production in large quantities

such that whole-head MEG systems can be built. QuSpin Inc. (Louisville, Col-

orado, USA) was setup in 2012 as a spin-out company from sensor-development

work performed at the National Institute of Standards and Technology (NIST)

and are producing commercially available, off-the-shelf OPMs, with the sensi-

tivity needed to perform MEG experiments [Shah et al., 2018]. FieldLine Inc.

(Boulder, Colorado, USA) are also manufacturing OPMs for MEG applications,
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Figure 2.1: On-scalp MEG recordings made with a single QuSpin
OPM sensor. A) The scanner-cast designed based on the MRI
scan of a participant with 13 slots for OPM placement. B) Par-
ticipant lying down wearing the scanner-cast with OPM (thick
black cable). C) The evoked response obtained via stimulation of
the median nerve, the OPM signal is four times the size of the
SQUID sensor with the highest magnitude. D) Source localisa-
tion comparing SQUID recordings to the OPM recording showing
good agreement. Figure adapated from [Boto et al., 2017].

though this thesis concentrates on the QuSpin device. Through the availabil-

ity of such devices the construction of a multi-channel MEG system based on a

standard, reproducible magnetic field sensor is achieveable.

Boto and colleagues used a single QuSpin OPM sensor placed inside a ’scanner-

cast’ to perform source-localised measurements of an evoked response generated

via stimulation of the median nerve [Boto et al., 2017]. The scanner-cast was 3D-

printed based on a magnetic resonance imaging (MRI) scan of a participant such

that the sensor position and orientation with respect to the brain was known, as

shown in Figure 2.1A. They moved a single sensor across 13 different positions and
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recorded brain activity produced by median nerve stimulation at each position

(Figure 2.1B). An increase in signal of four times was observed when comparing

results to a SQUID recording as shown in Figure 2.1C. Through combining all

13 datasets, source localisation was achieved as shown in Figure 2.1D.

This chapter outlines the relevant theory which governs the principle of operation

of the QuSpin sensor allowing detection of weak magnetic fields around a zero-

field resonance.
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2.2 The QuSpin OPM

OPMs exploit the quantum mechanical property of spins in an ensemble of alkali

atoms to measure very small magnetic fields [Budker and Jackson Kimball, 2011].

The QuSpin OPM is a vector magnetometer with a simple operational procedure

[Shah et al., 2018]:

• A vapour of alkali atoms is formed inside a glass cell via heating.

• Optical pumping is used to prepare the ensemble of atoms in a magnet-

ically sensitive state by placing a laser such that its circularly-polarised

beam passes through the cell; the angular momentum of the laser light is

transferred to the single unpaired electron of the alkali metal atom which

drives a transition between energy levels.

• Once all the spins in the system have been ‘optically pumped’ the absorp-

tion of the laser light is minimised; the intensity of the transmitted laser

light is detected on the other side of the glass cell by a photodetector and

is maximal when the ensemble has been optically pumped.

• This so-called ‘dark state’, where the atoms do not interact with the cir-

cularly polarised laser light source, only exists when the magnetic field

experienced by the cell is precisely zero in the direction perpendicular to

the laser beam.

• If the cell is in a non-zero magnetic field environment then the atoms in

the ensemble interact with the field and then are re-pumped, resulting in a

drop in the intensity of the transmitted laser light.

• By monitoring the intensity of the transmitted light using a photodiode, the

magnetic field experienced by the atoms can be inferred. The photodiode

signal is referred to as a zero-field resonance with a Lorentzian line shape.
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Figure 2.2: The QuSpin OPM. A) Housings of the Gen-1 and
Gen-2 QuSpin zero-field magnetometers, a coin is shown in the
picture for size reference. B) Operational diagram of the OPM.
Laser light is collimated and reflected through a glass cell con-
taining a vapour of alkali atoms. Some light is absorbed and the
rest passes through the cell to a photodetector. The magnetic field
experienced by the cell can be inferred by monitoring the change
in intensity of the light. Figure adapted from [Shah et al., 2018].

The first generation QuSpin OPMs contain a 3 × 3 × 3 mm3 glass cell which is

filled with rubidium-87 (87Rb) atoms. This cell is housed in a sensor head which

has dimensions of 13 × 19 × 110 mm3 and sits 6 mm from the external face of

the unit. Second generation QuSpin OPMs which follow the same principle of

operation but have a smaller sensor head with dimensions 12.4 × 16.6 × 24.4

mm3 are also available. Sensor housings are shown in Figure 2.2 A.

The cell is resistively heated to 150◦C to produce a vapour with a high number

density of rubidium atoms. A diode laser which emits light of wavelength 795

nm is also placed in the sensor head and provides the optical pumping. The laser

light is circularly polarised, collimated and reflected through 90 degrees before

passing through the cell, a second reflection directs the beam to a photodiode

which monitors the intensity of the transmitted laser light. This process is shown

in Figure 2.2 B.

The sensor head also contains three orthogonal coils around the cell. In two

directions these coils are formed from pairs of rectangular coils connected in

series. A single rectangular coil is then used along the radial axis in the Gen-1
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sensor, the Gen-2 sensor has three pairs of coils. Currents are applied to the coils

to generate Bx, By and Bz fields which offset background magnetic fields up to

50 nT in magnitude via an automated ’field-zeroing’ process [Shah and Hughes,

2015]. A modulation signal is applied to the cell using these coils in order to gain

directional sensitivity.

The sensor head is attached to a cable of 6.5 m length, which runs to an electronics

box. Communication with the sensor electronics for system setup is achieved via

a USB virtual serial port.
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2.3 Optical Pumping

Optical pumping is the process via which the alkali atoms can be prepared in a

magnetically sensitive state. It involves the transfer of angular momentum from

the laser light to the atoms such that a large fraction of the atoms subsequently

occupy the same energy level [Happer, 1972]. The total angular momentum of

an atom (F ) is a vector quantity with magnitude given by |F | =
√
F (F + 1) h̄

where F is an integer dimensionless quantum number (similar relationships hold

for the other angular momenta) and is described as the sum of the nuclear angular

momentum (I) and the electron angular momentum (J) as

F = J + I, (2.3.1)

where, for 87Rb the nuclear spin quantum number is I = 3/2. The angular mo-

mentum of the electron is then further comprised of its orbital angular momentum

(L) and its spin (S) as

J = L+ S. (2.3.2)

Considering just the single valence electron of the 87Rb atom, its ground state

has orbital angular momentum described by the quantum number L = 0 and

the first excited state has L = 1. The electron has spin described by the spin

quantum number S = 1/2.

As well as the orbital structure of the atomic energy levels, fine structure appears

due to interaction between the spin and the orbital angular momentum. The

allowed values of the quantum number J are found by taking integer steps in the

range |L − S| ≤ J ≤ |L + S|. Using this formalism, the L = 0 state has only a

single fine structure level at J = 1/2, but when L = 1 two levels are obtained
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Figure 2.3: Fine structure. Splitting of the orbital energy levels
of the ground and first excited state due to interaction between the
electron spin and orbital angular momentum for an alkali atom.
The D1 and D2 transitions between states occur when a photon
of light with a specific energy is absorbed by an atom.

with J = 1/2 and J = 3/2. As a result, two transitions exist from the ground

state (L = 0, J = 1/2). The transition to the first excited state (L = 1, J = 1/2)

is labelled the D1 transition, whilst the transition to the second excited state

(L = 1, J = 3/2) is the D2 transition. The fine structure splitting of the orbital

energy levels is shown in Figure 2.3.

Transitions can occur if the electron absorbs energy from a photon of laser light

that is equal to the energy difference between the ground state and the excited

state. The energy of a single photon is calculated as

E = hν =
hc

λ
(2.3.3)

Where, h is Planck’s constant, ν is the frequency of the incident light, c is the

speed of light in a vacuum and λ is the wavelength of the incident light. For the

D1 transition of 87Rb the required wavelength is 795 nm (the wavelength used

by the laser in the QuSpin sensor).

Interactions between the electron (S) and nuclear (I) spins results in additional

splitting of the fine structure levels into the hyperfine structure of the energy
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Figure 2.4: Hyperfine structure. Splitting of the fine structure
states in the ground and excited states due to interaction between
electron and nuclear spins. Shown here for the D1 transition
only.

levels, since F = I+J . Restricting the analysis to the D1 transition of rubidium

where in the ground state and the excited state J = 1/2 and I = 3/2, the

hyperfine structure is split into levels where F = I ± J , i.e. there are F = 1 and

F = 2 hyperfine levels for the ground and excited states. These hyperfine levels

are shown in Figure 2.4.

A final splitting of the energy levels occurs following an interaction of the atom

with an external magnetic field, the Zeeman splitting. This additional splitting of

the hyperfine levels occurs along a quantisation axis which, with approximately

zero applied magnetic field, is the direction of the laser beam as it passes through

the atomic vapour. The projection is described in steps of mF = [−F,−F +

1, . . . , F − 1, F ] resulting in mF = [−1, 0, 1] for the F = 1 hyperfine states and

mF = [−2,−1, 0, 1, 2] for the F = 2 hyperfine states as shown in Figure 2.5.

The energy difference due to Zeeman splitting between adjacent mF states is

given by

∆E = gFµBB, (2.3.4)
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Figure 2.5: Zeeman splitting. Further splitting of the energy
levels of the hyperfine states due to interaction with a magnetic
field.

where gF is the hyperfine Lande g-factor, µB is the Bohr magneton and B is the

magnetic field. The electron spin precesses in this magnetic field at the Larmor

frequency,

ω = γB (2.3.5)

where γ is the gyromagnetic ratio, which for the unpaired electron in 87Rb is

given as

γF
2π

=
gFµB
h̄

. (2.3.6)

For 87Rb in the F = 1 state gF = −1/2, and for the F = 2 state gF = +1/2.

Note that with opposite signs of gF , the F = 1 and F = 2 states precess in

opposite directions with

∣∣∣∣γF2π

∣∣∣∣ = 7 Hz/nT. (2.3.7)

A D1 transition is induced following exposure of the valence electron to the 795

nm laser light. If circularly polarised light (i.e. light in which all photons have the
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same spin projection along the beam propagation direction) then additional an-

gular momentum is transferred to the atom. Photons in a right-handed circularly

polarised light beam all have angular momentum of +1 along the beam direction

and can induce transitions which obey a selection rule such that a transfer of

angular momentum ∆mF = mFfinal – mFinitial = +1 will occur.

After absorption of laser light the atom will return to the ground state following

emission of photon. Once the atom has returned to the ground state it can

then be re-pumped provided the selection rule can still be obeyed. This process

repeats for all atoms in the ensemble eventually driving atoms into a state with

the highest spin angular momentum (F = 2, mF = +2) as shown in Figure 2.6.

This final state is the so-called ‘dark state’ of the atom where it does not absorb

the laser light, as any further transitions would violate the selection rules of the

system. The intensity of light detected at the photodiode will be a maximum

when all atoms are in this dark state.
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Figure 2.6: Optical pumping. Energy level diagram capturing
the final state of atoms (red circles) following optical pumping on
the D1 transition line with left handed circularly polarised light.
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2.4 Maintaining spin polarisation

Atomic magnetometers rely on coherent precession of the ensemble of spins inside

the cell in a magnetic field to make measurements. This coherence needs to be

maintained over meaningful timescales to form the basis of a useful sensor.

The coherence of the precessing spins within the system can be destroyed via sev-

eral processes including spin-exchange collisions between atoms, spin destruction

collisions, collisions of atoms with the walls of the glass cell and interactions with

the laser [Kornack, 2005]. Here, particular focus is given to the spin-exchange

collisions as they are considered to be the dominant factor which limits the sen-

sitivity of atomic magnetometers [Savukov and Romalis, 2005].

A spin-exchange collision between two Rubidium atoms preserves the total an-

gular momentum, (i.e. the sum of mF of the two atoma before and after the

collision is equal) but may change the hyperfine levels of the atoms as shown

in Figure 2.7 [Savukov and Romalis, 2005]. In this example, two spins initially

point in the same direction and precess in the same direction since they are in

the same F -state. After the spin-exchange collision, one of the spins changes its

F -state and now precesses in the opposite direction due to the change in sign

of the gyromagnetic ratio between the F = 1 and F = 2 states. This differ-

ence in precessional frequency contributes to the decoherence of the system. The

relaxation rate due to spin-exchange collisions, Rse, is given as

Rse =
1

Tse
(2.4.1)

where Tse is the time between spin-exchange collisions.

In the case where the atoms within the cell experience a low magnetic field, and

there is a sufficient atomic density (typically 1014 atoms are present in a cell of
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Figure 2.7: Spin-exchange collisions. Following a spin-exchange
collision, the total angular momentum is conserved but the atoms
may switch between the F = 1 and F = 2 (denoted by red and
blue) hyperfine levels which precess in opposite directions causing
decoherence. Figure taken from [Seltzer, 2008].

volume 3 × 3 × 3 mm3), a high spin exchange rate can be achieved such that

Rse � γeB. (2.4.2)

Here, γe is the isolated electron gyromagnetic ratio given as

γe
2π

=
gsµB
h̄

= 28 Hz/nT, (2.4.3)

where gs ≈ 2 is the Lande g-factor for an electron.

With a high rate of spin-exchange collisions, the atoms rapidly switch between

the F = 1 and F = 2 states which have opposing precessional frequencies as

shown in Figure 2.8. Although the atoms precess by a small amount each time,

there are more F = 2, mF sub-levels which leads to a coherent, net positive

precession of the spins at a slightly decreased precessional frequency given as

[Kornack, 2005, Savukov and Romalis, 2005]

ω0 =
γeB

Q(P )
, (2.4.4)

where Q(P ) is referred to as the nuclear slowing down factor which captures the
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Figure 2.8: Spin-exchange relaxation free regime. With a high
density of atoms, and a low magnetic field, the time between spin-
exchange collisions is much shorter than the period of the preces-
sional frequency. The atoms rapidly switch between hyperfine lev-
els, causing a coherent precession of the F = 1 and F = 2 states
(denoted by red and blue). Figure taken from [Seltzer, 2008].

decrease in the precessional frequency. Q(P ) is a function of the total polarisation

of the system.

If the system is fully polarised, with all the atoms in the highest angular momen-

tum state (mF = 2 of the F = 2 hyperfine state), then spin-exchange collisions

have no effect at re-distributing the spins, because the other mF levels cannot

accommodate that amount of angular momentum. When the polarisation of the

system decreases, and the distribution of spins across the mF levels increases, the

value of Q(P ) becomes larger due to the atoms rapidly moving between the two

hyperfine levels, decreasing the average precessional frequency.

For 87Rb (where I = 3/2) the slowing down factor is expressed as [Appelt et al.,

1998, Seltzer, 2008]

Q(P ) =
6 + 2P 2

1 + P 2
, (2.4.5)

such that for an unpolarised system, Q(P = 0) = 6 and Q(P = 1) = 4 for a

polarised system.

This coherently precessisng polarisation following suppresion of decoherence due
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to spin-exchange collisions is the basis of a spin-exchange relaxation free (SERF)

magnetometer [Allred et al., 2002]. With the suppression of spin exchange, SERF

magnetometers have dramatically longer coherence times, and can be operated

at much higher atomic densities increasing the signal size.
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2.5 Bloch equations of spin polarisation

The spin polarisation, P which is established in the SERF regime is sensitive to

changes in the magnetic field experienced by the cell. As in MRI, the behaviour

of the polarisation can be described via the Bloch equations [Bloch, 1953]. In

this case, the rate of change of the polarisation with time is given as [Ledbetter

et al., 2008, Shah and Romalis, 2009]:

dP

dt
=

1

Q(P )

[
γP ×B − (P − P0 ẑ)

1

T

]
, (2.5.1)

where γ = γe is the gyromagnetic ratio of the electron, Q(P ) is the nuclear slowing

down factor, T is a time constant which characterises the effects of the optical

pumping rate (R) and the relaxation (T2) of the system (mainly due to spin-

exchange and spin destruction collisions), taking the form T = (R + 1/T2)−1.

P0 is the equilibrium polarisation obtained due to optical pumping when the

magnetic field experienced by the cell is zero.

In this instance, it is assumed that the pumping laser beam is oriented along

the z-axis, so the light transmitted through the cell is sensitive to the vector

component of the polarisation Pz. Expanding the equation in the steady state

(dP /dt = 0) into vector components gives

Px =
By/(γT ) +BxBz

(1/(γT )2 +B2
x +B2

y +B2
z

P ′0

Py =
−Bx/(γT ) +ByBz

(1/(γT )2 +B2
x +B2

y +B2
z

P ′0

Pz =
(1/(γT )2 +B2

z

(1/(γT )2 +B2
x +B2

y +B2
z

P ′0,

(2.5.2)

where P ′0 = P0RT . For a vector magnetometer measuring field changes along the

axis which is perpendicular to the laser (x in this case), we set the values of By

57



Bloch equations of spin polarisation

Figure 2.9: Solution to the Bloch equations in the steady
state. The polarisation along the z-direction has the form of
a Lorentzian zero-field resonance curve whilst the polarisation
along the y-direction has the form of a dispersion curve. The
magnetic field Bx can be inferred from these curves. As in the
QuSpin sensor the value of 1/γT was set to 30 nT.

and Bz to zero, thus simplifying the above to

Px = 0

Py =
−γTBx

1 + (γTBx)2
P ′0

Pz =
1

1 + (γTBx)2
P ′0

(2.5.3)

If Pz is evaluated as a function of Bx then a Lorentzian lineshape is obtained.

This is the zero-field resonance of the system. The full width at half maximum

of the Lorentzian is given as 2/γT (which takes a value of around 30 nT for

the QuSpin sensors). Py when evaluated as a function of Bx has the form of

a dispersion curve. Both lineshapes are shown in Figure 2.9. Although the

Lorentzian contains magnetic field information, the systems are sensitive to low-

frequency 1/f noise, and the symmetric lineshape makes it difficult to distinguish

between positive and negative magnetic fields [Shah et al., 2018].
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The addition of an oscillating magnetic field in the direction to which measure-

ment sensitivity is required (i.e. Bx) can be used to obtain a more accurate mea-

surement of magnetic field [Cohen-Tannoudji et al., 1970, Kastler, 1973]. The

relaxation rate of the atomic vapour is of the order 100 Hz (which also defines

the bandwidth of the sensor). Modulating the amplitude of the polarisation at

a frequency much larger than this relaxation rate (923 Hz is used in the QuSpin

sensors) is done by applying an oscillating current to electromagnetic coils which

surround the cell. The total field experienced by the cell therefore features an

oscillating term with magnitude bx, described as Bmod = bx cos(ωt) x̂, where ω

is the angular frequency of the modulation. In this case, the expression for the

rate of change of polarisation is re-defined as

dP

dt
=

1

Q(P )

[
γP × [B + bx cos(ωt) x̂]− (P − P0 ẑ)

1

T

]
(2.5.4)

Now the previously defined steady state solution is invalid due to the time-varying

term in Bx. Evaluation of the polarisation Pz in this case (still assuming By =

Bz = 0) gives a value of [Shah and Romalis, 2009, Tierney et al., 2019]

Pz =
γTBx

1 + (γTBx)2
J0

( γbx
Q(P ) ω

)
J1

( γbx
Q(P ) ω

)
P ′0 sin(ωt), (2.5.5)

where Jn are Bessel functions of the first kind. These functions are evaluated to

a constant term depending on the ratio of γbx/Q(P ) to ω, and the effect of all

constants can be combined into a constant of proportionality. Lock-in detection of

the photodiode voltage, V , at the known modulation frequency allows detection

of the final signal of the form

V ∝ γTBx

1 + (γTBx)2
(2.5.6)

Evaluation of V as a function of the magnetic field Bx shows a dispersion curve
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Figure 2.10: Voltage signal measured by the OPMs following
lock-in detection at the modulation frequency. Evaluation of the
solution as a function of applied magnetic field is shown for the
feild ranges ± 50 nT and ± 8 nT. The solution is approximately
linear over a small field range around zero field. Large magnetic
field values result in a decrease in linearity of the response and
ultimately lead to a loss of sensitivity to magnetic field.

response, which distinguishes between positive and negative fields in a region

around zero field where V (Bx) is approximately linear. The modulation shifts

detection away from the low-frequencies avoiding the issues presented by the

steady state solution. Taking the Taylor expansion of V (Bx) gives the linear

form of the equation in the regime where γBxT << 1 as

V ∝ γTBx (2.5.7)

This linearity allows for magnetic field to be easily interpreted by a simple field

per unit voltage calculation. For QuSpin sensors, the range of this linear region

is around ± 5 nT as is shown in Figure 2.10.

The bandwidth of the OPM is fundamentally determined by the relaxation time

constant T which for the QuSpin sensor is around 100 Hz. Whilst biomagnetic
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signals generated by the brain exceeding 100 Hz in frequency are present, they

are not usually investigated [Baillet, 2017]. Signals which pass through nerves in

the spine with a frequency >1 kHz are of interest in magnetospinography (MSG)

[Curio et al., 1991, MacKert et al., 1998].

Larger values of magnetic field push the magnetometer signal away from the

linear region around zero magnetic field. At higher magnetic field the linear

form of the equation is no longer accurate and errors in the measured magnetic

field will be acquired. This is interpreted as a change in the sensor gain. For

QuSpin sensors the sensor gain changes over a ±1.5 nT range by 5% [Boto et al.,

2018]. Expanding this to ±5 nT affects the sensor gain even further inducing

gain changes up to 10% [Shah et al., 2018].
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2.6 Sensor array operation

Each QuSpin OPM is attached to an electronics unit (which is common to Gen-1

and Gen-2 sensors) as outlined in Figure 2.11. Interfacing with each sensor is

achieved via a USB connection to a micro-controller built into the unit. QuSpin

software initialises the OPM by applying current to a resistive heater around

the vapour cell to achieve the required spin density, the laser is powered on

and stabilised to the correct frequency and the modulation signal is generated.

The voltage signal which gives a measure of magnetic field is measured from the

analogue output of each unit.

Figure 2.11: The OPM sensor and electronics, a 6.5 m cable at-
taches the sensor to an electronics unit (one unit per sensor). (a)
Outputs the modulation signal to another sensor in the array. (b)
Input of the modulation signal from another sensor in the array.
(c) If the unit is a master unit the modulation used by the entire
array is generated here. (d) The analogue output of the sensor
which can be sample at high-frequency. (e) The USB connection
to the electronics. (f) Programmer port used to update firmware
and other system parameters. (g) Mains power connection. (h)
Power switch. (i) Sensor indicator LEDs which show the laser
status, cell temperature status and whether the field around the
cell is zero. These indicators are mirrored in the software. (j)
Sensor connector.
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Figure 2.12: Master/slave configuration for array operation. The
modulation signal as generated by the master unit is output to the
slave unit using a series of audio cables. This ’daisy chaining’
procedure is repeated along the array such that all OPMs use the
same modulation field.

For MEG, an array of multiple OPMs must simultaneously record magnetic fields

at multiple positions around the head. In order to obtain meaningful data, the

923 Hz modulation signal must be common to all sensors, as slight differences

in the amplitude or phase of the signals generated by different units could affect

the recordings. This is achieved by passing the modulation signal generated by a

single ’master’ unit to all other units which are designated as ’slaves’. This setup

is shown in Figure 2.12.

The voltage-to-field calibration must also be constant across sensors. To achieve

this a known field is applied by the on-sensor coils to calibrate the analogue

outputs. Three analogue output gain settings are available: the standard 1×

gain is 2.7 V/nT which provides a dynamic range of ±1.5 nT over a ±4 V

range. Additional settings of 3× gain (8.1 V/nT) and 0.33× gain (0.9 V/nT)

gain are available with dynamic ranges of ±0.5 nT and ±4.5 nT, respectively. A

lower output gain allows for a wider dynamic range, but (as the loss in analogue

to digital converter (ADC) precision can be compensated for with an increased

sampling rate) measuring larger magnetic fields may impact on the sensor gain
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as the measurement moves away from the linear region of the response as shown

in Figure 2.10.

Interference, commonly referred to as ’cross-talk’, between sensors can arise when

the field generated by the modulation coils on one sensor is detected by a nearby

OPM. These signals have an effect on both the sensor gain and the sensitive

direction, meaning a radial measurement of magnetic field may be slightly off-

axis [Boto et al., 2018, Tierney et al., 2019]. Modelling this interference in order

to remove its effects from measured data is possible, and improved coil designs

with field profiles which decrease the size of the interference can reduce its effects

[Nardelli et al., 2019]. Cross-talk was not considered for any of the measurements

in this work.

Following the setup of a multi-channel array, measurements of the magnetic field

can be obtained. The OPM sensors themselves can record data at a rate of 200

Hz through the USB connection. Higher frequency measurements can be made

by sampling the analogue output of each sensor with an ADC. An estimate of the

sensor noise-level can be obtained by recording magnetic fields from stationary

sensors placed inside an empty MSR. Figure 2.13 shows an example recording on

an array of 5 OPMs revealing their noise level to be <15 fT/
√
Hz from around

5-100 Hz. Higher noise levels at lower frequencies are apparent in the data.
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Figure 2.13: Time-series data and power spectral density esti-
mate from an array of five QuSpin OPMs operating inside an
empty MSR. A) Three minutes of data recorded from the ana-
logue output following sensor setup and calibration. Data were
collected at 1200 Hz using a National Instruments (Austin, TX)
16-bit ADC. (B) The power-spectral density estimate was made
by splitting the data into 10 s chunks and applying a flat top win-
dow before taking the fast Fourier transform of each chunk and
averaging the results. The dashed black line indicates 15 fT

√
Hz.

The 50 Hz mains frequency is visible in the data as well as an in-
terfering source at 16 Hz generated by a nearby air-conditioning
unit.
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2.7 Requirements for OPMs used in MEG

Considering all of the above, it is crucial that the sensor remains in an environ-

ment which is as close to zero field as possible. The QuSpin OPMs contain three

electromagnetic coils for producing fields Bx, By and Bz. When operating in

’field-zeroing mode’ the sensor estimates the magnetic field which is experienced

by the cell based on properties of the zero-field resonances [Shah and Hughes,

2015]. Coil currents which cancel out this field are then applied based on the

known relationship of the produced field by the coil per unit current.

This process allows for fast and simple setup of the OPMs, but is limited to

magnetic fields which are DC with a magnitude of 0 to 50,000 pT [Shah et al.,

2018]. This is a small range when compared to the Earth’s magnetic field strength

of 40-60 µT, the effects of a positional change of the sensor and time varying

changes in the magnetic field experienced by the cell also need to be compensated

in order to maintain the zero-field environment.

Magnetic shielding of the sensors and the participant from external sources of

magnetic field is commonly employed in current MEG systems, but these systems

do not have the additional complication of a mobile sensor array. A combination

of passive and active shielding of magnetic fields is required for OPM operation

on a moving participant.
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Chapter 3

Magnetic Shielding

3.1 Introduction

In order to achieve the sensitivity required to perform magnetoencephalography

(MEG) QuSpin optically pumped magnetometers (OPMs) must be operated in

the spin exchange relaxation free (SERF) regime around a zero field resonance.

