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3D Magnetic Field Camera with Sub-Second
Temporal Resolution
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F. Mohn, P. Jürß, M. Möddel and T. Knopp

Abstract— Accurate and efficient volumetric magnetic field mea-
surements are essential for a wide range of applications. Conven-
tional methods are often limited in terms of measurement speed and
applicability, or suffer from scaling problems at larger volumes. This
work presents a proof-of-concept field camera designed to measure
magnetic fields within a spherical volume at a frame rate of 10 Hz.
The camera features an array of 3D Hall magnetometers positioned
according to a spherical t-design, allowing simultaneous magnetic
field data acquisition from the surface of the sphere. The approach
enables the efficient representation of all three components of the
magnetic field inside the sphere using a sixth-degree polynomial,
significantly reducing measurement time compared to sequential
methods. This work details the design, calibration, and measure-
ment methods of the field camera. To evaluate its performance, we compare it to a sequential single-sensor measurement
by examining a magnetic gradient field. The obtained measurement uncertainties of approx. 1% demonstrate the feasibility
of the approach and its potential applicability to a variety of future applications.

Index Terms— 3D magnetic field mapping, Hall-effect devices, magnetic-field camera, magnetic-field sensors, magnetic
sensor arrays, magnetometers

I. INTRODUCTION

Magnetic fields play a crucial role in various areas, ranging
from consumer products over industrial processes to scientific
research and medical diagnostics. Their inherent ability to
penetrate matter and interact with it in various ways enables a
wide range of applications, including the transfer of forces and
torques. The spatial distribution of magnetic fields is of high
concern in most of these applications, as it directly influences
the functionality and accuracy of the processes involved. One
important area of magnetic fields in healthcare is tomographic
imaging, which enabled the development of magnetic res-
onance imaging (MRI) [1] and magnetic particle imaging
(MPI) [2]. Both imaging modalities use the superposition of
different kinds of magnetic fields for signal generation and
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encoding. A detailed understanding of the magnetic field con-
figuration is essential, as it directly underpins high-resolution
imaging and precise diagnostics [3]–[5]. As a result, precise
magnetic field measurements are frequently conducted and are
essential for accurate imaging.

As shown in Figure 1a), a common approach to acquire
such field data is to move a single 3D sensor through the
volume of interest and sample the field sequentially at pre-
defined positions. [6]. While this method provides reliable
results, it is inherently time-consuming due to the necessity of
precise and repeated sensor repositioning [7]. The associated
measurement effort is exemplified by the empirical acquisition
time indicated within the blue arrow for a 9 cm diameter
spherical volume in the lower part of Figure 1. To overcome
this challenge, previous research has focused on using the
physical equations underlying the magnetic field to derive
field models from comparatively few measurement points.
When aiming to measure magnetic fields within a volume, one
can exploit the fact that, in regions without current density,
the magnetic field components satisfy the Laplace equation.
This implies that each field component can be represented
as a series expansion of spherical harmonics. By acquiring a
limited set of surface measurements, as illustrated in Figure
1 b), the expansion coefficients can be uniquely determined,
enabling the estimation of the entire magnetic field inside
as a polynomial function. [8]–[12] For a spherical volume,
by incorporating an efficient quadrature on the surface with
points at spherical t-design positions [6], [13], fields can be
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Fig. 1. Schematic representation of different magnetic field measurement methods using the illustrative example of a gradient field. The
indicated measurement times Tmeas refer to empirical values for a spherical measurement volume with a diameter of 9 cm. The left part illustrates
a conventional approach using a single 3D Hall magnetometer that is sequentially moved to predefined grid points; white dots indicate the
measurement positions. The middle part shows the subsequent magnetic field model from these discrete surface measurements. This sequential
method typically requires several minutes. The right part depicts the approach presented in this work, in which a magnetometer array enables
parallel field acquisition, allowing volumetric magnetic field measurements at rates of several Hertz.

calculated with small uncertainty using only a minimal number
of measurement points [6].

Another way to achieve higher field acquisition rates is
the use of multiple sensors at the same time. Schlageter
et al. [14] and Vergne et al. [15], for example, used two-
dimensional arrays of magnetometers to determine the position
and orientation of a permanent magnet from the measured field
in the respective plane, achieving refresh rates of 50 Hz and
2 Hz, respectively. Using a 7×7 array of Hall magnetometers
in combination with an FPGA, Nicolas et al. [16] even reached
sampling rates of up to 7 kHz. Sensor arrays are also used in
particular in the field of research into micro-robots powered
by magnetic fields to enable fast feedback for control, adaptive
behavior, and dynamic trajectory planning. [17]–[21].

