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Abstract— This paper documents a novel approach
to the generation of gradient-fields for low-field MRI
applications through the use a 4 x 8 cylindrical multi-coil-
matrix manufactured using multi-layer PCB technology.
An extensive mathematical analysis is showcased together
with a detailed procedure surrounding software-design
to ensure accessibility and tight coherence between the-
ory, simulation and physical implementation. A physical
demonstrator is utilized for validation. It has been proven
4 mT/m gradient fields in the x- y- and z-directions
can be generated within a specified bore-diameter of
340 mm, and a bore-length of 460 mm with accuracy
better than ±10% throughout a cylindrical Field Of View
(FOV) of 160 mm by 160 mm, with coil-currents below
±3.5A. An x-gradient of approximately 0.8 mT/m has
been demonstrated with accuracy better than ±10% from
simulations. Further investigations have also concluded
the feasibility of B0-field homogenization within ±5%
with a 6 x 10 matrix. Further research possibilities may
be improving measurement methods, coil structure opti-
mizations, different FOV-shapes, off-center homogeniza-
tion, B0-field strength adjustments, non-linear gradient
fields and passive or active compensation for external
field disturbances.

I. INTRODUCTION

With continuous leaps being made in the field of
MRI technology, focus has been put on improving
quality of measurement with highly complicated
machines which as a result, became incredibly
expensive to house and operate. About 70% of
the world’s population does not have access to
this technology [1], sparking a novel field of
research: developing adequate MRI machines at
a significantly reduced cost using lower static
magnetic fields [2]. One of the largest constraints is
that inhomogeneous B0-fields, a.k.a. the big static
field along the patient, often hamper measurement
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accuracy, meaning MRIs are often designed with
small bore sizes to maximize B0-homogeneity.
Making efficient use of bore space is crucial,
making it necessary to investigate a coil structure
which allows for a high degree of flexibility in the
magnetic field gradients it can produce [3]. The
goal of this manuscript is to answer the following
research question:

Is using a set of radially distributed DC coils
arranged around a cylinder a feasible method to
generate gradient fields of 4 mT/m in the x-, y-,
and z-directions within a tolerance of 10%?

To give an insightful answer, a close look is
first taken at the optimization of the mathematics
ensuring fast simulations at high accuracy:

How does one calculate the necessary coil-
currents to approximate a desired magnetic field
with parametrized coils arranged arbitrarily in
3D-space?

Then a sufficient geometrical layout and means
of construction of the coil-matrix must be found
keeping a close eye on both cost and accuracy:

Which method of construction should be used
to ensure the best repeatability possible for mass
manufacture?

As a follow-up, a demonstrator is built and
measured to determine the discrepancy between
the models and the real-world demonstration.

Finally, other functionalities are discussed us-
ing the simulated model demonstrating other use-
ful applications within a low-field MRI machine:
Which other functions can be performed by the
demonstrated coil matrix that otherwise could not
be done with conventional gradient coils?

Although multi-coil DC approaches have al-
ready been implemented at clinical field strengths
(1.5T) [4], this is the first application of such a
system used for ultra-low-field MRI, to the best of
knowledge.



II. SPLITTING BIOT-SAVART INTO MAGNITUDE,
POSITION AND DIRECTION

For orientation which coil-parameters to min-
imize or maximize, it is important to run a set
of simulations. Due to the complicated nature of
the system, a balance must be found between
accuracy and calculation-speed of the software.
Dedicated in-house software was therefore written
giving the user the capability to parameterize coil-
structures, carrying out magnetic field calculations
per finite straight-wire-segment at any arbitrary
point in cartesian 3D space. To calculate the static
magnetic field generated by said finite wire length,
Biot-Savart law should be used:

dB =
�0I(dl� r̂)

4�r2
(1)

Where dB represents the magnetic field strength
generated by a small wire segment, dl, in an
arbitrary point, �0 is the permeability of air, and
I represents the current through the line segment.
(dl � r̂) acts as a scaling factor, and determines
the direction of the B-field perpendicular to the
direction of the wire segment and the line drawn
between the segment and point r with length r
where the field is being analyzed.

