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Abstract 

 

Motivated by small-scale auroral plasma science, ANDESITE (Ad-hoc Network Demonstration for Spatial-

ly Extended Satellite-based Inquiry and Other Team Endeavors), a 6U CubeSat with eight deployable picosatel-

lites, will fly a local network of magnetometers through the electrical currents that cause the Northern Lights. 

With the spacecraft due to launch on NASA’s upcoming Educational Launch of Nano-satellites (ELaNa) mis-

sion, this work details the science motivation for this type of mission architecture, the mathematical framework 

for current field reconstruction from a magnetometer swarm, the particular hardware implementation selected, 

and the calibration procedures. Each three-axis Amorphous Magneto-resistive (AMR) magnetometer is hosted 

by a deployable picosatellite about the size of a piece of toast. Calibration of the sensors included a test of the 

integrated picosatelites in a Helmholz cage that swept a wide range of magnetic environments. Here, we show 

that even in the small package—operating under a Watt with a compact power system, radio, and GPS—we 

were able to sample at 30 Hz with an uncertainty under 20 nT in each axis in standard conditions. We develop 

an analysis framework for the network to understand the spatial frequency response of the kilometer-scale 3D 

filter created by the swarm as it flies through various current density structures in the ionospheric plasma. 

 

 Introduction 

 

Auroras are a visible manifestation of the release 

of electromagnetic energy from the magnetosphere 

into the outer atmosphere. This energy flow is medi-

ated by magnetic field-aligned currents (FACs) which 

close through the ionosphere in the altitude range of 

120 to 180 km (Thayer and Semeter, 2004). Our 

modern understanding of the auroral current circuit 

has come from space-based sensors. While the main  

 

structure was postulated early in the 20th century 

(Birkeland, 1908), direct observational evidence had 

to await the arrival of the space age, when magnetic 

sensors on polar orbiting satellites confirmed the 

presence of field-aligned currents that mediate the 

flow of energy between the magnetosphere and 

Earth’s outer atmosphere. Figure 1a shows an early 

statistical map of the Region 1 and Region 2 Birke-

land currents derived from 493 passes of the TRIAD 

Corresponding Author: J. Brent Parham – jbparham@bu.edu 



Parham, J. B. et al. 

 
Copyright © A. Deepak Publishing. All rights reserved. JoSS, Vol. 8, No. 1, p. 802 

satellite over the northern polar region (Iijima and 

Potemra, 1976). The observed mean pattern is con-

sistent with the conceptual model of Figure 1b (after 

Kelley, 2009), where the collisional ionosphere acts 

as a resistive load for an Earthward directed “DC” 

Poynting flux.  

The Active Magnetosphere and Planetary Elec-

trodynamics Response Experiment (AMPERE) ena-

bled, for the first time, the construction of time-

dependent images of the global Birkeland current 

system (Clausen et al., 2012). AMPERE leveraged 

the engineering-grade magnetometers on board the 

66-element Iridium satellite constellation (6 orbital 

planes, 11 satellites per plane) as a space-based sen-

sor network. Figure 2a shows a “snapshot” of mag-

netic deflections (10 minute average) during the onset 

of a geomagnetic substorm near the west coast of 

Alaska. Figure 2b shows the corresponding field-

aligned currents derived through spherical harmonic 

analysis of Ampere’s law (Waters et al., 2001). The 

complete image sequence for this substorm event is 

included as supplemental material. 

Although Figure 2b is generally consistent with 

the mean pattern of Figure 1, a gap in our empirical 

description becomes apparent when we attempt to 

reconcile this picture with observations of auroral 

dynamics from below. Figure 2c shows an all-sky 

image of the aurora (white light) within the ovular 

region in Figures 2b. Comparing Figures 2b and 2c 

suggests that the large-scale Poynting flux impinging 

the ionosphere is dissipated through small-scale cur-

rent channels that, in turn, structure the conductivity 

field through impact ionization (Semeter et al., 2005). 