Dietrich et al. combined the field determination method of
using surface measurements with spherical harmonics with
an array of nuclear magnetic resonance (NMR) magnetome-
ters in a spherical configuration. The result was a magnetic
field camera that provides a three-dimensional map of the
fields magnitude [4]. However, the NMR sensor requires a
magnetic offset field and complex high frequency electronics
for signal generation and acquisition, and does not measure
the full field vector. With 16 field probes, the polynomial
degree of the measurable field curves is also not sufficient for
many applications. Another commercially available magnetic
field measurement system uses NMR probes arranged in a
semicircular geometry and requires multiple measurements at
different angles to estimate the magnetic field [22]. As a result,
detection times are far from the sub-second range, limiting its
applicability.

In this work, our aim is to extend the approach proposed by
Boberg et al. [6], which uses a t-design as a quadrature, by
combining it with a spherical array of Hall magnetometers,

as shown in Fig.1 c). With this setup, we present a proof-
of-concept spherical magnetic field camera operating at an
acquisition rate of 10 Hz. The system simultaneously acquires
sensor data at the t-design positions, thereby reducing the
measurement time significantly compared to the sequential
single-sensor approach. With 86 three-axis magnetometers,
the resulting model is a spherical harmonic expansion of all
field components up to degree six, which can be evaluated
at any point within the 9 cm diameter volume. Since the
field camera is primarily intended for MPI magnetic field
sequence planning, it must accommodate field strengths of
several hundred mT [23]. Hall sensors are well suited for this
field range while remaining cost-effective [24]. The high array
sampling rate opens new possibilities for applications requiring
fast field feedback. In addition, the method facilitates scaling
to larger volumes or higher sensor counts due to its reduced
hardware complexity.

The remainder of this paper is structured as follows: Sec-
tion II presents the theory of the field estimation and the
basis functions of the expansion. Section III introduces the
characteristics of the field camera as well as the calibration
procedure to compensate for sensor-specific systematic errors
such as scaling, non-orthogonality, bias, and orientation. Sec-
tion IV demonstrates the performance of the system using
example measurements and evaluates the uncertainty of the
field model. Finally, Sections V-VII conclude the paper and
discuss possible future developments.

II. THEORY

This section outlines the theoretical basis and mathematical
framework of the field model. It builds on prior knowledge
of the physical relationships and uses measurements from the
spherical magnetometer array to determine the coefficients of a
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spherical harmonic expansion, enabling a compact representa-
tion of the field with high temporal resolution. A more detailed
analysis can be found in Boberg et al. [6], which includes the
complete derivation.

The fundamental equations governing electromagnetic phe-
nomena are unified in Maxwell’s equations. From these, in the
quasi-static limit and in the absence of current densities, the
magnetic flux density B : SR → R3 in the spherical volume
under consideration SR :=

{
a ∈ R3 : ∥a∥2 ≤ R

}
, with radius

R ∈ R+, is described by

∇×B (r) = 0

∇ ·B (r) = 0. (1)

It follows from these two equations that B satisfies Laplace’s
equation

∆Bi(r) = 0, i ∈ {x, y, z} (2)

for each component. This fundamental property allows for
the expansion of the magnetic flux density in terms of solid
spherical harmonics

Bi(r) =

∞∑
l=0

l∑
m=−l

γi
l,mZm

l (r) ∀r ∈ BR (3)

in the Ball BR with the radius R, where γi
l,m ∈ R are the

expansion coefficients and Zm
l (r) the solid spherical harmonic

functions with

Zm
l : R3 → R,

(r, ϑ, φ) 7→ K
|m|
l rlP

|m|
l (cos (ϑ))


√
2 cos (mφ) m > 0√
2 sin (|m|φ) m < 0

1 m = 0

.

(4)

Here, we have Km
l =

√
(l−m)!
(l+m)! , and the associated Legendre

polynomials Pm
l . The coefficients γi

l,m can be calculated by
applying the Dirichlet boundary condition

γi
l,m =

2l + 1

Rl4π

∫
SR

Bi(r)Z
m
l

( r

R

)
dr. (5)

In reality, the integral in (5) is solved by sampling the
surface of the sphere at discrete points. In our case we
use a quadrature, that features spherical t-design positions
{r1, . . . , rN} ⊆ ∂SR as sampling points of the integral:

γi
l,m =

2l + 1

RlN

N∑
k=1

Bi(rk)Z
m
l

(rk
R

)
(6)

Consequently, by selecting the t-design with the associated
number of sampling nodes N , the expansion in (3) can be
specified up to degree ⌊ t

2⌋:

Bi(r) ≈
⌊ t
2 ⌋∑

l=0

l∑
m=−l

γi
l,mZm

l (r) ∀r ∈ BR. (7)

This field determination method is particularly robust because
it holds that the approximation in (7) is exact if the field under

consideration has a polynomial degree of at most ⌊ t
2⌋. Further-

more, each coefficient γi
l,m is determined from all measured

values on the surface, and all measurements contribute equally
due to the uniform quadrature weights of the t-design. As a
result, individual sensor uncertainties are naturally averaged
out, and no single measurement disproportionately influences
the field estimation [25].