The sketched out situation used to determine an
expression for the field’s magnitude, independent
of any coordinate system can be seen in Figure 1.
Here point L represents the starting point of a wire-
segment, K is the end point, and M is the point
where the field magnitude jBj and direction B̂ are
analyzed. l and R refer to the length of the wire
and the shortest distance from the wire to point M.
Rewriting Equation 1 to be used in a coordinate
less system yields:

jBj = �0I

4�R
(sin (�1) + sin (�2)) (2)

This relationship shows the magnitude of the B-
field’s dependence on the distance from the wire,
and the relative position of the point with respect
to the center of the wire. The derivation of 2 is
listed in the appendix

To calculate the direction of field, B, using
the right-hand-rule, a position vector N needs to
be established. Then, simply calculating the cross

Fig. 1. Schematic drawing of the wire’s LK magnetic field
contribution B diagnosed in point M.

product between the unit vector L̂K and N̂M gives
the normalized direction vector B̂:

B̂ =
LK
jLKj

� NM
jNMj

= L̂K� N̂M (3)

Derivation can be found in the appendix. With
the magnitude and direction established, finding
the position vector is trivial: OM.

III. SIMULATION MODEL

A. Coil and structure generation
It can be seen from the equations derived in

the previous subsection, whenever the cartesian
coordinates of the starting point L and endpoint
K of a wire carrying a current I with surrounding
permeability �0 are given, and are diagnosed in
point M, the cartesian elements of the magnitude
and direction of B can be calculated in said point
M. This means any coil geometry can be described
and parameterized in three arrays of variable length
representing the x-, y-, and z-coordinates of each
starting-point of the next line section and the final
endpoint of the coil. Then a structure can be
generated where a multiple of these coils are used
in as seen in Figure 2. Through parametrization,
highly complicated structures can be built with
these line sections. An extra dimension must be
added to the three arrays from earlier with each
coil as an individual entity, allowing for the defi-
nition of separate coil current (which can be later
optimized).



Fig. 2. Two examples of a 3x6 matrix wrapped around a cylinder,
constructed with circular coils.

B. Field of view, and Magnetic field contribution

With points L and K defined by the coil, next
step is to generate a set of 2- or 3-dimensional
position vectors, M. These are the coordinates
over which the magnetic field will be calculated
and optimized, further referred to as the Field
Of View (FOV). These points must be described
with the cartesian coordinate system, but may be
arbitrarily distributed throughout space. A series of
calculations are performed for every wire-segment
per coil with a normalized current (i.e. I = 1
[A]) and summed accordingly in every point. In
this paper, the cylinder is oriented along the z-
direction, meaning it is only necessary to calculate
the z-contribution of the field per coil in the
grid. Note that for this stage, real (normalized)
measurements of an existing set of coils can be
used as well.

C. Generational algorithm

The final step is to calculate the desired currents
through the coils. One should first determine the
desired target field in the coordinates making up
the FOV. A constant magnetic disturbance may be
added here for experiments of a different nature
(described in the section named ’Investigation of
other uses’).

The genetic algorithm used in the simulation
works as follows:

1 Generate a zero matrix with the size corre-
sponding to the amount of ”organisms” com-
peting (columns), and the array length of mul-
tipliers corresponding to the coils in the coil-
matrix (rows). Each organism is represented
by a column.

2 Then for every organism, a different set of
random values (as a function of the error) is

generated and added/subtracted to the matrix
to emulate generational diversity.

3 These figures correspond to weights. For all
organisms, these weights are multiplied by
the normalized magnetic field contribution
of each coil, and the total magnetic field is
calculated dependent of these weights.

4 Now, the calculated magnetic field plus the
disturbance can be subtracted from the target
field, and the total error is calculated through
an error function.

5 Finally the current of the best organism can be
copy-pasted over the data of the inferior or-
ganisms (representing death and reproduction)
and new variations should be added according
to step 2. This process is looped until the error
converges.