Theory and observations have suggested Alfvén 

wave dispersion as the likely mechanism for the de-

velopment of sub-kilometer sub-second variability in 

the auroral particle flux (e.g., Stasiewicz et al., 2000; 

Semeter and Blixt, 2006; Dahlgren et al., 2013). Con-

sequences of dispersive Alfvén waves include the 

ionospheric destabilization (Akbari et al., 2012; Ak-

bari and Semeter, 2014), anomalous heating (Akbari 

et al., 2015), ionospheric upwelling (Strangeway et 

al., 2000; Tung et al., 2001), and scintillation of 

Global Navigation Satellite System (GNSS) signals 

(Semeter et al., 2017; Mrak et al., 2018). While the 

optical aurora has provided a valuable proxy diagnos-

tic, a complete understanding of this energy cascade 

requires a method of imaging the overlying current 

system in space and time. 

This article describes the concept, implementa-

tion, and analysis framework for a cubesat mission 

aimed at reconciling space-based measurements of 

 
(a) (b) 

Figure 1. (a) Statistical representation of the region 1 and 2 field-aligned currents derived from TRIAD data, plotted in magnetic latitude and 

local time where up is noon. (b) Schematic representation of region 1 and 2 current systems associated with magnetospheric convection. 
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the global morphology of the Birkeland currents with 

conjugate ground-based measurements of the aurora. 

The mission, called ANDESITE (Ad-hoc Network 

Demonstration for Spatially Extended Satellite-based 

Inquiry and Other Team Endeavors), will eject eight 

free-flying vector magnetometers from a 6U CubeSat, 

forming a nine-element short-baseline (<50 km) 

mesh network in space. The measurements will be 

analyzed collaboratively with ground-based auroral 

imagery in an effort to resolve kilometer-scale varia-

bility in the overlying field-aligned currents. The re-

mainder of this article is partitioned into two parts. 

We begin with a technical description of the space-

craft, its sensor, and calibration procedures (Section 

2). We then develop a mathematical framework for 

collaborative analysis of the ANDESITE network 

(Section 3). This framework is generally applicable 

to any dense magnetometer swarm. 

 

 ANDESITE Spacecraft Description 

 

ANDESITE leverages many capabilities that have 

come about from commercial and academic interest 

in small satellite technology while ultimately remain-

ing a very simple scientific approach: networked 

magnetometers. It is designed to the CubeSat stand-

ard, fitting in a “6U” form factor (20 cm × 30 cm × 

10 cm) for the Planetary Systems Corporation Canis-

terized Satellite Dispenser (CSD). Relying on many 

commercially available subsystems for its operation, 

it has proven to be inexpensive (hardware cost of 

∼$100,000) when compared to larger multipoint 

sampling missions. The system is currently scheduled 

for launch on a mission of NASA’s Educational 

Launch of Nano-satellites (ELaNa) program. 

Once deployed from the launch vehicle, every 

few orbits, the main 6U spacecraft bus or “mule” 

(Figure 3) deploys pairs of smaller sensor nodes 

(Figure 4). These nodes each contain a three-axis 

magnetometer and relay their measurements back to 

the mule, which communicates the data to ground 

through the GlobalStar communication network via a 

NearSpace Launch EyeStar Duplex radio. 

Due to different drag properties between the mule 

and the nodes, they slowly drift apart and create a 

spatial separation that allows sampling in- and cross-

orbital track, as seen in an artist’s rendition in Figure 

5. A more detailed relative orbit is shown in Figure 6, 

which was created using an orbital propagator that 

incorporated the NRLMSISE-00 atmosphere and a 70 

x 70 degree/order gravity model. Coordinates in the 

figure are defined as: “In-Track,” aligned with the 

velocity direction; “Cross-Track,” aligned with direc-

tion of orbital momentum; and “Radial,” completing 

the right-handed system. Loss of orbital energy by 

the sensor nodes relative to the mule causes them to 

 
Figure 2. (a) “Snapshot” of magnetic deflections measured by the Iridium satellite constellation during a substorm onset over the 

west coast of Alaska at ∼10:20 UT on 01 March 2011. The inset circle depicts the field of view of the Poker Flat, AK, auroral all-

sky camera. (b) Field-aligned current pattern derived from the first panel. (c) All-sky camera image recorded during the substorm 

expansion shown in the first panels. The image has been projected to map coordinates assuming an auroral emission altitude of 