Besides the spherical t-design, there are several other types
of quadrature that can be considered, most notably the class
of Gaussian quadratures [26]. For example, the combination
of the trapezoidal rule and the Gauss-Legendre quadrature can
provide an exact approximation for polynomials of the same
degree as the t-design, but with a higher number of nodes [6],
[26]. In addition, such Gaussian quadratures are limited by
the physical size of the sensors, as nodes accumulate near the
poles.

III. METHODS

The theory described in the last section is now applied
to a measuring device for determining magnetic fields in a
spherical volume. For this purpose, a magnetometer array
consisting of Hall magnetometers is considered in which the
field is measured simultaneously at positions defined by a
spherical t-design.

A. Design Considerations
The field camera presented in this work is intended for

magnetic field characterization in the context of MPI, par-
ticularly for field sequence planning in a custom-built MPI
field generator [27]. In principle, the field estimation method
described in Section II is flexible and can be applied to a wide
range of magnetic field scenarios — including different spatial
complexities, field strengths, and volumes. Depending on the
intended application, the sphere size as well as the number
and type of sensors can be adapted, in particular with respect
to resolution and dynamic range.

In our specific application, several design requirements and
constraints shaped the selection of key parameters of the field
camera:

• Volume size: The field generator in which the field
camera is intended to operate includes soft-magnetic pole
pieces and features a coil separation of approximately
10 cm. It was therefore designed with a diameter of 9 cm
to ensure sufficient clearance while still occupying a large
portion of the field volume for accurate measurements.

• Number of sensors: The fields generated in such systems
are highly non-linear. From previous experiments and
simulation studies, we found that polynomial expansions
of degree lower than 6 are not sufficient to capture the
spatial complexity. A sixth-degree expansion requires a
minimum of 86 sensors placed at t-design positions with
t = 12 to ensure an accurate field model.

• Field strength range: In the target application, we expect
magnetic field magnitudes up to 200 mT at the boundary
of the spherical volume. The chosen Hall magnetometers
offer a dynamic range of ±266 mT and are thus well
suited for this use case.
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• Sampling frequency: A high temporal resolution is always
advantageous. While the hardware supports sampling
rates of up to 10 kHz, we chose to internally average
the raw data to reduce transfer bandwidth and improve
signal quality. The effective rate of 10 Hz is sufficient for
measuring MPI field sequences for the time being.

B. Field Camera Hardware
This section outlines how the requirements have been trans-

lated into the hardware implementation of the field camera.
The inbuilt sensor array consists of 86 independent Hall
magnetometers (Texas Instruments TMAG5273) arranged on
the surface of a 3D printed sphere as shown in Fig. 2 with
a radius of 45mm made of polyamide. To conform to the
spherical geometry, the individual sensors are mounted on
submodules made of flexible printed circuit boards with a
polyimide film substrate (see Fig. 2 - right panel). These
also serves as electrical connection between the sensors and
the centrally-mounted microcontroller mainboard. Each of
these submodules is equipped with between four and five
magnetometers to get up to the total number of 86, an
intelligent serial-based multiplexing system to be able to
control each sensor individually and a software controlled
LED for submodule identification and testing. Power to the
magnetometers is only applied during read-out to prevent
interference. An appropriate delay was introduced in firmware
and lab-tested to allow for the internal sensor hardware to start
and the measurements to settle. For internal communications
the industry standard ”Inter-Integrated Circuit” (I²C) bus is
used. The positions of the individual sensors were chosen
based on a t-design with t = 12 and the magnetometer
local y-axis aligned longitudinally and the local z-axis aligned
to the position dependent surface normal. To reduce the
possibility of interference, the power supply and filtering, data
processing, and communications are located on a separate
centrally-mounted main circuit board in the center of the
sphere. A shielded, non-magnetic USB cable is used for the
connection. The magnetometers provide internal temperature
compensation. In addition, a temperature sensor is mounted
at the center of the sphere to monitor the temperature and
to indicate when the internal temperature compensation may
no longer be sufficient to correct the sensor readings. Each
component of the field camera was chosen individually to
exclude any magnetic material. All upstream communications
are handled via a 12 Mbps Full-Speed USB interface to further
reduce high-frequency electromagnetic interference. The mag-
netometers have a total range of ±266 mT with a bit resolution
of 8.12 µT. Three magnetometers are sampled at the same
time spread out across the sphere to avoid interference. To
achieve a near simultaneous sampling at an effective data rate
of 10 Hz the individual sensors are being oversampled at a rate
of 250 Hz and internally averaged. This reduces sensor noise
while also conserving transfer bandwidth and computational
requirements on the host system. According to the sensors data
sheet, sampling rates up to 10 kHz can be achieved [28].