Commercial magnetically shielded rooms (MSRs) reduce the magnitude of static

magnetic fields by a factor of roughly 1,000-2,000; leaving a remnant field of a

few tens of nT in magnitude. QuSpin OPMs have on-board coils to compensate

for static magnetic fields up to 50 nT in magnitude at a given sensor position

and orientation.

However, further attenuation is required for OPM operation on a participant who

freely moves through the spatially inhomogenous remnant field. Active shielding

of magnetic fields utilising electromagnetic coils operating in feedback loops with

an array of reference magnetic field sensors can be employed to provide improved

and adaptable screening of static and dynamically varying magnetic fields.

In this chapter an overview of the physics of passive and active magnetic shielding



Introduction

is presented. The characteristics required for the design of an active shielding

system allowing OPM-MEG experiments to be performed on moving participants

is also outlined.
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3.2 Passive magnetic shielding

Passive shielding of magnetic fields refers to the use of materials which enclose

a region over which a reduction in magnetic field magnitude is desired. Passive

shielding of low-frequency (<1 kHz) electromagnetic fields originated from a de-

sire to protect radio-receiving equipment. Its use became widespread following

the adoption of cathode ray tube (CRT) display screens and it is still used to pro-

tect sensitive equipment and provide magnetically stable environments for high

precision measurements, such as in MEG and the investigation of the neutron

electric dipole moment [Hämäläinen et al., 1993, Altarev et al., 2014].

Typically, a region which requires magnetic shielding is completely enclosed by

a material, or layers of material. The effectiveness, and the dominant physi-

cal mechanism of the shielding depends upon the material properties, and the

frequency of the magnetic field being screened.

A quantitative assessment of the performance of a passive shield can be found via

evaluation of the shielding factor. This factor is simply the ratio of the magnitude

of the magnetic field measured at a single point in the absence of any shielding,

|B0| and the magnitude of the same field at the same position upon enclosure by

a shielding material, |BS| such that

SF =
|B0|
|BS|

. (3.2.1)

Large values of SF therefore indicate strong shielding and values close to unity

indicate little to no shielding.
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Figure 3.1: Flux shunting mechanism for shielding of low fre-
quency magnetic fields. Flux lines are drawn for a cross-section
of a cylindrical shield. Adapted from [Celozzi et al., 2008].

3.2.1 Flux shunting

For the shielding of low frequency magnetic fields (typically in the 0-10 Hz range,

referred to as DC fields) a material with a large value of magnetic permeability is

used and the dominant mechanism is flux shunting [Hoburg, 1995]. At a bound-

ary between materials of different relative magnetic permeability, the following

conditions apply: to obey Ampere’s law the tangential component of the mag-

netic field H must be continuous across the surface, and to obey Gauss’s law the

normal component of B must also be continuous [Hoburg, 1995].

B takes the form B = µ0µrH inside the material and B = µ0H in air. As µr

can be >80,000 for common shielding materials such as mu-metal, whilst being

roughly 1 in air, the field can abruptly change direction at an interface between

air and mu-metal to satisfy the two boundary conditions. In particular on the air-

side of the boundary the tangential components of the B and H fields must be

approximately zero. The overall effect results in magnetic flux lines being ’pulled

in’ perpendicular to the material and then ’shunted’ along its surface before being

released back into the air as is shown in Figure 3.1. [Mager, 1970, Hoburg, 1995].
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Figure 3.2: The shielding factor obtained via the flux shunting
mechanism for a spherical passive shield as a function of the
ratio of the thickness of the shield material to the diameter of
the sphere. Evaluation of the shielding factor is performed for
various values of µr.

The effectiveness of such a shield depends strongly upon the value of µr of the

material and the geometry of the shield. Assuming a shield taking the form

of a spherical shell, flux is gathered over a region determined by the spherical

diameter. The flux density within the shield material is then determined by the

ratio of the shield diameter to material thickness, i.e. flux leakage can occur if a

thin shield material encloses a large volume. Higher values of µr in the material

prevent this leakage of flux.

Assuming a spherical shell of constant µr which has inner radius a and outer

radius b, for a uniform incident magnetic field the shielding factor will be the

same everywhere inside the shell. Hoburg reports the shielding factor in this case

to be [Hoburg, 1995]

SF =

(
µr + 2

)(
2µr + 1

)
− 2a

3

b3

(
µr − 1

)2

9µr
. (3.2.2)

If µr >> 1, the thickness of the shell ∆ = b − a is small when compared to the
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inner radius a and the condition µr
∆
a
>> 1 is met, then equation [3.2.2] can be

simplified and expressed as [Mager, 1970, Cohen, 1970, Hoburg, 1995]

SF ≈ 4

3
µr

∆

a
+ 1. (3.2.3)

The effects of large values of ∆/a and µr to increase SF are captured in this ex-

pression. Figure 3.2 shows evaluation of equation [3.2.2] to plot SF as a function

of the ratio ∆/a for varying values of µr.

To further improve shielding effects, multiple layers of high-permeability material

can be ’nested’ with a spacing between shells to obtain higher shielding factors.

In this case the shielding effect is evaluated using a series of matrices where both

the distances between layers and the thickness to diameter ratios are crucial pa-

rameters [Schweizer, 1962, Kelhä et al., 1982]. An approximation for the shielding

factor of a two layer sphere is given by Mager as

SF ≈ SiSo

(
1− d3

i

d3
o

)
+ Si + So + 1, (3.2.4)

where Si and So are the shielding factors of the two shells and do and di are the

diameters of the outer and inner shells respectively [Mager, 1970].

Figure 3.3 shows the increase in shielding factor which can be achieved using

a two-layer shield as a function of the outer shield diameter (from 1 to 100

m) for mu-metal (µr = 470, 000, value taken from mu-metal supplier available

here - https://magneticshields.co.uk/technical/material-technical-data) of a fixed

thickness (3 mm), and a fixed shell separation (20 cm, such that Di = Do − 20

cm). An improvement in the shielding factor by an order of magnitude or more

is shown by nesting shields in this way. As a result commercial MSRs for MEG

feature at least two layers of a high permeability material for the shielding of

low-frequency magnetic fields.
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Figure 3.3: The shielding factor obtained via the flux shunting
mechanism for a two-layer spherical passive spherical shield as a
function of the diameter of the outermost sphere. Evaluation of
the shielding factor is performed for mu-metal (µr = 470, 000),
a material thickness of 3 mm and a constant separation between
the outer and inner layers of 20 cm.

3.2.2 Eddy-current cancellation

For higher frequency magnetic fields (above 10 Hz, referred to as AC fields) eddy

current cancellation becomes the dominant mechanism and a material with a high

electrical conductivity is chosen [Mager, 1970, Hoburg, 1995]. As the material

experiences a time varying magnetic field B(t) an electric field E(t) is induced

according to Faraday’s law

∇×E(t) = −∂B(t)

∂t
. (3.2.5)

The electrical conductivity, σ results in an induced current density in the material

generating flux which opposes that of the incoming field. The net result is that

the imposed flux is ’screened’ away from the interface as is shown in Figure 3.4.

Eddy-current cancellation occurs only for time-varying magnetic fields and the
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Figure 3.4: Eddy current cancellation mechanism for shielding
of high frequency magnetic fields. Flux lines are drawn for a
cross-section of a cylindrical shield. Adapted from [Celozzi et al.,
2008].

induced current density decays exponentially into the material. For an AC source

of angular frequency ω = 2πf the skin-depth, δ is given as [Hoburg, 1995]

δ =

√
2

ωµ0µrσ
(3.2.6)

where µr again is the relative magnetic permeability of the material. For materials

where µr ≈ 1 such as copper or aluminium the skin depths at 60 Hz frequency

are 8.5 and 11.8 mm respectively.

One would expect that δ << ∆ (the shield thickness) be a requirement for good

shielding. However, increasing the size of the shield at a fixed thickness allows

for current loops circulating over the material to induce large flux densities over

the shielded region. Hence, good cancellation can be achieved even for shields

where δ >> ∆.

For time varying effects, the shielding factor is a complex number. The magni-

tude of SF reflects the magnitudes of the AC sources and the phase describes a

phase difference between fields for shielded and unshielded cases. For a spherical

enclosure of material with µr = 1, δ >> ∆ and ∆ << a the shielding factor can
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Figure 3.5: The magnitude of the shielding factor obtained via
the eddy-current cancellation mechanism for a spherical shell of
radius a and thickness ∆ with µr = 1 as a function of the product
of the frequency of the source and magnetic diffusion time (τ =
µ0σa∆).

be expressed as [Hoburg, 1995]

SF = 1 + iω
µ0σa∆

3
. (3.2.7)

In this case, the shielding is improved with an increase in any of the terms σ, a

or ∆ and good shielding can be achieved even when δ is large compared with ∆.

A plot of the magnitude of the shielding factor as a function of the product of ω

and µ0σa∆ (referred to as the frequency-diffusion time, τ) is shown in Figure 3.5.

Note the contrast to the flux shunting case, since here for a fixed ∆ an increase

in a improves the shielding factor.

3.2.3 De-gaussing

The highly permeable materials used in passive magnetic shielding often consist

of alloys of metals such as iron or nickel and are therefore ferromagnetic. Expo-
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Figure 3.6: Demagnetisation of a material by application of re-
versing magnetic field. The material is driven around its B-H
curve until the magnetisation reaches 0. Figure adapted from
https://cestriom.com/en/technology/demagnetization-basics/.

sure to magnetic fields either geomagnetically (e.g. moving the metal through

the Earth’s field) or otherwise (e.g. if the shield is situated inside an environ-

ment near to a MRI scanner) can leave a non-zero remnant magnetisation in the

shielding enclosure. For mu-metal the saturation field is 0.75 T (data taken from

the website of a mu-metal supplier, Magnetic Shields Limited, available here:

https://magneticshields.co.uk/technical/b-h-curves-mumetal-50-nife).

The process of de-gaussing metals was developed to de-magnetise large ships to

avoid damage by sea-mines with magnetic triggers [Kelly, 1946]. Large cables

were wrapped around the ships and a large decaying sinusoidally oscillating cur-

rent was applied. This de-magnetising pulse drives the metal around its hysteresis

loop until the remnant magnetisation is close to zero. The process is outlined

in Figure 3.6. Removing the remnant field allows for significant improvement

of the shielding performance [Kelhä et al., 1982, Bryś et al., 2005, Voigt et al.,

2013, Altarev et al., 2014]. Practically de-gaussing systems require advanced
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modelling of the system and specialist hardware to obtain reproducible effects

[Sun et al., 2016].

A similar technique where an oscillating magnetic field of constant amplitude is

applied to the material to slightly increase its permeability is known as ’shaking’

[Cohen, 1967]. This technique can however, create interference inside the shield

[Kelhä et al., 1982].

3.2.4 Practical considerations

Engineering large spherical enclosures is impractical, and for MEG cuboidal struc-

tures are generally used. This and other compromises result in many issues, for

example, sharp corners do not allow for neat passage of flux and result in sig-

nificant flux leakage; doors for access and feed-through holes for equipment are

often desired leaving discontinuities in the materials; the rooms are formed of

several panels rather than one smooth sheet leading to ’gaps’ with a discontinu-

ity in µr; the value of µr can vary within and between panels depending on the

remnant magnetisation resulting in an inconsistent shielding effect throughout

the material and the generation of spatial field gradients; de-gaussing equipment

is expensive and requires good flux linkage throughout the enclosure. As a result

commercial MSRs often leave a remnant field of a few tens of nT in magnitude

with a high spatial variance in the centre of the room.

Evaluation of the flux-shunting and eddy-current cancellation mechanisms is pos-

sible for simple cases such as spheres, cylinders and infinite planes, but advanced

modelling is required for other geometries and realistic structures. The com-

plex geometries of the shield, as well as hysteresis/saturation effects and a non-

constant value of permeability between sheets of metal will all impact on cal-

culations. Specialist software, such as ANSYS (Ansys Inc., Canonsburg, PEN)

can be used to perform finite element model (FEM) based analysis of complex
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structures to aid the design of commercial shielded rooms.

Despite modelling complexities, high performance MSRs, such as the one con-

structed at the Physikalisch Technische Bundesanstalt (PTB) institute in Berlin

can provide a passive shielding factor of 0.75× 106 at 0.01 Hz [Bork et al., 1980].

The PTB room features seven layers of mu-metal and a single layer of aluminium.

De-gaussing cables are installed within the metal layers.

Another application where low magnetic fields are required is investigation of

the neutron electric dipole moment (EDM) [Pospelov and Ritz, 2005]. Highly

stable background magnetic field with minimal spatial variation is required for

these experiments. Fierlinger and colleagues constructed a two-layer room with

de-gaussing capability leading to remnant field and field gradient values of ≈

700 pT and 300 pT/m, respectively [Altarev et al., 2014]. This represents an

improvement by a factor of around 100 on a standard commercial MSR.

Most MSRs employed in SQUID-based MEG have large internal dimensions due

to the size of the helium dewar required for cooling the SQUIDs. This is not

required in OPM-MEG and smaller, person sized shields can be employed instead.

Borna and colleagues developed a 20-channel OPM-MEG system with dimensions

comparable to that of the bore of an MRI scanner [Borna et al., 2017, Borna

et al., 2019]. After degaussing, the remnant field around the OPMs was ≈ 1

nT and they were able to detect auditory and somatosensory evoked potentials

[Borna et al., 2017]. Although systems operating inside smaller shields have both

cost and siting advantages compared with those in larger rooms, the range of

movement which can be afforded to the participant is limited.
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3.3 Active shielding

The remnant magnetic field and its gradients inside a MSR a can be further

compensated by using a series of electromagnetic coils to produce magnetic fields

equal and opposite to those inside the shielding enclosure. From Maxwell’s equa-

tions for magnetostatics the magnetic field obeys the following:

∇.B = 0 (3.3.1)

and

∇×H = J , (3.3.2)

where J denotes a current density. As B = µ0µrH and within the air-filled

region inside the shield there is no current flow and µr ≈ 1, it follows that

∇×B = 0. (3.3.3)

Upon evaluation of these equations the magnetic field can be expressed as three

vector components, Bx, By, Bz which each obey Laplace’s equation and so can

be represented as a series of spherical harmonics. The lowest order terms in these

series correspond to spatially uniform fields and field gradients. Upon evaluation

of equations [3.3.1] and [3.3.3] there is a high degree of symmetry between gradient

terms as
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dBz

dx
=
dBx

dz
dBz

dy
=
dBy

dz

dBx

dy
=
dBy

dx

dBx

dx
+
dBy

dy
+
dBz

dz
= 0.

(3.3.4)

Following measurement of the remnant field inside the MSR a linear combination

of the vector components and the terms listed in equation [4.2.1] which best model

the measured field can be used to generate a field which is equal and opposite to

cancel the remnant field. These field variations are generated by electromagnetic

coils. Higher order spatial variations can also be modelled.

3.3.1 Electromagnetic coils

The Biot-Savart law mathematically describes the magnetic field generated by a

constant electrical current in a wire. For the calculation of a magnetic field at

position r(x, y, z) generated by a current I a line integral is evaluated over the

elements dl in the current path C. The total field B(r) is then expressed as

B(r) =
µ0

4π

∫
C

Idl× r′

|r′|3
(3.3.5)

where r′ is the vector between the line element and position r. Coils of wire with

constant currents can therefore be used to produce magnetic fields.

In order to generate the required cancellation field, electromagnetic coils are

designed which produce single field components. Different current values can be

applied to each coil to produce the required overall magnetic field.

The simplest case is that of a Helmholtz coil for producing a homogeneous mag-

netic field in one direction. A Helmholtz coil consists of two circular current loops
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Figure 3.7: A Helmholtz coil producing uniform field between
two loops of wire. A) Two current carrying loops of radius a are
separated in z. B) Vector plot of the magnetic field generated by
the coil shows uniform field along the z direction.

of radius a, positioned symmetrically in the x − y plane and each carrying the

same current, I. If the two loops are separated in the z direction by a distance

equal to their radius, then (through superposition of the magnetic field produced

by each loop) the magnetic field component Bz is highly homogeneous at the

centre of the coils. Figure 3.7 shows this scenario. This arrangement can be

rotated to form homogeneous fields along the two other Cartesian axes [Abbott,

2015]. A system based on this architecture is often referred to as a ’Helmholtz

cage’.

To create a magnetic field gradient where the magnitude of the field in one di-

rection varies linearly with its position, for example dBz/dz, the current in one

of the two circular loops can be reversed. The superposition of magnetic fields

now results in a field which is zero at the centre of the coil pair and linearly

increases/decreases based on position between the coils as shown in Figure 3.8.

Again the structure can be rotated to produce gradients in the other dimensions.

These field gradients, dBx/dx, dBy/dy and dBz/dz where the field components

vary with position along the same spatial dimensions are referred to as longitudi-

nal field gradients. The remaining components are referred to as transverse field

gradients. More complex wire-paths are required to produce these fields. Accu-

rate coil design is crucial within the field of magnetic resonance imaging (MRI);
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Figure 3.8: A field gradient coil producing uniform field gradient
between two loops of wire. A) Two current carrying loops of
radius a placed a distance a apart in z. The loops carry the same
magnitude current but with opposing circulation. B) Vector plot
of the magnetic field generated by the coil shows uniform field
gradient is generated along the z direction.

high gradient homogeneity is desired to obtain optimal image quality, due to a

requirement that the Larmor frequency of the nuclei be linearly dependent on

position within the magnet. As a result, a wide array of techniques for design-

ing electromagnetic coils whose wire-paths are formed on surfaces of multiple

different geometry have been developed. Included in these design methods are

optimisations which minimise the power dissipated within a coil set (to use as

little current as possible), the inductance (crucial for rapidly switching gradients

to minimise scan time) and balance the coil from large torques due to the main

magnetic field of the scanner [Turner, 1993, Carlson et al., 1992]. All of this

can be achieved with greater control if the wire-paths are ’distributed’ over a

surface, allowing for field gradient coils with very high homogeneity. Examples

of distributed windings for MRI coils are shown in Figure 3.9.

Most relevant here (due to the cubic geometry of most MSRs) is the design of pla-

nar coil systems [Yoda, 1990, Martens et al., 1991]. Multiple design methods are

available, with a common goal of minimising the variation of a single component

of the field; coils which produce each of the eight required terms can therefore

be designed and constructed to create an active shielding system suitable for use
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Figure 3.9: A dBx/dz transverse field gradient coil featuring
distributed windings. The coil was designed for use in MRI and
features a cylindrical geometry. Figure adapted from [Hu et al.,
2017].

inside a MSR.

3.3.2 Feedback controllers

Feedback controllers are used to automatically control the electromagnetic coils

employed in active shielding systems. For cancellation of the vector field compo-

nents Bx, By and Bz inside the MSR a tri-axial magnetometer can be placed at

the centre of the room. The output of this magnetometer can then be recorded

and the measured field values used to inform a coil current, based on a known

value of the coil field per unit of current in the coil. This system is referred to as

a feedback controller.

Comparison of measurements recorded by a series of magnetometers at known

locations around the MSR can provide estimates of the spatial variance (or gra-

dients) of the magnetic field. These measurements can be passed to the field

gradient coils and a similar feedback controller can be developed.

A more advanced controller is the proportional integral derivative (PID) con-
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troller. PID control is utilised throughout science and industry. Its flexibility

and adaptability make it a highly practical solution for complex systems [Åström

and Hägglund, 1995, Ang et al., 2005]. For magnetic field cancellation, the PID

controller applies a current to the coils whose value depends not only on the mea-

surement, but also on the history of the system. A desired value, or ’setpoint’ for

the measurement is required, in the case of active magnetic shielding the mea-

surement is the measured magnetic field, b(t) which is to be driven towards zero.

The error, e(t) is then the difference between the measurement and setpoint (sp)

and is computed as [Åström and Hägglund, 1995]

e(t) = b(t)− sp. (3.3.6)

The basic expression for the current applied to the electromagnetic coil to alter

the measured field, I(t), as calculated by a PID controller, is given as the sum

of three terms. The first term is proportional to the error in the system, the

second varies with the integral of the error over time, and the third varies with

the derivative of the error. The overall current is given as [Åström and Hägglund,

1995]

I(t) = Kpe(t) +Ki

∫ t

0

e(τ)dτ +Kd
de(t)

dt
(3.3.7)

where Kp, Ki and Kd are the proportional, integral and derivative gains of

the controller respectively. These gain terms can be adjusted either manu-

ally, or through automated methods, to provide a stable controller [Åström and

Hägglund, 1995, Ang et al., 2005].

A well-tuned controller seeks to minimise the rise-time, which is the time taken

for the measurement to go from 10% to 90% of the setpoint; overshoot, which is

the amount by which the measurement exceeds the desired setpoint after rising;
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Figure 3.10: PID controller response to a step change in set-
point. The controller varies a controllable parameter, e.g. tem-
perature or electrical current to alter the system until a measure-
ment reaches a desired setpoint. By varying the three gain terms
Kp, Ki and Kd the rise time, overshoot, settling time and steady
state error can be minimised providing a stable controller with a
fast response to changes.

the settling time, which is the time taken for the system to stabilise; the steady

state error once the system has settled and the overall stability of the system.

The overall PID response including these parameters is outlined in Figure 3.10

and the effects of altering either of Kp, Ki or Kd are summarised in Table 3.1.

Although in theory the inclusion of a derivative term Kd produces a more stable

controller, this term can act to amplify noise in the system [Ang et al., 2005].

Rise time Overshoot
Settling

time
Steady-state

error
Stability

Increase Kp Decrease Increase
Slight

Increase
Decrease Degrade

Increase Ki
Slight

decrease
Increase Increase

Large
Decrease

Degrade

Increase Kd
Slight

decrease
Decrease Decrease

Little
change

Improve

Table 3.1: Effect on system response to varying PID gain values
whilst other parameters are fixed [Ang et al., 2005].
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As a result PI controllers are more commonly used. Controllers are implemented

either using analogue circuits, where a combination of op-amps, resistors and

capacitors are used to vary the applied current, or through software. Software

based solutions such as implementation on a microprocessor are more flexible

allowing for fast re-tuning of the system, but careful consideration of system-

timing is required, as the loop rate will often be imprecise.

3.3.3 Practical considerations

Installation of an active compensation system for MEG requires careful consid-

eration. It is crucial to design electromagnetic coils which do not restrict access

to the room, do not produce unwanted magnetic interference and operate such

that field inhomogeneities can be quickly and easily dealt with. The coils should

also produce homogeneous field components over as large an area as possible.

The placement of sensors for the feedback controller in order to fully characterise

the disturbing fields needs to be considered such that coils can operate, without

restricting the participant.

The choice of sensors to measure the static and dynamic variations of the remnant

field inside the MSR is also crucial for feedback controller design. If the DC level

of the field is too high then OPMs will not be able to operate in the SERF regime.

If the temporal variation of the field is too high then the sensors may drift away

from the linear portion of the response curve and sensor gain may be affected.

Hardware and software which provides stable system gains with fast feedback

loop times (exceeding the bandwidth of the sensor) need to be used.

The PTB room introduced previously, also includes an active compensation sys-

tem featuring square coils placed outside the shielded room. At 0.01 Hz the

shielding factor of the PTB room was increased from 0.75 × 106 with no active

compensation to 2× 106 with active compensation [Bork et al., 1980].
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Iivanainen and colleagues developed an active cancellation system featuring a

coil-cage type system, capable of compensating the remnant field inside a MSR,

and its temporal variation. Reduction of the field from 70 nT to less than 1 nT

was achieved. They also reduced the temporal variation of the field from a peak

to peak drift of 1.3 nT to 0.4 nT [Iivanainen et al., 2019].
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Bi-planar coil active shielding

system

4.1 Introduction

The magnetoencephalography (MEG) facility at the University of Nottingham

was installed in 2007 and comprises a Canadian Thin Films (CTF, Coquitlam,

BC, Canada) superconducting quantum interference device (SQUID) based sys-

tem with 275 axial gradiometer channels. The system is housed in a magnetically

shielded room (MSR) constructed by Vacuumschmelze (Vac, Hanau, Germany).

The Vac room features two layers of mu-metal and one layer of aluminium.

The MSR is based at the Sir Peter Mansfield Imaging Centre, which also houses

two 3 T magnetic resonance imaging (MRI) scanners and one 7 T MRI scanner

(the 7 T scanner being around 30 m away from the MEG facility). No de-gaussing

or active shielding systems were installed upon its construction. The remnant

field at the centre of the MSR is around 25 nT in magnitude with field gradients

in excess of 10 nT/m.



Introduction

As a result of the high remnant field, the MSR is ill-suited to immediately allowing

optically-pumped magnetometer (OPM) operation on a moving participant. The

installation of an active field cancellation system to improve the shielding factor

of the room by reducing the magnitude of the remnant magnetic field and its

spatial variation is crucial to allowing OPM-MEG experiments to be performed

on participants who are free to move.

This chapter describes the design, construction and evaluation of an active mag-

netic shielding system based on bi-planar coils that produce homogeneous mag-

netic fields and magnetic field gradients over a volume at the centre of the coils.

Bi-planar coil designs provide a natural ’corridor’, allowing easy access for partic-

ipants and experimenters to the centre of the coils unlike a tri-axial ’Helmholtz-

cage’ system [Iivanainen et al., 2019].

The theory of bi-planar coil design is described by combining mathematics for bi-

planar gradient coils used in MRI with a harmonic minimisation approach. The

nulling performance is assessed via field mapping and by performing experiments

involving controlled movements. A novel MEG paradigm which investigates the

retinotopic organisation of the visual cortex is also presented, as well as a brief

summary of additional experiments which have been realised using the bi-planar

coil system.

The work described in this chapter was crucial to the development of an OPM-

MEG system at the University of Nottingham and formed a key part of a recent

publication in Nature [Boto et al., 2018]. A more detailed description of the

system was published in NeuroImage and adapted for this chapter [Holmes et al.,

2018].

89



Theory of bi-planar coil design

4.2 Theory of bi-planar coil design

4.2.1 Magnetic field equation

Recalling the evaluation of a magnetic field in an air-filled region in which no

current flows from Chapter 3, the lowest order terms in the magnetic field share

a high degree of symmetry. As a result, a full description of the field and field gra-

dients can be obtained using a series of eight components, instead of the expected

twelve. Three coils can be designed to produce the uniform field components, Bx,

By and Bz and a further five coils can be designed to produce the field gradients,

Gx =
dBz

dx
=
dBx

dz

Gy =
dBz

dy
=
dBy

dz

Gz =
dBz

dz
= −2

dBx

dx
= −2

dBy

dy

Gxy =
dBx

dy
=
dBy

dx

Gxx =
dBx

dx
= −dBy

dy
− dBz

dz
.