D. Calculation errors
The software should be tested against an easily

calculated mathematical expression to get a good
indication of the accuracy. A 100 element single-
wire-loop with radius R = 0.05m in the x-y plane
with its centre in the origin, was chosen with a
FOV generated along the z-axis from -2R to 2R:

jBj = �0I

4�R

2�R2

p
z2 +R2(z2 +R2)

(4)

The permeability of a vacuum was chosen with
a current of I= 1A. The simulation results can be
seen in Figure 3

The consistent error of about 1% throughout
the FOV can by explained by the 100th segment
being omitted by the software due to overlap. With
a gradient-field error allowed up to ±10%, the
software is proven accurate enough for the models.

Fig. 3. Simulation of a single wire loop, and its relative error
compared to theory.



IV. SOFTWARE-AIDED COIL DESIGN

With cost of production, budget, and repeata-
bility in mind, the coil matrix will be constructed
from 10-layer FR-4 circuit boards with edge plat-
ing soldered into a polyhedral prism. The coil-
matrix in this manuscript is for an MRI with bore-
diameter 340 mm, and bore-length 460 mm. The
system must operate within tolerance in a 16 x
16 cm cylindrical shaped FOV oriented lengthwise
along the bore. A matrix of 4 layers of 8 radially
distributed coils was decided on through rough
iterative simulations as a trade off between accu-
racy and efficiency. More coils increase accuracy,
at reduced efficiency. To fit the coil-matrix within
the bore, a board-width of 127 mm was selected
with a length of 460 mm, and thickness 1.6 mm.
105 x 115 mm is what remains to be utilized per
coil. Simulating the system with the parameters
above with a single wire-loop per coil proves the
need of about 250 amp-turns per coil to generate a
4mT/m field within ±10% for the gradients. With
10 turns per layer, a trace width of 2.0 mm, trace
separation of 2.5 mm, and a trace thickness of 1
oz, the maximum coil current can be brought back
to 3.5 amps to generate the desired magnetic field.
The final coil parameters are summarized in Figure
4. The final optimization of the coil currents to
generate a target field of 4 mT/m within ±10%
accuracy for the x-, y- and z-directions using coil
currents below ±3.5 amps can be seen in Figure
5, showing off the capability of the coil-matrix
to generate the gradient fields in the theoretical
domain, leaving confirmation to be found in an
experiment.

V. EXPERIMENTAL SETUP

Using the parameters found in the previous
section, a physical model of the coil-matrix was
contructed as seen in Figure 6. Relying heavily
on the symmetry of the coil-matrix, the amount of
power supplies can be reduced to 4 for generating
an x-gradient field within tolerances. Due to the
series connection of the coils resulting in a high
impedance in the order of tens of ohms, it was
opted to run the coil-matrix at a scaled down
current to generate a gradient of approximately 0.8
mT/m. Using a magnetic field probe and a set of
shims, the field can be measured and compared

Fig. 4. (a) Schematic of a single coil element, each consisting
of 10 turns arranged in 10 stacked layers. (b) Layout of the coil
matrix, comprised of 4 layers consisting of 8 radially distributed
coils. (c) Table listing descriptions, symbols, and dimensions of
both individual coil elements and the overall multi-coil array.

Fig. 5. Axial, sagittal and coronal slices of the gradient field
approximations using a 4x8 coil-matrix within ±5% accuracy in
the x- and y-directions and ±10% in the z-direction.

with the simulations in Figure 5. Measured values
close to the values calculated by the software
would mean high feasibility for the other gradient
fields to be generated to a useful extent for low-
field MRI applications.

VI. MEASUREMENT RESULTS

Two sets of measurements were made of the
magnetic field in the z-direction. One set with
averaged coil-currents corresponding to the sim-
ulations, another with the polarities flipped to
cancel out unwanted magnetic field disturbances.
The measurements were done radially for distances
from the center, 40 mm and 80 mm, for all four
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