C. Calibration Method

Fig. 2. Left: 3D rendering of the CAD model of the field camera.
The colored rectangular structures provide mechanical support for the
individual magnetometers and ensure correct alignment. Hexagonal
cutouts allow for easy routing of the flexible printed circuit boards
used to connect the magnetometers while still providing the necessary
mechanical stiffness. Right: Close up of a flexible printed circuit board
with attached sensors.

Hall magnetometer, by their nature, are sensitive to various
external and internal factors that can affect their readings,
hence a careful calibration is important, and the existing liter-
ature contains a variety of methods for achieving this [24]. For
the inbuilt Hall magnetometer array, one additional challenge
is the uncertainty regarding the exact position and orientation
of each sensor within the array. Without a careful calibration,
the collected data can be misinterpreted, leading to significant
errors of the field representation. First, we describe how to
transfer the measured values of the individual sensors into a
shared coordinate system. Then we will discuss the calibration
of the exact sensor position on the sphere, which we need in
order to calculate the coefficients in (6).

1) Local Sensor Calibration: As it can be seen in Fig. 3 a),
each sensor in the array possesses its own local coordinate
system in which it outputs its field values bn, where the index
n denotes the sensor number. In the first part of the calibration,
the values bn from the local coordinate systems have to
be transformed into a global coordinate system, resulting in
values denoted by Bn illustrated in Fig. 3 b). Since the sensor
operates within the specified linear range, a linear calibration
model can be applied, expressed as

Bn = Rnbn +On. (8)

Here, Rn ∈ R3×3 denotes the individual matrix of the n-th
sensor for scaling, skew, and rotation and On ∈ R3 represents
the offset correction.

To determine both, the rotation matrix and the offset correc-
tion, linearly independent homogeneous magnetic fields with
known strength and direction in the global coordinate system
are applied to the entire device. To obtain a unique solution
in this calibration model, J ≥ 4 different calibration fields
spanning R3 must be set, denoted by B̃j ∈ R3, where j is
the index of the respective field set. bnj are the corresponding
measured values of the n-th sensor when the j-th field is
applied. To determine Rn and On, the optimization problem

argmin
Rn,On

J∑
j=1

∥∥∥∥B̃j −
(
Rn On

)(bnj
1

)∥∥∥∥2
2

(9)

This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2025.3629803

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



AUTHOR et al.: PREPARATION OF PAPERS FOR IEEE TRANSACTIONS AND JOURNALS (MAY 2024) 5

R

η

α

Local Sensor
Calibration

Gobal
Orientation
Correction

a) b) c)

{b1, . . . , bN}
{r1, . . . , rN}

{B1, . . . ,BN}
{r1, . . . , rN}

{B1, . . . ,BN}
{r̃1, . . . , r̃N}

Field Values
Sensor Positions

Magnetometer
Array

Fig. 3. Calibration procedure for the field camera. As shown in a), each Hall magnetometer at {r1, . . . , rN} outputs its value in a local coordinate
system {b1, . . . , bN} that may not be orthogonal. From a) to b), all local coordinates systems must be transformed into a global coordinate system
obtaining {B1, . . . ,BN} to solve the surface integral for calculation of the expansion coefficients. In a second step from b) to c), the corrected
t-design positions {r̃1, . . . , r̃N} in the coordinate system of the calibration fields are found by applying a global rotation around the axis η by the
angle α

has to be solved.
In our case, this is done by reformulating the residuum

in (9). Since the second term of it is linear in
(
Rn On

)
,

a matrix Bbnj
∈ R3×12 exists such that

(
Rn On

)(bnj
1

)
= Bbnj

(
vec (Rn)

On

)
(10)

By concatenating all Bbnj
vertically one can express (9) as

argmin
Rn,On

∥∥∥∥∥∥∥
B̃1

...
B̃j

−

Bbn1
...

