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Abstract15

In situ magnetic field measurements are often difficult to obtain due to the presence of16

stray magnetic fields generated by spacecraft electrical subsystems. The conventional so-17

lution is to implement strict spacecraft magnetic cleanliness requirements and place mag-18

netometers on a deployable boom. However, this method is not always feasible on low-19

cost platforms due to factors such as increased design complexity, increased cost, and20

volume limitations. To overcome this problem, we propose using the Quad-Mag Cube-21

Sat magnetometer with an improved Underdetermined Blind Source Separation (UBSS)22

noise removal algorithm. The Quad-Mag consists of four magnetometer sensors in a sin-23

gle CubeSat form-factor card that allows distributed measurements of stray magnetic24

fields from electrical subsystems. The UBSS algorithm can remove stray magnetic field25

noise without prior knowledge of the magnitude, orientation, or number of noise sources.26

UBSS is a two-stage algorithm that identifies signals through cluster analysis and sep-27

arates them through compressive sensing. We use UBSS with single source point (SSP)28

detection to improve the identification of noise signals and iteratively weighted compressed29

sensing to separate noise signals from the ambient magnetic field. Using a mock Cube-30

Sat, we demonstrate in the lab that UBSS reduces four noise signals producing more than31

100 nT of noise at each magnetometer to below the expected instrument resolution (near32

5 nT). Additionally, we also show that the integrated Quad-Mag and UBSS system works33

well for 1U, 2U, 3U, and 6U CubeSats in simulation. Our results show that the Quad-34

Mag and UBSS noise cancellation package enables high-fidelity magnetic field measure-35

ments from a CubeSat without a boom.36

Plain Language Summary37

Measuring magnetic fields in their natural space environment, or ”in situ,” can be38

difficult because of interference from other artificial magnetic fields. These other mag-39

netic fields, called ”stray magnetic fields,” are often created by the electrical subsystems40

on the spacecraft. The usual way to solve this problem is by making sure the spacecraft41

is very clean magnetically and by putting special sensors on a long arm that sticks out42

from the spacecraft. However, this solution can be difficult to use on small spacecraft,43

such as CubeSats, because it makes the spacecraft more expensive and harder to design.44

In this study, we propose an alternative solution by using a special sensor called Quad-45

Mag and a method to cancel out noise called Underdetermined Blind Source Separation46

(UBSS). This new solution allows accurate measurements without the need for a long47

arm and it works well even on CubeSats. The combination of Quad-Mag and UBSS tech-48

nology has the potential to revolutionize CubeSat magnetometry, offering valuable op-49

portunities for space research and exploration.50

1 Introduction51

In situ magnetic field measurements are essential for studying the dynamics of space52

plasmas in the near-Earth environment. These measurements allow us to observe var-53

ious currents in the magnetosphere, such as field-aligned currents (FACs) and magne-54

topause currents. The Enhanced Plasma Outflow Probe, for example, detects FACs and55

enables research into how the magnetospheric and ionospheric systems are coupled (Wallis56

et al., 2015). However, obtaining accurate measurements of the ambient magnetic field57

in space can be challenging due to stray magnetic fields from spacecraft subsystems. Space-58

craft subsystems, including solar panels, magnetorquers, batteries, and propulsion sys-59

tems, generate stray magnetic fields that interfere with measurements of the ambient mag-60

netic field (Finley et al., 2023). For Instance, the GOES-16 spacecraft employs electric61

propulsion-based thrusters that generate about 20 nT of stray magnetic field noise (Califf62

et al., 2020). These noise signals inhibit space physics research that utilizes magnetic field63

measurements.64
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The historical way to mitigate stray magnetic fields in magnetometer measurements65

is to use strict magnetic cleanliness requirements and a deployable boom that extends66

the magnetometer away from the spacecraft. For example, the Voyager spacecraft has67

a 13-meter-long boom that reduces noise from the spacecraft body to less than 0.2 nT68

(Miller, 1979). However, booms do not guarantee noise elimination, as shown by some69

difficulties encountered by the Defense Meteorological Satellite Program (DMSP), which70

uses a single magnetometer mounted on a 5-meter boom (Kilcommons et al., 2017). More-71

over, booms introduce significant design complexity and cost that can make them un-72

suitable for CubeSat applications. As a result, some space exploration missions are not73

equipped with magnetometers.74

The use of multiple magnetometers on a spacecraft enables the application of noise75

cancellation algorithms to separate stray magnetic fields from the ambient magnetic field.76

Several gradiometry algorithms have been developed which model the spacecraft noise77

as a magnetic dipole and use a pair of magnetometers to remove the estimated noise (Ness78

et al., 1971; Carter et al., 2016; Ream et al., 2021). However, these algorithms still re-79

quire the use of a mechanical boom. As the use of CubeSats for space physics research80

are rising in popularity, a magnetometer package that fits the form factor and economic81

requirements of a CubeSat are necessary. We propose the use of the Quad-Mag magne-82

tometer board and a noise cancellation technique called Underdetermined Blind Source83

Separation (UBSS) to remove stray magnetic field noise from CubeSat Magnetometer84

Measurements.85

The Quad-Mag is a 10 cm x 10 cm board that is composed of four separate PNI86

RM3100 magnetometers (Strabel et al., 2022). The PNI RM3100 is a commercial mag-87

netometer that samples the magnetic field using magneto-inductive sensing (Leuzinger88

& Taylor, 2010). The sensor is composed of an ASIC and a simple oscillator circuit, and89

can measure down to 2.7 nT at 1 Hz (Regoli et al., 2018). The use of four magnetome-90

ters allows for a reduction in the measurement uncertainty of the PNI RM3100 by a fac-91

tor of 2. The Quad-Mag board has a total power consumption of only 23 mW when ac-92

tive and can measure magnetic fields within a resolution of near 1 nT at 1 Hz.93

The presence of multiple magnetometers also enables the use of the UBSS algorithm
to separate stray magnetic field noise generated by spacecraft subsystems. The UBSS
algorithm models the presence of noise signals in the magnetometer measurements through
the following system.