(4.2.1)

To produce designs for bi-planar coils, mathematics from planar coil design in

MRI [Yoda, 1990] was incorporated into a harmonic minimisation approach [Carl-

son et al., 1992]. Initially an expression for the magnetic field generated by a given

planar current distribution is required. Consider the magnetic vector potential

A which is given by:

B = ∇×A. (4.2.2)

Recalling that ∇×B = µ0J the vector potential can be re-written as:

∇× (∇×A) = ∇(∇ ·A)−∇2A = µ0J . (4.2.3)
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This equation can be simplified as the divergence of A has no physical meaning.

Adopting the Coulomb gauge such that ∇ ·A = 0, reduces (4.2.3) to

∇2A = −µ0J , (4.2.4)

which is a form of Poisson’s equation. Standard solutions to the Poisson equation

exist, allowing the vector potential at a position r(x, y, z) to be expressed in terms

of the current density J(r) as

A(r) =
µ0

4π

∫
J(r′)

|r − r′|
d3r′. (4.2.5)

We are interested in the situation where J(r′) is confined to the x − y plane at

z = a, and therefore perform the planar Green’s function expansion of |r− r′|−1

giving

1

4π

1

|r − r′|
=

1

4π2

∫ ∞
−∞

dkx

∫ ∞
−∞

dky e
ikx(x−x′) eiky(y−y′) e

−kz(z>−z<)

2kr
, (4.2.6)

where kr = (k2
x + k2

y)
1
2 and z>,< is the greater or lesser of z or a. The current

density can then be rewritten in terms of its two-dimensional Fourier transform,

J̃(kx, ky),

J(x, y) =
1

4π2

∫ ∞
−∞

dkx

∫ ∞
−∞

dky J̃(kx, ky) e
ikxx′ eikyy

′
. (4.2.7)

Combining equations (4.2.5-4.2.7) allows the vector potential to be expressed as

A(r) =
µ0

2

∫ ∞
−∞

dkx

∫ ∞
−∞

dky J̃(kx, ky) e
ikxx eikyy

e−kz(z>−z<)

kr
. (4.2.8)

The surface current density J(r) can be defined using a two-dimensional, scalar,

stream function S(x, y) such that
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∇S × ẑ = J(r) (4.2.9)

(given the charge continuity equation∇·J = 0) [Carlson et al., 1992]. Combining

this relation with the Fourier transform of equation (4.2.7) and integrating by

parts reveals

J̃(kx, ky) = i [kyx̂− kxŷ] S̃(kx, ky). (4.2.10)

The vector potential can now be expressed in terms of the stream function as

A(r) =
µ0

2

∫ ∞
−∞

dkx

∫ ∞
−∞

dky e
ikxx eikyy

e−kz(z>−z<)

kr
[kyx̂− kxŷ] S̃(kx, ky).

(4.2.11)

A bi-planar coil includes an equal or opposite current distribution confined to the

plane at z = −a, so that Sz′=a = ±Sz′=−a. Through addition of the effects of the

two current distributions the two-dimensional Fourier transform of the magnetic

field over the x− y plane at position z, B̃(kx, ky, z), can be expressed as:

B̃(kx, ky, z) = µ0

[
(ikxx̂+ ikyŷ)

sinh
cosh(krz)− krẑ

cosh
sinh(krz)

]
S̃(kx, ky)e

−kra.

(4.2.12)

The upper/lower (sinh and cosh) terms refer to the cases where the stream

function has the same/opposite sign on each plane. The real-space field vari-

ation, B(x, y, z) is then calculated via inverse Fourier transformation of equation

[4.2.12].

4.2.2 Evaluating the stream function

To design a coil to produce a particular field variation, the stream function can be

parameterised, and then the parameter values which yield optimal performance
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based on a pre-defined functional can be identified [Carlson et al., 1992]. For the

bi-planar coils considered here, the stream function is parameterised as a two-

dimensional Fourier series which is confined to the region |x|, |y| < L (z = ±a)

on the two coil planes, so that:

S(x, y) =
N∑
n=1

[
αn cos

(π
2

(2n− 1)
x

L

)
+ βn sin

(nπx
L

)]
×

M∑
m=1

[
γm cos

(π
2

(2m− 1)
y

L

)
+ δm sin

(mπy
L

)]
.

(4.2.13)

the coefficients αn, βn, γn and δn are used to weight the different harmonics in the

series in order to produce required variations in the magnetic fields. The fields

and field gradients which are to be generated all have a high degree of symmetry

and as a result only a sub-set of the harmonic combinations are needed when

designing each coil.

For example, in the simple case of a Bz coil the symmetry can be obtained by

considering a Helmholtz coil. Two loops of wire spatially separated in the z

direction produce a uniform field along this axis. The shapes of the two loops are

the same and the stream function is symmetric in x and y. The two loops also

carry the same current circulating in the same sense, i.e. the coil is symmetric in

z. If the current is reversed in one of the loops, a field gradient is produced and

the stream function becomes anti-symmetric in z. The symmetry conditions for

the stream functions defining each coil are detailed in Table 4.1.

For the Bx coil it is required that the stream function is anti-symmetric in x, sym-

metric in y and anti-symmetric in z. Choosing the sine terms for anti-symmetric

cases and cosine terms for symmetric cases allows the stream function for a Bx

coil to be written as:

S(Bx) =
N∑
n=1

M∑
m=1

[
λnm sin

(nπx
L

)
cos
(π

2
(2m− 1)

y

L

)]
(4.2.14)
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Coil x symmetry y symmetry z symmetry
Bx A/S S A/S
By S A/S A/S
Bz S S S
Gx A/S S S
Gy S A/S S
Gz S S A/S
Gxy A/S A/S A/S
Gxx S S A/S

Table 4.1: Summary of stream functions required to produce a
given magnetic field or field gradient. Symmetric (S) or Anti-
Symmetryic (A/S) terms can be extracted from equation [4.2.13]
based on x and y symmetry. The choice of sinh or cosh terms in
equation [4.2.12] can be made using the z symmetry.

defining the x and y symmetry. The z symmetry is defined by setting (Sz=a =

−Sz=−a). The new constant, λnm is defined as λnm = βnγm.

The stream function equations can be re-written for ease of notation in the form

S =
N×M∑
j=1

λjSj. (4.2.15)

with j = (n−1)N +m. Continuing with the case of the Bx coil, the contribution

to the magnetic field in the x-direction bxj(ri), from the jth component of the

stream function is expressed using equation [4.2.12] as

bxj(ri) = 2DFT
(
iµ0kxS̃je

−kra cosh(krzi)
)∣∣∣

xi,yi
, (4.2.16)

where 2DFT indicates the two-dimensional Fourier Transform.

Defining S̃j in terms of the reduced variables x′ = x/L, y′ = y/L (k′x = kxL,

k′y = kyL) allows its expression as

S̃j(k
′
x, k

′
y) ∝

∫ 1

−1

dx′
∫ 1

−1

dy′ sin(nx′π) cos
(

(2m+ 1)y′
π

2

)
e−ik

′
xx

′
e−ik

′
yy

′
. (4.2.17)
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Evaluating the integral gives

S̃j(k
′
x, k

′
y) = i

[
sinc(nπ − k′x)− sinc(nπ + k′x)

]
×[

sinc((m− 1/2)π − k′y) + sinc((m− 1/2)π + k′y)
] (4.2.18)

which can be substituted into (4.2.16) in order to find the magnetic field at

position ri due to each component of the stream function. Similar calculations

can be performed for the other coils by imposing the symmetry conditions in

Table 4.1 and the resulting stream functions are summarised in Table 4.2.

Coil S̃j(k
′
x, k

′
y)

Bx/Gx i
[

sinc(nπ − k′x)− sinc(nπ + k′x)
]
×[

sinc((m− 1/2)π − k′y) + sinc((m− 1/2)π + k′y)
]

By/Gy

[
sinc((n− 1/2)π − k′x) + sinc((n− 1/2)π + k′x)

]
×

i
[

sinc(mπ − k′y)− sinc(mπ + k′y)
]

Bz/Gz/Gxx

[
sinc((n− 1/2)π − k′x) + sinc((n− 1/2)π + k′x)

]
×[

sinc((m− 1/2)π − k′y) + sinc((m− 1/2)π + k′y)
]

Gxy i
[

sinc(nπ − k′x)− sinc(nπ + k′x)
]
×

i
[

sinc(mπ − k′y)− sinc(mπ + k′y)
]

Table 4.2: Calculated values of S̃j(k
′
x, k

′
y) for each of the eight

coils. These expressions incorporate the x and y symmetry of the
stream functions with the z symmetry defined by the choosing of
sinh or cosh terms in equation [4.2.12].

4.2.3 Harmonic Minimisation

Harmonic minimisation involves calculating optimal weights for the stream func-

tion that minimises a functional [Carlson et al., 1992]. It is desired to minimise

the spatial deviation of the field that is produced from the desired field using the

functional:
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F =
I∑
i=1

∣∣∣B(ri)− b(ri)
∣∣∣2. (4.2.19)

Here B(ri) is the desired field at ri and b(ri) =
∑J

j=1 λjbj(ri) is the calculated

field at ri. The set of position vectors ri=1 to I define target points within the

volume at which a homogeneous field or field gradient is required.

However, it is likely that the resulting coil would be formed of intricate windings

which would be challenging to engineer accurately. In order to account for this,

the power dissipation over the coil is also minimised.

4.2.4 Power dissipation term

MRI gradient coils are often designed with terms in the functional that act to

minimise additional coil parameters, alongside the deviation of the magnetic field

from the target distribution. These include the power dissipation, inductance and

torque [Carlson et al., 1992, Turner, 1993, Jin, 1998].

The coils designed here do not need to generate rapidly time-varying fields and

are not operated inside a large magnetic field, therefore inductance minimisation

and torque balancing are unnecessary and only a power dissipation term needs

to be included in the functional.

Considering a single element on a coil plane with current density J , a resistivity

ρ and dimensions dx × dy × t where t is the thickness of the region in which

current flows, the power dissipation in this element due to J is

dP = I2R =
ρ

t
(J2
x + J2

y ) dxdy. (4.2.20)

Integrating across all elements to find the total power P gives
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P =
ρ

t

∫ L

−L
dx

∫ L

−L
dy (J2

x + J2
y ). (4.2.21)

Applying Parseval’s relation gives

P = Ω

∫ ∞
−∞

dkx

∫ ∞
−∞

dky
(∣∣J̃x∣∣2 +

∣∣J̃y∣∣2) (4.2.22)

where Ω is introduced to represent the combined effect of all constants. This can

be redefined by recalling the definition of the stream function, ∇S× ẑ = J giving

P = Ω

∫ ∞
−∞

dkx

∫ ∞
−∞

dky k
2
r

∣∣S̃∣∣2. (4.2.23)

P is then weighted by a tuneable term ω before inclusion in the functional. Since

the power is minimised by reducing large, local excursions in the amplitude of

the stream function, higher values of ω result in simpler wire paths, but this is

associated with a loss of field or gradient homogeneity. Lower values of ω result

in more homogenous fields produced by more complex wire paths.

The functional can be re-defined to include the effect of power dissipation with

the form

F =
I∑
i=1

∣∣∣B(ri)− b(ri)
∣∣∣2 + ωP. (4.2.24)

4.2.5 Optimising Stream Functions

When designing a coil in which the x-component of the field is targeted, the

functional is minimised by choosing the weights λj which satisfy the condition
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dF

dλj
= −

I∑
i=1

Bx(ri) bxj(ri)

+
∑
m

λm

( I∑
i=1

bxj(ri)bxm(ri) + ωΩ

∫ ∞
−∞

dkx

∫ ∞
−∞

dky k
2
r S̃jS̃m

) (4.2.25)

This set of derivatives can be cast as a set of linear simultaneous equations in

matrix form, a = Bλ where

aj =
I∑
i=1

Bx(ri) bxj(ri) (4.2.26)

and

Bjm =
I∑
i=1

bxj(ri)bxm(ri) + ωΩ

∫ ∞
−∞

dkx

∫ ∞
−∞

dky k
2
r S̃jS̃m (4.2.27)

defining the vector λ whose solution is found by identifying the pseudo-inverse

matrix B−1 allowing the optimal stream function coefficients to be expressed as

λ = B−1a. (4.2.28)

The optimal stream function can then be formed and the wire paths of the coils

can be extracted as contours of the optimised stream function.
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Figure 4.1: The bi-planar geometry of the coil system. Two
square planes of side length 2L = 1.6 m are placed a distance
2a = 1.5 m apart. Each coil produces a homogeneous field or
field gradient (to within ±5%) inside the region highlighted by
the green cube.

4.3 Methods

4.3.1 Coil design and construction

Programmes were written in MATLAB (The MathWorks Inc.) to design bi-

planar coils based on the mathematics outlined in section 4.2. The maximum

dimensions of the coils were determined by the size and layout of the MSR

which contains a 275-channel SQUID-based MEG system (CTF, Coquitlam, BC,

Canada) and the need to produce homogeneous fields and field gradients over a

central volume which would comfortably contain the head, and the OPM array,

allowing for head-movements by a seated participant. Based on assessment of

average adult head sizes and the size of the OPM-MEG scanner-cast it was de-

termined that a 40×40×40 cm3 region over which the field or field gradient was

homogeneous to within ±5% would be required.
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The final dimensions which met both conditions were square planes with side

length 2L = 1.6 m and a separation of 2a = 1.5 m. These are shown for a single

coil in Figure 4.1. The Bx, By, Gx, Gy and Gxy coils were designed using 16

harmonics with N = M = 4 and the field was evaluated over I = 320 target

points. The Bz and Gz coils were designed with 9 harmonics with N = M = 3

and the field was evaluated over I = 75 target points. Fewer harmonics and

target points are required to limit the field variation for the Bz and Gz coils due

to the high degree of rotational symmetry of these coils about the z axis (as in

a Helmholtz coil). Breaking the planar symmetries requires more harmonics and

target points to produce fields with the same level of homogeneity.

Since the symmetry of the bi-planar arrangement needed to produce the Gxx field

gradient coil (symmetric in x and y, but anti-symmetric in z) is the same as that

of the coil arrangement that produces the field gradient dBz/dz additional steps

have to be taken to force the field to follow the right spatial form. A breaking

of the four-fold symmetry of the stream function for rotation about the z-axis is

required, which can be achieved by removing the first component of the stream

function in the x dimension. The stream function components included are then

n = 2, 3, 4, 5 and m = 1, 2, 3, 4, 5. The field was evaluated over I = 320 target

points. In designing each coil the tuneable power dissipation parameter was

manually adjusted to the minimum value that produced deviation of less than

5% of the field or gradient from uniformity within the 40 × 40 × 40 cm3 target

region.

Six of the eight coils which were designed were constructed to allow nulling of

the uniform field components Bx, By and Bz as well as three field gradients Gx,

Gy, Gz. Designs for the remaining gradients Gxy and Gxx were not constructed.

(The Gxy coil was later constructed, but not used in the experiments described in

this chapter). It was chosen to only construct gradient coils with field variation

in the z direction as this would allow for simple construction of a reference array,
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see Section 4.3.2.

To allow construction of the coils from continuous wires, the number of contours

of the optimised stream function was chosen to yield buildable coils with wire

paths formed by manually inserting links between contours. Coils were mounted

on two sheets of medium density fibreboard (MDF), measuring 1.8×1.8 m2 which

were each attached to a wooden support structure such that the centre of the

coil set was raised by 1.1 m from the floor level of the MSR. This meant that

with a seated subject the head-mounted OPMs would be located in the volume

within which the coils generate uniform fields or field gradients. Coil designs

were printed on paper sheets which were attached to the wooden boards using

wallpaper paste. Enamelled copper wire of diameter 0.56 mm was laid on each

printed path and fixed in place using masking tape. Additional coils were added

in layers by repeating this procedure.

The two coils in each bi-planar coil pair were connected in series to a low-noise

coil driver which produced a maximum voltage of ±4 V and were supplied by

QuSpin. These drivers were controlled using a LabVIEW (National Instruments

(NI) Corporation, programme interfaced to a NI-9264, 16-bit, ±10 V digital

to analogue converter (DAC) voltage output module. An appropriately-sized

resistor was added in series with each coil circuit so that a maximum field of

around ±40 nT could be produced. The NI-9264 has a least significant bit (lsb)

voltage of 20/216 ≈ 300 µV, equivalent to a field step size of 30 pT. For field

gradient coils a resistor was added such that around 25 nT/m could be produced

(lsb size of 20 pT/m).

4.3.2 Automated field nulling procedure

To use the bi-planar coils to null the remnant magnetic field inside the MSR a

reference array of four QuSpin OPMs was set up to sample the static field. Since
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the OPMs have two sensitive axes of measurement, four OPMs could be used

to measure the three field components, Bx, By, Bz at two positions spatially

separated in the z-direction by 30 cm. The magnitude of the field can be taken

from single sensor outputs (or the mean of two measurements) and the field

gradient can be estimated via subtraction of two measurements. The setup of

the reference array is shown in Figure 4.2.

A LabVIEW-based controller was developed to interface with the reference array

and the coil drivers. The sensors were operated in their field-zeroing mode where

magnetic field in the range 0 to 50,000 pT are reported (as described in Chap-

ter 2) [Shah and Hughes, 2015, Shah et al., 2018]. Estimates of the field and

field gradient were passed to proportional integral derivative (PID) control loops

which varied the voltage applied to each coil to drive the field and field gradient

measurements towards zero (in practice reaching levels of around 10 pT and 50

pT/m respectively). Basic PID theory is described in Chapter 3.

Once nulling was completed the PIDs were switched off, and stable currents were

applied to the coils. The nulling sensors could then be set up in their normal

measurement mode and used as reference sensors: they were placed close enough

to the head to monitor variations in the background interference during the course

of an experiment, but far enough away to be relatively insensitive to magnetic

fields generated by the brain. This meant that a synthetic gradiometer could be

formed, by applying linear regression to the brain data using the outputs of the

reference sensors as predictors [Boto et al., 2017].

4.3.3 Field mapping to assess nulling performance

The reductions in the fields, and field gradients afforded by the bi-planar coil

set were quantified by mapping the field in a single plane before and after field

nulling using the automated procedure described above. The field was mapped
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Figure 4.2: Reference array setup for a MEG recording. i) The
positions and orientations of the four OPMs used for reference
measurements. The OPMs are positioned such that a measure-
ment of each field component can be made at two different z-
positions to provide a measure of the field gradients. ii) The
reference array as set up for an experiment.
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over a central 20 × 20 cm2 region in the x-z plane which was centred between

the reference sensors (separated by 30 cm in the z-direction). By recording the

output of the OPM’s on-sensor coils when operating in the field-zeroing mode,

measurements of static background field were taken with a single OPM sensor.

The sensor was placed at two different orientations at each position on a 5-cm

grid spanning the 20 × 20 cm2 region to obtain a representation of the spatial

variation of the three Cartesian components of the static magnetic field. The

field was then nulled using the bi-planar coils and the process repeated. The

data were interpolated onto a 1-cm resolution grid and displayed as field maps

to show the reduction in field strength and spatial variation of the field over the

20× 20 cm2 plane, that was produced by the field nulling coils.

4.3.4 Stability of null over time

The stability of the field nulling over time is important to ensure accurate MEG

measurements can be made. Although regression of reference sensor data can

remove trends, it cannot account for gain changes in the sensors or recover in-

formation if the sensors go outside their dynamic range. As no correction of

the coil currents to account for a time-varying background field was applied, an

investigation into the stability of the field nulling as well as the level of the noise

introduced by the coil drivers was performed.

An array of 7 OPMs was placed inside an empty scanner-cast positioned between

the reference sensors. An initial measurement of the static background field was

taken with the nulling system switched off. The field nulling was then performed

as usual, and the currents in the bi-planar coils were set and then held constant.

The magnitude of the static background field was measured every 5 minutes over

a 30-minute period using the on-sensor coils of the 7 OPMs. The OPMs were

then switched off and the door to the MSR opened (none of the experimental
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equipment was displaced) for 30 minutes, while the currents in the bi-planar

coils were still held constant. The sensors were then rebooted and the door to

the MSR closed, the static field was again measured once every 5 minutes over

an additional 30-minute period.

The power spectral density of OPM signals recorded inside an empty MSR was

also investigated with the field nulling system on and off. A single OPM in the

empty scanner-cast was chosen and recordings were completed over 60-s periods.

For these measurements, only the radial component of the magnetic field was

recorded using LabVIEW interfaced with a 16-bit NI-9205 Data Acquisition card

sampling at 1200 Hz. Environmental interference is prominent in the recordings,

as no interference-reduction methods were applied to these magnetometer data;

any additional interference produced by the coils and their associated electronics

is therefore easy to identify.

4.3.5 Demonstrating the allowed range of motions

The effects of controlled motions were investigated to demonstrate the wide range

of head movements that a participant can make when the field nulling system is

in operation, without causing any OPM sensor in a head-mounted array to go

outside its ±1.5 nT operating range (when operating at the standard sensor gain

setting of 2.7 V/nT).

To monitor the movement of the participant’s head during experiments, motion

data were captured using an OptiTrack V120:Duo camera system (NaturalPoint

Inc., Corvallis) which provides sub-millimetre and sub-1-degree precision optical

tracking of a rigid body with six degrees of freedom: translations (x, y, z) and

rotations (pitch, yaw, roll) as shown in Figure 4.3A. The system comprises two

cameras, each of which has an associated array of 15 infrared LEDs that are

used to illuminate multiple, highly reflective markers, that were attached to the
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scanner-cast as shown in Figure 4.3B. The camera system initially identifies the

individual marker positions and uses their combined co-ordinates to define a rigid

body; rotation and translation of the rigid body can then be monitored at the

camera’s 120 Hz frame rate. In these experiments, the rigid body was formed

from 5 markers.

Thirteen visual marks (numbered from 0 to 12) were fixed either to a bench,

placed 70 cm in front of the participant, or to the edges of the two coil planes,

as shown in Figure 4.3C-D. Marks 0 - 4 were sited close to the centre of the

participant’s field of view when they were seated and looking directly forwards.

Marks 5-8 were positioned so that the participant would have to rotate their head

approximately ±25◦ from the centre point to bring them to the centre of their

field of view. Marks 9 – 12 required larger head rotations of around ±35◦ from

the centre point. The movements required to view marks 9 – 12 were at the limit

of what was deemed comfortable for the participant to achieve without rotation

of the body. To enable a controlled assessment of the effect of these motions on

OPM recordings, the participant was first asked to focus on mark 0 (central) and

then after 10 s the participant was instructed to switch their gaze to mark 1.

After a further 10 s the participant was instructed to look at mark 2 and so on.

After 4 markers had been viewed the participant was asked to return to viewing

mark 0 before beginning the viewing of the next 4 marks. The full experiment

lasted 160 s.

Magnetic field data were simultaneously recorded from an array of 18 OPMs

which was mounted in the scanner-cast to provide good coverage of the visual

cortex. Positioning the OPMs in the slots over the visual cortex in particular

generates an exaggerated movement of the sensor locations at the back of the head

during the head movements needed to view the different marks, hence providing

the most challenging setting in terms of OPM movement.
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Figure 4.3: Optical tracking of the head to measure OPM re-
sponse to controlled movements. A) The OptiTrack V120:Duo
optical tracking camera is used to measure subject movement.
The translations (x, y, z) and rotations (pitch, yaw, roll) are
measured in the camera’s frame of reference. B) The system uses
infra-red LEDs to illuminate a series of 5, highly reflective mark-
ers (circled in red) positioned on the surface of the scanner-cast.
These markers are combined to form a single rigid-body which is
tracked during an experiment. C) A series of 13 numbered marks
were positioned within the field of view of the subject. The subject
was instructed to shift their gaze to these marks. D) Approximate
angular movements of the head required to shift the gaze to each
mark.
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Recordings of the sensor analogue outputs were made using LabVIEW interfaced

with a set of three 16-bit NI-9205 Data Acquisition cards sampling at 1,200 Hz.

In these experiments, only the fields radial to the head surface were measured. At

the start of the experiment, currents through the bi-planar coils were optimised to

null the ambient fields as described previously. The residual fields at each sensor

were then zeroed using the on-sensor coils. Following this, the MEG recording

was initiated and the participant was instructed to start making the movements.

As the magnetic fields reported by the OPMs are affected by interference from

fluctuating background fields, as well as field changes due to head motion in the

remnant Earth’s field, multiple linear regression analyses were used [Boto et al.,

2017]. A design matrix of predictors was formed using the 6 motion parameters

(up-sampled through linear interpolation to an effective sampling rate of 1200

Hz), as well as the signals from the 4 reference magnetometers. Regression was

performed over the full dataset.

4.3.6 Measurement of retinotopy: data acquisition

To test the fidelity of the MEG data captured with head movement following field

nulling, a novel means to exploit the retinotopic organisation of the visual cortex

was devised. Traditionally in retinotopic mapping experiments the participant

remains still with their gaze fixed centrally, while a stimulus is moved around the

participant’s field of view [Engel et al., 1997]. Analysis then reveals activation of

the visual cortex in different locations depending on the position of the stimulus

in the visual field. In the simplest case, a stimulus presented in the right visual

hemifield will evoke activity in left visual cortex, and vice-versa. Here, taking

advantage of the head movement allowed by the field-nulling bi-planar coil set,

this simple aspect of retinotopic mapping is demonstrated by making measure-

ments with the stimulus fixed in position while the participant physically moves
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Figure 4.4: Experimental structure for the measurement of
retinotopy. A) The trial structure used for the retinotopy ex-
periment. Data were analysed only from the stimulus and rest
periods, during the switch-gaze period the participant was free to
move their head or remain fixated. B) Approximate directions
of subject gaze and corresponding stimulus locations for the two
conditions.

their gaze by head rotation/translation.

Presentation (Neurobehavioral Systems Inc., Berkeley, CA) was used to generate

a checkerboard pattern reversing at 4 Hz, which was expected to produce a

driven, 8 Hz, electrophysiological response in the visual cortex. This pattern was

projected onto a screen positioned 50 cm away from the participant’s eyes. The

checkerboard had dimensions of 10 × 10 cm2 and subtended a visual angle of 11◦

× 11◦. Each check had dimensions of 2 × 2 cm2 and subtended a visual angle of

2.3◦ × 2.3◦.
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Two crosses were placed on the top corners of the stimulus presentation screen

as fixation points, so that when the participant fixed their gaze on these crosses

the stimulus would be in either the lower right, or lower left, quadrant of their

central visual field. Magnetic field data were recorded from an array of 18 OPMs

that were mounted in a subject-specific 3D-printed scanner-cast to provide good

coverage of the visual cortex [Boto et al., 2017]. Each sensor measured a single

field component that was radial to the surface of the head and was operated with

the standard sensor gain setting of 2.7 V/nT.