BbnJ

(
vec (Rn)

On

)∥∥∥∥∥∥∥
2

2

(11)

which is solved by a pivoted QR factorization.
2) Global Orientation Correction: The coordinate system of

B̃j now determines the new coordinate system of the field
camera. However, we only know the positions of the sensors
{r1, . . . , rN} in the coordinate system of the CAD model of
the 3D printed sensor mount. In order to express the field
using the series expansion, the next step is to specify the sensor
positions in the calibration field coordinate system, resulting in
corrected t-design positions {r̃1, . . . , r̃N}. Assuming that the
calibration fields coordinate system is Cartesian, the correction
of the t-design positions can be represented by a global
rotation matrix M ∈ SO(3) that rotates all positions such
that

r̃n = Mrn, n ∈ {1, ..., N}. (12)

Even if the sphere coordinate system is carefully aligned with
the calibration fields coordinate system, a slight sag in the
mounting can cause the sensors to rotate out of their expected
positions.

For the estimation of M , we use a measurement-based
approach, combining the calibration measurement data with
prior knowledge about the mounting of the sensors on the
sphere’s surface. In the case of our magnetometer array, the
z-axes of the sensors are assumed to be perpendicular to
the sphere’s surface and oriented outward. This allows for

an initial estimation of the sensor positions based on the
orientation of their coordinate systems, which were previously
derived from measurements with the calibration fields. The
z-axis of a sensor in the coordinate system of the applied
calibration fields points in the same direction as Rn

:,z , which
denotes the z column of Rn. We now assign to each sensor
an estimated position

r̂n = R
Rn

:,z∥∥Rn
:,z

∥∥
2

. (13)

Due to measurement inaccuracies or sensor misalignment the
set of positions {r̂1, . . . , r̂N} are in general no spherical t-
design positions.

We now search for the rotation matrix M that op-
timally aligns the t-design positions from the CAD
model, {r1, . . . , rN} with the estimated sensor positions,
{r̂1, . . . , r̂N}. Specifically, we aim to minimize the sum of
squared spherical distances between these two sets of positions
on the sphere SR with radius R

argmin
M∈SO(3)

N∑
n=1

dSR (Mrn, r̂n)
2
, (14)

where dSR : SR × SR → R is the spherical distance.
To solve the optimization problem, we parameterize M

using a rotation angle α ∈ R and a rotation axis η ∈ R3 and
employ the Manifolds.jl [29] package to accurately compute
the spherical distances. The optimization is then performed
by gradient descent using Manopt.jl [30], which provides a
framework for optimization on manifolds as well as a Library
of optimization algorithms in Julia [31]. As it can be seen in
Fig. 3 c), the calculated rotation matrix M can then be applied
to the sensor positions.

D. Calibration Setup

For calibration, the sphere is placed in a homogeneous
magnetic field in J = 6 different orientations. It is generated
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by a solenoid1 with an inner diameter of 30 cm. All calibration
measurements were performed at a field strength of 20.08 mT
(including the Earth’s magnetic field, measured with a Hall
magnetometer, model 460, Lake Shore, Westerville, USA),
with each measurement lasting three minutes. A total of 1800
individual measurements were obtained, and their mean value
was utilized to ascertain all parameters of the calibration
model. The relative homogeneity of the solenoid field, defined
as the change in the field norm, in the spherical region
is approximately 1.1 · 10−3. Inside the volume of the Hall
magnetometer, a field component perpendicular to the coil
axis is generated that is approximately 1.15% of the nominal
flux density. We consider the values to be sufficiently small
to assume the field as homogeneous. Since the solenoid can
only apply the field in one direction, the sphere is placed in
the field in different orientations using a cubic cage mount.
The right-angled structure of the mount makes it possible to
record the calibration fields along the three orthogonal axes of
the sphere.

E. Uncertainty Propagation
To assess the robustness of the estimated field model,

we performed an uncertainty propagation analysis based on
sensor-specific input uncertainties. The analysis includes sen-
sor noise and drift, spatial inhomogeneities and determination
uncertainties in the calibration field, as well as positioning
and orientation errors of the individual sensors. A Monte-
Carlo approach was used to estimate the resulting spatially
dependent uncertainty in the field. Details of the method and
a comprehensive discussion of the results are presented in a
separate work [32].

F. Experimental Setup
The field measurement method using a t-design quadrature

to discretize the field on the surface of the sphere to infer
the field is already well established [6]. We therefore compare
the data from the field camera with a second measurement,
also using a spherical t-design with t = 12 and R = 9 cm,
and a spherical harmonic expansion, but recorded sequentially.
The data were obtained using a single 3D Hall magnetometer
(Model 460, Lake Shore, Westerville, USA) mounted on
a robot that moves the sensor to t-design positions. For
both measurement methods, a magnetic gradient field with
a characteristic field-free point (FFP) and gradient strengths
of 0.22Tm−1 in the y-direction and 0.11Tm−1 in x- and
z-directions was analyzed. This field is generated by two
identical coils mounted on a common soft-iron yoke. De-
tails on the design and calibration of the setup, including
verification of the gradient strengths, can be found in [33].
The field is particularly well represented by a sixth-degree
polynomial. This ensures that truncation errors are minimal
and that deviations likely stem from the proposed calibration
method, which we aim to investigate.

