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Abstract.

Commercially available anisotropic magnetoresistive (AMR) magnetometers exhibit order 1 nano-Tesla (nT) sensitivity in
small size, weight, and power (SWaP) packages. However, AMR magnetometer accuracy is diminished by properties such as
static offsets, gain uncertainty, off-axis coupling, and temperature effects. Thiswork presents ameasurement of themagnitude
of these effects for a Honeywell HMC1053 magnetometer and evaluates a method for calibrating the observed effects by5

multivariate non-linear regression using a 24 parameter measurement equation.
The presented calibration method has reduced the vector norm of the root mean square error from 4300 nT to 72 nT

for the data acquired in this experiment. This calibration method has been developed for use on the AERO-VISTA CubeSat
missions, but the methods and results may be applicable to other resource constrained magnetometers whose accuracies are
limited by the offset, gain, off-axis, and thermal effects similar to the HMC1053 AMR magnetometer.10

1 Background

1.1 Satellite magnetic sensing

Magnetic sensing is used on satellites for orientation determination in Low Earth Orbit (LEO) and for scientific observations
of planetary bodies and solar wind (Albertson and Van Baelen, 1970). Earth’s surface magnetic field is dominated by the
dipolar mode (or component), but spherical expansion representations of Earth’s magnetic field can define global magnetic15

maps which achieve vector component accuracies of about 150 nT and angular accuracies of about 1◦. Such maps include
the World Magnetic Map (Chulliat et al., 2020) and the International Geomagnetic Reference Field (IGRF) (Alken et al., 2021)
If a satellite magnetometer can achieve similar measurement accuracy, then the magnetic attitude determination accuracy
will be primarily limited by map models and not magnetic sensing. This level of accuracy would enable magnetic-only
attitude determination and control, inwhich a satellite senses orientationwith a vectormagnetometer, and controls spacecraft20

orientation without the use of reaction wheels or control thrusters and instead uses only magnetorquers for actuation (Liu
et al., 2016).
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Additionally, magnetometers are used for scientific observation of solar system bodies (Russell et al., 2016), solar wind
(Horbury et al., 2020), and other space weather events (Kletzing et al., 2013). Satellite-borne magnetometers provide infor-
mation about planetary geology by measuring the magnitude, orientation, and variation of an object’s magnetic field (Leger25

et al., 2009). On solar system objects without an internally generated dynamo field, the crustal remnant magnetic fields still
provide information on the body’s history and composition (Connerney et al., 2015). Magnetic field observations are also used
to learn about the space plasma environment such as the connection between planetary magnetic fields and solar coronal
activity (Nicollier and Bonnet, 2016).

1.2 AMR magnetometers30

Materials with magnetoresistance exhibit a variation in electrical resistance with incident magnetic field. Some materials
exhibit a sub-type of magnetoresistance in which the change in resistance depends also on direction of the applied magnetic
field, not just the magnitude (Gu et al., 2013). Anisotropic Magnetoresistive (AMR) magnetometers utilize this effect by
converting the change in material resistance into a measurement of the direction of the applied magnetic field. With a 4-
element Wheatstone bridge configuration of AMR material, AMR magnetometers produce an analog output approximately35

proportional to one vector direction of the magnetic field (Ripka et al., 2003). This configuration is used by the Honeywell
HMC-series discussed in this work.
The AMRmaterials in an AMRmagnetometer can be deposited as a thin film on silicon and therefore integrated into small

electrical components, with dimensions on the order of a few mm per side. Furthermore, these packages can contain three
perpendicular devices that enable simultaneous and independent measurement of three orthogonal magnetic field vector40

components. Such components that integrate three-axis AMR sensing into one unit include the Honeywell HMC1053 and the
Memsic MMC5603MJ. The Honeywell HMC1053 was selected for study in this work and use on the AERO-VISTA CubeSats
for properties such as: low electrical noise due to analog design and steady state operation, low SWaP, and component family
flight heritage on similar CubeSats such as ANDESITE (Ad-hoc Network Demonstration for Spatially Extended Satellite-
based Inquiry and Other Team Endeavors) as described by Parham et al. (2019) and CINEMA (Cubesat for Ion, Neutral,45

Electron, Magnetic fields) as described by Archer et al. (2015).

1.3 Motivation

The AERO (Auroral Emission Radio Observer) and VISTA (Vector Interferometry Space Technology using AERO) missions
use two low Earth orbit 6U CubeSats to perform scientific observation of radio emissions from the Earth’s aurora and other
HF signals at radio frequencies from 100 kHz to 15 MHz (Erickson et al., 2018; Lind et al., 2019). To contextualize the radio50

frequency measurements, the AERO and VISTA spacecraft will also contain low-SWaP (Size, Weight and Power) magne-
tometers with accuracy better than 100 nT (Belsten, 2022). These magnetometers will measure auroral current systems as
the spacecraft passes through, providing scientific context for the radio frequency observations gathered by the radio fre-
quency vector sensor antenna. The precision and noise floor of of the HMC1053 magnetometer analyzed in this work meets
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the mission measurement requirements, but the manufacturer datasheet also reports inaccuracies due to a number of effects55

including temperature dependence, off-axis coupling, constant offsets, uncertain gains, and non-linearity.
On orbit, AERO-VISTA will use GPS and a star tracker for absolute knowledge of spacecraft position and orientation.

