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Abstract

Current autonomous underwater vehicles generally use multibeam sonars and Doppler
velocity logs to aid their inertial navigation systems. While effective, these active acoustic
systems can reveal the presence of a vehicle, making them unsuitable for covert operations.

This report presents the key findings from a research project investigating the feasibility
of using a quantum magnetometer array as a substitute or complement to active sonar sensors
in autonomous underwater vehicles. Field and sea trials demonstrate that the magnetic field
near the Earth’s surface exhibits significant spatial variations, enabling speed estimation and
absolute positioning using quantum magnetometer arrays. Theoretical analysis shows that
temporal variations in the Earth’s magnetic field, rather than sensor noise, set the fundamental
performance limit for estimating vehicle speed using a magnetometer sensor array. However, if
a continuous forward communication link with a rate of ∼ 10 bits/s is available, the temporal
variation can, to a large extent, be removed by transmission of correction data.

Temporal variations also make map-matching-based positioning challenging. But by es-
timating the magnetic-field gradient using a magnetometer array, temporal variations can
be effectively canceled, making gradient-based magnetic-field map-matching a promising ap-
proach. Further work is needed to quantify the effects of platform-induced disturbances and
map imperfections.

∗email: skog@kth.se

1

skog@kth.se


Contents

1 Introduction 3

2 Sensors and sensor arrays 3
2.1 Sensors and data loggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Sensor array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3 Field and sea trials 5
3.1 Tarfala field trial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
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1 Introduction

Multibeam sonars and Doppler velocity loggers (DVLs) are the standard sensor technologies used to
aid inertial navigation systems (INS) in autonomous underwater platforms. By providing terrain-
matching and speed-over-ground measurements, these sensors enable correction of the drift inherent
to inertial navigation. Despite their proven effectiveness, multibeam sonars and DVLs suffer from
two main operational limitations.

First, they provide reliable measurements only within a limited range from the sea floor. Con-
sequently, the platform must operate relatively close to the seabed, which increases energy con-
sumption due to the need to follow the bottom topography. Second, they rely on active acoustic
emissions, which can reveal the platform’s presence to adversaries and thereby limit their applica-
bility in covert or defense-related operations.

Recent studies on magnetometer array signal processing for indoor positioning have shown
that such arrays can extract velocity information from local spatial variations in the magnetic
field [1, 2, 3]. Moreover, using this velocity information to aid an INS has been shown to significantly
reduce position and orientation drift [4, 5, 6, 7]. This capability enables simultaneous localization
and mapping (SLAM) based solely on magnetic-field information and low-cost inertial sensors [8].

Motivated by recent advances in magnetometer array signal processing and quantum mag-
netometer technology, this work investigates the feasibility of transferring techniques developed
for indoor positioning to autonomous underwater platforms. The primary objective is to assess
whether quantum magnetometer arrays can complement or replace existing multibeam sonar and
DVL systems, and to identify the key technological challenges associated with this transition.
The secondary objective is to examine the potential for absolute positioning by magnetic-field
map-matching.

To this end, a set of quantum magnetometers was acquired and used to collect magnetic-
field data at multiple locations in Sweden under varying operational conditions. The data were
used to: (a) construct high-fidelity spatial models of the magnetic field, (b) analyze its temporal
characteristics, and (c) evaluate the measurement performance of the quantum magnetometers and
the influence of platform-induced disturbances.

Based on these analyzes, theoretical bounds on the achievable speed-estimation accuracy are
derived and compared with those of existing DVL technologies. In addition, a map-matching
approach based on magnetic-field gradients is developed to mitigate the effects of temporal field
variations, which are challenging to handle in underwater applications due to limited communi-
cation abilities. The feasibility of this map-matching approach is validated through simulations
based on models derived from field-trial data.

2 Sensors and sensor arrays

An optically pumped laser quantum magnetometer was selected as the sensing unit to investigate
the characteristics of current commercial quantum magnetometers. An array was subsequently
constructed using multiple such magnetometers to assess their suitability for magnetometer array
signal processing.