For a meaningful comparison, it is important to ensure that
we measure the same volume and in the same orientation. By

1Calibrating coil manufactured by Sekels, location: Ober-Mörlen, Germany

Fig. 4. Left: Measurement setup for measuring the gradient field of the
magnetic particle imaging system on a human head size with the field
camera. The camera is attached to a robot that can move the sphere
through the imaging area in the bore of the system. The coils under the
cover generate a field with a field-free point that is located in the center of
the sphere after adjustment [33]. Right: Measurement setup for the FFP
trajectory. The field camera is placed inside an 18-coil magnetic field
generator consisting of two 3×3 coil arrays. Sinusoidal coil currents with
different phases produce a field-free point that moves on an ellipsoidal
trajectory inside the sphere [27].

aligning the FFPs to the center of each measurement volume it
is guaranteed that both approaches capture the same region. To
achieve proper orientation, the field camera is initially rotated
as precisely as possible to align its axes with those of the
single sensor measurement. Any remaining misorientation is
corrected by applying an additional optimization in a post-
processing step by using a simplex algorithm, which rotates
the field to best match that of the single sensor measurement.
The measurement setup can be seen in Fig. 4 on the left.
Additionally, the sphere’s radius is included in the optimization
to compensate for minor discrepancies in size due to possible
inaccuracies in the 3D printing process. To obtain statistical
values for the deviation of the two field measurement methods,
the field within the sphere is sampled Cartesian with a grid
spacing of 0.5 mm.

In a second experiment, we qualitatively demonstrate the
ability of the field camera to capture dynamic field sequences
at video rates. For this purpose, a soft-iron coil array [27] was
used to generate a time-dependent gradient field that produced
a dynamic FFP. The array consists of 18 coils, arranged in
two planar 3 × 3 sub-arrays on opposite sides of the field of
view. Sinusoidal currents with different amplitudes and phases
were applied to the individual coils, resulting in a combined
magnetic field that drives the FFP along a continuous oval
trajectory with varying speed inside the spherical measurement
volume. The field was activated for about 5 s, during which
the FFP performed one full oscillation. The trajectory of the
FFP was recorded live at 10Hz using the field camera. The
measured data were transferred serially via USB to a computer,
where the spherical harmonic field model was reconstructed
from the field values at the t-design positions. The right part
of Fig. 4 shows a photo of the measurement setup from above.

IV. RESULTS
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Fig. 5. Comparison of field measurements from the single sensor approach and the field camera across three orthogonal planes. The examined
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planes for the field camera. Only inside the sphere’s boundary (white circle), the fields series expansion is valid. Values outside are to be ignored.

We first consider the results for the measurement of the
static gradient field. Both, the single-sensor and the field
camera yield very similar magnetic field measurements, but
with very different scan times. While sequential measurement
with a single sensor and a robot takes about 3min, the field
camera provides equivalent data in only 100ms.

The optimization in the post-processing step to align the two
field measurements with each other resulted in a tilt angle of
1.8◦. The optimized radius of the sphere is 45.41mm. After
correcting for the misalignment and scaling of the radius, the
average norm of the difference field of the two fields within the
sphere is (154 ± 66) µT (mean ± standard deviation), while the
maximum is 403 µT. In relation to the maximum magnitude of
the field within the sphere of 12.0 mT, this results in an average

deviation of about 1% and a maximum deviation of about 4%.
A plot of the field obtained by the two measurement methods
as a plot of the difference field on the cross-sectional planes is
shown in Fig. 5. A direct comparison of the two measurement
methods is presented in Fig. 7. The figure shows the measured
absolute field values (left column) and the absolute value
of the difference field (right column) along the coordinate
axes from Fig. 5. For both plots it can be seen that the
largest absolute deviations are observed at the edge of the
sphere. Note that the approximation of the field by a spherical
harmonic expansion does not provide information about the
field outside this sphere [6], as indicated by the white dashed
line.