B(t, k) = KS(t, k) (1)

In this system the source signals, S(t, k), at the time-frequency bin, (t, k), mix into the94

magnetometer signals, B(t, k). The presence of each source signal at each magnetome-95

ter is defined by the mixing matrix, K. The UBSS algorithm is a two-step algorithm that96

identifies the mixing matrix, K, through cluster analysis and separates the source sig-97

nals from the mixed signals via compressive sensing. Hoffmann and Moldwin (2022) demon-98

strated the removal of four noise signals from lab-generated magnetometer data and re-99

duced the root mean squared error (RMSE) of magnetometer measurements from 300.53100

nT to 7.23 nT (near the sensor resolution at 50 Hz). The UBSS algorithm can remove101

stray magnetic field noise without prior knowledge of the magnitude, orientation, or num-102

ber of noise sources. This novel approach allows us to obtain high-fidelity magnetic field103

measurements with a greater degree of accuracy and precision.104

In this work, we present two experiments demonstrating the Quad-Mag and UBSS105

system. The first experiment demonstrates using a mock CubeSat, the separation of four106

copper coil-generated noise signals from SWARM magnetometer data. The second ex-107

periment simulates the removal of noise measured by the Quad-Mag in 1U, 2U, 3U, and108

6U CubeSats. We also present several enhancements to the noise removal algorithm by109

Hoffmann and Moldwin (2022), detailed in the methodology section. The successful ap-110

plication of the Quad-Mag magnetometer with UBSS would enable high-fidelity mag-111
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netic field measurements to be recorded from a CubeSat without the need for a boom.112

This solution not only improves the accuracy of magnetic field measurements, but it also113

significantly reduces the cost and complexity of spacecraft designed to measure the mag-114

netic fields of space plasma.115

2 Methodology116

The Quad-Mag is a low size, weight, power, and cost (SWAP-C) magnetometer that117

enables high-fidelity magnetic field measurements and fits the form factor of a CubeSat.118

The UBSS algorithm, designed by Hoffmann and Moldwin (2022), allows for the use of119

the Quad-Mag in the noisy CubeSat environment expected for a magnetometer mounted120

inside the CubeSat bus. In this section, we provide an overview of the specifications of121

the Quad-Mag designed by Strabel et al. (2022), and the UBSS algorithm designed by122

Hoffmann and Moldwin (2022). We also describe several improvements made to the UBSS123

algorithm through the implementation of Single Source Point Detection, changing the124

clustering algorithm, and introducing an iterative weighting scheme to the compressive125

sensing algorithm in signal reconstruction.126

2.1 The Quad-Mag Techniques and Specifications127

The Quad-Mag is a 10 cm x 10 cm standard CubeSat form factor board composed128

of four PNI RM3100 magnetometers. The Quad-Mag board weighs 59 grams and con-129

sumes 23 mW of power when active. For an individual axis, it has a noise floor of 3.770130

pT
√
Hz

−1
at 1 Hz. It is important to note that various methods can be used to cal-131

culate the noise floor, leading to different outcomes. In this case, the noise floor was de-132

termined by Strabel et al. (2022) using the power spectral density derived from the frequency-133

transformed auto-correlation of the measured magnetometer signal. The PNI RM3100134

magnetometers are synchronized and controlled by a single MSP430 microcontroller. The135

Quad-Mag also uses a simple UART interface to send telemetry and receive commands136

to and from the CubeSat.137

The PNI RM3100 is a digital magnetometer that measures ambient magnetic field138

via a relaxation oscillator composed of a digitally emulated Schmitt trigger and resistor-139

inductor circuit, as seen in Figure 1.140

Figure 1: Schematic of the magneto-inductive sensing circuit by Leuzinger and Taylor
(2010)

The PNI RM3100 uses an ASIC to emulate the behavior of the Schmitt trigger.141

This circuit measures the magnetic field through repeatedly driving the inductor into142

saturation in the forward and reverse directions. The presence of an ambient magnetic143

field biases the inductor in one direction and shortens the time necessary to drive the144

circuit into saturation in that direction. The forward and reverse cycles drive counter145
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circuits whose difference can be used to reconstruct the ambient magnetic field. This pro-146

cess is illustrated in Figure 2.147

Figure 2: Illustration of the saturation time asymmetry due to an applied external field
by Leuzinger and Taylor (2010)

The PNI RM3100 is a commercial magnetometer but has been proven to be spaceflight-148

ready. The PNI RM3100 was shown to be radiation tolerant when irradiated up to 150149

kRad total ionizing dose, and resistant up to 76.7 MeV cm2 mg−1 for single event latch-150

up (Regoli et al., 2020; Moldwin et al., 2022). As the magnetic field is sensed through151

digital counters, the measurement uncertainty of the magnetometer has a dependence152

on the sampling frequency. Regoli et al. (2018) characterized the PNI RM3100 and ob-153

served a measurement uncertainty of 8.7 nT at 40 Hz, 2.7 nT at 1 Hz, and a linear dy-154

namic range of ±100,000 nT. During testing in the University of Michigan’s Magnetic155