120km. The camera field of view is depicted by the oval in panels (a) and (b). Note the prevalence of coherent kilometer-scale 

structures in the image, highlighting the elemental scales of energy dissipation. 
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drift forward in the relative coordinates. Cross-Track 

separations are near the maximum in the polar re-

gions, but In-Track separation exponentially expands, 

defining a mission lifetime based on the time until 

nodes drift out of communications (on the order of a 

week). During the mission, the resulting formation 

effectively combines the geometric concepts of 

SWARM (Ritter and Lühr, 2006) and ST5 (Cumnock 

et al., 2011). 

Near term, In-Track separation can be controlled 

by time of the node releases, which is adjustable on-

orbit; a designed cross-track separation of 5 km is set 

 
Figure 3. ANDESITE cubesat: (a) side view, nodes packed within the bus and (b) 6U mule with deployed solar panels. 

 

 
Figure 4. Sensor nodes, each a free-flying spacecraft that is de-

ployed from the 6U mule shown in Figure 3. 

 

 
Figure 5. ANDESITE deployment configuration (separation dis-

tances not to scale). 
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by the spring constant of the ejection mechanism 

(seen in Figure 6), but for this analysis, we will vary 

it to understand the limitations of the design choice. 

Our goal in the next sections is to characterize the 

sensor and parameterize the network’s geometry, 

thereby assessing the system’s relevance to scientific 

measurement. 

 

2.1. Deployment Mechanism 

The deployment mechanism has three crucial ob-

jectives: (1) deploy each pair of nodes on command, 

so as to guarantee appropriate formation on orbit; (2) 

do so without inducing a torque on the mule; and (3) 

ensure appropriate deployment velocity for ideal 

cross-track separation while traversing the Auroral 

region. To meet these objectives, a spring-loaded 

burn-wire mechanism was developed and housed in 

the mule’s 4U payload bay. There is a slot on each 

sensor node rear that fits onto a steel rod, and the 

steel rods are attached on each end to 9.6 lb springs. 

When the nodes are in the payload bay (Figure 7), 

they are tied together using Vectran cord. Attached to 

 
Figure 6. Node-pair deployment referenced to the Mule’s body-fixed coordinates, red dashed 

lines mark drift after a few orbits. 

 

Figure 7. Node deployment bay. 
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a deployer circuit board are four loops of nichrome 

wire (one per node pair), which wrap around the cord 

as seen in Figure 8. When a pair of nodes needs to be 

deployed, a current is run through the nichrome wire 

to burn the cord and activate the springs. We verified 

on a micro-gravity flight in 2015 that each node 

ejects at ∼3 m/s and the equal and opposite forces of 

the node deployment cancel to avoid torque on the 

mule. 

 

2.2. Science Instrument 

The magnetometers chosen and mounted to the 

sensor node boards are the HMC1001 and 

HMC1002, 1-axis and 2-axis magnetic sensors, re-

spectively. They are rugged, provide a range of ± 2 

gauss (± 200,000 nT), and have a stated resolution of 

27 µgauss (2.7 nT) and linear temperature response 

over the expected environment. Self-noise character-

istics of the sensor at the frequencies expected to be 

seen (0.1 to 10 Hz) falls several orders of magnitude 

below the sensitivity needed for the mission. The 

outputs of the magnetometers are connected to an 

analog low-pass filter and then fed into an a 24-bit 

analog-to-digital converter. 

To minimize the effect of ground loops, all 

ground planes are removed in the area around the 

magnetometers. All the power supply integrated cir-

cuits are placed as far away from the magnetic sen-

sors and shielded with RF shields. The magnetome-

ters are still in close proximity with shielded induc-

tors from the solar panels, but testing has not shown 

strong interference. 