The uncertainty propagation was performed separately for
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chronological order of the trajectory for enhanced visualization. Gray
curves show the projections onto the coordinate planes.

each magnetic field component. The resulting average uncer-
tainties within the sphere were estimated as 200 µT for Bx,
270 µT for By , and 210 µT for Bz . This corresponds to a
mean uncertainty of 400 µT in the magnitude of the field.
A breakdown of the individual contributions reveals that the
dominant source of uncertainty is the spatial inhomogeneity
of the calibration field, contributing 310 µT. Positional and
orientational uncertainties of the sensors follow with 220 µT,
while sensor-specific effects such as noise and drift account
for the smallest contribution with 140 µT. The right column of
Fig. 5 shows the spatially dependent propagated uncertainty of
the magnetic field norm in the respective planes [32].

Fig. 6 shows the recorded trajectory of an FFP moving
inside the spherical volume. Within 5 s, 50 magnetic field shots
were taken. The trajectory is oval in shape and the speed of
the FFP varies according to its position, as can be seen from
the different distances between the recorded points along the
trajectory.

V. DISCUSSION

The results demonstrate that the calculated model accurately
reproduces the field obtained from the sequential measure-
ment, which has been validated as a reliable representation of
the real field in prior work. Measurement uncertainty depends
on both the complexity of the spatial profile of the magnetic
fields being analyzed and the calibration process. In particular,
fields that can be well approximated by a polynomial of degree
6 can be accurately estimated. Since the analyzed field fulfills
this requirement, we can focus here on errors originating from
other sources of uncertainty.

The uncertainty analysis presented in [32] identifies inho-
mogeneities in the calibration fields B̃j as the dominant source
of uncertainty. This highlights the importance of using highly
homogeneous calibration fields and knowing their absolute
amplitudes with low uncertainty in order to minimize system-
atic uncertainties for the field measurements.

Errors in sensor positioning and orientation also contribute
to the overall uncertainty, albeit to a lesser extent. Although
the field estimation method averages out local deviations, it is

−40 −20 0 20 40

2

4

−40 −20 0 20 40

0

100

200

300

−40 −20 0 20 40

5

10

−40 −20 0 20 40

0

100

200

300

−40 −20 0 20 40

2

4

−40 −20 0 20 40

0

100

200

300

x / mm

∥B
∥ 2

/
m
T

x / mm

∥B
di

ff
∥ 2

/
µ
T

y / mm

∥B
∥ 2

/
m
T

y / mm

∥B
di

ff
∥ 2

/
µ
T

z / mm

∥B
∥ 2

/
m
T

z / mm

∥B
di

ff
∥ 2

/
µ
T

Single Hall Sensor Magnetometer Array Error

Fig. 7. Comparison of field measurements using the single-sensor
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diagrams depict the absolute field values for both methods, while the
right diagrams illustrate the magnitude of the difference field between
the two measurements.

still essential to carefully place the sensors on the spherical
surface to reduce their impact.

A further limiting factor is the susceptibility of Hall mag-
netometers to temporal drifts, which can be caused by sensor
aging. These effects can be either correlated or uncorrelated
across sensors. In the correlated case, systematic deviations
can arise, which are not mitigated by averaging. Uncorrelated
uncertainties, in contrast, are more likely to average out dur-
ing the coefficient estimation process. Nevertheless, periodic
recalibration of the field camera is required to maintain long-
term precision.

Additional uncertainty stems from imperfections in the 3D-
printed sensor holder, which may deviate from a perfect sphere
due to manufacturing tolerances or thermal deformation over
time. For example, in a field gradient of 0.2 T m−1, a radial
displacement of only 1 mm can lead to a field deviation of
200 µT. Systematic deviations from the intended geometry
can introduce distortions in the measured field gradients that
cannot be compensated for by simply adjusting the sphere
radius during optimization.

Considering all these factors, the observed average deviation
of 154 µT between two independent measurement methods
aligns well with the propagated uncertainties and supports
the validity of the presented approach. We acknowledge that
testing only a single gradient field does not guarantee perfor-
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mance across all possible field configurations. However, the
main error sources relevant to our setup, such as calibration
inaccuracies or deformations of the 3D-printed holder, would
also manifest themselves in the static gradient field measure-
ment used for validation. The agreement observed between the
sequential and field camera measurements therefore provides
confidence that these errors do not compromise usability.

Mean uncertainties of about 400 µT determined by the
uncertainty propagation are already sufficient for the intended
use case of MPI sequence design and planning, where field
strengths lie in the several mT range and spatial tolerances
are on the millimeter scale. For example, such an uncertainty
corresponds to a shift of the field of view in the MPI scanner
on the order of 1 to 2 mm, which is smaller than the positioning
accuracy with which a human head can realistically be placed
inside the scanner. However, for applications that require sig-
nificantly higher absolute field accuracy, the dominant sources
of error can be further reduced.