Laboratory, we tested several PNI RM3100 magnetometers and found the measurement156

uncertainty of individual sensors to be between 1.5 nT and 2.5 nT at 1 Hz. The vari-157

ance is a result from the mass manufacturing process. To account for this, we have de-158

veloped a procedure to find the best performing sensors from different production batches159

to use for flight missions.160

The use of four PNI RM3100 magnetometers on the Quad-Mag board has multi-161

ple purposes. First, the Quad-Mag is able to achieve a lower measurement uncertainty162

than a single magnetometer through averaging. The measurement uncertainty decreases163

with respect to
√
M where M is the number of magnetometers. Strabel et al. (2022) ob-164

served a measurement uncertainty of 5.34 nT when sampling the Quad-Mag at 65 Hz165

versus 10.59 nT when testing a single PNI RM3100. The second advantage of using four166

magnetometers is that multiple points of measurement enable the use of noise cancel-167

lation algorithms such as UBSS. This paper demonstrates that the short distance sep-168

aration of the four magnetometers on the Quad-Mag is sufficient to identify multiple noise169

sources within a CubeSat.170

2.2 Signal Preprocessing171

The role of UBSS in magnetic noise removal is to separate out the spacecraft-generated
noise from the ambient magnetic field if there are more noise sources than magnetome-
ters (Hoffmann & Moldwin, 2022). UBSS is a blind algorithm which means that it does
not require any prior knowledge of the magnitude, spectral content, location, or orien-
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tation of the noise sources. However, in spacecraft magnetometry we assume that the
ambient magnetic field appears equally at each magnetometer. At the time-frequency
bin, (t, k), the presence of the source signals, S(t, k), at each magnetometer, B(t, k), is
defined by the mixing system, B(t, k) = KS(t, k), where K is the mixing matrix and
its columns are known as the mixing vectors. This system is expressed in its full matrix
format in equation (2).

B1(t, k)
B2(t, k)

...
Bm(t, k)

 =


1 k12 k13 ... k1n
1 k22 k23 ... k2n
...

...
...

. . .
...

1 km2 km3 ... kmn



S1(t, k)
S2(t, k)

...
Sn(t, k)

 (2)

In this system, we seek to recover the ambient magnetic field signal, S1(t, k), which172

is associated with the column of ones in the mixing matrix, K. The system can be ex-173

pressed as b=Ks, where K is a wide matrix and s is a vector of source signals. However,174

this system is underdetermined and has infinitely many solutions. For instance, if s is175

a solution to b=Ks, then so is s+s’, where s’ belongs to the null space of K. The UBSS176

algorithm uses a two-step approach to overcome this challenge. The first step identifies177

the source signals by finding their corresponding mixing vectors in K using cluster anal-178

ysis. The second step separates the ambient magnetic field signal by applying compres-179

sive sensing techniques.180

Both steps rely on the sparsity assumption that only one signal is active in a time-181

frequency bin (t,k). If Sj(t, k) is the only active signal at time-frequency, (t, k), and all182

other signals are zero, then the system in equation 2 can be simplified to a single mix-183

ing vector.184


B1(t, k)
B2(t, k)

...
Bm(t, k)

 =


k1j
k2j
...

kmj

Sj(t, k) (3)

The reduced system in equation 3 defines a straight line with a slope proportional185

to the mixing vector, Kj . If the mixed magnetometer signals, B(t, k) are scatter plot-186

ted against each other, then each sparse source signal will form a line defined by their187

corresponding mixing vectors. An example of this can be seen below in Figure 3.188

In order to discover the mixing vector corresponding to each noise signal, we de-189

fine a space, H ∈ R2m, where each magnetometer, m, and the relative phase of each190

magnetometer signal is a dimension. The relative phase is defined in section 2.3 and is191

used to find the polarity of the elements of the mixing matrix.192

2.3 Noise Identification through Cluster Analysis193

The magnetometer measurements, b(t), must be filtered and transformed into a clus-194

terable format in order to perform cluster analysis. Magnetometer data are rarely sparse195

in the time domain, so the Non-Stationary Gabor Transform (NSGT) of the magnetome-196

ter signals are taken in order to transform the signals into a sparse domain (Holighaus197

et al., 2013). This transform is similar to a Short Time Fourier Transform (STFT), but198

it improves the spectral resolution of the transform through evolving the window size199

with respect to frequency. This effect makes the NSGT transform similar to a wavelet200

transform.201

Once the mixed magnetometer signals, B(t, k), have been obtained, the mixed sig-202

nals are projected to the surface of a unit hypersphere through equation 4.203
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Figure 3: Three mixed signals composed of six sparse source signals scatter plotted
against each other (Figure by Hoffmann and Moldwin (2022)).

B∗(t, k) :=
|B(t, k)|
∥B(t, k)∥

(4)

Through equation 4, the transformed time-frequency points will form densely packed204

clusters on the surface of a unit hypersphere. The centroid of these clusters is propor-205

tional to the mixing vectors of each source signal. Figure 4 shows the mixed signals from206

Figure 3 transformed through equation 4.207

Figure 4: Time-frequency points from three mixed signals in Figure 1 projected onto a
unit hyperspace. The compactly formed clusters are proportional to the mixing vectors of
the corresponding noise signals (Figure by Hoffmann and Moldwin (2022)).