2.1 Sensors and data loggers

The QuSpin QTFM optically pumped laser quantum magnetometer, shown in Fig. 1a, was selected
as the sensing unit. The sensor, together with QuSpin’s Advanced Communication Board, was
mounted inside the watertight housing illustrated in Fig. 1b. This assembly forms a sealed, battery-
powered sensor node capable of logging the following data:

• Total magnetic field measured by the optically pumped quantum magnetometer (QTFM).

• Inertial and vector magnetic field data from the integrated low-cost Bosch BNO085 nine-axis
MEMS sensor mounted within the QuSpin unit.

• Position and timing data from a u-blox NEO-M8 GPS receiver module.

Figure 2 summarizes the characteristics of the total magnetic field measurements. From the
spectra shown in Fig. 2a, low-frequency components caused by natural variations in the Earth’s
magnetic field can be observed. The intrinsic sensor noise is approximately white, with a spectral
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(a) QTFM total-�eld magnetometer. Left: Sensor
head. Right: Control and data acquisition unit.
Courtesy: QuSpin

(b) QTFM magnetometer, data logging unit, and
GPS receiver in watertight enclosure.

Figure 1: The quantum magnetometer and data logging unit used in the �eld and sea trials.

(a) Spectrum of two QTFM sensors (MAG-1 and MAG-2) separated by a distance of 1 [ m]. The di�erences
between the signals give the combined noise of both magnetometers, plus any variations in the �eld gradient.
Courtesy: QuSpin

(b) Example of measured orientation-dependent sensor bias.

Figure 2: Examples of the measurement characteristics and behavior of the QuSpin QTFM sensor.

density1 of about 3 pT/
p

Hz. This speci�c sensor construction, although measuring the total
magnetic �eld, has a bias that depends on the orientation to the �eld. The orientation-dependent
bias is shown in Fig. 2b. The bias varies by approximately� 1:5 nT, which is consistent with the
manufacturer's speci�cations. Compared to sensor noise, bias is a signi�cant error source, and bias
calibration is needed to mitigate it and obtain reliable measurements; see [9] for a discussion of
calibration schemes.

1The �gure shows the spectral level of the di�erence between measurements of two sensors, and given the
assumption that the sensor noises are uncorrelated, the sensitivity values should be divided by

p
2 to get the

spectral level of a single sensor.
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(a) Tripod-shaped array with four QuSpin sensors.
The sensors are time synchronized via a wired con-
nection (not shown). The inertial navigation sys-
tem and RTK GPS receiver are mounted in the
center of the array.

(b) Sensor mounted on end-points in the tripod-
shaped array. All sensor heads are aligned in the
same direction to cancel out errors dependent on
sensor orientation.

Figure 3: The developed sensor array.

2.2 Sensor array

To estimate the velocity in three dimensions, an array in the shape of a tripod was devised and
constructed, see Fig. 3. The lengths of the legs were such that the magnetometer sensor heads
were spaced 1 [m] apart and aligned, with the possibility of adding an inertial measurement unit
and a GNSS antenna in the center, see Fig. 3a. The sensor array was also constructed to be
modular, so that the legs can be replaced to accommodate di�erent inter-sensor distances. Further,
the magnetometers were daisy-chained via UMCC cables, enabling synchronized data sampling.
Moreover, to cancel out errors dependent on the sensor orientation, the sensor heads in end-points
of the tripod (see Fig. 3b) were mounted in the same direction. Due to limited project time, the
magnetometer array was developed and demonstrated only for land use as a proof of concept for
a three-dimensional array. In the sea trials, only linear arrays were used within this project.

3 Field and sea trials

Three �eld trials were carried out at the following sites:

ˆ Lake Tarfala, Kiruna, Sweden (67:92375� N, 18:58918� E),

ˆ Gr•ans•o, V•astervik, Sweden (57:76111� N, 16:68417� E), and

ˆ Elektraparken, Stockholm, Sweden (59:29456� N, 18:00792� E).

In addition, a sea trial was carried out at

ˆ Ask•o, Stockholm, Sweden (58:83820� N, 17:59900� E).

These trials and the results are described next. Data from the �eld trials can be supplied upon
request.

3.1 Tarfala �eld trial

The objective of the �eld trial on the ice-covered lake Tarfala was twofold. The �rst objective was
to collect data within the water volume to understand how the magnetic �eld magnitude varies
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