The timing of the stimulus was set such that a single trial lasted for 8 s. The

reversing checkerboard was on for 3 s (16 cycles) followed by a 3 s rest period

during which the screen showed only a central cross. In the final 2 s of each trial

the words ’switch gaze’ were shown on the screen. The participant was instructed

to choose whether to switch their gaze to the opposite side of the screen, or to

remain still during this period. The trial structure is detailed in Figure 4.4. There

were 80 trials in total, and importantly, at the time of acquisition, in any one trial

it is not known upon which of the two crosses the participant was fixated (and

hence it is not known in which visual hemifield the stimulus was located). To

address this issue, the participant’s head location and orientation were recorded

throughout the experiment using the OptiTrack camera. Prior to MEG recording,

a calibration measurement was performed in which the participant was simply

asked to focus on the two crosses in turn.

4.3.7 Measurement of retinotopy: data analysis

The OPM-MEG data acquired during our retinotopy experiment were processed

using a beamformer approach, as introduced in Chapter 1. Using information

from the OptiTrack camera, the data were segmented into two sub-sets compris-

ing trials where the stimulus appeared on the left, or on the right. Regression of
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the data with motion parameters and the signals from the reference magnetome-

ters was performed on a trial-by-trial basis. Data were then frequency-filtered

between 4 Hz and 12 Hz. The resulting two subsets of data were averaged over

trials. Data averaging prior to beamforming ensures that the weights are tuned

to the trial-averaged steady state response of interest, i.e. any alpha modulation

(e.g. a decrease in alpha power during visual stimulation) associated with the vi-

sual stimulus around the same frequency band as the driven response is averaged

out [Brookes et al., 2010].

Three covariance matrices were derived from the time-averaged data during left

visual stimulus presentation: Cla representing the data covariance in the (0 s

< t < 3 s) active window (when the stimulus was on), Clc representing the data

covariance in the (3 s < t < 6 s) control time window (when the stimulus was

off, but before any movement) and Cl = (Cla + Clc)/2 which is the average

of the two, representing the whole trial before gaze shifting. Three equivalent

covariance matrices (Cra, Crc and Cr) were constructed for the right visual

stimulus presentation.

The covariance matrices Cl and Cr were regularised using the Tikhonov method

with a regularisation parameter which was 1% of the leading eigenvalue of the

unregularised matrices. The regularised matrices Clreg and Crreg were used to

form independent beamformer weights vectors wlΘ and wrΘ for a given source

position and orientation Θ calculated for each sub-set of data as

wl
T
Θ =

lTΘ Cl
−1
reg

lTΘ Cl
−1
reg lΘ

(4.3.1)

and

wr
T
Θ =

lTΘ Cr
−1
reg

lTΘ Cr
−1
reg lΘ

(4.3.2)
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where lΘ is the lead field vector. A spherically-symmetric conductor was assumed

when calculating lead fields. The magnetic field outside the sphere due to a cur-

rent dipole inside was calculated using the analytical formula introduced by Sar-

vas, as described in Chapter 1 [Sarvas, 1987]. Computing separate beamformer

weights for each data subset maximises the spatial specificity of the resulting

beamformer images [Barratt et al., 2018]. pseudo-T-stat values were calculated

as

TlΘ =
wT
lΘClawlΘ −wT

lΘClcwlΘ

2wT
lΘwlΘ

(4.3.3)

and

TrΘ =
wT
rΘCrawrΘ −wT

rΘCrcwrΘ

2wT
rΘwrΘ

. (4.3.4)

Based on these pseudo-T-statistical images, two locations of interest were selected

(1 and 2) at the peaks of each image. Beamformer-reconstructed signals were

calculated for both using the two data sub-sets where ml(t) and mr(t) represent

the trial averaged MEG data recorded by the OPMs when the stimulus was in

the left and right visual hemifields, respectively.

This resulted in four ’virtual electrode’ time courses: qr1(t) = wT
r1mr(t) repre-

sents the time course of electrical activity at location 1, during right hemifield

stimulation, qr2(t) = wT
r2mr(t) represents the time course of electrical activity at

location 2, during right hemifield stimulation. Similarly, ql1(t) = wT
l1ml(t) rep-

resents the time course of electrical activity at location 1, during left hemifield

stimulation, ql2(t) = wT
l2ml(t) represents the time course of electrical activity at

location 2, during left hemifield stimulation.

These four time courses were Fourier transformed, and then tested for the ex-

pected peak at 8 Hz. It is expected that peak locations 1 and 2 would appear in
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the contralateral (right and left) hemispheres in response to left-and-right-sided

visual stimulation, respectively. It is also expected that the 8 Hz response would

only be observed in contralateral, and not ipsilateral (same side as stimulation)

visual cortex.
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4.4 Results

4.4.1 Coil designs

Figures 4.6-4.20 show the optimised stream functions, extracted wire paths and

contours of the spatial variation of the desired magnetic field or magnetic field

gradient component produced by each of the eight coils (Bx, By, Bz, Gx, Gy, Gz,

Gxy and Gxx) that were designed. Red and blue colours denote opposite senses

of current flow in the coil windings.

The variation in the magnetic field or magnetic field gradient which is produced

by each coil was calculated by applying the elemental Biot-Savart expression to

the digitised wire paths for a unit current. The variation of the field or field

gradient relative to the value at the centre of the coils (or at a value positioned

slightly off centre for field gradient coils since the field is zero at the centre for

these coils) was then evaluated and contoured as a measure of the homogeneity

of the produced field components. The deviation from the desired pattern of field

variation was found to be less than 5% within a central region of 40 × 40 × 40

cm3 for all coils.

Table 4.3 shows the calculated and measured coil parameters for the six coils that

were constructed and simulated parameters only for the Gxx coil. Calculation of

coil resistance values assumed that coils were wound using 0.56-mm-diameter

copper wire. The coil inductances were calculated from the stream functions

using previously published expressions [Martens et al., 1991].
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Coil
Wire length

(m)
Resistance

(Ω)
Efficiency

(nT/mA or nT/m/mA)
Inductance

(µH)
Bx 170 11.9 (14.2) 1.21 (1.13± 0.1) 544 (619)
By 170 11.9 (13.3) 1.21 (1.06± 0.1) 544 (614)
Bz 186 13.0 (13.8) 7.29 (7.90± 0.1) 1520 (1290)
Gx 195 13.7 (16.1) 6.75 (6.50± 0.2) 843 (985)
Gy 195 13.7 (15.5) 6.75 (6.33± 0.6) 843 (984)
Gz 168 11.8 (12.8) 14.4 (14.0± 1) 968 (1090)
Gxy 97 6.83 (7.45) 0.41 (0.39± 0.1) 154 (180)
Gxx 173 12.1 0.4 562

Table 4.3: Bi-planar coil characteristics. Theoretical results for
each coil are shown with measured values in brackets where appro-
priate. The calculated values of resistance assume that 0.56-mm
diameter copper wire was used in coil construction.
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Figure 4.5: The real part of the optimised stream function for
the Bx coil shown for a unit square side length.

Figure 4.6: The Bx coil. Wire paths extracted as contours of the
optimised stream function shown for a single plane, scaled to the
true coil dimensions. Red and blue denote wires with opposite
senses of current flow. The contours of the field component Bx

are shown in the plane at z = 0 m, for |x|, |y| < 0.2 m. The
value of the magnetic field is normalised to the value at the centre
of the two planes.
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Figure 4.7: The real part of the optimised stream function for
the By coil shown for a unit square side length.

Figure 4.8: The By coil. Wire paths extracted as contours of the
optimised stream function shown for a single plane, scaled to the
true coil dimensions. Red and blue denote wires with opposite
senses of current flow. The contours of the field component By

are shown in the plane at z = 0 m, for |x|, |y| < 0.2 m. The
value of the magnetic field is normalised to the value at the centre
of the two planes.
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Figure 4.9: The real part of the optimised stream function for
the Bz coil shown for a unit square side length.

Figure 4.10: The Bz coil. Wire paths extracted as contours of
the optimised stream function shown for a single plane, scaled to
the true coil dimensions. Red and blue denote wires with opposite
senses of current flow. The contours of the field component Bz

are shown in the plane at z = 0 m, for |x|, |y| < 0.2 m. The
value of the magnetic field is normalised to the value at the centre
of the two planes.
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Figure 4.11: The real part of the optimised stream function for
the Gx = dBx/dz coil shown for a unit square side length.

Figure 4.12: The Gx = dBx/dz coil. Wire paths extracted as con-
tours of the optimised stream function shown for a single plane,
scaled to the true coil dimensions. Red and blue denote wires
with opposite senses of current flow. The contours of the mag-
netic field gradient component are estimated as Bx/z for each z
position and are shown in the plane at z = 0 m, for |x|, |y| < 0.2
m. The magnetic field was normalised to a value slightly off cen-
tre of the two planes.
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Figure 4.13: The real part of the optimised stream function for
the Gy = dBy/dz coil shown for a unit square side length.

Figure 4.14: The Gy = dBy/dz coil. Wire paths extracted as con-
tours of the optimised stream function shown for a single plane,
scaled to the true coil dimensions. Red and blue denote wires
with opposite senses of current flow. The contours of the mag-
netic field gradient component are estimated as By/z for each z
position and are shown in the plane at z = 0 m, for |x|, |y| < 0.2
m. The magnetic field was normalised to a value slightly off cen-
tre of the two planes.
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Figure 4.15: The real part of the optimised stream function for
the Gz = dBz/dz coil shown for a unit square side length.

Figure 4.16: The Gz = dBz/dz coil. Wire paths extracted as con-
tours of the optimised stream function shown for a single plane,
scaled to the true coil dimensions. Red and blue denote wires
with opposite senses of current flow. The contours of the mag-
netic field gradient component are estimated as Bz/z for each
z position and are shown in the plane at z = 0.02 m, for |x|,
|y| < 0.2 m. The magnetic field was normalised to a value slightly
off centre of the two planes.
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Figure 4.17: The real part of the optimised stream function for
the Gxy = dBx/dy coil shown for a unit square side length

Figure 4.18: The Gxy = dBx/dy coil. Wire paths extracted
as contours of the optimised stream function shown for a single
plane, scaled to the true coil dimensions. Red and blue denote
wires with opposite senses of current flow. The contours of the
magnetic field gradient component are estimated as Bx/y for each
y position and are shown in the plane at z = 0 m, for |x|, |y| <
0.2 m. The magnetic field was normalised to a value slightly off
centre of the two planes.
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Figure 4.19: The real part of the optimised stream function for
the Gxx = dBx/dx coil shown for a unit square side length.

Figure 4.20: The Gxx = dBx/dx coil. Wire paths extracted
as contours of the optimised stream function shown for a single
plane, scaled to the true coil dimensions. Red and blue denote
wires with opposite senses of current flow. The contours of the
magnetic field gradient component are estimated as Bx/x for each
x position and are shown in the plane at z = 0 m, for |x|, |y| <
0.2 m. The magnetic field was normalised to a value slightly off
centre of the two planes.
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4.4.2 Coil construction

Figure 4.21A shows a Bz coil design wallpapered to the wooden board. A com-

pleted Bx coil panel is shown in Figure 4.21B where the masking tape used to

hold the wire in place can be clearly seen. The Bx panel was layered on top of

the Bz panel and the process repeated until all six coils were constructed. The

bi-planar coils as setup for an experiment are shown in Figure 4.21C, the outer-

most panel is the Gx coil. A seated participant is shown in front of the reference

array wearing a scanner-cast containing an array of 13 OPMs, the cryogenic MEG

system can be seen behind the reference array.
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Figure 4.21: Constructed bi-planar coil system. A) Coil design
wallpapered to the wooden plane. B) Completed Bx coil wound
using masking tape to hold the wire in place. C) Seated partici-
pant wearing a scanner-cast containing an array of OPMs.
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4.4.3 Field mapping to assess nulling performance

Currents of less than 30 mA in each coil are required to cancel the 30 nT field

and 10 nT/m field gradients (as the efficiency of each coil is within the range

of 1 to 8 nT/mA and 6 to 14 nT/m/mA with a coil resistance of < 10 Ω). The

maximum power dissipation is therefore less than 10 mW per coil.

Figure 4.22 shows field maps measured before (i) and after (ii) the automated

nulling was applied along with a bar plot of reduction in average field strength

(iii), as measured using the field-zeroing procedure with a single OPM sequen-

tially sampling field components at different positions on a reference grid with

5-cm grid spacing.

The mean magnitude of the field vector |B| = (B2
x + B2

y + B2
z )

1/2 fell from 28.0

nT to 0.74 nT, corresponding to a reduction by a factor of 38 (averaged over the

full 20 x 20 cm2 plane studied). In terms of spatial field variation, the root mean

square deviation from the mean value fell from 0.6 nT to 0.16 nT, a reduction by

a factor of 4. The maximum magnitude of the field vector |B| is found to be 29

nT and 1.2 nT respectively. Reductions in each of the six coil field components

are reported in Table 4.4.

Field component
Nulling off

(nT or nT/m)
Nulling on

(nT or nT/m) Reduction factor
Bx 21.8 0.47 46
By 6.3 0.03 210
Bz 16.4 -0.49 33
Gx 7.4 0.55 13
Gy 2.8 0.5 6
Gz 6.28 1.37 5

Table 4.4: Field nulling performance for each field component.
Mean values over the mapped region are shown from the field
maps taken when nulling was off and on. The factor by which
the field was reduced is also reported.
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Figure 4.22: Field nulling performance and maps of spatial vari-
ation. A) B) and C) show for Bx, By and Bz respectively i) a
map of the field before nulling is applied ii) a map of the field
after nulling is applied and iii) the average field magnitude with
error-bars showing the standard deviation of measurement before
(red) and after (blue) nulling is applied.
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4.4.4 Stability of null over time

The measured field magnitude is plotted as a function of time in Figure 4.23A for

the experiment described in Section 4.3.4. Analysis of these data shows that the

maximum change in field magnitude over the 90 minutes on any sensor was 0.50

nT, while the average (over all 7 sensors) of the standard deviation over time was

0.18 ± 0.03 nT.

These values are both smaller than the ±1.5 nT dynamic range of the OPMs (in

their standard sensor gain setting), showing that the field nulling achieved was

sufficiently stable over the duration of our experiments.

The power spectral density of the empty room OPM recordings evaluated using

Welch’s method in MATLAB with the field nulling on (red) and off (blue) are

shown in Figure 4.23B. There is little difference in the two measurements when

the OPMs remain still.
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Figure 4.23: Assessing the stability of the field nulling over time.
A) The static field magnitude as reported by the on-sensor coils
for an array of 7 OPM sensors at 5-minute intervals over a 30
minute period. The red line shows the results of recordings made
when the field nulling was applied, the black lines show a period
where the sensors were switched off, and the door to the MSR
was left open. There followed an additional 30 minutes during
which the door was closed and further field measurements were
made. The bi-planar coil currents were held constant throughout
the entire 90-minute experiment. B) The power spectra of a single
OPM in this scanner-cast recorded with the field nulling OFF (red
trace) and ON (blue trace).
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4.4.5 Demonstrating the allowed range of motions

Figure 4.24A shows the output of a single OPM (blue) as the subject moved their

head. Measurements of the translation (in the x-direction) and rotation (yaw)

of the head that were simultaneously recorded by the OptiTrack camera are also

plotted in red and black, respectively, for comparison.

The output of the OPM following linear regression with the 6 motion parameters

and the output of the 4 reference sensors is shown in green. It is evident that

the sensors remain within their operational range (±1.5 nT in the standard sen-

sor gain setting) even after the largest movements when field nulling is applied.

Figure 4.24B-C show bar charts which describe the magnitude of the total ro-

tations
√
pitch2 + roll2 + yaw2 and translations

√
x2 + y2 + z2 recorded by the

OptiTrack for three subsets of marks (1-4, 5-8, 9-12). The associated root mean

squared deviations from the mean for each case are also shown. Figure 4.24D

shows the reduction in size of the measured field following regression at each

subset of marks for the sensor which detected the largest positive field over the

whole experiment. Figure 4.24E shows the reduction in standard deviation over

time for the entire experiment following regression, averaged over all 18 sensors.

The largest head motion was produced when the subject viewed marks 9-12. This

required a rotation of ±34.0 ± 0.9◦ and translation of ±9.2 ± 1.1 cm from the

central position. This motion produced a maximum field artefact of approxi-

mate magnitude 1 nT, which was reduced following regression with the motion

parameters to 0.037 nT.
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Figure 4.24: Demonstrating the allowed range of participant mo-
tions. A) The output of a single OPM within an array of 18 worn
by the participant is displayed in blue. The magnetic field data is
compared with the x translation (red) and yaw rotation (black)
of the rigid body. The text labels identify the order in which the
positions were viewed during the experiment. The measured field
following regression with motion parameters and the four refer-
ence magnetometers is shown in green. B) The magnitude of
rotation required to move from mark 0 to each mark is averaged
over the 3 subsets (each containing 4 marks). C) The magnitude
of the translation required to move from mark 0 to each mark is
averaged over 3 subsets. D) Reduction in field following regres-
sion at each subset of marks shown for the sensor which detected
the largest (positive) field over the whole experiment. E) Reduc-
tion in the standard deviation over time of raw sensor outputs
during the entire 160 s of the experiment following regression.
Results are averaged over all 18 sensors in the scanner-cast.
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4.4.6 OPM-MEG demonstration: measurement of retino-

topy

Figure 4.25 shows the pseudo-T-statistical images overlaid on an MRI scan of the

participant’s brain. The red/blue overlays are the beamformer images formed

when the stimulus was on the left/right respectively (participant view for each

case is the same as the red/blue diagrams in Figure 4.4). Evaluating motion

data from the OptiTrack during the “switch-gaze” period for the trials where the

subject moved revealed the average magnitude of translations and rotations to

be 1.4 ± 0.04 cm and 5.9 ± 0.8◦, respectively.

Figure 4.26A compares Fourier transforms of the virtual electrode time courses

produced during stimulation and rest periods at location 1 when the stimulus

was on the left (ql1(t)) and on the right (qr1(t)). Figure 4.26B compares Fourier

transforms of the virtual electrode time courses produced during stimulation and

rest periods at location 2 when the stimulus was on the left (ql2(t)) and on the

right (qr2(t)).

As expected, the areas of largest 8 Hz response in the beamformer images for the

two cases localise to opposite sides of the visual cortex. Inspecting the Fourier

transforms, there are clear 8 Hz responses during periods of stimulus presentation

in the corresponding cortex when compared to rest. Looking in the opposing

cortex during stimulus presentation reveals no response.

132



Results

Figure 4.25: Beamformer images from the retinotopy experi-
ment. Pseudo-T-statistical images overlaid onto a MRI scan of
the participant produced from the cases where the stimulus was
in the left visual field (red overlay) or the right visual field (blue
overlay). The images were thresholded between 1.5 and 1.8 and
1.1 and 1.6 for the red and blue images respectively.
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Figure 4.26: Virtual electrode timecourses of the beamformed
data. A) The Fourier transforms of virtual electrode time-courses
compared during stimulation and rest. The electrode was posi-
tioned at the peak of the red overlay and compared for the cases
where the stimulus was on the left and on the right. B) Compar-
ing Fourier transforms of virtual electrodes positioned at the peak
of the blue overlay and compared for the cases where the stimulus
was on the left and on the right.
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4.5 Discussion

The six-coil bi-planar set designed here was tested and shown to provide an

automated, stable cancellation of remnant field and field gradients which allows

for MEG recordings to be made on an unconstrained seated participant. Here,

several issues and suggested improvements to the system are discussed.

4.5.1 Coil design

Discrepancies between the predicted and measured coil parameters could arise

due to interactions between the coils and the high-permeability walls of the MSR.

These interactions were not taken into account during the design process and are

more formally investigated in Chapter 5.

Further development of the field nulling technology will be required to allow full

ambulatory motion during an experiment. To realise this aim, new designs could

feature a larger region over which the homogeneous fields and field gradients are

produced. Additional coils producing higher order spatial variations of the field

could also be produced. The coils could also be built directly into the walls of

the MSR. This would also require consideration of the interactions between the

coils and the mu-metal, similar interactions have previously been accounted for

in gradient coil design for MRI [Moon et al., 1999]. Increased performance is

likely to come at the cost of increased complexity in wire patterns which may

lead to further difficulties in engineering of coil systems.

Any increase in the volume within which the OPMs remain operational would

immediately allow for wider ranges of motion, and potentially make possible

the implementation of experiments involving spatial navigation and direct social

interaction between individuals.
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4.5.2 Coil construction

Manual winding using masking tape and wallpaper paste was used to construct

the coils. Whilst this method is simple, the MDF boards on which the coils are

mounted are not completely flat, and board positioning is done manually. This

leads to errors in the alignment and separation of the set which could detract

from the predicted performance. 3D printing or printed circuit board etching

techniques could potentially be used to streamline the process of coil construction

and to increase the correspondence of the actual wire paths to the coil designs.

However, it might be difficult to gain access to machines capable of constructing

coils of this scale. As eight coils are needed per set, system construction is difficult

and time-consuming. The weight and structural rigidity of the system need to be

considered. The effects of manual construction and misalignment have not proven

problematic, the choice of a PID based nulling algorithm hopefully accounts for

some of these errors.

4.5.3 Field cancellation method

As well as the field mapping which was performed, the static fields reported by the

on-sensor coils of the array of 18 OPMs in the scanner-cast were also recorded with

and without field nulling before the start of the retinotopic mapping experiment

while the subject viewed the centre of the screen. Taking the mean magnitude

of the fields shows a decrease from 14.9 ± 5.2 nT to 1.61 ± 0.43 nT after the

nulling was applied. The reduction in field is less on the head than was found

during the field-mapping (a reduction in the mean magnitude from 28 nT to 0.74

nT). The reference array which is employed here sits slightly behind the head

of the participant (to avoid protruding sensors from the scanner-cast bumping

into reference sensors during an experiment) and as a result the head sensors are
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displaced from the region of maximal field cancellation.

A re-designed reference array which includes sensors positioned to form a cube

around the participant would allow for a better reduction in the field over the

head sensors, the final two gradient coils Gxx and Gxy could then be added to

form a full cancellation system. A larger reference array would however, require

a more complex PID control system, more redundant sensors in terms of brain

coverage and potentially restrict the participant if poorly sited. The Gxy coil has

been successfully constructed, but is yet to be routinely used.

An alternative approach could be to null the field over the head-mounted OPMs.

For example, an approach in which the effect of each coil on each OPM is mea-

sured by pulsing individual coils in turn, and then a matrix inversion applied to

find optimal currents to cancel remnant fields could be implemented. However, it

would be important to ensure good sampling of all field components is possible.

For example, in the retinotopic mapping paradigm the sensors were mounted over

visual cortex and predominately pointing in the x-direction in which the nulling

will be strongest.

Iivanainen and colleagues recently developed an active cancellation system fea-

turing a coil-cage type system, capable of compensating the remnant field inside

a MSR, and its temporal variation using the voltage outputs of three orthogonal

QuSpin OPMs mounted on the head of a participant in a high-speed PID loop

[Iivanainen et al., 2019]. Reduction of the field from 70 nT to less than 1 nT was

achieved (reduction by a factor of 70). They also reduced the temporal variation

of the field from a peak to peak drift of 1.3 nT to 0.4 nT to restrict any gain

changes during an session. However, the participants were required to remain

still inside a ’Helmholtz-cage’ style system.

Despite these issues, and even with the significant head movements that were

made in this experiment, none of the sensors went outside their operational range
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during the experiments. The simplicity of the PID based approach, with reference

sensors behind the subject allows for a fast and flexible scanning procedure.

4.5.4 Artefact reduction

The ability of the linear regression to de-trend magnetic field data shows that

field measurements are highly correlated with the changes in head position data

recorded by the OptiTrack camera and background field measurements recorded

by the reference array. By applying the regression approach prior to further

analysis with a beamformer (or other MEG processing technique) the resulting

signals contain a better representation of the underlying brain data.

This regression could be further improved by implementing a non-linear solution

as the regression weights that remove interference for one orientation will be

different when the head is moved. A sliding window based approach could also

be useful for when the rotations exceed small angle approximation and become

non-linear.

However, none of these methods can compensate for the changing gain in the

sensor at large magnetic field values. As outlined in Chapter 2, the linearity

of the sensor response to magnetic field is such that over ±1.5 nT sensor gain

varies by ±5%. The regression methods outlined previously would not be able

to readily compensate for this change. Dynamic control of the magnetic field

cancellation system is required to keep all sensors at zero field throughout the

experiment in order to compensate for these changes. The coil system developed

by Iivanainen and colleagues was designed to allow OPM operation in a lightly

shielded room with significant time-varying interfering magnetic fields. These

drifts would cause significant gain changes and would have rendered OPM oper-

ation impossible without a field cancellation system. Development of a dynamic-

nulling system which continuously updates currents in the bi-planar coils designed
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here, accounting for temporal variations in the remnant magnetic field is detailed

in Chapter 5 but was not required in the work presented here due to the high

temporal stability of the remnant field inside the MSR (as shown in Figure 4.23).

Nevertheless, given the movements in the retinotopic mapping experiment were

around 2 cm and 7◦ this would lead to a field change of 200 pT, equivalent to a

sensor gain change of around 1% which is deemed small enough to be insignificant

in our case.
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4.6 Other demonstrations of OPM-MEG

Field nulling using the bi-planar coils has been crucial to the ongoing development

of OPM-MEG, allowing experiments which would be impractical in conventional

systems to be performed. A brief summary of standout work in which data was

collected using the Nottingham system with the bi-planar coils is provided here.

The ’Ping-Pong’ experiment

The work developing OPM-based MEG where participants are free to move was

described in a publication in Nature. As well as showing the constructed system

had a performance similar to that of a cryogenic system (even during movements

of ±10 cm) the movement allowed by field nulling using the bi-planar coil system

was utilised further to measure oscillatory dynamics in the brain of a partici-

pant bouncing a ping-pong ball on a bat as shown in Figure 4.27 [Boto et al.,

2018]. Tasks involving rapid, unpredictable motions such as this could be used

to investigate motor-learning, connectivity and brain plasticity.

Language lateralisation

Tierney and colleagues used the system to perform a cognitive test to locate the

eloquent cortex of three participants using a simple verb-generation task [Tier-

ney et al., 2018]. This method when compared to the invasive WADA test [Lor-

ing, 1997] or the claustrophobia of a functional MRI approach holds promise for

providing clinically useful information during pre-surgical planning for epilepsy

patients.