The nodes also include a iNEMO inertial module 

from STMicroelectronics, along with an on-board 

SkyTraQ Venus GPS chip. The science data packet 

will include readouts of angular rates along with po-

sition information from these chips to allow for atti-

tude estimates for each node to be performed a poste-

riori on the ground using similar mathematical meth-

ods as Crassidis et al. (2005). With these methods, 

we aim to determine the vector components of the 

magnetic vector. The residual bias should have am-

plitude of about 200 nT and frequency outside the 

band in which we expect the scientifically relevant 

signal. 

 

2.3. Calibration  

An understanding of our on-orbit measurements 

is achieved by calibration of the node system as built. 

More thorough calibration using similar magnetome-

ters has previously been done to show that about 3 nT 

resolution on an extended boom (Brown et al., 2014) 

is possible. Here, we present a brief characterization 

to illustrate the implementation in our system where 

the magnetometer is within the spacecraft. 

For the testing of the payload magnetometers, we 

use a precision-controlled 1.2 meter Helmholtz cage. 

Within the cage, a non-magnetic test stand keeps the 

sensor node in alignment as various external fields 

are commanded. To characterize each axis, we com-

mand the coils along the three body axes of the 

spacecraft sweeping from –60,000 nT to + 60,000 nT 

in uniform incremental steps. Holding field for two 

seconds, we sample with the node at a rate of 30 Hz, 

giving a window of around 50 data points where the 

cage has settled. Between each step, we zero the cage 

and let it settle for two seconds and check for hyste-

resis of the measurements. 

With the mean measured output of the node in 

mV, the controlled magnetic field from the cage in 

nT, and the standard deviation about the mean output 

(used as the weighting), we perform a weighted least 

squares fit in the spacecraft body frame: positive x-

 

Figure 8. Vectran burn mechanism. 
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axis along the long axis of the sensor node and posi-

tive z-axis in the nadir direction. The results of these 

calibration fits and the associated uncertainties calcu-

lated for each axis at each commanded field are 

shown in Figure 9. Magnetometer calibration is 

shown for each principle coordinate of the sensor 

node body axes (top plots of the figure). The bottom 

plots show the associated instrument uncertainty 

converted from the analog-to-digital-converter out-

puts in mV to nT using the calibration slope, refer-

enced as sensitivity in magnetometer literature, and 

plotted against the commanded test field strength. For 

all these plots, the x-axis is the Helmholz cage’s 

commanded field strength. Note in this test, each axis 

is able to sample with a precision less than 10 nT. 

We also performed a temperature sensitivity test 

where we heated a node using a thermal pad and col-

lected data with the same calibration routine. The re-

sults compare favorably to the stated capabilities of 

the Honeywell sensor, as seen in Figure 10. The sen-

sors are well within the performance specs needed to 

do the spatial correlation of magnetic structures that 

we may see, since our main goal is a relative meas-

urement of the field between nodes, and all nodes 

should remain at a steady temperature due to the 

large thermal capacitance of the node aluminum 

structure. 

 

 Mathematical Framework for Estimating Au-

roral Currents 

 

This Section develops a mathematical framework 

for reconstructing a current density field from distrib-

uted samples of vector magnetic deflections. Analysis 

of multi-point magnetometer observations has been 

demonstrated in a limited number of prior missions, 

but these have been limited to a small number of sat-

ellites (two to three) (Cumnock et al., 2011; Ritter 

and Lühr, 2006), a single rocket flight (Zheng et al., 

2003), coarse sampling (Clausen et al., 2012), or, 

most recently, dense sampling within a single orbital 

plane (Parham et al., 2018). The goal of the ANDE-

SITE mission is to demonstrate the efficacy of a 

dense two-dimensional swarm of small satellites to 

resolve space-time ambiguity in dynamic auroral cur-

rent systems. We begin with a review of historical 

 
Figure 9. Magnetometer calibration curves and uncertainty for each principle coordinate of the Sensor Node. In the top panels the y-axis 

presents the voltage coming from the magnetometer while the x-axis is the reference magnetic field from the Helmholtz cage. The coor-

dinates are in the body-frame of a sensor node. 
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current estimation techniques, and then describe a 

formalism for analyzing measurements from a gener-

alized 2-D magnetometer network. 