The projected time-frequency points form clusters that are used to reconstruct the208

columns of the mixing matrix, K. However, the measurement uncertainty and presence209

of multi-source points (MSP) may cause the signals, B(t, k), to project randomly and210

obscure the relevant clusters. Two filters are applied to the magnetometer data before211

cluster analysis is performed in order to overcome these constraints.212
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The measurement uncertainty of the PNI RM3100 magnetometer at 1 Hz is near213

2.7 nT. As a result, time-frequency bins with low energy may project randomly onto the214

unit hypersphere (Sun et al., 2016). We cleanse these low energy data points using a mag-215

nitude filter which removes data points below a factor of the magnetometers measure-216

ment uncertainty. This filter is defined in equation 5.217

|B(t, k)| > λ · σ (5)

The parameter, σ, defines the standard deviation of the characterized measurement218

uncertainty of the magnetometer. The variable, λ, is the factor that defines the magni-219

tude at which low energy points should be removed with respect to the measurement un-220

certainty, σ. Only statistically meaningful data points will remain after the magnitude221

filter has been applied.222

To identify and remove multi-source points (MSPs), we use a single source point223

(SSP) detection algorithm that compares the complex and real components of the mixed224

magnetometer signals, B(t, k). If only one source signal, Sj(t, k), contributes to a time-225

frequency bin, (t, k), then both the real and imaginary components of B(t, k) will be pro-226

portional to the same mixing vector, Kj . This means that their cosine similarity will be227

equal to 1. We calculate the cosine similarity using equation 6 and remove data points228

that are above a certain threshold, θ0 (Reju et al., 2009).229

θ = cos−1(
{Re[B(t, k)]}T Im[B(t, k)]√

{Re[B(t, k)]}TRe(B(t, k))
√

{Im[B(t, k)]}T Im(B(t, k))
) (6)

After the low energy and multi-source points are removed from B∗(t, k), the last230

step in processing the data into a clusterable format is to join the signals, B∗(t, k) with231

their relative phase in order to find the source signal polarities. The transform in equa-232

tion 4 strips the data points of their polarity, so take the relative phase defined in equa-233

tion 7 in order to reconstruct the polarity of the mixing vector components.234

argB(t, k) = { argBj(t, k)− arg (B0(t, k) | j ∈ [0,m] } (7)

Using the result of equation 7, a new data format, H(t,k), is defined by concate-235

nating the projected magnitude data with the argument of the time-frequency data.236

H(t, k) = (B∗(t, k), arg (B(t, k)) (8)

Once the original magnetometer data, b(t), has been transformed into a cluster-237

able format, H(t, k), an array of clustering algorithms can be used to reconstruct the mix-238

ing matrix, K. Hoffmann and Moldwin (2022) use the Density Based Spatial Cluster-239

ing for Applications with Noise (DBSCAN) algorithm (Ester et al., n.d.). This algorithm240

requires two data-dependent parameters, eps and minPts, that must be set by the user.241

In this work, we use the Hierarchical Density Based Spatial Clustering for Applications242

with Noise (HDBSCAN) algorithm because it has similar benefits to DBSCAN but does243

not require the user to set any parameters (McInnes & Healy, 2017; Campello et al., 2013).244

HDBSCAN is an extension of DBSCAN that uses a hierarchical clustering scheme. Sim-245

ilar to DBSCAN, HDBSCAN does not require the number of clusters to be defined be-246

forehand, and it will ignore noisy data points. We use HDBSCAN to cluster H(t,k) and247

use each cluster’s centroid as a source signal mixing vector. We then join these vectors248

to form the mixing matrix, K, which we use to separate the source signals from ambi-249

ent magnetic field via compressive sensing.250

–8–



manuscript submitted to JGR: Space Physics

2.4 Ambient Field Reconstruction251

To separate the stray magnetic field signals from the ambient magnetic field, we252

first estimate the mixing matrix, K, using HDBSCAN. Then, we use compressive sens-253

ing (CS) to reconstruct the ambient magnetic field signal from the mixed signals. CS is254

an algorithm that can recover sparse or near-sparse signals from under-sampled measure-255

ments (Baraniuk, 2007). It is widely used in audio and image decompression applica-256

tions. Hoffmann and Moldwin (2022) apply a weighted Basis Pursuit scheme for CS, which257

solves the following optimization problem in equation 9 (Candès et al., 2008).258

Minimize wT |s|
Subject to b = Ks

(9)

However, this scheme assumes that there is no measurement error in b. If the mea-259

sured signals are very noisy, this assumption may not hold. Therefore, we propose a dif-260

ferent scheme based on the Dantzig Selector with an iterative weighting scheme (Candes261

& Tao, 2007). The Dantzig Selector relaxes the equality constraint in equation 9 by al-262

lowing some error tolerance (Rani et al., 2018). The formulation of the Dantzig Selec-263

tor is shown in equation 10.264

Minimize wT |s|
Subject to ∥KT (b−Ks)∥∞ ≤ η

(10)

The parameter, η, in the problem constraint is a tuning parameter that controls265

how much error is allowed. This formulation enables us to recover the ambient magnetic266

field signal even when there is some measurement error, e, in the underdetermined mea-267

surement system b = Ks+ e.268

We use a weighting scheme to reduce noise and error in the signal reconstruction269

process. The weighting scheme assigns different importance to different elements in the270

solution vector, s, which represents the separated signals. The first element of s, denoted271

by s0, corresponds to the ambient magnetic field signal, which is our main interest. The272

other elements correspond to the stray magnetic field signals, which are considered as273

noise. Hoffmann and Moldwin (2022) use a constant weighting matrix that gives more274

weight to s0 than to other elements of s. However, this may not be optimal for differ-275

ent types of mixed signals. Therefore, we propose an adaptive weighting scheme that ad-276

justs the weight of s0 based on whether the mixed time-frequency signal, B(t,k), is a SSP277

or a MSP. A SSP means that only one source signal contributes to B(t,k), while an MSP278

means that multiple source signals contribute to B(t,k). If B(t,k) is a SSP, we use the279