Virtual reality

Roberts and colleagues used the capability to measure OPM-MEG with head

movement to perform experiments in virtual reality (VR) using an Oculus Rift
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Figure 4.27: The ’ping-pong’ experiment. a) Seated subject
wearing a 3D-printed subject-specific scanner-cast containing 13
OPMs positioned over the motor cortex. The participant bounced
the ball on a bat for 10 s followed by 10 s of rest, repeating 29
times. b) Beamformer images show the response in the motor
cortex. c) Virtual electrode timecourses show the decrease in os-
cillatory power in the beta-band (13 - 30 Hz) during movement
and a post-stimulus beta rebound following movement cessation.
The response is similar to that shown in Chapter 1 where the beta
rebound is diminished in schizophrenia patients. Figure taken
from [Boto et al., 2018].
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(Oculus VR LLC, Menlo Park, CA.) head mounted display unit to project stimuli

[Roberts et al., 2019]. Changes in alpha power as well as evoked and driven neural

responses were observed over visual cortex. These experiments provide more

naturalistic stimuli than are available in conventional neuroimaging systems and

their continued development will allow for new avenues to be explored such as

social interaction and spatial navigation.

Lifespan-compliance

Work by Hill and colleagues is being performed to measure brain activity in

children as young as 3 years of age using adapted scanner-casts to give life-long

compliance [Hill et al., 2019]. The coil system allows the children to remain com-

fortable and watch television on a screen whilst the scan occurs. The OptiTrack

camera was utilised to develop uncued experiments, useful for children who would

find adhering to a rigid task structure difficult.

Deep sources

The majority of MEG studies are focused on the cerebrum due to coverage lim-

itations in conventional systems, and a decrease in signal arising from deeper

sources. The cerebellum and hippocampus are of significant interest to neurosci-

entists as they contribute to motor control and memory. The ability to flexibly

place OPMs allowed Lin and colleagues to measure evoked responses occuring in

the cerebellum as a response to an air-puff stimulus [Lin et al., 2019]. Work by

Barry and colleagues showed hippocampal activity in response to an imagination

paradigm [Barry et al., 2019].

The continued development of coil systems to allow participant movements during

experiments is crucial to the continued success of wearable MEG devices, with

widespread potential already being exploited as a result of the bi-planar coil

system described here.
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Chapter 5

Balanced, bi-planar field and

field gradient coils

5.1 Introduction

The previous chapter showed that the remnant magnetic field in a magnetically

shielded room (MSR) can be further nulled using a set of six, bi-planar coils

mounted on large planes of dimensions 1.6 x 1.6 m2, separated by 1.5 m, which

compensate Bx, By and Bz as well as the three dominant first-order spatial field

gradients Gx = dBx/dz, Gy = dBy/dz and Gz = dBz/dz. In summary, these

coils were used in a MSR (Vacuumschmelze, Hanau, Germany) comprised of two

layers of mu-metal and one layer of aluminium to reduce the dominant static field

component, Bx, by a factor of 46 from 21.8 ± 0.2 nT to 0.47 ± 0.08 nT, and the

dominant gradient, Gx, by a factor of 13 from 7.4 nT/m to 0.55 nT/m [Holmes

et al., 2018, Boto et al., 2018].

The integration of these coils with a scalp-mounted array of optically pumped

magnetometers (OPMs) allowed high quality magnetoencephalography (MEG)

data to be recorded whilst the participant made large (±10 cm and ±35◦) head
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Figure 5.1: Geometry of the balanced bi-planar coil system. Two
square planes of side length 2L = 1.7 m placed a distance 2a = 1.4
m apart. Each coil pair is simultaneously designed to produce
homogeneous field and field gradient over a region at the centre
of the coils. The three coil layers on each plane are spaced by ≈
1 mm in the constructed system.

movements [Holmes et al., 2018]. Without the additional field nulling provided

by the coils small movements and rotations of only a few degrees would saturate

sensor outputs and cause significant sensor gain changes [Iivanainen et al., 2019].

The bi-planar coils thus form a crucial element of an OPM-based MEG system,

but their construction is time-consuming due to the large size of the coils and

the significant number of coil layers that are required. The distribution of the

weight of the current-carrying wires and structural rigidity of the coil-set have

to be taken into account during coil construction and siting. In this chapter it is

shown that by exploiting the natural symmetry shared by pairs of coils (Bx and

Gx, By and Gy and Bz and Gz), the number of coils that need to be constructed

to produce a simple field-nulling system can be reduced from six to three, as

illustrated in Figure 5.1.

The harmonic-minimisation approach that allows optimisation of planar current

distributions to produce both homogeneous fields and spatial field gradients is
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described; the performance of coils generated using the joint design method is

compared with that of coils designed to produce only a uniform field or field

gradient. A proportional integral derivative (PID) control method, which nulls

the static field and field gradients automatically by independently optimising the

currents in each plane based on reference measurements is also shown. The static

field compensation achieved using this method is quantified by comparing field

maps measured in a single plane in the MSR before and after field compensation.

The previous six-coil system provided only static field compensation with coil

currents fixed during an experimental session. As well as the large static field

components, significant temporal variation of the remnant magnetic field by as

much as 10’s of nT over the period of a single experiment (10-20 minutes) can

occur, depending on the environment. This drifting background field level has a

detrimental effect on the open-loop OPM sensor gain, which varies by more than

10% over the full QuSpin OPM dynamic range of ±5 nT [Boto et al., 2018, Shah

et al., 2018]. For accurate MEG measurements it is desirable that the sensor gain

varies as little as possible, as a result dynamic compensation of the background

magnetic field can also be required for sensor operation.

The three coils here were designed for integration into an OPM-MEG system

sited at University College London. This city-centre site is located directly

above a London Underground railway line which produces unpredictable, tem-

porally varying magnetic fields large enough and frequent enough to make even

a 10-minute scan unfeasible. To correct for this, a dynamic PID-based feedback

controller was developed to continually update coil currents during a session in

order to null reference measurements of Bx, By and Bz. Empty room recordings

with and without the dynamic nulling were compared whilst noting the number

of trains which passed beneath the lab during these recordings.

Discrepancies between the predicted and measured coil performance which were
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briefly discussed in the previous chapter may be caused by interactions between

the coils and the high-permeability mu-metal walls of the MSR. It has been shown

that this interaction can be modelled by using a method of images approach.

Here, the method of images was utilised to simulate the effects of interactions

with the mu-metal walls on the efficiency and homogeneity of the designed coils

when operated inside a MSR [Juhas et al., 2014, Qinjie et al., 2018]. Results are

compared to the measured performance and the impact this may have on future

coil designs is discussed.

The work described here was crucial to the development of an OPM-based MEG

system at University College London. A detailed description of the system was

published in Nature Scientific Reports and adapted for this chapter [Holmes et al.,

2019]. Researchers at the Wellcome Institute for Neuroimaging are working to

develop neuroscientific experiments which fully exploit the potential of the OPM-

based MEG. Through collaboration with Great Ormond Street Hospital epilepsy

patients are being scanned using this system.
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5.2 Design theory

As shown in Chapter 4 a current distribution J(x, y) that is confined to an x-

y plane using a two-dimensional stream function S(x, y) can be characterised,

where ∇S(x, y) × ẑ = J(x, y) (since ∇.J(x, y) = 0). The wire paths of a coil

design that represents the current distribution correspond to the contours of the

stream function. Planar current distributions which produce a uniform field along

one of the Cartesian axes have shared symmetry with current distributions that

generate specific field gradients, and this sharing of symmetry also applies to the

stream functions.

For example, in the simple case of a Helmholtz coil, two co-axial loops of radius

a carrying the same current and placed a distance a apart in z will produce a

uniform field Bz along the z direction as shown in Figure 5.2 (i-ii). In this instance

the stream function required to produce the field is symmetric in x and y, and

also symmetric in z (as the two loops carry the same current which circulates

in the same sense in both coils). If the current in one of the loops is reversed

with respect to the other (so the stream function is now anti-symmetric in z, and

symmetric in x and y) then the result is a gradient in Bz along the z direction

(i.e. a dBz/dz coil) as shown in Figure 5.2 (iii-iv). If the two loops are driven

independently the currents can be set to produce both a field, and a field gradient

simultaneously as shown in Figure 5.2 (v-vi). This involves applying the sum of

the currents needed to produce a field and a field gradient to one loop and the

difference to the other loop.

Considering the symmetry of the coil stream functions required to generate each

of the three uniform fields (referring to Table 4.1), the x-y symmetry is the same

for Bx (anti-symmetric in x, symmetric in y and anti-symmetric in z) and Gx

(anti-symmetric in x, symmetric in y and symmetric in z) coils, By (symmetric
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Figure 5.2: The field produced by a pair of co-axial loops varies
with the strength and direction of the applied currents. (i) The
Helmholtz coil consists of two current-carrying loops. The same
current is applied to each loop making the stream function sym-
metric in x, y and z. (ii) A homogeneous field Bz is produced
through the centre of the loops. (iii) The current applied to one
of the loops is reversed (now making the stream function anti-
symmetric in z) (iv) In this case a Bz field which linearly varies
with z position (constant dBz/dz) is produced. (v-vi) By inde-
pendently driving the two loops, a desired field and gradient can
be simultaneously produced.

in x, anti-symmetric in y and anti-symmetric in z) and Gy (symmetric in x, anti-

symmetric in y and symmetric in z) coils, and Bz (symmetric in x, symmetric in y

and symmetric in z) and Gz (symmetric in x, symmetric in y and anti-symmetric

in z) coils. Through a combined design process and careful control of the applied

currents, three coil pairs can therefore be used simultaneously to generate the

three uniform fields and the associated longitudinal gradients. The remaining

two components, dBx/dy = dBy/dx and dBx/dx have no shared symmetry and

would have to be constructed separately.
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The coil pairs were designed by applying a harmonic minimisation approach

based on expressions used for designing planar magnetic field gradient coils for

use in MRI [Yoda, 1990, Carlson et al., 1992, Turner, 1993]. The two-dimensional

Fourier transform of the magnetic field, B̃(kx, ky, z) over the x-y plane produced

by current distributions on two planes positioned at z = a and z = −a, at a

position z in the region −a < z < a (as derived in section 4.2) can be written as:

B̃(kx, ky, z) = µ0

[
(ikxx̂+ ikyŷ)

sinh
cosh(krz)− krẑ

cosh
sinh(krz)

]
S̃(kx, ky)e

−kra.

(5.2.1)

where kr = (k2
x + k2

y)
1/2 and S̃(kx, ky) is the two-dimensional Fourier transform

of the stream function. The upper/lower terms define the z-symmetry where the

stream function has the same (symmetric in z)/opposite (anti-symmetric in z)

sign on each plane.

The stream function is parameterised again as a two-dimensional Fourier series

confined to the region |x|, |y| < L (z = a) on the two coil planes, so that [Carlson

et al., 1992]:

S(x, y) =
N∑
n=1

[
αn cos

(π
2

(2n− 1)
x

L

)
+ βn sin

(nπx
L

)]
×

M∑
m=1

[
γm cos

(π
2

(2m− 1)
y

L

)
+ δm sin

(mπy
L

)]
.

(5.2.2)

where coefficients αn, βn, γm and δm are used to weight the different harmonics

in the series. By applying symmetry conditions to the stream function, a sub-set

of the harmonic combinations in equation [5.2.2] can be used to design each coil.

For example, in the case of a balanced Bx and Gx coil, the stream function is

required to be anti-symmetric in x and symmetric in y. These constraints allow

the stream function to be written as

149



Design theory

S(Bx/Gx) =
N∑
n=1

M∑
m=1

[
λnm sin

(nπx
L

)
cos
(π

2
(2m− 1)

y

L

)]
(5.2.3)

where sine terms are chosen for the anti-symmetric cases and cosine terms for

the symmetric cases. The z symmetry for this case is defined by setting (Sz=a =

±Sz=−a). The new constant λnm = βnγm.

The stream function equations can be re-written for ease of notation in the form

S =
N×M∑
j=1

λjSj. (5.2.4)

with j = (n−1)N+m (see Equation [5.2.3]). Continuing with the case of the bal-

anced Bx/Gx coil, the contribution to the field Bx at position ri(x, y, z), bxj(ri),

due to the jth component of the stream function can be expressed (defining the

z-symmetry to be antisymmetric, i.e. choosing cosh in equation [5.2.1]) as

bxj(ri) = 2DFT
(
iµ0kxS̃je

−kra cosh(krzi)
)∣∣∣

xi,yi
(5.2.5)

where 2DFT denotes the two-dimensional Fourier transform. The contribution

to the field from the gradient component Gx at position ri(x, y, z) in the x-

direction, gxj(ri), from the jth component of the stream function can also be

expressed (defining the z-symmetry to be symmetric, i.e. we choose sinh in

equation [5.2.1]) as

gxj(ri) = 2DFT
(
iµ0kxS̃je

−kra sinh(krzi)
)∣∣∣

xi,yi
. (5.2.6)

Defining S̃j in terms of the reduced variable x′ = x/L, y′ = y/L (k′x = kxL,

k′y = kyL) allows expression of the Fourier transform of equation [5.2.3] as
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S̃j(k
′
x, k

′
y) ∝

[
sinc((m− 1/2)π − k′y) + sinc((m− 1/2)π + k′y)

]
×[

sinc(nπ − k′x)− sinc(nπ + k′x)
] (5.2.7)

This can be substituted into equations [5.2.5] and [5.2.6] to find the field at

position ri due to each component of the stream function. Similar calculations

can be performed by imposing the symmetry conditions needed for the other

coils.

λ-coefficients are then chosen to minimise a functional containing three parts

[Carlson et al., 1992]: the spatial deviation of the field term (Bx) over an array of

target points, the spatial deviation of the field gradient term (Gx) and the power

dissipated in the coil. The functional is written as:

F =
I∑
i=1

∣∣∣Bt(ri)− bx(ri)
∣∣∣2 + α

I∑
i=1

∣∣∣gtzi − gx(ri)∣∣∣2 + ωP. (5.2.8)

Here, from the Bx term Bt(ri) is the desired (or target) field at position ri and

bx(ri) = Σjλjbxj(ri) is the calculated field at ri. For the Gx term gtzi is the

desired (or target) field chosen to vary linearly with position zi and gx(ri) =

Σjλjgxj(ri) is the calculated field at ri. The set of position vectors r(i=1 to I)

define target points within the volume at which a homogeneous field or field

gradient is required. The linear weighting α applied to the field gradient minimi-

sation can be altered to balance the strength of the field and gradient terms. P

is a tuneable power dissipation term which can be upweighted by increasing the

weighting coefficient to reduce the complexity of the designed coils as described

in section 4.2.4.

Here the functional is minimised by choosing the weights λj which satisfy dF/dλj =

0. The set of derivatives can be cast as a set of linear simultaneous equations in

matrix form, whose solution is found by identifying the pseudo-inverse matrix as
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shown in section 4.2.5. The wire paths of the coils are then extracted as contours

of the optimised stream function.
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5.3 Methods

5.3.1 Coil design and construction

MATLAB (The MathWorks Inc.) was used to produce designs for three coils al-

lowing simultaneous compensation of Bx and Gx, By and Gy and Bz and Gz. The

dimensions of the system were limited by the size and layout of the MSR which

also contains a SQUID-based MEG system (CTF, Coquitlam, BC, Canada). Fi-

nal bi-planar coil dimensions were chosen to be a = 0.7 m and L = 0.85 m as

shown in Figure 5.1.

The number of harmonics, and the power and field/gradient term weightings were

chosen manually to produce homogeneous fields and field gradients (to within

±5%) over a central volume of 40 × 40 × 40 cm3. The magnetic field for each

coil was evaluated over a 2.5-cm-resolution, 3D grid using the elemental Biot-

Savart law. A numerical value of the field, or field gradient homogeneity, H was

computed by assigning a value of 1 to every element in the 3D grid where the

homogeneity condition was met, and a 0 where it was not. The homogeneity is

then reported as a percentage of the number of 1’s versus the total number of grid

points. The balanced Bx/Gx and By/Gy, coils were designed using 36 harmonics

with N = M = 6, and the field was evaluated over I = 320 target points. The

balanced Bz/Gz coil was designed with 36 harmonics with N = M = 6 and the

field was evaluated over I = 256 target points. Fewer target points are required

to limit the field variation in the Bz/Gz coil due to the high degree of rotational

symmetry of these coils about the z-axis.

Contours of the optimised stream function were connected to form continuous

wire paths. The coils were mounted on two sheets of medium-density fibreboard

(MDF) measuring 1.8 × 1.8 m2 with legs which place the centre of the coils
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1.1 m from floor level. Coil designs were printed and then hand-traced onto thin

paper sheets. These sheets were then attached to the board with wallpaper paste.

Copper wire (enamelled, diameter of 0.56 mm) was laid on each path and fixed

in place using masking tape. The total thickness of each coil layer is around 1

mm. The three coils were layered by repeating these steps.

Each planar coil unit was connected to a QuSpin coil driver (4 V, low-noise, six

drivers in total, one per coil unit), which was controlled using a 16-bit NI-9264

DAC voltage output module interfaced with LabVIEW (National Instruments

(NI) Corporation, Austin, TX). Resistors were added in series to each coil unit

so that fields of around 40 nT or field gradients of around 25 nT/m could be

produced from a 4 V output.

Prior to their use in balanced mode, the coils were connected in standard, bi-

planar arrangements (with equal or equal and opposite current in each plane as in

Chapter 4) to test their performance when producing each of Bx and Gx, By and

Gy and Bz and Gz. The coil efficiencies (field or field gradient per unit current)

were measured by using an array of three Gen-1 QuSpin OPMs operating in

radial measurement mode. These OPMs were then oriented in order to measure

the field component of interest.

A linearly increasing current was applied to each bi-planar coil and the change

in field measured as a function of this applied current. For Bx/Gx and By/Gy

measurements the OPMs were positioned approximately at the centre of the bi-

planar coils and spatially separated by 8 cm in the z direction (such that the field

was measured at roughly z = -8 cm, 0 cm and +8 cm, at x = 0 cm, y = 0 cm).

For the Bz/Gz measurements, the long axes of the sensors were lined up in the

measurement plane, which meant that the field had to be sampled at locations

with a greater spatial separation in the z direction (field measured at z = -17

cm, z = 0 cm and z = +17 cm at x = 0 cm, y = 0 cm). For comparison, the

154



Methods

fields and gradients produced by the bi-planar coils were also calculated using

the elemental Biot-Savart law. These measurements were carried out in the MSR

at the University of Nottingham (Vacuumschmelze, Hanau, Germany) which is

comprised of two layers of mu-metal and one layer of aluminium.

5.3.2 Comparing design methods

To compare the performance of the balanced coils designed using the combined

method to that of coils designed just to produce a uniform field or field gradient,

three different coils were compared via simulations: a coil designed to produce

Bx; a coil designed to produce Gx; a coil designed to produce Bx and Gx (i.e.

comparing simulated results from the coil design method used in Chapter 4 to this

balanced method). For each case the number and location of target points and

the weighting of the power dissipation term were kept constant. The dimensions

of the coils were fixed at a = 0.7 m and L = 0.85 m as above. The field and

gradient produced by these coils in a bi-planar arrangement were calculated using

the elemental Biot-Savart law. Fields were then normalised to their values at the

origin to allow evaluation of the deviation of the field and gradient over a 40 × 40

× 40 cm3 volume (evaluated over a 2.5 cm resolution 3D grid). The homogeneity

H is also reported for each case, using the measure described in section 3.1. As

before, less than ±5% deviation over the full volume is desired.

5.3.3 Static field nulling

As described in section 4.3.2, a reference array of four Gen-1 QuSpin OPMs

operating in field-zeroing mode was used to measure the three vector field com-

ponents, at two positions spatially separated in the z-direction by 40 cm, as

shown in Figure 5.3A. The measurements from the sensors are combined to form
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Figure 5.3: Automated field nulling based on reference measure-
ments. (A) A reference array of four Gen-1 QuSpin OPMs is
used to measure the vector field components Bx, By and Bz at
two locations separated in the z direction. (B) Two PID con-
trollers are used to drive each coil. One uses Σ to drive the sum
of the field at the two locations (driving for example the Bx field
down towards zero). The second PID uses ∆ to drive the differ-
ence of the field at the two locations (the gradient Gx) towards
zero. Currents which are the sum and difference of these values
are then applied to the planes.

estimates of the magnitudes of Bx, By and Bz and of Gx, Gy and Gz (for example,

Gx is found through subtraction of two measurements of Bx).

To automatically null the field over the reference array, two proportional integral

derivative (PID) controllers (see section 3.3.2) are driven in tandem and used to

identify the optimal currents to pass through the coil windings in each plane.

Taking the example of nulling the Bx and Gx fields, the reference array produces

two measures of Bx (bx1 and bx2) at locations which are spatially separated in

z. The first controller varies a parameter ∆ in order to reduce bx1 − bx2, which

provides a measure of the field gradient Gx. The second controller varies a pa-

rameter Σ in order to reduce bx1 + bx2, which provides a measure of Bx. Currents

I1 and I2 are then supplied to the two different coil planes, where I1 = Σ + ∆

and I2 = Σ−∆. The balancing of the terms results in simultaneous reduction of

the field and field gradient towards zero.

A LabVIEW-based controller was developed to implement this algorithm by link-
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ing to the reference array and coil drivers. Once nulling is completed the PIDs

are switched off, and stable currents are applied to the coils. This process is

outlined in Figure 5.3B.

5.3.4 Field mapping

In order to quantify the reduction in field and field gradient, field maps were

taken over a single plane before and after the coils were used for field nulling as

described previously in section 4.3.3,. A 40 × 40 cm2 region in the x-z plane

lying between the reference sensors (which were separated by 40 cm in z) was

mapped. By taking two measurements using the field-zeroing mode of a single

Gen-1 QuSpin OPM at each position on a 10-cm grid (changing the orientation

of the sensor to allow the field to be measured in three dimensions) over the

plane, a representation of the static field can be obtained. The data were linearly

interpolated (using the MATLAB interp2 function) onto a 1-cm resolution grid

for visualisation, and field maps produced to show changes in magnitude and

spatial variation.

The average field is calculated as the mean over each point in the interpolated

grid with the associated standard deviation given as the error. A measure of

the gradient is found from the difference in field divided by the difference in z

position. The difference of the field values measured at z = -20 cm and z = +20

cm were taken. These measurements were again carried out in the MSR at the

University of Nottingham.

5.3.5 Dynamic field nulling

The balanced bi-planar coils described here were intended for use in an OPM-

MEG system to be operated inside a MSR (Vacuumschmelze, Hanau, Germany)
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comprised of two layers of mu-metal and one layer of aluminium, which is sited

in the basement of the Wellcome Centre for Neuroimaging at University College

London (UCL). This city centre site is close to the Piccadilly Line of the Lon-

don Underground as it runs between Russell Square and Holborn underground

stations at a depth of around 33 m (maps generated from Transport for Lon-

don data available here - https://www.dansilva.co.uk/down-underground). As

a consequence of proximity to the passing underground trains the background

magnetic field in the MSR varies by several nT over a 10-minute period. This

drift pushes the OPMs close to the edge of their dynamic range and causes gain

changes.

In order to address this issue, a dynamic PID controller was developed that could

be used to control the currents in the balanced, bi-planar coils to keep the ambient

field within the sensors’ operational range during recordings, minimising any

impact on their performance. In contrast to the static-field nulling PID controller

this controller uses the sensor voltage signal, not the field-zeroing values, as the

process variable.

An array of 15, Gen-2 QuSpin OPMs was placed in an empty 3D printed scanner-

cast [Boto et al., 2017]. Three of these sensors, which were placed in slots oriented

in the x, y and z directions so that they measured the field components Bx, By

and Bz along their radial axes, were selected as reference sensors. The sensors

were operated in single-axis measurement mode with the dynamic range set to

±5 nT and data were recorded using a National Instruments 16-bit NI-9205 ADC

interfaced with a LabVIEW controller. The voltage outputs from LabVIEW for

driving the coils were controlled using the NI-9264 DAC. The controller sampled

data from all 15 sensors at a 6,000 Hz sampling rate and the data was saved

in chunks of 50 samples. For each of these 50-sample chunks the data from the

three reference sensors was selected and passed to a digital, first-order, low-pass

Butterworth filter with a 1 Hz cut-off frequency (chosen such that the controller
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was addressing only the low frequency fluctuations in the remnant magnetic field).

The average of these 50 samples was then taken.

The averaged values were then fed into three PID controllers (one for controlling

each of the Bx, By and Bz fields). These controllers were manually tuned by

observing the system response to variation in the proportional and integral gains

(derivative gains were set to zero) to provide stable nulling without interfering

with each other, as cross-talk can be introduced between the coils and reference

sensors. For example, the effect of poor coil or reference sensor positioning could

lead to a measurable effect of the Bx coil on the By reference sensor, in turn

leading to an over-correction on the By coil which impacts on the Bx reference

sensor and so on. A well-tuned loop can readily compensate for these ‘cross-talk’

effects. The PID output voltages were applied to the coils on the two planes

such that uniform field components were produced (i.e. voltages of the same sign

were applied to the coils for generating Bz, and of opposite sign for producing

Bx and By). Data from the remaining 12 sensors were also recorded. During

each recording, data was taken from the Transport for London website for trains

which ran on either of two routes: Eastbound from Holborn to Russell Square

and Westbound from Russell Square to Holborn. Whilst this does not provide

the exact time that trains came in closest proximity to the MSR, it does indicate

the number of trains that crossed beneath the lab during the recordings.

A recording with the nulling off was taken between 17:22 and 17:32, while a

recording with nulling- on was made between 17:35 and 17:45. These times fall

during the ‘rush hour’, during which there is heavy train activity (trains arrive

roughly every 2 minutes on the Piccadilly Line around this time), providing a

challenging environment for the measurements.
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5.3.6 Investigating interactions with the shielded room

The fields that are produced by the coils may interact with the high-permeability

material used when constructing the MSR and result in deviations from the

predicted performance. As described in Chapter 3, the following conditions apply:

at a boundary between materials of different relative magnetic permeability µr,

to obey Ampere’s law the tangential component of the magnetic field H must be

continuous across the surface, and to obey Gauss’s law the normal component of

B must also be continuous [Hoburg, 1995]. Since B takes the form B = µ0µrH

inside the material and µr can be >80,000 for mu-metal, while µr ≈ 1 in air, the

field must abruptly change direction at an interface between air and mu-metal

to satisfy the two boundary conditions [Hoburg, 1995], and in particular on the

air-side of the boundary the tangential components of the B and H fields must

be approximately zero.

Under these circumstances the field variation within the MSR can be evaluated

by addition of a set of virtual mirror currents produced by simple reflection of

current-carrying elements of the coils at each of the walls of the room. For

magnetostatics’ problems, this ’method of images’ approach is not very sensitive

to the exact value of µr, just requiring that µr >> 1 since deviations from

the field variation it predicts scale as (µr)
−1 which is negligible for mu-metal

[Hammond, 1960, Roshen, 1990]. To ensure that the boundary conditions are

properly fulfilled, reflections have to be calculated recursively so that the mirrored

currents are themselves mirrored. Here, the effect that the mu-metal walls have

on the form of the field produced by the balanced coils operating inside the MSR

has been modelled via the addition of a truncated set of these mirror currents

[Juhas et al., 2014, Qinjie et al., 2018].