 

3.1. Historical Methodologies  

The statistical depiction in Figure 1a was derived 

from measurements on a single spacecraft acquired 

over many orbits. Estimating current density from a 

single polar orbiting spacecraft requires strict as-

sumptions about the source. A common approach as-

sumes traversal of a current sheet of infinite cross-

track extent that is uniform in space and time. With 

this assumption the field-parallel current density Jz 

may be expressed analytically: 

 

𝜇0𝐽𝑧 =
𝜕

𝜕𝑥
𝜕𝐵𝑦,                           (1) 

 
where δBy is the (background-subtracted) magnetic 

deflection. The x-coordinate aligned with the satel-

lites trajectory, z is aligned with the background field 

B0, and y completes the right-handed coordinate sys-

tem. With the satellite velocity 
d𝑥

d𝑡
= 𝑣𝑠 , Eq. (1) may 

be expressed in terms of the measured time series: 

 

𝜇0𝐽𝑧 =
1

𝑣𝑠

𝑑

𝑑𝑡
𝜕𝐵𝑦(𝑡).                       (2) 

 

Through the years, improved magnetometer technol-

ogies have provided higher fidelity representations of 

this time series (Chaston et al., 1999; Team Freja, 

1994), prompting the application of more sophisticat-

ed signal processing techniques to single spacecraft 

data. Stasiewicz and Potemra (1998), for instance, 

applied a wavelet decomposition, suggesting the 

presence of Alfvénic current densities as high as 300 

µA/m2 within active aurora. But the space-time am-

biguity remains as an inherent limitation on the phys-

ics that may be accessed. 

The AMPERE project (Figure 2) demonstrated 

the scientific efficacy of a space-based magnetometer 

network, as well as the utility of low-quality sensors 

when deployed in a collaborative network (Clausen et 

al., 2012). The analysis method of Waters et al. 

(2001) involved first mapping the data from 66+ sat-

ellites to a vector potential estimate of the global per-

turbation magnetic field. That representation sim-

plified to a direct relation between a fit of the magne-

tometer samples δBk at each satellite point k to a 

global scalar potential Ψ(r,θ,ϕ) represented by spher-

 
Figure 10. Thermal effects on the sensor node magnetometer system. Coordi-

nates are the body-frame of a sensor node. 
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ical harmonics and a Poisson equation for current 

density, i.e.: 

 
min
Ψ

|𝛿𝐁𝑘 − 𝜇0�̂� × ∇Ψ|2
𝑘
,    ∀𝑘             (3) 

 

𝐉 = ∇ ∙ ∇Ψ = ∇2Ψ                      (4) 

 

A limitation of this approach is the creation of har-

monic artifacts due to the under-determined nature of 

the problem. These artifacts are visible in the exam-

ple reconstruction of Figure 2b. 

Constellation missions have also been developed 

targeting small scale variations in Jz. ESA’s SWARM 

(two spacecraft) (Ritter and Lühr, 2006) and NASA’s 

ST5 (three spacecraft) (Cumnock et al., 2011) flying 

in tight formation have attempted to resolve first-

order spatial variations as they flew through the auro-

ra. The three ST5 satellites flew in the same orbit, 

one after the other, to correct for variability lost with 

a single satellite. A snapshot in time across the same 

orbital track allows for analysis of the spatial varia-

bility decoupled from the satellite’s velocity, remov-

ing that ambiguity introduced in Eq. 2. The SWARM 

mission, however, flies two spacecraft side by side to 

capture spatial variability perpendicular to the orbital 

velocity. Their mission directly estimates the currents 

by assuming a relatively time-steady aurora (when 

compared to the time scale of the orbital velocity), 

and creating a geometrical loop that can be used to 

evaluate a discrete approximation to the integral form 

of Amperes law, as seen in Eq. 5: 

 

∬ 𝐉 ∙ d𝐀 =
1

𝜇0
∮𝐁 ∙ dl (5) 