Candès et al. (2008) weighting scheme where w =
1

|s|
, which assigns less weight to larger280

elements of s to induce sparsity. If B(t,k) is an MSP, we iteratively increase the weight281

of s0 using the formula w[0] = w[0] + α(sratio − w[0]), where α is a learning rate and282

sratio is the ratio of the sum of absolute values of noise signals to the absolute value of283

ambient magnetic field signal. The variable, sratio, is defined in the following equation284

where s is the solution vector and ϵ is a small constant to prevent division by zero.285

sratio =

∑n
i=1 |si|

|s0|+ ϵ
(11)

This scheme aims to enhance the sparsity of s by suppressing noise signals and high-286

lighting ambient magnetic field signal. We use this adaptive weighting scheme with Dantzig287

Selector, which is a compressive sensing recovery method that can handle measurement288

errors. This system allows us to reconstruct the ambient magnetic field with as little noise289

as possible from under-sampled measurements.290
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We use CVXPY, a Python-embedded modeling language for convex optimization291

problems (Diamond & Boyd, 2016), to solve the system defined by equation 10. CVXPY292

automatically transforms the problem into standard form, calls a solver, and unpacks293

the results. The solver we use is Embedded Conic Solver (ECOS), which converts the294

problem into a Second Order Cone Problem (SOCP) and applies an interior point solver295

to find the sparse solution (Alizadeh & Goldfarb, 2003; Domahidi et al., 2013).296

The final step of our method is to apply a Savitzky-Golay (SG) filter to the recon-297

structed ambient magnetic field signal. The SG filter is a smoothing technique that pre-298

serves the shape and features of the signal while reducing random normal noise. It works299

by fitting a polynomial of a given order to a sliding window of data points using least300

squares. The filtered value at each point is obtained by evaluating the fitted polynomial301

at the center of the window. Liu et al. (2016) used a SG filter to denoise seismological302

measurements. In our case, we use a SG filter to enhance the quality of the ambient mag-303

netic field signal after compressive sensing recovery.304

3 Experimental Data and Results305

In this paper, we present two experiments that show the effectiveness of our inte-306

grated Quad-Mag and UBSS system for removing stray magnetic fields. The first exper-307

iment uses a Mock CubeSat designed by Deshmukh et al. (2020) with four copper coils308

driven by waveform generators to create artificial noise signals. We also add geomagnetic309

perturbation data from the SWARM satellite to simulate the ambient magnetic field. The310

second experiment is a simulation that applies our system to different sizes of CubeSats311

(1U, 2U, 3U, and 6U). We use the same SWARM data and four noise signals for each312

simulation. The results demonstrate that our system can successfully remove the stray313

magnetic fields from these CubeSat configurations.314

Figure 5 illustrates the signal processing procedures detailed in sections 2.2-2.4. The315

first step (i) is to transform the mixed magnetometer signals, b(t), into the time-frequency316

domain, B(t,k), using the NSGT to improve signal sparsity. The second step (ii) is to317

remove the low magnitude time-frequency points using the magnitude filter described318

in equation 5. The third step (iii) is to identify the remaining data points as SSPs or MSPs319

based on equation 6. The fourth step (iv) is to prepare the data for cluster analysis by320

transforming it into a clusterable form through equations 4, 7, and 8. The clusterable321

data, H(t,k), is then used to find the mixing matrix, K, in the fifth step (v) through the322

use of HDBSCAN. The sixth step (vi) is to separate the original time-frequency data,323

B(t,k), through the iteratively weighted compressive sensing scheme detailed in section324

2.4. Lastly, the SG filter is applyed in the seventh step (vii) in order to reduce the ran-325

dom normal noise of the reconstructed signal.326

We use three metrics to evaluate how well our algorithm reconstructs the ambient327

magnetic field signal from the noisy measurements: Signal to Noise Ratio (SNR), Pear-328

son Correlation Coefficient (ρ), and Root Mean Squared Error (RMSE). These metrics329

compare the reconstructed signal, x, with the true signal, y, element-wise over the en-330

tire time-series. The Pearson Correlation Coefficient, given by equation 12, measures how331

linearly related the normalized input and recovered signals are.332

ρ =

∑N−1
i=0 (xi − x̄)(yi − ȳ)√∑N−1

i=0 |(xi − x̄)|2
∑N−1

i=0 |(yi − ȳ)|2
(12)

The RMSE, given by equation 13, measures the average magnitude of error between333

the estimated and true signals. This metric is sensitive to large outliers, so a few large334

deviations may inflate its value. The RMSE does not indicate what an acceptable level335

of error is, so we also use the SNR.336
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Figure 5: Block diagram of the processes involved in recovering the mixing matrix, K,
through cluster analysis and reconstructing the ambient magnetic field signal, S0, through
compressed sensing.

RMSE =

√∑N−1
i=0 (xi − yi)

2

N
(13)

The SNR, measured in decibels, defines the ratio of power from the ambient mag-
netic field signal to power from noise from stray magnetic field signals. This metric helps
to give context to the RMSE value. The SNR is given by equation 14.