Considering a single current element, reflections are made at each of the internal

faces of the shielded room and the direction dl reversed according to dl = dl −
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2(dl.n̂) where n̂ is the unit vector perpendicular to the plane in which the element

was reflected.

After consideration of each internal face of the MSR, this results in the production

of 6 mirrored current elements. Each of these mirrored elements is then also

mirrored by reflection at the five walls of the MSR that were not involved in

the original reflection. This process should be repeated ad infinitum to satisfy

the boundary conditions on the magnetic fields at the MSR’s internal walls.

Accounting for redundancies there are 6 first order mirror elements, 18 second

order mirrors, 38 third order mirrors and so on. Example mirrored elements

up to third order in two dimensions are shown in Figure 5.4. The additional

field produced by each of the mirrored elements is calculated using the elemental

Biot-Savart law. Here, only reflections up to third order were considered. This

order was chosen as the change in coil efficiency (at the centre of the planes) with

reflections up to second order was found to be around 30%, while the additional

contribution from third order mirrors only modified the efficiency by a further ≈

5%.
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Figure 5.4: Using virtual ’mirror currents’ to simulate the ef-
fects of high-permeability materials on magnetic fields produced
by electromagnetic coils. A single current element (black cir-
cle) is positioned at x = 0 m, y = −1.5 m, z = 0 m with an
orientation dx = 1/

√
2, dy = 1/

√
2, dz = 0 inside a cube of

high-permeability material (solid black lines) of side length 2 m.
The method of mirror images can be used to evaluate a series
of virtual mirror currents via reflections in the walls of the cube
and their extended planes (dashed black lines) with the direction
dl reversed according to dl = dl−2(dl.n̂) to describe interactions
with the high-permeability material. The first-order, second-order
and third-order reflections are calculated for this single element
and plotted over a two-dimensional plane at z = 0 m in blue, red
and green, respectively.
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A simple experiment to verify the mirroring method was conducted in the UCL

MSR, which has internal dimensions of 3.85 × 2.4 × 3 m3. A single coil plane

was placed parallel, and as close as possible, to one of the 3.85 × 2.4 m2 walls of

the MSR. The coil plane was offset from the centre of the MSR by 0.6 m and -0.2

m in the x and y directions and due to the legs of the wooden support structure

the centre of the coil was displaced by 25 cm in the z-direction from the proximal

wall of the MSR. A 0.1 Hz sinusoidally oscillating voltage with amplitude of 1 V

(equivalent to 8.1 mA current, R = 125 Ω) was applied to the Bz/Gz coil on this

plane and the z-component of the magnetic field was measured at a position 5 cm

displaced from the centre of the coil in the z-direction away from the proximal wall

of the MSR (but centred in x and y) using a single-axis fluxgate magnetometer

(Fluxmaster, Stefan Mayer Instruments, Dinslaken, Germany). The coil plane

and fluxgate magnetometer were then further displaced from the wall in steps of

20 cm in the z-direction until the setup could not be moved any further due to

the presence of a cryogenic MEG system (CTF, Coquitlam, BC, Canada). A final

displacement of 85 cm from the wall was achieved. At each position the fluxgate

magnetometer was similarly positioned relative to the coil. For comparison the

z-component of the field was calculated, with, and without the effect of mirroring

by applying the elemental Biot-Savart law to the Bz/Gz coil and its reflections.

The effects of the interactions on the bi-planar coils was then investigated by

simulation. The field was calculated over a 40 × 40 × 40 cm3, 2.5 cm resolution

3D grid at the centre of the two coil planes and the results compared to mea-

surements of the coil field or field gradient per unit current. Three cases were

studied: first, when no mirrors were considered, second when the coils were posi-

tioned centrally in the MSR at the University of Nottingham and mirrors up to

third order were included, and finally when the coils were positioned as they are

during an experimental session and mirrors up to third order were considered.

For each case a box plot of the full range of fields calculated at all grid positions
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was produced to show the effects of the mirror currents on both the homogeneity

and the mean level of the produced field.

The effects were investigated for the three coil pairs when producing Bx, By and

Bz. The MSR considered here has internal dimensions of 3.85 × 2.4 × 3 m3 and

during an experiment the centre of the bi-planar coil set is displaced from the

centre of the room by +0.2 m in y and -0.25 m in x (with zero offset in z).
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5.4 Results

5.4.1 Coil designs

Figure 5.5 shows wire paths (i) for the (A) Bx and Gx, (B) By and Gy and (C)

Bz and Gz coils, respectively. The elemental Biot-Savart law was applied to the

wire-paths to evaluate the spatial variation of the field (ii) or field gradient (iii)

produced, when the coils are wound in a bi-planar arrangement. The field was

calculated over a 3D array of points covering a region of 40 × 40 × 40 cm3.

Contours are shown over a plane at z = 0 m; |x|, |y| < 0.2 m for the case of Bx,

By, Bz, Gx, and Gy and over the plane at z = 0.025 m; |x|, |y| < 0.2 m for the

Gz case. The fields were normalised to the value at the centre of the two planes

(or a value positioned slightly off-centre when the field is zero at the centre). The

homogeneity measure for all the fields produced over this volume was H = 100%.

Table 5.1 shows calculated and measured values for the bi-planar coil efficiencies

and single plane inductances. The errors quoted for the field generating coils

are the standard deviation from the mean measured across three OPMs spatially

separated in z, while the errors in the gradient generating coils are the differences

in the two gradient values calculated from the three OPM measurements. The

inductances were calculated from the stream functions using previously published

expressions [Martens et al., 1991].

Coil

Efficiency as
field coil
nT/mA

Efficiency as
field gradient coil

nT/m/mA

Single plane
inductance

µH
Bx and Gx 0.74 (0.57± 0.01) 1.20 (1.11± 0.02) 169 (192)
By and Gy 0.74 (0.47± 0.02) 1.20 (0.98± 0.02) 169 (193)
Bz and Gz 3.9 (3.6± 0.3) 4.7 (4.5± 0.7) 379 (385)

Table 5.1: Comparing theoretical and measured values (in brack-
ets) of the efficiency and inductances for the coil designs when
wound as field and gradient coils.
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Figure 5.5: Final coil designs and simulated fields. Wire paths
(i) and field (ii) or field gradient contours (iii) for the: A) Bx and
Gx coil, B) By and Gy coil and C) Bz and Gz coil, respectively.
Red and blue denote wires with opposite senses of current flow.
The contours of the field or field gradient in the plane at z = 0
m, for |x|, |y| < 0.2 m (z = 0.025 m, for |x|, |y| < 0.2m for
Gz) are shown. The field values are normalised to the field at the
centre of the plane or a value slightly off-centre when the central
field is zero.
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5.4.2 Comparing design methods

Figure 5.6 shows (i) designs for coils, (ii) contours of Bx and (iii) contours of Gx

for coils optimised to produce (A) Bx, (B) Gx and (C) and both Bx and Gx. The

field and gradient variation is calculated using the elemental Biot-Savart law and

is plotted over a plane at z = 0.20 m; |x|,|y| < 0.20 m. This plane is deliberately

chosen to be off-centre to highlight the decrease in homogeneity with distance

from the centre of the region between the two coil planes.

Comparing the homogeneity of the non-optimised field (e.g. the Gx variation

produced by the Bx coil) shows the combined method improves homogeneity,

but with an increase in design complexity. The Bx coil had a Gx homogeneity of

H = 76% and the Gx coil had Bx homogeneity of H = 78% compared to H =

100% for the optimised field components. The largest deviations of the field and

gradient at z = 0.20 m in Figure 5.6A (ii-iii) are +2% and -13% respectively. The

field and gradient in Figure 5.6B (ii-iii) deviate by -9% and +2% respectively. The

field and gradient in Figure 5.6C (ii-iii) deviate by +3% and -4% respectively.

Only the combined design satisfies the condition that both the field and field

gradient should be homogeneous to within 5% over a central 40 × 40 × 40 cm3

cubic region.
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Figure 5.6: Investigating the performance of the joint design
method versus only producing a single field component. A) B)
and C) show for coils optimised to produce Bx, Gx and both
Bx/Gx respectively: i) coil wire paths (red and blue denote wires
with opposite senses of current flow); ii) contours of the variation
of Bx produced by these coils; iii) contours of the variation of Gx

produced by these coils. Contours are shown for the plane z =
0.20 m, for |x|, |y| < 0.20 m. The field values are normalised to
the field at the centre of the plane or a value slightly off-centre
when the central field is zero.
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5.4.3 Field mapping

Figure 5.7 shows maps of the spatial field variation in (A) Bx, (B) By and (C) Bz

inside the MSR before (i) and after (ii) the automated nulling process was applied,

along with a bar chart (iii) showing the reduction in average field strength. The

mean magnitude of the field vector was reduced by a factor of 26 from 23 nT

to 0.9 nT. The reduction in the measured individual field components with the

associated standard deviation from the mean is shown in Table 5.2. The maps of

the field variation are not as smooth as are expected to be found in a source-free

region, as a result of inaccuracies in manually setting the sensor position and

orientation, and the limited accuracy of measurement that can be achieved when

operating the QuSpin sensors in field-zeroing mode.

Field component
Nulling off

(nT or nT/m)
Nulling on

(nT or nT/m) Reduction factor
Bx 16.0 ± 0.1 0.3 ± 0.04 53 (46)
By 2.9 ± 0.1 0.11 ± 0.13 26 (210)
Bz 17 ± 0.2 0.49 ± 0.15 35 (33)
Gx 6.1 ± 0.9 0.9 ± 0.4 7 (13)
Gy 2.5 ± 0.9 1.8 ± 0.9 1.4 (6)
Gz 3.4 ± 0.8 1.3 ± 0.3 3 (5)

Table 5.2: Field nulling performance on each field component.
Mean values over the mapped region are shown from the field
maps taken when nulling was off and on. Errors are standard
deviation from the mean. The factor by which the mean value of
each field component was reduced is also reported, with the values
obtained using the six-coil system described in Chapter 4 quoted
in brackets.
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Figure 5.7: Quantifying the coil performance by measuring the
field in a single plane. A) B) and C) show for Bx, By, and Bz

respectively: i) a map of the field before nulling is applied; ii)
a map of the field after nulling is applied; iii) the average field
magnitude with error-bars showing the spatial standard deviation
of measurement before (red) and after (blue) nulling is applied.
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5.4.4 Dynamic field nulling

Figure 5.8A-B show the time-series data from the 15 sensors placed in an empty

scanner-cast inside the empty MSR. Figure 5.8A shows data recorded over a

10-minute period with the dynamic nulling off, while Figure 5.8B shows data

recorded with dynamic nulling on. Vertical lines show the approximate times

that a train arrived at either Russell Square or Holborn stations during the two

different recording periods, thick lines show two trains arriving at the same time.

During the nulling-off recording, 10 trains were reported in the 10-minute period,

while for the nulling-on recording 7 trains were reported.

The maximum peak-to-peak variation of the time-series data across the 15 sen-

sors was reduced from 2.37 nT to 0.13 nT by the dynamic nulling. The maximum

standard deviation from the mean of the sensor outputs across sensors was re-

duced from 0.501 nT to 0.012 nT.

Figure 5.8C shows the median power spectral density estimate across all 15 sen-

sors. To compute this estimate, the data were split into three non-overlapping

sections of 200-s duration. For each section, flat-top windowing (using the MAT-

LAB function flattopwin) was applied prior to calculation of the power spectral

density via fast Fourier transformation. The results were then averaged over

the three sections for each sensor and the median taken across all 15 sensors.

No additional processing (e.g. forming synthetic gradiometers or linear regres-

sion) was applied to the raw magnetometer traces to remove other sources of

interference. As a result, the noise spectra are mostly dominated by interfer-

ence sources, which exceed the noise level specifications of the OPM sensors

(https://quspin.com/products-qzfm/).

Figure 5.8D shows the shielding factor of the system computed as the ratio of the

PSDs shown in Figure 5.8C for the nulling-off and nulling-on cases. The shielding
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factor is reported in decibels (dB) and is 40 dB at 0.01 Hz.
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Figure 5.8: Assessing the performance of dynamic nulling. A)
The time-series data from a series of 15 OPMs placed in an
empty scanner-cast in an empty MSR with no dynamic nulling
applied. Here and in (B), vertical dashed lines show the approx-
imate times that a train arrived at either Russell Square or Hol-
born stations, thick lines indicate two trains arriving at approxi-
mately the same time. B) Time-series data from the same OPMs
with the dynamic nulling switched on. C) The median power
spectral density of the sensor outputs for the two cases across all
sensors. D) The shielding factor of the system.
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5.4.5 Investigating interactions with the shielded room

Figure 5.9 shows the measured Bz-field amplitude as a function of the z displace-

ment of the coil plane from the wall of the MSR, errorbars are calculated as the

standard deviation of the amplitude over ten cycles. The expected enhancement

of the measured field amplitude with proximity to the wall of the MSR is seen.

Good agreement with the calculated data is also evident, indicating that the mir-

roring method provides a reasonable model of the interaction between the coils

and the walls of the MSR.

Figure 5.10 shows box plots representing the mean and spatial variation over a

central 40 × 40 × 40 cm3 volume of the calculated (A) Bx, (B) By and (C) Bz

fields per unit current (i.e. coil efficiencies) for three cases, where: (i) no mirror

currents were considered; (ii) the bi-planar coils were assumed to be centrally

positioned within the MSR and mirror currents up to third order were consid-

ered; (iii) the bi-planar coils were positioned off-centre, as they would be during

an experiment, and mirror currents up to third order were considered. The mea-

sured experimental value of the efficiency and its associated standard deviation

is shown as a red star with error bar for each case. As indicated previously,

the experimental values of Bx, By and Bz were averaged over three OPMs spa-

tially separated in z. If the experimental value lies within the range of the box

plots this is a good indication of the model being broadly accurate. High spatial

homogeneity is desirable for producing a controlled field over the subject.

For the case of the Bx coil with no mirroring of currents, the median calculated

field over the grid was 0.72 nT/mA with a range of 0.05 nT/mA (maximum value

0.7 nT/mA and minimum value 0.75 nT/mA). Positioning the coils at the centre

of the MSR and adding mirror currents reduced the median calculated field to

0.64 nT/mA with a range of 0.06 nT/mA (max/min 0.61/0.67 nT/mA). Realistic

positioning of the coils within the MSR and accounting for current mirroring
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further reduced the median efficiency to 0.62 nT/mA with a range of 0.21 nT/mA

(max/min 0.67/0.46 nT/mA). The measured value of the efficiency of 0.57 ± 0.01

nT/mA lies within the increased range of field values. The simulations show that

the field homogeneity decreases when the effect of the MSR is included. The

maximum deviation of the field over the 40 x 40 x 40 cm3 volume that was

considered increases from 5% with no consideration of mirror currents to 26%

when the effects of the mirror currents are included for the realistically positioned

coils.

Similar results were obtained for the By coil with the median simulated field

decreasing from 0.66 nT/mA with a range of 0.05 nT/mA (max/min 0.64/0.69

nT/mA) when mirror currents were not considered to 0.54 nT/mA with a range

of 0.17 nT/mA (max/min 0.6/0.43 nT/mA) when the coils were realistically po-

sitioned and the effects of the mirror currents were included. This range includes

the measured value of 0.47 ± 0.02 nT/mA. The field inhomogeneity is increased

from 5% to 22% for this coil when the mirror currents are included

Finally, in the case of the Bz coil, the median field increased from 3.90 nT/mA

with a range of 0.11 nT/mA (max/min 3.97/3.86 nT/mA) to 4.27 nT/mA with

a range of 0.61 nT/mA (max/min 4.45/3.84 nT/mA) on inclusion of mirror

currents with realistic coil positioning. The upper bound of the error on the

experimentally measured value of 3.60 ± 0.30 nT/mA lies within this range, but

the general trend of an increased efficiency is not observed. The inhomogeneity

is increased from 5% to 10% for this coil when the effect of the mirror currents

is taken into account.
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Figure 5.9: Experimental test of the mirroring approach to mod-
elling coil interactions with high-permeability materials. The
measured amplitude of a sinusoidally varying Bz magnetic field
produced by a single coil is plotted as a function of displacement
from the wall of the MSR. Simulated data both with and without
the mirroring is provided for comparison.

Figure 5.10: Investigating the effects of interactions of the coils
with the mu-metal walls on the efficiency and homogeneity of
the produced fields. A) B) and C) show for Bx, By, and Bz

respectively: i) a boxplot of the full range of fields calculated over
a 40 ×40×40cm3 grid when the coils are operating in free space,
ii) when the bi-planar coils are centred in the room and mirror
currents up to third order are included and iii) when the coils are
positioned as they would be during an experiment. The red stars
shows the measured efficiency and standard deviation of each coil
when setup for an experiment. Experimental values of Bx and By

were averaged over three OPMs spatially separated in z at z = -8
cm, z = 0 cm and z = +8 cm. For the Bz measure the sensors
were positioned at z = -17 cm, z = 0 cm and z = +17 cm for
the Bz measurement.
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5.5 Discussion

5.5.1 Coil design and construction

By introducing a design and control method to produce coils which provide field

nulling of six field terms using only three coil designs, construction of a field

nulling system for use in wearable MEG is considerably simplified. The perfor-

mance of the new field-nulling system is comparable to that obtained previously

using the six-coil system described in the previous chapter.

Although simpler coil designs such as the ‘Helmholtz-cage’ style system described

by Iivanainen and colleagues do not require complex wirepaths or use of large

biplanar coils the subject has to remain fixed within a cubic enclosure [Iivanainen

et al., 2019]. A compromise has to be made upon system design between the

freedom of motion and the quality of the MEG data which is obtained. Shielded

rooms with larger remnant fields and gradients and larger temporally varying

fields will pose a greater challenge for field nulling and as a result a fixed system

may be simpler to implement. Additional compensation of higher order terms

as well as improved dynamic nulling could allow for subject movement in poorer

shielded environments.

To fully compensate for the uniform field and field gradients 8 terms (3 uniform

fields and 5 gradients) are required, as the divergence and curl of the field are

both zero in the current-free region between the planes. The system described

here only produces 6 field terms. In this bi-planar arrangement the additional

dBx/dy and dBx/dx terms have no shared symmetry with the uniform coils (or

with one another) and would have to be individually constructed. Designs for

these coils are detailed in Chapter 4 but they were not constructed.

Although the number of coils that have to be wound is halved with this approach,
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the process of manual construction is still a cumbersome task and will likely result

in errors such as inaccurate wire placement, misalignment from the wallpapering

of the coils and warping of the wood.

Although the PID approach allows for some of these errors to be taken into

account, and the field nulling performs well, 3D printing, printed circuit board

etching or water cutting techniques could potentially be used to increase the ac-

curacy of coil winding and decrease labour requirements. With these techniques,

the complexity of wire paths that could be produced would also increase.

5.5.2 Static and dynamic field nulling

Though the system described here provides nulling which allows for movements

by a seated subject, additional coils could also be constructed to provide better

nulling and potentially allow a greater range of movements. These could in-

clude coils to generate the remaining two field gradients (dBx/dx and dBx/dy),

individual, higher order spherical harmonics or more complex local patterns of

field variation. Dynamic nulling of uniform field components was successfully

implemented using the balanced bi-planar coils, allowing the OPMs to be oper-

ated continually in a magnetically noisy environment, meaning that experiments

could be completed without saturation of sensor outputs due to interference from

a nearby underground railway line.

The relatively low mutual inductance (M) and self-inductance (L) of the coils

(all < 400 µ H) and the low frequency of operation (< 120 Hz) meant that the

effects of inductance were not important when driving the coils since MdI/dt

and LdI/dt were both always much smaller than IR (where I is the current and

R is the coil resistance).

The slight increase in noise level which is introduced in the nulling-on case (see
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Figure 5.8C-D) produces a negative shielding factor at some frequencies above

1 Hz. This noise results from the limited dynamic range of the field nulling

electronics used here. To compensate for the remnant static field components

the field nulling system has to be able to produce tens of nT; the NI-9264 DAC

module has a ±10 V dynamic range and a 16-bit resolution, the least significant

bit is therefore equivalent to 20/216 ≈ 0.3 mV. In an example system, where 40

nT is required from 10 V this is equivalent to a field of roughly 1 pT. Rounding

errors in setting the voltage in dynamic nulling consequently lead to additional

field variation at the pT level at the sensor. In the low frequency range (<1

Hz) the environmental field variation is much larger than 1 pT and the dynamic

nulling performs well, producing a significant shielding factor. However, at higher

frequencies the environmental field noise is lower in magnitude and the additional

field noise from the limited dynamic range of the nulling system becomes the

dominating factor. This additional noise is apparent in the presented data, but

as the effects are systematic and picked up by all sensors, synthetic gradiometry

could be used to attenuate them.

To attenuate these effects in future field nulling systems a 24-bit DAC could be

used to increase the dynamic range. The development of a two-circuit driver,

one optimised for static nulling (producing e.g. 40 nT from 10 V) and one for

dynamic nulling (producing e.g. 4 nT from 10 V) with the sum of the currents

applied to the coils could be developed.

The speed of the LabVIEW based controller is fundamentally limited by the loop

rate of the software. More advanced controllers, such as field programmable gate

array microcontrollers or analogue solutions will be required for increased nulling

performance at higher frequencies.

Although, here, the reference sensors were mounted in a scanner-cast during the

MEG recording they would have to be placed behind the subject as shown in
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Figure 5.3 in a real experiment, since with head-mounted reference sensors sub-

ject movements would reorient the reference sensors away from the x, y and z

directions. This setup would allow the dynamic nulling to be readily expanded

to include compensation of the field gradients Gx, Gy and Gz through measure-

ment of the full vector field on both sides of the head. This has not yet been

implemented due to the limited number of sensors available for use in the ref-

erence array. A more complex arrangement of the reference array and feedback

mechanism will most likely be required to provide an optimal dynamic null over

an entire head array of OPMs. Flexible arrays, body mounted reference sensors

and prior knowledge of the static magnetic field at different points combined with

optical tracking could be used to provide a stable null as the subject moves within

the MSR. Such improvements in the performance of coil technology for field com-

pensation will be needed to facilitate new avenues of OPM-MEG research, such

as experiments involving spatial navigation and direct social interaction between

individuals.

5.5.3 Interactions with the shielded room

Our brief investigation of the use of mirror currents to model interactions with

the MSR revealed a change in median efficiency and reduction in homogeneity

of the produced field which broadly agreed with the experimental measurements

(Figures 5.9 and 5.10). The results imply the need to incorporate the effects of

the high-permeability mu-metal into future coil designs, but it should be noted

that the PID approach to both static and dynamic field nulling will seek to find

the best solution without relying on a priori information.

Comparison of the boxplots in Figure 5.10 shows that, for all three coils, the

effect of the MSR on the field homogeneity is much less when the coils are po-

sitioned at the centre of the room. The off-centre positioning of the coil results
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in an asymmetric distribution of the additional field components from the mir-

ror currents which make the field inhomogeneity larger than the ±5% condition

targeted at the design stage. This asymmetry will also affect the efficiency and

homogeneity of the gradient components, distorting the spatial distribution of

the produced field. Unfortunately, the coils cannot be positioned centrally in

the MSRs at UCL and the University of Nottingham, as a cryogenic MEG sys-

tem which weighs around 500 kg is sited at the centre of each room. Increased

displacement of the coils from the centre of the MSR in the x and y directions

would further affect the spatial distribution of the mirrored current elements; the

closer a coil plane is to the wall, the greater the asymmetry of the resulting field

distribution.

The experimental values were taken over single lines with a 16 cm spread for the

Bx andBy cases and a 34 cm spread for theBz case instead of being measured over

the entire 40 x 40 x 40 cm3 region. This may account for some of the discrepancy

between experimental and theoretical measurements. In general, the interaction

between the coils and the mu-metal walls should be more thoroughly investigated

in order to incorporate the effect of the MSR when designing future coils. A more

thorough experimental test of the range of validity of the simple mirror approach

for static and dynamically-varying fields would also be worthwhile, complemented

by electromagnetic calculations using finite element analysis software.
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Chapter 6

Matrix coils

6.1 Introduction

Chapters 4 and 5 described bi-planar coil systems which produce uniform mag-

netic fields, or magnetic field gradients over a central volume of interest. To better

realise the potential of optically pumped magnetometers (OPMs) in magnetoen-

cephalography (MEG) the capability to measure with participants undergoing

full ambulatory motion is desired.

Following the successes of the development of OPM-based MEG (as aided by the

bi-planar coil systems), a second magnetically shielded room (MSR) has been

installed at the University of Nottingham by Magnetic Shields Limited (Kent,

UK). This room has internal dimensions of 3 × 2.4 × 3 m3 but does not contain

a cryogenic MEG system, meaning a large area is available for participant motion.

The room is constructed from two layers of mu-metal and one layer of copper

for shielding of high-frequency magnetic fields (aluminium was used in the MSRs

described previously). A degaussing system (see Chapter 3) was installed which

reduces the remnant field from 30 nT to < 2 nT in magnitude with field gradients

of ∼ 2 nT/m.
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The size and position of the region of homogenous field produced by a bi-planar

coil set is restricted by the fixed wire paths. As a result the strength of the

magnetic field produced by each coil can be varied, but not its pattern of spatial

variation. Without physically translating the coils, the field-cancellation region

consequently cannot be moved to different positions inside a magnetically shielded

room (MSR).

Interactions of the magnetic fields produced by the coils with the high-permeability

materials used in construction of a MSR were briefly investigated in Chapter 5,

but not considered when designing the coils. Using a method of images approach,

with recursive mirroring to correctly fulfil boundary conditions, two key results

were shown: an enhancement in the efficiency of field production of a single plane

of a bi-planar coil when it was placed close to the wall, and a degrading of the

homogeneity which is highly dependent on the position of the coil set within the

MSR (as off-centre placement results in an asymmetric distribution of mirror

components).

In this chapter, a coil design is described where adjustable currents are applied to

a series of small unit coils to approximate a variety of current distributions. Such

a system would be able to flexibly incorporate interactions with high-permeability

materials, and move the field-nulling volume around the MSR allowing a wider

range of participant motion. The design theory of this so-called ’matrix coil’

is outlined and the simulated performance of a 48-coil prototype system is pre-

sented. Ongoing work to construct the prototype system is reported. A simulated

matrix coil system where 60 coils are wound directly onto the walls of a MSR is

also described.
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6.2 Background

A multi-coil approach has previously been employed when designing shimming

coils in magnetic resonance imaging (MRI). The application of such coils in this

context is briefly summarised here.

Poor homogeneity in the large magnetic field inside the bore of a MRI scanner, B0,

has adverse effects on image quality. Position in an MR image is obtained from

an assumed linear dependency of the Larmor frequency on the local magnetic

field, and small changes in B0 can therefore lead to image distortions.