This will be used with global magnetic maps to determine the magnetic field in the spacecraft reference frame. The vector
magnetic field in the spacecraft body frame will be used as a calibration source for the AERO-VISTA mission. This work
evaluates the expected accuracy achievable with the AERO-VISTA magnetometers and associated calibration method but60

we do not intend to use ground-derived calibration parameters on orbit. For the data collected on the ground, the proposed
model achieves a root mean squared (RMS) fitting error compared to a reference magnetometer of better than the mission
requirement of 100 nT RMS. This calibration is achieved under the expected field range of � 50 µT in all axes and over 35
◦C temperature range. While limitations in data collection have resulted in incomplete parameter fitting on the ground, as
discussed in Section 3.2, the successful fitting of the x-axis over magnetic field and temperature variations to adequately low65

RMS error serves to verify the performance of this combination of hardware design and calibration method. Given this result,
AERO and VISTA will use and further evaluate this magnetic sensing method on orbit where the reference magnetic field
for parameter fitting will be provided by global magnetic maps when the spacecraft is at low latitudes.

1.4 Magnetic calibration methods

Magnetometer calibration involves modeling and estimating the errors reported by a magnetic sensor. With an accurate70

model, the expected error of the sensor can be predicted and subtracted for a more accurate overall measurement (Hadjige-
orgiou et al., 2020). Often, scalar magnetometers can achieve greater scalar accuracies than vector magnetometers, so can be
used as a calibration source for vector magnetometers. Particularly for rotating platforms, the scalar reference can be used for
robust estimation of vector calibration parameters using methods such as TWOSTEP (Alonso and Shuster, 2002) or Kalman
filtering (Crassidis et al., 2005). These works develop attitude-independent calibration methods which do not use absolute75

attitude sensors. Other models can be fit by least squares estimation (Gebre-Egziabher et al., 2006).
In the case of AERO-VISTA, an independent source of attitude is provided by the spacecraft attitude determination and

control system (ADCS), namely the star tracker. This system allows for pointing knowledge accuracy up to 0.1 ◦. Therefore,
AERO-VISTA can derive magnetic field in the spacecraft coordinate frame from global magnetic maps independent of any
other onboard magnetic field sensors. This field will be used as a calibration reference for the mathematical model and least80

squares fitting in this work.
Previous works by Archer et al. (2015) and Parham et al. (2019) have verified the capabilities of commercial AMR mag-

netometers and also fit calibration coefficients for parameters such as angular offset, gain uncertainty, and temperature
dependence of offset. The work by Archer et al. uses attitude-independent methods to fit calibration coefficients for gain,
offset, angular position, as well as temperature coefficients for gain and offset using on-orbit magnetometer data and the85

IGRF as a reference. Work by Parham et al. evaluates the gain, offset, and temperature coefficient of Honeywell HMC1001
and HMC1002 magnetometers using ground-based testing. This work describes the collection of ground data sufficient to
verify calibration performance by fitting coefficients for gain, offset, off-axis coupling as well as temperature coefficients for
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all terms. This work verifies the findings of the previous works to within the noise limit of the test magnetometer of about 20
nT. This work also applies previous CubeSat AMR magnetometer verification and calibration efforts to the HMC1053 mag-90

netometer implementation for the AERO-VISTA mission. Finally, the non-linear calibration equation in this work includes
second order couplings such as the temperature coefficients of off-axis terms.

1.5 Interfering sources of magnetization

Material in the vicinity of the magnetometer can be magnetized and contribute an additional magnetic field superimposed
upon the environmental magnetic field which we desire to measure. In space, satellite materials may be magnetized by95

the spacecraft’s own magnetorquer or magnetic fields from large current sources, such as battery charging circuits. Different
materials exhibit different levels ofmagnetic hardness, or the tendency of thematerial to retainmagnetization after amagnetic
field is removed. Magnetic hardness can be parameterized by coercivity—the magnetizing field necessary to remove the
internal magnetization of the material, or by the remanence—the amount of magnetization left after a magnetizing source
is removed. Magnetically hard materials contribute a constant offset to the magnetic field, and magnetically soft materials100

distort and scale magnetic field (Gebre-Egziabher et al., 2006).
Many large spacecraft performing magnetic science place their magnetometers on multi-meter-long booms to remove the

magnetometer from interfering fields generated by the spacecraft, such as on the Cassini-Huygens mission (Dougherty et al.,
2004). Such missions may also create detailed magnetic interference budgets maintained by a standing magnetic control
review board (MCRB) (de Soria-Santacruz et al., 2020). Small satellites, and CubeSats in particular often do not have the105

system mass and volume budgets to allow for large deployables, though some CubeSats such as CINEMA do have meter-
scale magnetometer booms (Archer et al., 2015). The magnetometer on AERO-VISTA is a secondary payload to the radio
frequency sensor, so Size Weight and Power (SWaP) are even more limited. Therefore, the AERO-VISTA magnetometer is
inside the 6U spacecraft bus and will be subject to interference from nearby materials. The interference from some materials
can be calibrated out as offsets or sensitivity changes as is developed in Section 3. If the material is neither magnetically soft110

nor magnetically hard, it can introduce complex time-varying errors which depend on the history of magnetization of the
system. These effects can also be created by properties of the magnetometer itself (Bernieri et al., 2007), so we undertake an
investigation into hysteresis of the magnetometer in Section 2.3.4.

2 Methods

The performance of the magnetometer or device under test (DUT) has been evaluated by simultaneously exposing both the115

DUT and a reference magnetometer to a variety of magnetic fields and temperatures.

2.1 Test hardware

An Engineering Development Unit (EDU) for the AERO-VISTA magnetic sensing instrument was developed for this cali-
bration experiment. The electronics in the EDU amplify, digitize, timestamp, and store the signals from the magnetometer
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