 

3.2. Dense Magnetometer Swarms  

Boston University’s ANDESITE mission con-

nects the methodologies of AMPERE and SWARM 

in an effort to improve space-time decoupling in dy-

namically evolving auroral current sheets. By using 

several small sensor nodes deployed from a main bus, 

higher data-sampling density can be achieved while 

allowing for fewer assumptions on the geometry of 

the current sheet present. The mission will deploy 

nine vector magnetometers with nominal cross-track 

separation of ∼5 km. The mission is intended as a 

feasibility demonstration for the scalable concept of a 

dense space-based sensor network. 

To understand how such measurements may be 

used to reconstruct an unknown current density field, 

we start with a mathematical description of the 

swarm measurement set. We begin with a simple 

model for field-aligned currents on a dipole. From 

Ampere’s law in a magnetically aligned spherical co-

ordinate system we obtain: 

 

∇ × (𝛿𝐁) = 𝜇0𝐉∥ = 𝜇0𝐽∥�̂�0 

 

= 𝜇0𝐽∥(𝑟, 𝜃, 𝜙)
(2 cos 𝜙)�̂� + (sin 𝜙)�̂�

√3 cos2𝜙 + 1
. 

 

The relevant parts of the curl operator in spherical 

coordinates become (for simplicity, δB =[Br, Bθ, Bφ]): 

 

∇ × (𝛿𝐁) =
1

𝑟 sin 𝜙
[

𝜕

𝜕𝜙
(sin 𝜙𝐵𝜃) −

𝜕𝐵𝜙

𝜕𝜃
] �̂� + 

 
1

𝑟
[

1

sin 𝜙

𝜕𝐵𝑟

𝜕𝜃
−

𝜕

𝜕𝑟
(𝑟𝐵𝜃)] �̂�. 

 

Rewriting in matrix form yields: 

 

[
 
 
 
 

1

𝑟 sin 𝜙
(

𝜕

𝜕𝜙
(sin 𝜙𝐵𝜃) −

𝜕𝐵𝜙

𝜕𝜃
)

1

𝑟
(

1

sin 𝜙

𝜕𝐵𝑟

𝜕𝜃
−

𝜕

𝜕𝑟
(𝑟𝐵𝜃))

]
 
 
 
 

= 

 
𝜇0J∥(𝑅, 𝜃, 𝜙)

√3 cos2𝜙 + 1
[
2 cos 𝜙
sin 𝜙

] .                   (6) 

 

Assuming variations are in the latitude angle (ϕ) only, 

we obtain the equations: 

 
𝜕

𝜕𝜙
(sin 𝜙𝐵𝜃) = 𝜇0J∥(𝜙)

𝑟 sin(2𝜙)

√3 cos2𝜙 + 1
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𝐵𝜃 =
𝜇0

𝑠𝑖𝑛𝜙
∫(J∥(𝜙)

𝑟 sin(2𝜙)

√3 cos2𝜙 + 1
)d𝜙 

 

Initial inspection shows that we should only ex-

pect a magnetic deflection in the longitudinal angle 

(θ) as the spacecraft flies through a current sheet that 

only varies in latitude. For a sanity check, consider 

the degenerate case as ϕ → 0 (i.e., near the geomag-

netic pole), where the background field is directed 

downward. Using a small angle approximation for ϕ, 

we obtain: 

 

𝐵𝜃 =
𝜇0

𝜙
∫𝐽∥𝑟𝜙𝑑𝜙 = 𝜇0 𝐽∥

𝑟𝜙

2
 . (7) 

 

This is analogous to the solution for an infinite 

current sheet in Cartesian coordinates, where rϕ is the 

distance in the direction perpendicular to the sheet. 

For a sheet, the variation of the magnetic measure-

ment occurs as a function of latitude, which informs a 

design choice to have multi-point sampling in that 

direction to better reconstruct variations. ANDESITE 

was designed with that in mind, and the following 

section presents a framework for optimal selection of 

sample spacing to capture a certain class of variation. 