The homogeneity of the superconducting magnet will be affected by imperfec-

tions and tolerances during the manufacturing process, environmental factors

and the introduction of a participant. These inhomogenities can be alleviated

by the process of shimming [Brown et al., 2014]. Passive shimming involves the

positioning of small pieces of ferromagnetic metals at well-chosen locations to

remove local field distortions. A more adaptable approach is through the use of

active shimming coils [Gruetter, 1993].

Often, several coils are installed inside a scanner to produce 3 field gradient terms

and 5 second order variations in the magnetic field, as described by the first and

second order spherical harmonic functions [Roméo and Hoult, 1984]. A map

of the field inhomogeneity is obtained and the optimal coil currents to remove

field distortions are calculated. This shimming can be done at the start of a

scan, or updated dynamically during scanning. Shimming coils are a standard

component of an MRI scanner, enabling experiments ranging from structural

and functional imaging to spectroscopic measurements of chemical concentrations

within biological tissue.

Higher values of B0 allow for increased spatial and temporal resolution, but at the
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Figure 6.1: Multi-coil shimming system. A) Layout and exper-
imental setup of 6 coils to provide additional shimming to the
prefrontal cortex. B) MRI images showing signal recovery from
an increase in B0 homogeneity over prefrontal cortex when apply-
ing multi-coil shimming to aid the regular shimming coils. Figure
adapted from [Juchem et al., 2010a].

cost of increasing the challenge of obtaining suitable B0 homogeneity. For exam-

ple, Juchem and colleagues note the complexity of obtaining high-quality fMRI

data from the prefrontal cortex, where highly localised distortions are caused

by large magnetic susceptibility differences between air-filled cavities and bones

around the sinuses [Juchem et al., 2010a]. The temporal lobes are also areas

which prove difficult to accurately shim. To address this problem they initially

developed a multi-coil shimming technique using 6 small coils positioned above

the head of a participant. These coils were used in conjunction with the standard

shimming coils (which produce field components up to the full set of second order

terms). Improvement of field homogeneity (in a 4 T MRI scanner) over prefrontal
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Figure 6.2: 48-coil shimming system. A) Layout of 48 coils to
provide shimming over the full brain, the gap in the middle of
the two ’bands’ is to accommodate the radio frequency coil. B)
Experimental realisation of the 48 coil system. Figure adapted
from [Juchem et al., 2011b].

cortex was achieved without impacting on the field homogeneity in the rest of

the brain as shown in Figure 6.1 [Juchem et al., 2010a].

More complex multi-coil designs based on 48 coils have been used (without a

standard shim system) to perform shimming of the brain of a mouse, where the

small object size results in susceptibility variations causing highly localised and

complex field inhomogeneities. Signal gains of up to 50% when compared to

standard shimming techniques were achieved (9.4 T magnet using gradient echo

scanning) [Juchem et al., 2011a]. Dynamic multi coil technique (DYNAMITE)

shimming of the whole human brain at 7 T was also achieved using the 48 coil

system shown in Figure 6.2 [Juchem et al., 2011b, Juchem et al., 2015].

Use of this kind of multi (or matrix) coil system for cancellation of the remnant

magnetic fields inside a MSR could have multiple advantages over the bi-planar

systems described previously:

• Bi-planar coils have a fixed region over which the field is homgoeneous;

without physically translating the coils this region cannot easily be moved.
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• The coils are wound on large planes, making their engineering, transporta-

tion and siting, challenging.

• Although interactions with high-permeability materials could be accounted

for in the design stage, these interactions will vary with the geometry of

the MSR and coil locations (as outlined in Chapter 5).

A matrix coil system has the potential to address these issues, since:

• Coil currents which best produce a given target field (at multiple locations

away from the centre of the system) can be calculated. These cancellation

currents can be found from knowledge of the field produced by each unit

coil at each position, and of the remnant field at these locations.

• The design could be modular, with multiple small units placed wherever

space inside the MSR is available. All units can then be connected to the

driving electronics.

• Interactions could readily be taken into account through modelling of the

field produced by each coil including the effect of mirrored images.

To develop matrix coil systems, calculation of physically sensible currents which

meet power dissipation constraints, whilst producing accurate magnetic fields

is crucial. Modelling investigations [Juchem et al., 2010b, Juchem et al., 2013]

and linear algebra approaches [Garda and Galias, 2012, Garda and Galias, 2014,

Garda and Galias, 2015] have previously been used to derive the individual coil

currents which best produce a given target field within physical constraints. Here,

these methods were used to create a mathematical formalism for matrix coil

designs for field nulling inside a MSR.
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6.3 Theory

A linear algebra method was used to develop mathematics for the matrix coil

designs. By modelling the field of each coil at a set of target field positions when

a unit current is applied, appropriate weightings can be chosen to produce a

desired field pattern [Garda and Galias, 2014].

6.3.1 Matrix equation formulation

The magnetic field is evaluated over a set of target field points. The field produced

by coil m (from a set of M coils), when carrying a unit current at target point

rn(x, y, z), is given as bm(rn). The total field, B(rn) at this target point from all

of the coils in the system, with the mth coil carrying a current Im (from m = 1

up to coil m = M), is then given as the vector sum of field contributions i.e.

B(rn) =
M∑
m=1

Imbm(rn). (6.3.1)

By splitting the vector field into its Cartesian components B = bxx̂+ byŷ + bzẑ

the field produced at each of the target field points by each coil containing distinct

currents can be expressed in matrix form as
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bx11 bx12 bx13 · · · bx1M

by11 by12 by13 · · · by1M

bz11 bz12 bz13 · · · bz1M

bx21 bx12 bx13 · · · bx2M

by21 by12 by13 · · · by2M

bz21 bz12 bz13 · · · bz2M
...

...
...

. . .
...

bxN1 bxN2 bxN3 · · · bxNM

byN1 byN2 byN3 · · · byNM

bzN1 bzN2 bzN3 · · · bzNM





I1

I2

I3

...

IM


=



Bx1

By1

Bz1

Bx2

By2

Bz2

...

BxN

ByN

BzN



(6.3.2)

using the standard linear algebra format Ax = b. Here A is a matrix with

dimensions of 3N rows (each of the three Cartesian field components for each

of n = 1 to N target field locations) by M columns (for each of the m = 1 to

M coils). The vector x has dimensions M rows by 1 column and contains the

current Im applied to each coil. Finally, the target field vector b has dimensions

3N rows and 1 column and contains the desired field components due to all coils

at each of the target field points.

Similarly, a matrix equation for designing magnetic field gradient coils was also

derived using each of the 9 terms in the gradient tensor


Bxx Bxy Bxz

Byx Byy Byz

Bzx Bzy Bzz

 =


dBx/dx dBx/dy dBx/dz

dBy/dx dBy/dy dBy/dz

dBz/dx dBz/dy dBz/dz

 (6.3.3)

as
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bxx11 bxx12 bxx13 · · · bxx1M

bxy11 bxy12 bxy13 · · · bxy1M

bxz11 bxz12 bxz13 · · · bxz1M

byx11 byx12 byx13 · · · byx1M

byy11 byy12 byy13 · · · byy1M

byz11 byz12 byz13 · · · byz1M

bzx11 bzx12 bzx13 · · · bzx1M

bzy11 bzy12 bzy13 · · · bzy1M

bzz11 bzz12 bzz13 · · · bzz1M
...

...
...

. . .
...

bxxN1 bxxN2 bxxN3 · · · bxxNM

bxyN1 bxyN2 bxyN3 · · · bxyNM

bxzN1 bxzN2 bxzN3 · · · bxzNM

byxN1 byxN2 byxN3 · · · byxNM

byyN1 byyN2 byyN3 · · · byyNM

byzN1 byzN2 byzN3 · · · byzNM

bzxN1 bzxN2 bzxN3 · · · bzxNM

bzyN1 bzyN2 bzyN3 · · · bzyNM

bzzN1 bzzN2 bzzN3 · · · bzzNM





I1

I2

I3

...

IM


=



Bxx1

Bxy1

Bxz1

Byx1

Byy1

Byz1

Bzx1

Bzy1

Bzz1

...

BxxN

BxyN

BxzN

ByxN

ByyN

ByzN

BzxN

BzyN

BzzN



(6.3.4)

again, using the standard linear algebra format Ax = b. Here A is a matrix

with dimensions of 9N rows (each of the nine field gradient components for each

of n = 1 to N target field locations) by M columns (for each of the m = 1 to M

coils). The vector x has dimensions M rows by 1 column and contains the current

Im applied to each coil. Finally, the target field gradient vector b has dimensions

9N rows and 1 column and contains the desired field gradient components due

to all coils at each of the target field points.

In each case, it is required that the vector x be found through inversion of the

190



Theory

matrix A, forming a solution x = A−1b of coil currents which produce a desired

field or field gradient.

6.3.2 Matrix regularisation and inversion

In this context, matrix A is unlikely to be square or ’fat’ (more columns than

rows). As a result the matrix may not have full rank (number of linearly indepen-

dent columns) and finding a stable and physically manageable solution requires

an additional constraint. For example, a simple least-squares solution of the Eu-

clidean norm of ‖Ax− b‖2
2 will likely find infinite solutions, characteristic of an

overdetermined, ill-posed, inverse problem (comparison can be made to the MEG

inverse solution, and the beamformer method described in Chapter 1 and applied

in Chapter 4).

If a condition which minimises ‖Ax− b‖2
2 is added, whilst simultaneously min-

imising ‖x‖2
2 the resulting values for x also have a minimised norm and are likely

to be more physically realisable. Mathematically the least squares minimum-

norm solution, xls is given by

xls = AT (AAT )−1b. (6.3.5)

However, no constraint on the system is possible with this simple form. Here, it

is desireable to have tuneable control over the the properties of x. For example,

in order to not exceed a given current limit per coil or total power dissipation

over the full set.

Often, the matrix A will contain small singular values, inversion in these cases

can result in the increase of noise in the system. Tikhonov regularisation is a

commonly applied method for finding stable solutions to ill-posed inverse prob-

lems through the introduction of a new matrix, Γ. This matrix acts as a tuneable
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regularisation term. Solutions which operate within given constraints can then

be obtained by varying the parameters. The term to be minimised is

‖Ax− b‖2
2 + ‖Γx‖2

2 (6.3.6)

and the matrix Γ is commonly a multiple of the identity matrix such that Γ = αI.

With this definition of Γ, the solution xtik can be obtained via singular value

decomposition of the matrix A. Following singular value decompositon A can

be expressed as

A = UΣV T . (6.3.7)

If A is a m × n matrix then U is a m × m matrix whose columns contain

the eigenvectors of AAT , and V is a n × n matrix whose columns contain the

eigenvectors ofATA whereAT denotes the transpose ofA. The non-zero singular

values of the matrix are arranged in descending order on the diagonal of the m×n

matrix Σ whose off-diagonal values are all zero.

The regularisation is performed by introducing a matrix D containing diagonal

values

Dii =
σi

σ2
i + α2

(6.3.8)

where σi are the singular values of Σ and α is the tuneable regularisation term.

The solution xtik is then found as

xtik = V DUTb. (6.3.9)
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6.3.3 Choosing optimal regularisation parameter

Although manual tuning of α can be used to find a solution, it is important to

choose a balanced value which is large enough to meet the constraints of the

system, but as small as possible to allow ‖Ax− b‖2
2 to dominate the solution.

In order to choose the optimal regularisation parameter α, a bisection algorithm

is employed [Garda and Galias, 2014].

The algorithm requires two values of α. The first, αmin is set to zero and a guess

at the second αmax is made such that the solution xtik meets the constraints of

the system (a common choice being 1− 10% of the leading singular value of A).

Upon each iteration a new value α = 0.5 (αmin +αmax) is tested. If the resulting

solution xtik meets the condition then αmax is set = α. If the constraints are not

met then αmin is set = α. The process is repeated until |αmin − αmax| reaches a

suitably small value. An example of the operation of this alogorithm is shown in

Figure 6.3.

As the energy dissipated by the coil is a quantity directly related to the size of

the current applied to each coil (P = I2R) the Tikhonov method addresses power

dissipation in a constrained manner using the bisection algorithm to obtain the

highest quality of solution.
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Figure 6.3: Bisectional algorithm for choosing an optimal regu-
larisation parameter. Values of αmin and αmax are adjusted until
their difference meets a required tolerance.
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6.4 Methods

As described previously, the remnant field in the MSR can be approximated as

a linear combination of three uniform field components and five field gradients.

For comparison to the bi-planar coil systems described before, the matrix coil

system should be able to produce these components over a large volume.

The design of a prototype matrix coil system is outlined, and simulations to assess

its performance are described. These simulations include the effect of moving the

homogenous region to a range of different locations between the coils, and also

of adding interactions with the high-permeability walls of the MSR.

6.4.1 Prototype matrix coil design

A prototype matrix coil system was designed to be mounted in a bi-planar ar-

rangement with dimensions the same as those used for the six-coil system de-

scribed in Chapter 4 (two square planes of side length 1.6 m separated by 1.5 m)

allowing for performance comparison. For ease of eventual construction, square

unit coils were chosen.

To reduce the complexity of the electronics, 48 coils were to be mounted on the

two planes, forming a 4 × 4 grid of coils with an overlapping 3 × 3 grid of coils

displaced by half the square coil side length in the x and y directions. Each coil

occupied a square region of side length 0.4 m. The central position of each 3× 3

grid was left unoccupied. The coil design is shown in Figure 6.4. Each coil was

to be formed of 20 turns of 0.56 mm diameter copper wire.

All simulations were evaluated in MATLAB (The MathWorks Inc.) based on this

design. The magnetic field per unit current of each coil is calculated by applying

the elemental Biot-Savart law to the coil wire-paths. The number of turns on
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Figure 6.4: The design and layout for the 48 coil prototype sys-
tem. Two 1.6 × 1.6 m2 area planes, each containing 24 square
coils of square side length 40 cm are placed 1.5 m apart. Red and
blue colours are used to distinguish between the 4 × 4, and the
overlapping 3 × 3, grids of coils.

each coil is taken account of by multiplying the field strength for a single loop

by the desired number of turns. Tikhonov regularisation with the bisectional

algorithm was incorporated with a current limit of ±1 A per coil.

6.4.2 Comparison to bi-planar coil designs

Comparison to the designs obtained in Chapters 4 and 5 is made by calculating

current values to produce each of the eight terms: Bx, By, Bz, Gx = Bxz = Bzx,

Gy = Byz = Bzy, Gz = Bzz = −2Bxx = −2Byy, Gxx = Bxx = −Byy − Bzz

(choosing a case where Byy = 0) and Gxy = Bxy = Byx over a 0.4× 0.4× 0.4 m3

region at the centre of the two planes. No interactions with high-permeability

materials in the walls of the MSR were considered.

The target field points were placed at the nodes of a regular 0.05 m resolution

3D grid which spanned the full region. Figure 6.5 shows the organisation of these
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target field points as a series of nine z−y planes each separated by 0.05 m in the

x direction. A colour is assigned to each plane for identification. Each of these

z − y planes is a 9 × 9 grid containing 81 points where point 1 is at z = −0.2

m, y = −0.2 m, point 2 is at z = −0.15 m, y = −0.2 m and so on leading to a

total of 729 target field points. The current required in each coil to produce a

homogeneous field, or field gradient value of 2 nT or 2 nT/m strength (typical

for the magnetic field inside the new MSR following degaussing), respectively,

was calculated. The absolute maximum current applied to a single coil, |Imax|

and the total magnitude of current applied to the whole system,
∑M

m=1 |Im|, were

extracted for each calculation.
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Figure 6.5: Organisation of target field points for matrix coil
calculations when comparing designs to the bi-planar system. A)
A 5 cm resolution regular grid of points spanning a 0.4×0.4×0.4
cm3 region at the centre of the coils is shown. There are nine z−y
planes each with its own colour. B) A bird’s eye view (z−x plane)
of the setup. C) Front view (z − y plane) of the setup.
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6.4.3 Moving the homogeneous region

The ability of the prototype system to produce homogeneous magnetic fields or

field gradients at locations away from the centre of the region spanned by the coil

planes was also investigated. The space between the two planes can be split into

8 cubic octants. A single octant was chosen (from the symmetry of the system,

the performance will be the same in all octants) and this was further split into 27

regions each with dimensions 0.2×0.2×0.2 m3. A 0.025 m resolution grid of 729

target points was used over each region, structured similarly to the arrangement

shown in Figure 6.5. The centre of the first region was placed at the origin, (x,

y, z) = (0 m, 0 m, 0 m) and the centre of the 27th region was sited at (x, y, z) =

(0.4 m, 0.4 m, 0.4 m). These regions and the numbering system used to describe

them are shown in Figure 6.6. The symmetry of the setup gives an effective total

volume of 1 × 1 × 1 m3 over which each of the magnetic field components can

be created between the two planes.

For each region, the current values required to produce a 2 nT Bx or 2 nT/m Gx

magnetic field were calculated. No interactions with high-permeability materials

were considered. The homogeneity of the produced field in each region is inves-

tigated as a measure of performance. The absolute maximum current applied

to a single coil, |Imax| and the total magnitude of current applied to the whole

system,
∑M

m=1 |Im|, were extracted for each region.
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Figure 6.6: Position of the 27 different regions over which coil
currents to generate homogeneous field and field gradient compo-
nents were calculated. Each region has a volume of 0.2×0.2×0.2
m3. A) Green boxes show region locations within one octant of
a 1 × 1 × 1 m3 volume centred between the two planes. B) The
region numbering system in the x − y plane. C) Numbering in
the z − y plane. D) Numbering in the x− z plane.
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6.4.4 Mu-metal interactions

The simulations outlined in the previous sections (calculating applied currents

which produce each of the eight field components, and moving the homogeneous

region over a series of 27 regions between the planes) were repeated with interac-

tions with the MSR taken into account during the design stage. The 48-channel

prototype system was assumed to be positioned at the centre of a MSR which

has dimensions of (x × y × z) 3 × 2.4 × 3 m3. Mirror currents up to third-

order were included in the designs, as described in Chapter 5, using the elemental

Biot-Savart law.

For each coil design and each of the 27 regions the coil currents required to pro-

duce a 2 nT field, or 2 nT/m field gradient, were calculated. The homogeneity

of the produced fields was again investigated as a measure of performance. The

absolute maximum current applied to a single coil, |Imax| and the total magni-

tude of current applied to the whole system,
∑M

m=1 |Im|, were extracted for each

simulation.

6.4.5 Building coils into the MSR

The prototype bi-planar arrangement described so far, with a regular grid of

coils confined to x − y planes, has natural z-axis symmetry; producing fields or

field gradients with x or y axis variation requires the overlapping grid of coils to

produce field cancellation effects. Adding coils on the walls of the MSR forming

x−z and y−z planes should allow for these changes to the field to be more easily

compensated. Variation of the size of the unit coils within the system can also

readily be accounted for in the mathematical framework described previously.

To address this, a simulation study of a coil system which could be easily con-

structed using cables mounted directly onto the mu-metal on the six faces of
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the MSR is also investigated. A high-resolution grid (similar to the 48-channel

design) could be considered (e.g. placing 0.4 m side length unit coils over all

the faces of the MSR), but the practicality of operating the large number of

independent current sources this requires would be a significant challenge. In-

stead, different shaped coils were strategically chosen based on the desired field

characteristics.

Two square coils with square side length close to the full length of the MSR walls

were placed on each wall. The resulting Helmholtz-style design should allow

for generation of uniform field components and the longitudinal field gradients.

Four, thin rectangular coils were then added towards the edges of each wall along

with four square coils forming a grid in the centre of each face to address the

transverse field gradients. The ten coils required on each wall of the MSR leads

to a 60-channel system. Instead of driving each coil set individually, the current

applied to each coil is optimised for homogeneity and interactions with the high-

permeability materials using the matrix-coil approach.

The simulated MSR was a cubic structure with internal dimensions of 2.5 × 2.5

× 2.5 m3. The large square coils were centred on each wall with square side

lengths of 2.125 m and 2.5 m as shown in Figure 6.7A (coil numbers 1 to 12).

The rectangular coil dimensions were 0.125 × 2.4375 m2 and were placed 0.1 m

away from the edge of the walls as shown in Figure 6.7B (coil numbers 13 to

36). The grid of four square coils was centred on each wall with a square side

length of 0.75 m, the centre of each square was displaced by 0.125 m in the planar

dimensions to form the grid as shown in Figure 6.7C (coil numbers 37 to 60).

The complete system is shown in 6.7D.

Currents required to produce each of the eight field components, whilst consider-

ing interactions with the mu-metal were calculated. The 1331 target field points

were the nodes of a 0.1 m resolution 1 × 1 × 1 m3 grid at the centre of the room.
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The setup of this grid is similar to that shown in Figure 6.5. Field strengths of 50

nT and field gradients of 50 nT/m were chosen as a system of this design could

be used inside a lightly-shielded enclosure. Each coil was formed of 20 turns.
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Figure 6.7: Matrix coil system built into the walls of a MSR. A)
Six large square coils to provide uniform field and and longitu-
dinal field gradient compensation. B-C) Thin, rectangular coils
and a grid of square coils to provide transverse field gradients and
other correction terms. D) The complete 60-coil system.
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6.5 Results

6.5.1 Comparison to bi-planar coil designs

Figures 6.8-6.15 show simulated results for production of Bx, By, Bz, Gx, Gy, Gz,

Gxy and Gxx field components over a 0.4 × 0.4 × 0.4 m3 volume which is centred

between the two planes of the prototype system. Current values which produce

a homogeneous magnetic field of strength 2 nT or a homogeneous magnetic field

gradient strength of 2 nT/m were found. As with previous designs, current values

which produce field components to within ±5% of the target field are desired.

The current applied to each of the 48 coils is shown for each field component. The

approximated current densities should be compared to Figures 4.6-4.20, highlight-

ing the similarities to the current distributions found when designing bi-planar

coils via harmonic minimisation. The percentage deviation from the modelled

field at each of the 729 target points (with position relative to the coil planes as

outlined in Figure 6.5) is also shown.

The maximum magnitude of current applied to one of the 48 unit coils, the total

magnitude of the applied current across all coils and the maximum percentage

deviation from the modelled field are summarised in Table 6.2 for all field com-

ponents.

Analysis for the Gxx component shows poor performance, with a maximum de-

viation from homogeneity of 13.5%. As described in Chapter 4 the requirement

that the four-fold symmetry of the coil design be broken is restricted by the rela-

tively coarse resolution that can be achieved with the 48-channel matrix design.

Considering the field variation over a smaller, 0.3 × 0.3 × 0.3 m3 volume produces

field variation with a deviation of < 5%.
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Figure 6.8: The currents applied to each coil to produce a ho-
mogeneous 2 nT, Bx-field. Red represents positive current cir-
culation in the loop and blue negative current circulation with
magnitude indicated by the colorbar. The approximate current
distribution which is formed reflects that of a bi-planar Bx coil,
the stream function being anti-symmetric in x and z, but sym-
metric in y. The deviation from the desired field at each of the
729 target points is shown, and sectioned for each of the nine
z−y planes with colour and label corresponding to the x position
of each plane.
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Figure 6.9: The currents applied to each coil to produce a ho-
mogeneous 2 nT, By-field. Red represents positive current cir-
culation in the loop and blue negative current circulation with
magnitude indicated by the colorbar. The approximate current
distribution which is formed reflects that of a bi-planar By coil,
the stream function being anti-symmetric in y and z, but sym-
metric in x. The deviation from the desired field at each of the
729 target points is shown, and sectioned for each of the nine
z−y planes with colour and label corresponding to the x position
of each plane.
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Figure 6.10: The currents applied to each coil to produce a ho-
mogeneous 2 nT, Bz-field. Red represents positive current cir-
culation in the loop and blue negative current circulation with
magnitude indicated by the colorbar. The approximate current
distribution which is formed reflects that of a bi-planar Bz coil,
the stream function being symmetric in x, y and z. The deviation
from the desired field at each of the 729 target points is shown,
and sectioned for each of the nine z − y planes with colour and
label corresponding to the x position of each plane.
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Figure 6.11: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gx-field gradient. Red represents positive
current circulation in the loop and blue negative current circula-
tion with magnitude indicated by the colorbar. The approximate
current distribution which is formed reflects that of a bi-planar
Gx coil, the stream function being anti-symmetric in x, but sym-
metric in y and z. The deviation from the desired field gradient
at each of the 729 target points is shown, and sectioned for each
of the nine z − y planes with colour and label corresponding to
the x position of each plane.

209



Results

Figure 6.12: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gy-field gradient. Red represents positive
current circulation in the loop and blue negative current circula-
tion with magnitude indicated by the colorbar. The approximate
current distribution which is formed reflects that of a bi-planar
Gy coil, the stream function being anti-symmetric in y, but sym-
metric in x and z. The deviation from the desired field gradient
at each of the 729 target points is shown, and sectioned for each
of the nine z − y planes with colour and label corresponding to
the x position of each plane.
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Figure 6.13: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gz-field gradient. Red represents positive
current circulation in the loop and blue negative current circula-
tion with magnitude indicated by the colorbar. The approximate
current distribution which is formed reflects that of a bi-planar
Gz coil, the stream function being anti-symmetric in z, but sym-
metric in x and y. The deviation from the desired field gradient
at each of the 729 target points is shown, and sectioned for each
of the nine z − y planes with colour and label corresponding to
the x position of each plane.
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Figure 6.14: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gxy-field gradient. Red represents positive
current circulation in the loop and blue negative current circula-
tion with magnitude indicated by the colorbar. The approximate
current distribution which is formed reflects that of a bi-planar
Gxy coil, the stream function being anti-symmetric in x, y and z.
The deviation from the desired field gradient at each of the 729
target points is shown, and sectioned for each of the nine z − y
planes with colour and label corresponding to the x position of
each plane.
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Figure 6.15: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m Gxx field gradient. Red represents positive
current circulation in the loop and blue negative current circula-
tion with magnitude indicated by the colorbar. The approximate
current distribution which is formed reflects that of a bi-planar
Gxx coil, the stream function being anti-symmetric in z, but sym-
metric in x and y. The deviation from the two desired field gra-
dient components i) dBx/dx and ii) dBz/dz at each of the 729
target points is shown, and sectioned for each of the nine z − y
planes with colour and label corresponding to the x position of
each plane.
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Field Component
Max deviation

(%)
Absolute max current

(mA)
Total current

(mA)
Bx 1.1 1.04 33.7
By 1.1 1.04 33.7
Bz 0.2 0.43 10.9
Gx 1.0 0.27 7.2
Gy 1.0 0.27 7.2
Gz 0.5 0.13 3.7
Gxy 5 0.84 11.4
Gxx 11.4 (13.5) 0.38 6.42

Table 6.1: Simulated performance of matrix coils for each field
component when producing uniform fields of 2 nT or field gradi-
ents of 2 nT/m over the central volume. The maximum deviation
from the desired field or field gradient (shown for both components
in the case of the Gxx coil), the absolute maximum current ap-
plied to any one coil and the total current magnitude applied to
all coils are shown.
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6.5.2 Moving the homogeneous region

Figures 6.16-6.23 show simulated results for producing Bx, By, Bz, Gx, Gy, Gz,

Gxy and Gxx field components over a 0.2 × 0.2 × 0.2 cm3 volume which is moved

over 27 regions within one octant between the two planes. The region number

corresponds to the numbering system outlined in Figure 6.6.