SNR = 10 log10

∑n
i=1(xi − x̄)2∑n
i=1(xi − yi)2

(14)

3.1 Experiment 1: Mock CubeSat Noise Removal337

In this experiment, we demonstrate the utility of the proposed algorithm on real338

magnetic field data. To take measurements of the copper coil-generated noise signals,339

we used a prototype of the Quad-Mag magnetometer. The copper coils were driven by340

signal generators to create the source signals, s(t) ⊃ [s2(t), s3(t), s4(t), s5(t)]. The wave-341

forms driving the stray magnetic field signals were a 5 Hz sine wave, 2 Hz sawtooth wave,342

0.8 Hz sine wave, and a 3 Hz attenuating sine wave. The spectral content of these noise343

signals provided a variety of sparse and wideband signals to test against. The Quad-Mag344

sampled 150 seconds of the coil-generated signals at 65 Hz. A single PNI RM3100 mag-345

netometer has an estimated measurement uncertainty of 10.5 nT at 65 Hz. The aver-346
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aged Quad-Mag measurements are estimated to have a factor of 2 reduction in measure-347

ment uncertainty, near 5.25 nT. The experimental apparatus is shown in Figure 6.348

Figure 6: The Quad-Mag and copper coils are placed within the mock CubeSat to em-
ulate a 3U CubeSat. The Quad-Mag is located at the bottom of the CubeSat, while
the four noise coils are placed vertically above it, all contained within a 10x10cm2 area.
The mock CubeSat is housed in a copper room lined with mu-metal to provide magnetic
shielding. This room serves as a large magnetic shield.

The source signals were combined in the mixing system, b(t) = Ks(t) = [b1(t), b2(t), b3(t), b4(t)].349

The signal, s1(t), was residual geomagnetic field data that was generated by subtract-350

ing the IGRF model from spacecraft magnetic field data measured by the SWARM A351

satellite. The data were recorded on March 17th, 2015, between 8:53 and 8:55 UTC as352

the spacecraft passed through a perturbation in the southern auroral zone. The first twenty353

seconds of the mixed signals are shown in Figure 7.354

The UBSS algorithm was applied to the Quad-Mag’s z-axis following the proce-355

dure in Figure 5. In step one (i), the NSGT algorithm requires the user to set the low-356

est frequency for the transform and the bands per octave. We set the low frequency to357

0.01 Hz and used 1 band per octave. These values are used to vary the window length358

with respect to the frequency being analyzed. In the second step (ii), we used σ = 10359

and λ = 2 to remove low-energy points. The value σ corresponds to the estimated noise360

at a single magnetometer of about 10.5 nT. In the third step (iii), the time-frequency361

points were classified as MSPs and removed if they had an angle above θ = 15◦. The362

next two steps of the algorithm require no user-set parameters. The noise signals were363

identified using cluster analysis and separated using compressive sensing. After separa-364

tion, the ambient magnetic field signal is smoothed with a SG filter that uses a sliding365

window of 33 data points and a third order polynomial. The cleaned magnetic field sig-366

nal and the spectra of the noisy, cleaned, and true signal are shown in Figure 8.367
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Figure 7: Plots (a), (b), (c), and (d) show 20 seconds of the four mixed signals recorded
by the Quad-Mag at 65 Hz. The four noise signals are a 5 Hz sine wave, 2 Hz sawtooth
wave, 0.8 Hz sine wave, and a 3 Hz attenuating sine wave. The fifth source signal is the
ambient magnetic field signal added virtually to each magnetometer signal. The noise
signals have amplitudes between 50 nT and 200 nT.

The estimated ambient magnetic field signal in Figure 8 closely resembles the true368

geomagnetic field signal. Table 1 shows the RMSE, SNR, and correlation of the recon-369

structed signal with respect to the true magnetic field signal. We compared these results370

to a single magnetometer on the Quad-Mag and to the average of all four magnetome-371

ters to demonstrate the efficacy of our algorithm and the integrated suite. The results372

of the algorithm without the SG filter applied are included in the supplement of this pa-373

per.374

Table 1: Summary of Experiment 1 Results.

ρ SNR (dB) RMSE (nT)

Single 0.4353 -6.29 120.07

Average 0.9518 9.84 18.72

UBSS 0.9971 22.33 4.40

–13–



manuscript submitted to JGR: Space Physics

Figure 8: The blue line in plot (a) represents the magnetometer signal after cleaning,
while the orange line shows the actual ambient magnetic field signal. Plot (b) displays a
scaleogram of the raw signal from a single magnetometer on the Quad-Mag, created using
wavelet analysis. The shaded regions indicate invalid wavelet results. Plot (c) shows a sca-
leogram of the estimated ambient magnetic field signal, and plot (d) shows a scaleogram
of the true signal. Plot (e) is a histogram of the error between the original and estimated
signals, s1 − ŝ1.