For an arbitrary satellite-based sensor arrange-

ment like ANDESITE, it is difficult to work with 

Ampere’s law in the differential form without undue 

physical artifacts from the derivative estimates. To 

help with that lack of order, we return to the integral 

form in Eq. 5. From here on, we will drop the δ and 

assume all measurements are the perturbations per-

pendicular to the main Earth background. To form 

the simplest polygon that can define a loop, all that is 

needed is a set of three-axis magnetometer measure-

ments Bi, attitude knowledge, and the positions of the 

satellites. With that, a triangle can be constructed as 

in Figure 11, where rij = rj − ri is the vector difference 

between satellite positions. 

We can then write a discrete form of the integrals 

in Eq. 5 in a way analogous to a finite volume numer-

ical scheme representation: 

 

(
B1+B2

2
) ∙ r12 + (

B2+B3

2
) ∙ r23 + (

B3+B1

2
) ∙ r31 =

                                     𝜇0𝐽  
|r12×r13|

2
 (8) 

 

If we have an arbitrary collection of satellites, we can 

then form a collection of triangles using a Delaunay 

mesh. The problem then corresponds to calculating 

the set of currents passing through the centroid of 

each triangle. To interpolate, one can fit a Fourier se-

ries representation of current density to the mesh. 

As an example, the following assumes 2-D sam-

pling, which is a good assumption for a small space-

craft formation flying at the same altitude. In this 

scenario, all currents estimated are radial, and we can 

fit for just a scalar representation in two local dimen-

sions, x and y, that are perpendicular to the radial 

vector (eastward and northward, for instance): 

 

𝐽model = 〈𝐽〉 + ∑𝑐𝑚𝑛𝑒(𝑗𝑘𝑚𝑥+𝑗𝑘𝑛𝑦)

𝑚,𝑛

 (9) 

〈𝐽〉 =
1

𝑁
∑𝐽𝑖

𝑁

𝑖=1

 , 
 

 

where j = √−1, and km,n are wave numbers dictated 

by the measurement capability of the sampling ge-

ometry.  

 

Figure 11. Arrangement for simplest 

application discrete Ampere’s law. 
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Finally we minimize the error between a model of 

the current field and the measurements 𝐽ĩ from Eq. 8, 

where each location is defined as the centroid of the 

i-th triangle that was used to calculate it: [xi,yi]
T =

(𝐫1,𝑖 + 𝐫2,𝑖 + 𝐫3,𝑖)/3. A cost function could be used 

with the form below, with additional physical con-

straints (such as a divergence free current constraint 

shown notionally below with a multiplier for 

weighting it’s importance, α): 

 
𝑚𝑖𝑛
𝑐𝑛𝑚

(| 𝐽𝑖 − 𝐽𝑚𝑜𝑑𝑒𝑙(𝑥𝑖 , 𝑦𝑖)|
2
+ 𝛼|∇ ∙ 𝐉(𝑥𝑖, 𝑦𝑖)|

2). (10) 

 

To test the recovery of current density from discrete 

samples by independent satellites, we need a to set up 

a simple model for spatial variations of current and 

create metric of the swarms performance. Assuming 

a field geometry that can be represented by harmon-

ics in each direction, we can use: 

 

𝐽(𝑥, 𝑦) = 𝐽0 ∑𝑠𝑚𝑛𝑒(𝑗𝑘𝑚𝑥+𝑗𝑘𝑛𝑦)

𝑚,𝑛

, (11) 

 

where J0 is a maximum current amplitude, here cho-

sen to be 0.2 µA/m2, and the coefficients are smn =1 

representing a white noise power spectrum where all 

frequencies have equal contribution to field. To solve 

for deflections, we need to map to a scalar potential 

as follows: 

 

∇2Ψ = 𝐽                             (12) 

 

𝐁 = 𝜇0�̂� × ∇Ψ.                        (13) 

 

This gives an analytical expression for B(x, y) in 

terms of the current density J(x, y). As a Fourier se-

ries it is expressed as: 

 