Figures show the maximum percentage deviation from the desired field in each

region, the absolute maximum current that was applied to a single coil and the

total current magnitude applied to the 48 coils. The maximum field deviation,

total current and number of times the current limit of ±1 A per coil is hit are

summarised in Table 6.2 for all field components.
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Figure 6.16: Producing a Bx-magnetic field of strength 2 nT in
27 regions, each with volume 0.2 × 0.2 × 0.2 m3. The maxi-
mum deviation from homogeneity, the maximum current magni-
tude applied to a single coil in the system and the total current
magnitude over all 48 units are shown for each region.

Figure 6.17: Producing a By-magnetic field of strength 2 nT in
27 regions, each with volume 0.2 × 0.2 × 0.2 m3. The maxi-
mum deviation from homogeneity, the maximum current magni-
tude applied to a single coil in the system and the total current
magnitude over all 48 units are shown for each region.
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Figure 6.18: Producing a Bz-magnetic field of strength 2 nT in
27 regions, each with volume 0.2 × 0.2 × 0.2 m3. The maxi-
mum deviation from homogeneity, the maximum current magni-
tude applied to a single coil in the system and the total current
magnitude over all 48 units are shown for each region.

Figure 6.19: Producing a Gx-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3.
The maximum deviation from homogeneity, the maximum cur-
rent magnitude applied to a single coil in the system and the total
current magnitude over all 48 units are shown for each region.
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Figure 6.20: Producing a Gy-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3.
The maximum deviation from homogeneity, the maximum cur-
rent magnitude applied to a single coil in the system and the total
current magnitude over all 48 units are shown for each region.

Figure 6.21: Producing a Gz-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3.
The maximum deviation from homogeneity, the maximum cur-
rent magnitude applied to a single coil in the system and the total
current magnitude over all 48 units are shown for each region.
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Figure 6.22: Producing a Gxy-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3.
The maximum deviation from homogeneity, the maximum cur-
rent magnitude applied to a single coil in the system and the total
current magnitude over all 48 units are shown for each region.

Figure 6.23: Producing a Gxx-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3.
The maximum deviation from homogeneity, the maximum cur-
rent magnitude applied to a single coil in the system and the total
current magnitude over all 48 units are shown for each region.
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Field Component
Max deviation

(%)
Total current

(A)
Current limit

hit count
Bx 1.4 5.7 1/27
By 1.4 5.7 1/27
Bz 0.15 6.1 1/27
Gx 2.63 1.87 0/27
Gy 2.63 1.87 0/27
Gz 0.61 1.47 0/27
Gxy 1.83 3.41 1/27
Gxx 1.45 1.49 0/27

Table 6.2: Summarised results showing the maximum deviation,
maximum total applied current and the number of regions for
which the current limit of ±1 A was hit.
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6.5.3 Mu-metal interactions

Coil designs

Figures 6.24-6.31 show simulated coil designs when the coil-system is positioned

at the centre of a MSR with dimensions 3 × 2.4× 3 m3 when interactions with the

mu-metal are included in the calculations. Eight fields were designed to produce

Bx, By, Bz, Gx, Gy, Gz, Gxy and Gxx field components over a 0.4 × 0.4 × 0.4

m3 volume which is centred between the two planes (and also centred inside the

MSR). Current values were found to produce a homogeneous magnetic field of

strength 2 nT, or a homogeneous magnetic field gradient strength of 2 nT/m. As

with previous designs, current values which produce field components to within

±5% of the target field are desired.

The current applied to each of the 48 coils is shown. The percentage deviation

from the modelled field at each of the 729 target points (with position relative

to the coil planes as outlined in Figure 6.5) is also shown.

The maximum magnitude of current applied to any of the 48 unit coils, the total

magnitude of the applied current and the maximum percentage deviation from the

modelled field are summarised in Table 6.3 for all field components. Comparison

of these results with Table 6.1, where interactions were not considered, shows the

loss of shared parameters between the Bx/By and Gx/Gy fields when interactions

are included. This is due to the square sides of the MSR being 3× 3 m2 in x and

2.4 × 2.4 m2 in y resulting in an asymmetry between the mirrored components

for the different fields.

In general the system still performs within the homogeneity tolerances when

interactions are taken into account. A slight worsening of the homogeneity is

observed over each field component which is most notable in the gradient terms

Gxx where an increase from 13.5% to 15.7% is seen. The maximum current and
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total current remained broadly similar for the two cases.

Moving the homogeneous region

Figures 6.32-6.39 show simulated results for producing Bx, By, Bz, Gx, Gy, Gz,

Gxy and Gxx field components over a 0.2 × 0.2 × 0.2 cm3 volume which is moved

over 27 regions within one octant between the two planes. The region number

corresponds to the numbering system outlined in Figure 6.6.

Figures show the maximum percentage deviation from the desired field in each

region, the absolute maximum current that was applied to a single coil and the

total current magnitude applied to the 48 coils. The maximum field deviation,

total current and number of times the current limit of ±1 A per coil is hit are

summarised in Table 6.4 for all field components.

Comparing these results to those in Table 6.2, where interactions were not con-

sidered, shows an slight worsening in the maximum reported deviation for each

component, most significantly in the case of the Gx field, where an increase from

2.6% to 4.3% is shown. The current limit was also hit more frequently suggesting

the regularisation has a larger impact on the produced results in the case where

interactions are considered. Despite issues over high current requirements for

the system, the maximum deviation remained within the ±5% range for each

component in each region.
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Figure 6.24: The currents applied to each coil to produce a ho-
mogeneous 2 nT, Bx-field when interactions with the MSR are
considered. Red represents positive current circulation in the loop
and blue negative current circulation with magnitude indicated by
the colorbar. The deviation from the desired field at each of the
729 target points is shown, and sectioned for each of the nine
z−y planes with colour and label corresponding to the x position
of each plane.
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Figure 6.25: The currents applied to each coil to produce a ho-
mogeneous 2 nT, By-field when interactions with the MSR are
considered. Red represents positive current circulation in the loop
and blue negative current circulation with magnitude indicated by
the colorbar. The deviation from the desired field at each of the
729 target points is shown, and sectioned for each of the nine
z−y planes with colour and label corresponding to the x position
of each plane.
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Figure 6.26: The currents applied to each coil to produce a ho-
mogeneous 2 nT, Bz-field when interactions with the MSR are
considered. Red represents positive current circulation in the loop
and blue negative current circulation with magnitude indicated by
the colorbar. The deviation from the desired field at each of the
729 target points is shown, and sectioned for each of the nine
z−y planes with colour and label corresponding to the x position
of each plane.
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Figure 6.27: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gx-field gradient when interactions with the
MSR are considered. Red represents positive current circulation
in the loop and blue negative current circulation with magnitude
indicated by the colorbar. The deviation from the desired field
gradient at each of the 729 target points is shown, and sectioned
for each of the nine z−y planes with colour and label correspond-
ing to the x position of each plane.
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Figure 6.28: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gy-field gradient when interactions with the
MSR are considered. Red represents positive current circulation
in the loop and blue negative current circulation with magnitude
indicated by the colorbar.The deviation from the desired field gra-
dient at each of the 729 target points is shown, and sectioned for
each of the nine z− y planes with colour and label corresponding
to the x position of each plane.
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Figure 6.29: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gz-field gradient when interactions with the
MSR are considered. Red represents positive current circulation
in the loop and blue negative current circulation with magnitude
indicated by the colorbar. The deviation from the desired field
gradient at each of the 729 target points is shown, and sectioned
for each of the nine z−y planes with colour and label correspond-
ing to the x position of each plane.
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Figure 6.30: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gxy-field gradient when interactions with the
MSR are considered. Red represents positive current circulation
in the loop and blue negative current circulation with magnitude
indicated by the colorbar. The deviation from the desired field
gradient at each of the 729 target points is shown, and sectioned
for each of the nine z−y planes with colour and label correspond-
ing to the x position of each plane.
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Figure 6.31: The currents applied to each coil to produce a ho-
mogeneous 2 nT/m, Gxx-field gradient when interactions with the
MSR are considered. Red represents positive current circulation
in the loop and blue negative current circulation with magnitude
indicated by the colorbar. The deviation from the desired field gra-
dient i) dBx/dx and ii) dBz/dz at each of the 729 target points
is shown, and sectioned for each of the nine z − y planes with
colour and label corresponding to the x position of each plane.
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Field Component
Max deviation

(%)
Absolute max current

(mA)
Total current

(mA)
Bx 1.2 1.15 37.2
By 1.5 1.38 44.1
Bz 0.2 0.39 9.49
Gx 1.1 0.26 7.12
Gy 1.1 0.27 7.27
Gz 1.3 0.13 2.88
Gxy 5.4 0.92 12.6
Gxx 15.7 (14.8) 0.33 12.6

Table 6.3: Simulated performance of matrix coils for each field
component when producing uniform fields of 2 nT or field gradi-
ents of 2 nT/m over the central volume when interactions with
the MSR are considered.
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Figure 6.32: Producing a Bx-magnetic field of strength 2 nT in
27 regions, each with volume 0.2 × 0.2 × 0.2 m3 when inter-
actions with the MSR are considered. The maximum deviation
from homogeneity, the maximum current magnitude applied to a
single coil in the system and the total current magnitude over all
48 units are shown for each region.

Figure 6.33: Producing a By-magnetic field of strength 2 nT in
27 regions, each with volume 0.2 × 0.2 × 0.2 m3 when inter-
actions with the MSR are considered. The maximum deviation
from homogeneity, the maximum current magnitude applied to a
single coil in the system and the total current magnitude over all
48 units are shown for each region.
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Figure 6.34: Producing a Bz-magnetic field of strength 2 nT in
27 regions, each with volume 0.2 × 0.2 × 0.2 m3 when inter-
actions with the MSR are considered. The maximum deviation
from homogeneity, the maximum current magnitude applied to a
single coil in the system and the total current magnitude over all
48 units are shown for each region.

Figure 6.35: Producing a Gx-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3 when
interactions with the MSR are considered. The maximum devia-
tion from homogeneity, the maximum current magnitude applied
to a single coil in the system and the total current magnitude
over all 48 units are shown for each region.

233



Results

Figure 6.36: Producing a Gy-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3 when
interactions with the MSR are considered. The maximum devia-
tion from homogeneity, the maximum current magnitude applied
to a single coil in the system and the total current magnitude
over all 48 units are shown for each region.

Figure 6.37: Producing a Gz-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3 when
interactions with the MSR are considered. The maximum devia-
tion from homogeneity, the maximum current magnitude applied
to a single coil in the system and the total current magnitude
over all 48 units are shown for each region.
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Figure 6.38: Producing a Gxy-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3 when
interactions with the MSR are considered. The maximum devia-
tion from homogeneity, the maximum current magnitude applied
to a single coil in the system and the total current magnitude
over all 48 units are shown for each region.

Figure 6.39: Producing a Gxx-magnetic field gradient of strength
2 nT/m in 27 regions, each with volume 0.2 × 0.2 × 0.2 m3 when
interactions with the MSR are considered. The maximum devia-
tion from homogeneity, the maximum current magnitude applied
to a single coil in the system and the total current magnitude
over all 48 units are shown for each region.
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Field Component
Max deviation

(%)
Total current

(A)
Current limit

hit count
Bx 1.4 8.6 9/27
By 1.0 7.7 6/27
Bz 0.3 7.4 4/27
Gx 4.3 4.69 2/27
Gy 3.0 3.35 0/27
Gz 1.6 3.35 0/27
Gxy 2.9 3.51 1/27
Gxx 3.6 4.28 3/27

Table 6.4: Summarised results showing the maximum deviation,
maximum total applied current and the number of regions for
which the current limit of ±1 A was hit. Coils were designed
taking into account interactions with the MSR.
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6.5.4 Combining coils with the MSR

Figure 6.40 shows the required coil currents for each of the 60 coils in the system

to produce a uniform Bz field of strength 50 nT over a 1 × 1 × 1 m3 volume at

the centre of the MSR when 60 coils are mounted on the inner walls of the MSR

as shown in Figure 6.7. The error at each of the 1331 target field points is also

shown. Figure 6.41 shows the required coil currents and error when producing a

Gz longitudinal magnetic field gradient of strength 50 nT/m. Figure 6.42 shows

the required coil currents and error when producing a Gx transverse magnetic

field gradient of strength 50 nT/m.

For each design, the effects of interactions of the coils with the mu-metal were

considered. As the coils are positioned very close to the edges of the walls the

sharp corners of the cubic enclosure result in a dense concentration of mirrored

current elements.

Good performance is shown for producing the uniform field and longitudinal field

gradient components, with a maximum deviation of 0.4% and 1.5% respectively.

The transverse gradient performs worse with a maximum deviation of 8.8%. Cur-

rents of <20 mA are reported for each coil.
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Figure 6.40: Producing a Bz magnetic field of strength 50 nT
over a central 1 × 1 × 1 m3 volume when interactions with
the MSR are considered. The current magnitude applied to each
coil and the deviation from homogeneity at each target point are
shown.

Figure 6.41: Producing a Gz magnetic field gradient of strength
50 nT/m over a central 1 × 1 × 1 m3 volume when interactions
with the MSR are considered. The current magnitude applied to
each coil and the deviation from homogeneity at each target point
are shown.
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Figure 6.42: Producing a Gx magnetic field gradient of strength
50 nT/m over a central 1 × 1 × 1 m3 volume when interactions
with the MSR are considered. The current magnitude applied to
each coil and the deviation from homogeneity at each target point
are shown.
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6.6 Discussion

6.6.1 Comparison to six-coil system

The prototype 48-channel coil system successfully produces the 3 field and 5 field

gradient components over the central region of interest when no interactions are

considered. The small current values required for each field component (< 120

mA over the system) suggests that superposition of coil currents to produce a

desired combination required for field nulling would be possible at reasonably low

total power values.

The bi-planar systems required currents of tens of mA per coil to produce the

desired nulling. Here (based on Table 6.1) hundreds of mA of total current will

be required making the total system less efficient. More turns per unit coil could

be added to the design to produce the same strength magnetic field, with smaller

applied current, but increased weight, resistance, inductance and engineering

difficulty would have to be accounted for.

The distribution of currents over matrix elements of the designs correspond

highly with those found for the bi-planar coils designed with harmonic min-

imisation. The maximum deviations from homogeneity are comparable given

the harmonic minimisation design process was restricted to manual tuning of a

power-dissipation parameter, and there was a desire to produce wirepaths which

could be easily linked. A larger number of smaller matrix-coils would allow for

more complex current distributions to be approximated and potentially allow for

more homogeneous coils to be designed.
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6.6.2 Moving the homogeneous region

The design method is reasonably successful at producing homogeneous fields

when the region of interest is moved to different locations between the two planes.

However, a change in the centre of the homogeneous region results in a loss of

the natural symmetry in the designs. This makes the matrices more difficult to

invert, leading to an increase in the regularisation parameter and a subsequent

increased likelihood of hitting the current limits. This, coupled with high values

(up to a maximum of 48 A) of total current magnitude in the system, impacts

upon the matrix coils ability to superimpose currents in order to produce different

field components when providing field nulling at variable locations.

The number of turns per coil could be increased to allow for a greater efficiency,

thus reducing the number of times the current limit would be hit. However,

it is more likely that better performance could again be achieved using a larger

number of coil elements at a higher resolution around the region of interest. More

coils would lead to a high total current value, but the current per coil could be

decreased.

6.6.3 Mu-metal interactions

Although, as discussed in Chapter 5, interactions could be included in the har-

monic minimisation design method, an adaptable solution cannot be readily

achieved unless the coils are to be permanently fixed in position in the MSR and

a limited array of participant motions are allowed. The mirror-current model of

interactions was successfully incorporated into the optimisation of the matrix coil

currents, providing a flexible solution. As these coils are positioned relatively far

away from the walls and the coil system is centred within the MSR, their effects

are not as prominent as if they were placed directly onto the walls (or the coil
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set was positioned off-centre with respect to the centre of the room).

When moving the homogeneous region between the two planes, the current limit

was not hit in any region. The additional field contributed by the mirrored current

elements provides field spatial variation and magnitude that allows components

to be produced with a lower error and power than previously.

Positioning the coil off-centre in the MSR would result in a more challenging

situation than that which was investigated here, which would result in a loss

of symmetry in the coil designs. Nonetheless, given the system flexibility when

moving the centre of the homogeneous region, this should be easily incorporated.

Again, the main challenge is the lack of x−y field control afforded by the bi-planar

design.

6.6.4 Combining coils with the MSR

The coils in the simulated 60-channel system were placed directly onto each of

the walls. Although this situation provides symmetric field variation from coils

in all three directions, their proximity to the sharp corners of the cubic enclosure

increases the effect of the mirror currents compared to previous investigations.

At such proximity, it is crucial that the mirror model be further verified through

comparison with experimental data and advanced modelling using finite-element

analysis.

To address the poorer performance of the transverse field gradients a movable,

smaller volume could be considered and applied as before, instead of the large

volume which was simulated. Optimal coil shapes and position could also be

incorporated into the simulation, such that a series of M coils are required to be

shaped and sited over the shielding volume to produce the desired fields. More

coils could be added to produce a finer resolution of correction terms, but the
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scalability of the system will rely on stable current sources which can be adjusted

at high-speed.
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6.7 Prototype construction

It is clear from the simulations that the prototype 48-channel matrix coil system

will not allow full ambulatory movement of a participant to be achieved. An

increase in volume from 0.4 × 0.4 × 0.4 m3 to an effective 1 × 1 × 1 m3 volume

will still allow for the development of new experiments where participants can

take small steps. Given the engineering challenges of the prototype that are yet

to be overcome it is clear that this system will be invaluable in the development

of the matrix coil technology to expand the region even further. Construction

work and engineering completed up to now is detailed here.

6.7.1 Coil construction

To construct the matrix coil, the 4 × 4 and 3 × 3 grids were marked out onto

wooden boards of square length 1.8 × 1.8 m2 using a grid of plastic wire-guides

bolted at the corners of each square unit coil. Each guide had four rounded edges

to smoothly make the square corners and a plastic nut to stop the wire from

lifting away. The construction method resulted in a final unit coil square side

length of 38.5 cm due to spacings on the wire guides. A test piece featuring 5

unit coils is shown in Figure 6.43.

Each coil was formed from 20 turns of enameled copper wire (diameter 0.56 mm)

wound with inputs and outputs fed around the outside of the plane in twisted

pairs down to a series of connector blocks at the base. These connector blocks

each contain the input and output for 4 coils wired to an 8-core cable with a

connector.
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Figure 6.43: Construction of the 48-channel prototype matrix
coil. A) Two wooden boards with plastic wire guides to house the
coils. B) Completed winding of 5 unit coils.

6.7.2 Electronics system

To inform on the design of an electronics system a single test unit was built to

assess the inductance and resistance of each unit. Copper wire of diameter 0.56

mm was used to wind the coil. Coil resistance was 2.15 Ω and coil inductance was

596 µH. With a maximum current limit of ± 1 A per coil there is a maximum

power dissipation of less than 2.15 W per coil and 103 W total over the full

system.

QuSpin provided low-noise voltage driver circuits for the bi-planar coil systems,

but due to potential need for large current values it was decided that bespoke

current amplifiers were better suited for use with the matrix coil system. An

amplifier which could drive 4 unit coils from a single board was designed and

constructed by the electronics support team in the School of Physics and Astron-

omy at the University of Nottingham.

Each amplifier features a AD5686 (Analog Devices, MA, USA) 4-channel 16-

Bit digital to analogue converter (DAC) with serial peripheral interface (SPI).
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The driver is designed to produce ±1.5 A from the 0-5 V range of the DAC.

The least significant bit of the DAC is 5/216 = 76.3 µV which is equivalent

to 38 µA through the coil. The DAC SPI can be controlled using an Arduino

(or other similar micro-controller) and multiple DACs can be ’daisy-chained’ for

simultaneous operation from a single master unit.

6.7.3 Field nulling methods

In order to calculate coil currents for field nulling the mathematics developed

here requires prior knowledge of the remnant magnetic field inside the MSR. It

also requires knowledge of the effect of a unit current applied to each coil at each

position. Two methods to gather this information are discussed here.

6.7.3.1 Field mapping and optical tracking

Given that the magnitude of the remnant field is likely to be several nT this

could be measured by using a suitably precise magnetometer. A tri-axial vector

magnetometer could be moved around the room, recording the sensor’s position

and orientation with an optical tracking system (such as the OptiTrack camera

described previously in Chapter 4). A map of the magnetic field at each position

can then be formed as the target field vector. Maps of the field produced by each

unit coil can also be obtained by applying a known current to one coil at a time.

Coil currents that best cancel the remnant magnetic field at each position can

be calculated and stored. If the location of the participant is continually tracked

during an experiment then currents can be constantly updated via a lookup table.

This method would therefore allow the participant to move freely between the

planes.

However, a stable remnant field, high precision magnetometer and precise optical
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tracking are required. The mapping should also be simple to implement such that

regular updates can be made. Dynamic nulling of the field would also need to be

dealt with, possibly by further tracking of the head of the participant to find the

orientation of head-mounted reference sensors. Measured fields could be used as

inputs to PID controllers as described in Chapter 5.

6.7.3.2 Reference array

A series of tri-axial magnetometers could be placed around the participant to

form the corners of a cube. The 8 sensors could feed information from these

points to form a sparse map of the remnant magnetic field. By pulsing each unit

coil in turn a measure of the field produced by each coil at the 8 positions could

be found. A matrix inversion could then be applied to find the currents which

null the remnant field at each of the 8 points.

This method is entirely data-driven and does not rely on any modelling or field

mapping to be performed. Dynamic control of the coil currents to correct for

temporal fluctuations in the remnant field would be simple to implement from the

fixed coil to sensor couplings. However, the sparsely sampled reference array may

not generate as accurate a null over the participant. It also restricts participant

motion to the volume which is enclosed by the reference sensors.
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This thesis has presented the development of a series of active magnetic shield-

ing systems. The primary aim was to allow magnetoencephalography (MEG)

recordings to be made with optically-pumped magnetometers (OPMs) on moving

participants. However, the techniques are translateable to other magnetometers

and shielding applications.

Chapter 4 described the design and construction of a bi-planar coil system capable

of cancelling the three uniform field components, as well as three dominant field

gradients. The six coil system allowed the first unrestrained MEG recordings to

be made. Static field shielding factors of up to 46 for the uniform field and 13 for

the largest field gradient were achieved. With this system, head motions of ±10

cm and±35◦ could be tolerated whilst high-quality MEG data comparable to that

of a cryogenic system was obtained. This was demonstrated by a measurement

of retinotopy, where the neuromagnetic response to visual stimuli presented to

the left and right sides of the central field of vision could be spatially resolved in

the brain.

Chapter 5 described an adapted coil design method exploiting the shared symme-

try of pairs of coils. This allowed the same performance as the six-coil system to

be achieved with only three coil layers. A set of coils designed using this approach

were installed at a city-centre site close to a London Underground railway line.

Dynamic control of the coil-currents to cancel the low-frequency, time-varying
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magnetic fields induced by passing of trains was required. A dynamic shielding

factor of 40 dB at 0.01 Hz was achieved over a 10-minute period. The limited

dynamic range of the coil electronics impacted on the performance of the dy-

namic nulling, as the least-significant-bit voltage of the hardware that was used,

produced a magnetic field which was larger than the magnitude of the interfer-

ing fields at frequencies >1 Hz. Development of the electronics to prevent the

addition of noise at high-frequency will be required for optimal performance. In-

teractions of the magnetic fields produced by the coils with the high-permeability

walls of the shielded room were modelled as a series of image currents. The in-

teractions were shown to alter the efficiency and degrade the homogeneity of the

coils from predicted values both in simulation and measurement. These inter-

actions should be taken into account in future coil designs to achieve the best

performance of any coil system operating inside an enclosure of high-permeability

material.

The second magnetically shielded room (MSR) which was installed at the Uni-

versity of Nottingham by Magnetic Shields Limited (Kent, UK) does not contain

a cryogenic MEG system, meaning a large volume is available for participants to

move within. With a bi-planar coil arrangement the participant is restricted to

movements over a region at the centre of the two planes. The designs are inflexi-

ble and difficult to construct; adapting the setup to paradigms where a different

range of participant motion is required would only be achieved by physically

translating the coils.

Chapter 6 outlined an alternative in the form of the matrix coil system. Indi-

vidually controllable currents applied to a series of small unit coils can be used

to move the nulling volume around, allowing a wider range of participant mo-

tions. The development of this system requires significant further work, but will

be essential to allow full exploitation of the available space inside the new MSR.

A prototype unit featuring 48-channels is under construction. Consideration of
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the electronics’ challenges, incorporating the mu-metal interactions and ensuring

the participant is continually tracked to allow dynamical updating of the coil

currents will be required. With a completed system, spatial navigation tasks,

virtual reality experiences and hyperscanning (in which multiple individuals are

simultaneously scanned) will be possible.

Coil sets based on the work described in Chapter 4 and Chapter 5 are now

commercially available following licensing of the technology to Magnetic Shields

Limited. The commercial availability of bi-planar coil systems will allow other

MEG centres to develop OPM-based systems by retrofitting their existing MSRs.

However, coils (bi-planar or matrix systems) which are built into the walls of new

MSRs and do not limit the available space inside the shielded enclosure would

be a more practical solution.

Development of a lightweight MSR which combines passive shielding with inte-

grated coil systems is ongoing through collaboration between the University of

Nottingham, Magnetic Shields Limited, University College London and Young

Epilepsy (a specialist school for young children and adults with epilepsy). The

aim of the project is to develop a commercially available MSR with lower weight

and smaller external dimensions, making it suitable for installation in most rooms,

with minimal building work and a short installation time.

Young Epilepsy operates a small clinical facility, where epilepsy monitoring with

electroencephalography (EEG) is routinely performed. Successful completion of

the project would see a state-of-the-art MSR that is optimised for OPM-based

MEG recordings on epilepsy patients to be installed at this facility. Reducing

the cost and siting challenges of MSRs by integrating active shielding systems,

whilst demonstrating clinically relevant applications could help to stimulate an

increase in the number of new MEG facilities. A growing community of OPM-

MEG researchers will contribute significantly to furthering our understanding of
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the human brain.
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