3.2 Experiment 2: Simulated CubeSat Noise Removal375

In this simulation, we investigate the performance of the UBSS algorithm in remov-376

ing noise signals from magnetometer measurements for several CubeSat form factors. We377

use the magpylib package to simulate a four dipole noise sources and four virtual mag-378

netometers. The magnetometers are placed to emulate the spacing and function of the379

Quad-Mag. The noise sources consist of simulated reaction wheel noise signal, square380

wave and sine wave signals that turn on and off randomly, and real magnetometer noise381

from the Michibiki satellite. The Michibiki magnetometer data used is a full 24-hour mea-382

surement from April 23rd, 2012 (Imajo et al., 2021). The noise signal was created by sub-383

tracting the inboard and outboard magnetometers to remove the geomagnetic field and384

resampling the signal to fit the 100 second window of the simulated signals. This intro-385

duces a frequency shift in the Michibiki noise signal but maintains the same spectral struc-386

tures. The source signals used in this experiment are shown in Figure 9.387
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Figure 9: Five source signals sampled at 50 Hz. Panel (a) shows the SWARM geomag-
netic field data used as the ambient signal. Panel (b) shows a simulated reaction-wheel
signal that has 15 Hz and 20 Hz components. Panel (c) shows real spacecraft noise taken
measured by Michibiki-1. Panel (d) and panel (c) show a 5 Hz square wave and 3 Hz sine
wave turning on and off randomly. The second column shows the wavelet scalogram of
each source signal. The y-axis is the period of the signal in seconds. The coloring shows
the normalized amplitude of the detrended signals.
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The Magpylib python library was used to simulate these source signals as magnetic388

fields. Magpylib allows the user to specify the location of various magnetic field sources389

and magnetometers. The library is not able to simulate AC magnetic fields, however,390

we overcome this by measuring each noise source at each magnetometer and forming a391

mixing matrix, K. The magnetometer signals are then generated by multiplying the source392

signals, s, by the mixing matrix, K, in the system, b(t) = Ks(t). This method does not393

take into account any induction currents or the presence of conductors that may be present394

in spacecraft. Additionally, we used dipole fields to simulate the magnetic fields of the395

noise sources. The first twenty seconds of mixed virtual magnetometer signals are shown396

in Figure 10.397

Figure 10: Plots (a), (b), (c), and (d) show 20 seconds of the four mixed signals recorded
by the Quad-Mag at 50 Hz in the 1U spacecraft configuration. The four mixed signals
respresent a combination of the real and simulated noise signals shown in Figure 9. The
SWARM geomagnetic perturbation data was added to each magnetometer equally as well
as 10 nT of random normal noise. The noise signals have amplitudes up to near 400 nT
peak to peak at a single magnetometer.

The noise sources were placed randomly within a 1U volume and were scaled ver-398

tically and horizontally to simulate the 2U, 3U, and 6U CubeSats. The locations of the399

noise sources and virtual magnetometers in the 1U CubeSat magpylib simulation are shown400

in Figure 11.401
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Figure 11: Noise source locations and virtual magnetometers in a 1U CubeSat simula-
tion. The circles represent dipole noise sources with locations (x,y,z) in millimeters: (43,
16, 27), (-36, 26, 83), (25, -32, 66), and (-25, -13, 37). The tri-color vectors represent vir-
tual magnetometers. The noise source locations were scaled proportionally for simulations
of 2U, 3U, and 6U CubeSats.
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The magnetometer measurements were sampled at a rate of 50 Hz and 10 nT of402

random normal noise was added to each magnetometer signal. The UBSS algorithm was403

applied to the virtual x-axis for each CubeSat following the procedure in Figure 5. In404

step one (i), the NSGT algorithm requires the user to set the lowest frequency for the405

transform and the bands per octave. We set the low frequency to 0.1 Hz and used 1 band406

per octave. In the second step (ii), we used σ = 10 and λ = 5 to remove low-energy407

points. The value σ corresponds to the estimated noise at a single magnetometer of 10408

nT. In the third step (iii), MSPs were removed if they had an angle above θ = 10◦. Fi-409

nally, the noise signals were identified using cluster analysis and separated using com-410

pressive sensing. Table 2 shows the results of the UBSS algorithm with respect to sim-411

ply taking an average of all of the magnetometers signals.412

Table 2: Summary of Experiment 2 Results.

Metric 1U 2U 3U 6U

RMSE

Single 163.24 158.62 52.04 273.09

Average 62.71 140.25 85.3 140.71

UBSS 3.83 5.33 8.08 4.16

ρ

Single 0.4095 0.411 0.7601 0.2167

Average 0.7054 0.4062 0.5643 0.3892

UBSS 0.9978 0.9961 0.9926 0.9977

SNR

Single -9.15 -8.90 0.78 -13.62

Average -0.84 -7.83 -3.51 -7.86

UBSS 23.44 20.58 16.95 22.72

4 Discussion and Future Work413

We present an integrated magnetometer suite that combines the Quad-Mag Cube-414

Sat magnetometer for distributed magnetic field measurements and UBSS for noise re-415

moval. The use of four embedded magnetometers in the Quad-Mag lowers the instru-416

ment noise by a factor of two and enables noise removal algorithms. To validate this sys-417

tem, we performed two experiments. The first experiment used a prototype Quad-Mag418

and stray magnetic fields generated by current-driven copper coils. A single magnetome-419

ter on the Quad-Mag board had an RMSE of 120.07 nT and a SNR of -6.29 dB. The av-420

eraged Quad-Mag signal improved these metrics to 18.72 nT and 9.84 dB, respectively.421

After applying UBSS to the Quad-Mag signals, we reconstructed the magnetic field sig-422

nal with an RMSE of 4.4 nT and a SNR of 22.33 dB. This is below both the measure-423

ment error expected at 65 Hz for a single magnetometer (near 10.5 nT) and also below424

the theoretical noise level for the averaged Quad-Mag error (i.e., factor of 2 reduction425

due to four sensors). This surprising result may be due to the unique weighting algorithm426

used in the compressive sensing stage, which zeros out the random normal noise of low-427