Comparing the measurement time of the sequential and
parallel methods for a spherical volume with a diameter of
9 cm, the parallel measurement results in a speedup by a factor
of about 1800. With this frame rate, a wide range of dynamic
field sequences can already be investigated. As an example, we
recorded the trajectory of a moving FFP in a field generator.
The observed oval trajectory and varying speed are expected,
since the circular motion was only approximated by the coil
currents and not realized through a precisely controlled field
sequence. The strong field inhomogeneity and varying gradient
strengths within the volume further prevent a uniform FFP
movement.

It should be noted that the field camera averages the
measured data over 100 ms and transmits the averaged values
as a single frame. The resulting reconstructions therefore
represent mean fields over this time window. The latency from
data acquisition to visualization cannot be precisely specified
at this stage, but in our current prototype it is dominated
by unoptimized plotting algorithms rather than by the field
reconstruction itself.

VI. CONCLUSION

The method of measuring magnetic fields at spherical t-
design positions and modeling the field within the sphere’s
volume using a spherical harmonic expansion was successfully
applied to a magnetometer array. This constitutes a proof-of-
concept, demonstrating that the approach can be successfully
implemented in hardware. The presented calibration proce-
dures enabled monitoring of a magnetic field that can be well
represented by a polynomial of degree six, with a temporal
resolution of 10 Hz and an uncertainty in the 100 µT range.
This capability opens up entirely new application scenarios
where the spatio-temporal distribution of magnetic fields is of
interest.

The field camera is particularly relevant for MPI, where
both static and dynamic field information are crucial. For
instance, the ability to track an FFP trajectory at video rates
enables direct monitoring of time-varying selection fields. This
knowledge directly impacts the calculation of the imaging

field of view, the achievable resolution [5], and the perfor-
mance of model-based reconstructions [34], [35]. Applications
such as the planning and characterization of multi-patch se-
quences [23] especially benefit from fast volumetric measure-
ments, since the field evolution under the combined influence
of coil currents and eddy currents can be mapped directly.
Achieving this with sequential single-sensor measurements
would be prohibitively time-consuming, as it would require
many time-triggered measurements during each sequence.

Beyond MPI, the field camera is also well suited for
other applications where repeated volumetric field mapping
is required. Examples include shimming in MRI systems,
where field inhomogeneities must be iteratively assessed and
corrected [36]; calibration of magnetic manipulation platforms
for microrobotics or drug delivery [37]; magnetic tracking sys-
tems that rely on accurate field maps to improve localization
accuracy [38]–[41]; haptic interfaces that use shaped magnetic
fields to provide tactile feedback [42]; and the volumetric field
mapping of superconducting magnets in particle accelerators,
where harmonic control and precise field characterization are
essential [43]. In general, experimental mapping becomes
particularly important when magnetic fields are influenced by
materials with poorly characterized magnetic properties, which
are difficult to capture reliably in simulations. Finally, the
method inherently offers good scalability, making it adaptable
to larger volumes or higher sensor counts.

VII. OUTLOOK

Future work will focus on refining the calibration process
by performing it in more homogeneous and well-characterized
reference fields and improving the positioning of the sensors
on the Hall magnetometer holder. Additionally, the fiducials on
the sensors can be used to access the actual sensor positions
and orientations optically and compensate for sensor tilting
or position deviations by varying the quadrature weights. It
is equally important to characterize and, if necessary, com-
pensate for sensor behavior over time. Aging of the sensors,
thermal deformations, and mechanical creep would otherwise
introduce systematic errors and reduce long-term stability.
A thorough investigation of long-term stability is therefore
essential for the characterization of a metrological instrument.

Another important step will be the quantification of potential
truncation errors when the measured field cannot be accurately
represented by a sixth-degree polynomial. This allows fields to
be measured without having to know their spatial complexity
in advance. For direct verification, additional sensors can
be placed within the sphere. Our current sampling rate of
10 Hz does not yet reach hardware limitations, suggesting
that an increase by a factor of ten is feasible. Furthermore,
the presented methodology is not tied to a specific sensor
type. Depending on the requirements of a given application,
different magnetometer technologies can be employed to opti-
mize the trade-off between resolution, bandwidth, and dynamic
range. For example, the integration of small receiver coils,
which are fed via multiplexers to a suitable analogue-to-digital
converter and digitized, is a promising approach for AC field
measurements. Another interesting direction is extending this
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technique to ellipsoidal regions, using ellipsoidal harmonics
as the field expansion basis [25], [44]. Since magnetic fields
are often generated and analyzed in non-spherical regions,
an ellipsoidal approach could better adapt to the actual mea-
surement volume. For instance, tomographic imaging systems
typically operate in cylindrical regions, where an ellipsoidal
measurement device could provide improved spatial coverage
and more accurate field characterization.
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