𝐁 = 𝜇0𝐽0 ∑[
𝑗𝑘𝑛

−𝑗𝑘𝑚
]

𝑠𝑚𝑛

𝑘𝑚
2 + 𝑘𝑛

2
𝑒(𝑗𝑘𝑚𝑥+𝑗𝑘𝑛𝑦)

𝑚,𝑛

 . (14) 

 

This deflection map, which satisfies Amperes 

law, is fed through our forward model to produce 

simulated magnetic deflections. Through use of an 

analytical truth, we can gauge the effectiveness of the 

satellite swarm sampling method directly before 

flight. An example of a postulated swarm geometry 

on top of this analytical set of fields is shown in Fig-

ure 12. The nodes of the swarm form triangles and 

the current estimates are assumed to be at the center 

of the triangle’s points T1–T7. To estimate error, we 

use a normalized difference between the actual field 

and the estimated field. Then, a single number for the 

error of the estimate is calculated by averaging across 

all the points, represented by Eq. 15: 

 

 

(15) 

 

3.3. Performance Assessment 

We can think of the satellite swarm as a 2D linear 

spatial filter of the current. With that in mind, it is 

possible to assess performance in terms of a frequen-

cy response. By sweeping across spatial frequencies 

along each axis independently (changing km and kn in 

Eq. 14), we can fully characterize the performance. 

Figure 13 shows an example sweep in terms of a spa-

tial wavelength for the nominal formation shown in 

Figure 12. 

 
Figure 12. Mesh of satellite nodes. Arrows rep-

resent the magnetic deflections due to currents 

(the color map). 
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Note that ANDESITE should have better perfor-

mance in the y-direction, which intuitively makes 

sense because of the higher spatial sampling density. 

We can also gain insight from thinking of the system 

as a low-pass filter, where we can sample anything 

that has wavelengths longer than the characteristic 

lengths defined by the satellite spacings. In turn, 

those spacings determine the bands that we can relia-

bly reconstruct from the measurements. 

The key to this analysis is our reliance on a nor-

malized error. All the plots represent performance 

loss that occurs solely due to an effective discretiza-

tion error and is agnostic of sensor sensitivity or field 

magnitudes. We can therefore apply the generalized 

method to any spatial sampling method, regardless of 

strength or shape of the perturbations. To inform a 

magnetometer design, we would need to know abso-

lute shape, size and current density of structures we 

would want to find. 

Taking the numerical experiment a step further, 

we can tweak the in-track separation, which can be 

determined by our sensor node deployment times—a 

parameter that can be changed on orbit. Over this de-

sign space—characteristic wavelengths and separa-

tion distance—Figure 14 shows contours of constant 

error. This plot can be used to explore the design 

space. For instance if a error is desired to be below 

20% for 10 km waves, then the node in-track separa-

tion should be about 2 km. 

 

 
Wavelength (km) 

Figure 13. Frequency response of the swarm. Note the y-axis 

performs better than the x-axis. 

 

In Track Separation (km) 

Figure 14. Contours of error varying the frequency of perturbations and the in-track sepa-

ration (y-axis spacing). 
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 Conclusion 

 

Within this paper, we explored the previous 

space-based measurements used towards understand-

ing the auroral current systems and the structures that 

are seen within them. Following the progression to 

ever high resolutions—TRIAD to AMPERE and 

FAST—we can see that as the data becomes more 

detailed, we are driven to need multi-point measure-

ment spacing at smaller scales. ANDESITE was de-

signed to push the limits of spatial resolution by fly-

ing small payload satellites very close together with 

lower risk. Here, we developed a rigorous methodol-

ogy to examine the performance of satellite swarms 

like it, and in doing so, we analytically showed the 

capability of the system to resolve kilometer scale 

phenomena that include the domain of in situ Alfvén 

waves. Ultimately, we are not limited by magnetome-

ter precision, but rather, by the node placement of the 

multi-point sampling scheme. Future satellite systems 

should take care to balance the cost of precision in-

strument design with higher density spatial sampling; 

often, the limiting factor is not the instrument, but the 

reliance on a single spacecraft. 
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