SNR time-frequency bins but keeps it in high-SNR bins. The residual error between the428

true and estimated signals In Figure 8 Panel (e) showed a normal distribution, indicat-429

ing that UBSS successfully identified and removed every noise signal.430
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We performed a second experiment to test the efficacy of UBSS when applied to431

different CubeSat sizes. We simulated four different CubeSat form factors (1U, 2U, 3U,432

and 6U) with noise sources scaled accordingly. The placement of the virtual magnetome-433

ters mimicked the Quad-Mag design, and 10 nT of random normal noise was added to434

simulate the measurement uncertainty at 50 Hz. In addition, real magnetometer noise435

from the Michibiki satellite is used as a source signal in these simulations. As a result,436

any random normal noise from the Michibiki satellite magnetometers also adds to the437

simulated 10 nT of normal noise. For the 1U CubeSat, UBSS reduced the error from 163.24438

nT at a single magnetometer to 3.83 nT. This is below both the expected normal error439

of 10 nT for a single magnetometer and the normal error 5 nT for the averaged magne-440

tometer. However, the RMSE of the reconstructed signal did not strictly decrease as we441

scaled the noise sources vertically away. The average signal error for the 2U, 3U, and 6U442

CubeSats were 140.25 nT, 85.3 nT, and 140.71 nT, respectively. UBSS outperformed these443

averages with an RMSE of 5.33 nT, 8.08 nT, and 4.16 nT, respectively. This experiment444

demonstrates that UBSS can successfully remove CubeSat noise for various CubeSat form445

factors, but it also suggests that the position of the noise sources relative to the mag-446

netometers affects the efficacy of the algorithm. The Restricted Isometry Property (RIP)447

is a condition that ensures that compressive sensing can reconstruct the source signals448

in the presence of noise (Candès, 2008). The mixing matrix in UBSS is the matrix that449

connects the noise sources to the magnetometer measurements, and it should satisfy the450

RIP for successful noise separation. Altering the location of the noise sources will change451

the RIP and may affect signal reconstruction.452

One of the key assumptions of UBSS is that the ambient magnetic field is uniform453

across all magnetometers. A potential flaw to this assumption is that a stray magnetic454

field signal that appears equally at each magnetometer may be construed with the am-455

bient magnetic field. As a result, the UBSS algorithm may not be able to separate the456

stray magnetic field signal from the ambient magnetic field. To avoid this issue, we sug-457

gest placing the magnetometers or the spacecraft subsystems in such a way that min-458

imizes this possibility. Furthermore, UBSS relies on the sparsity of the noise sources in459

a certain transform domain to apply compressive sensing techniques for signal separa-460

tion. In this work, we use NSGT to achieve higher sparsity of the noise signals. How-461

ever, the sparsity assumption may not be valid for all kinds of noise sources or transform462

domains.463

In summary, we present a novel method to remove noise signals from magnetome-464

ter measurements using the Quad-Mag CubeSat magnetometer and the UBSS algorithm.465

Compared to a single magnetometer or the averaged Quad-Mag signals, our method achieves466

better RMSE, SNR, and correlation with the true magnetic field signal. However, our467

simulations and experiments are based on a simplified stray magnetic field model and468

may not capture the complexity of real spacecraft magnetic fields. To address this lim-469

itation, future work includes characterizing spacecraft magnetic fields and using the char-470

acterized field equations in magpylib simulations, and integrating the Quad-Mag into a471

real CubeSat and testing its performance. Additionally, we introduced a novel iterative472

weighting algorithm that relies on SSP detection. This algorithm presents a significant473

improvement to preferentially reconstructing the ambient magnetic field signal, but fur-474

ther work is necessary to validate and improve the MSP weighting scheme.475

5 Conclusions476

This work presents a new approach for obtaining high-fidelity magnetic field mea-477

surements from CubeSats using the Quad-Mag magnetometer and UBSS. The Quad-Mag478

instrument, equipped with four magneto-inductive magnetometers, provides a resolution479

that is two times greater than that of any single sensor. The UBSS algorithm effectively480

removes stray magnetic field noise without prior knowledge of the magnitude, orienta-481
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tion, or number of noise sources. The combination of the Quad-Mag and UBSS allows482

for boomless magnetic field measurements with a high degree of accuracy and precision.483

We performed two experiments to validate the integrated Quad-Mag and UBSS suite.484

The first experiment demonstrated the removal of four noise signals generated by cop-485

per coils from geomagnetic field data added virtually to the Quad-Mag measurements.486

This experiment showed a reduction of stray magnetic field noise from 120.07 nT at a487

single magnetometer to 4.40 nT when sampled at 65 Hz. This is below the expected mea-488

surement error of 10.5 nT for a single PNI RM3100 sampled at that rate. The second489

experiment simulated the removal of four noise signals in several CubeSat configurations.490

The stray magnetic field signals were composed of real spacecraft noise taken from the491

Michibiki satellite and artificial noise signals turning on and off randomly. The UBSS492

algorithm reduced the error of the measured magnetometer signals from 163.24 nT to493

3.83 nT in the 1U CubeSat simulation.494

The results of this study demonstrate the potential of the Quad-Mag and UBSS495

package as a reliable and cost-effective solution for in situ magnetic field measurements496

in CubeSats. The Quad-Mag and UBSS package has the potential to revolutionize the497

way magnetic field measurements are conducted from CubeSats, making it a valuable498

tool for space research, exploration, and attitude control. The ability to conduct high-499

fidelity magnetic field measurements without the need for a boom can open new possi-500

bilities for CubeSat missions, enabling scientists without access to expensive spacecraft501

platforms to propose and study a wide range of space phenomena.502
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