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ABSTRACT 

AERO (Auroral Emission Radio Observer) and VISTA (Vector Interferometry Space Technology using AERO) are 

recently selected NASA HTIDeS CubeSat missions for terrestrial auroral science and radio interferometric 

technology demonstration. The AERO and VISTA CubeSats both host vector sensing antenna systems providing 

advanced electromagnetic capabilities.  Together, they will provide the first in-space demonstration of 

interferometric imaging, beamforming, and nulling using electromagnetic vector sensors at low frequencies (100 

kHz – 15 MHz). A key goal of the joint missions’ technology demonstration is to validate theoretical sensor 

performance modeling indicating that interferometric arrays composed of vector sensors will be able to maintain 

sensitivity even in the presence of terrestrial interference. If validated in flight, this capability would relax the 

requirement that space-based low frequency interferometers be placed far from the Earth (e.g. lunar orbit), and the 

closer communications range will significantly increase the data volume returned from space-based radio telescope 

systems. The two-spacecraft AERO+VISTA mission will address the auroral science goals of AERO (Erickson et al. 

2018, SSC18) while adding three additional technology demonstration goals enabled by the second CubeSat, 

VISTA. 

AERO’s science objectives are: 

1) Characterize auroral radio emissions in the ionosphere;  

2) Connect radio emissions to overall auroral geospace system; and  

3) Demonstrate polarimetric HF radio detection with a vector sensor.  

VISTA’s objectives, achieved in concert with AERO, are: 

1) Validate algorithms for, and sensitivity advantages of, vector sensor interferometry;  

2) Apply vector sensor interferometry to auroral radio emissions; and  

3) Perform a survey of the low frequency RFI environment in low Earth orbit to assess the suitability of the 

environment for future multi-element interferometric constellations.  

 

The AERO and VISTA CubeSats will launch and deploy together into a polar orbit. Once in orbit, the relative 

separation between the spacecraft will be controlled via differential drag in order to perform the vector sensor 

interferometry demonstration. After this demonstration is complete, the spacecraft will be allowed to drift apart. 

Throughout the mission, AERO will carry out science activities focused on observing and localizing natural auroral 
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radio emission while VISTA will perform its RFI survey. At times of high auroral activity, both AERO and VISTA 

will shift to data collection over the auroral zones, providing new insight into the time evolution of auroral emission 

features. In this paper, we will present simulation results for vector sensor interferometry as compared to traditional 

interferometry between crossed dipole or tripole antennas. Launch for AERO and VISTA is planned for 2021. 

INTRODUCTION 

Space radio interferometry is a critical technology for 

advancing scientific investigation of radio emission 

from the solar corona, inner heliosphere, auroral radio 

emissions from Earth, and radio emissions from other 

planetary bodies in the solar system. Future 

constellations of satellites will be required if we are to 

achieve sufficient sensitivity, angular resolution, and 

measurement speed for these scientific objectives.  

The NASA H-TIDES-funded AERO mission will flight 

qualify a vector sensor (VS), a novel device that 

measures the full electric and magnetic field vector at a 

single point in space, to accomplish four auroral science 

goals [1]. VISTA and AERO, twin CubeSats sharing a 

common design and capabilities, will expand the impact 

of the VS by demonstrating vector sensor 

interferometry (VSI) through executing beamforming 

and nulling. This technology will serve as a pathfinder 

for radio constellations of CubeSats yielding the same 

sensitivity as missions that employ more than twice as 

many dipole or tripole antennas [2] for flights in a radio 

quiet environment such as the lunar far side.  

The VS can also localize and null strong sources of RF 

interference, allowing low frequency VSI constellations 

to be deployed near Earth despite terrestrial 

interference. Compared to conventional low 

dimensional sensor platforms, these capabilities result 

in less costly missions, reduced risk, and significantly 

higher data volume returned to Earth. One application 

of importance is spot mapping of solar radio burst 

emissions, as detection and tracking of these features 

can contribute to the prediction of space weather [3]. 

More broadly, VSI is a stepping-stone to a novel remote 

sensing platform with applicability to broad classes of 

plasma waves and radiation in the heliosphere. 

Radio emissions from auroral structures in the near-

Earth space environment reflect the inherent complexity 

of the auroral ionospheric plasma conditions and 

processes. VISTA will extend the scientific reach of the 

AERO auroral investigation. In addition to providing 

vastly more data, improving spatial and temporal 

coverage, and mitigating risk, VISTA will enhance 

AERO by enabling imaging of complex auroral 

emission regions and boundaries with high spatial and 

temporal resolution. For selected events, this will 

include imaging of radio emission structures and 

measurement of short time scale dynamics by offering a 

short revisit time for the same spatial region. 

VISTA MISSION GOALS 

VISTA has three goals: 

1. Validate the advantages of VSI in space using 

ground-based radio beacons by: 

o Comparing measurements derived from 

sub-elements of the vector sensor (dipole 

and crossed-dipole) with those derived 

from the full vector sensor. 

o Demonstrating beamforming, localization, 

and nulling of the ground-based radio 

beacon signals as representative of 

‘interference’ mitigation methods.  

o Quantifying improvements in angular 

resolution, variance, and tolerance to 

interference. 

2. Apply VSI to auroral radio emissions by: 

o Demonstrating interferometry and 

imaging of AKR radio signals in the 

presence of real-world noise and 

interference.  

o Quantifying the performance 

improvements of VSI relative to a single 

VS. 

o Investigating imaging algorithms and 

approaches to enhance the measurement 

of auroral kilometric radiation (AKR). 

3. Characterize the types, levels, spatial and 

polarization characteristics, and sources of low and 

medium frequency RFI in low Earth orbit by: 

o Periodically sampling the environment 

over the course of VISTA orbits. 

o Providing full spectral coverage of 

observed sources (0.1 to 15 MHz) with 

angle and polarization knowledge. 

o Measuring RFI from AERO and 

demonstrating beamforming and nulling 

of AERO-to-VISTA interference above 5 

MHz (i.e. the AERO/VISTA design 

effectively eliminates RFI in the critical 

science frequency window below 5 MHz). 

VISTA TECHNOLOGY 

Vector sensor interferometry (VSI) is a stepping-stone 

to a novel remote sensing platform with direct 

applicability to broad classes of plasma waves and 

radiation in the heliosphere.   
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Vector Sensor Interferometry (VSI) 

A VS samples the amplitude and phase of the electric 

and magnetic  field at a single location in space 

and with a common phase center. To do this, a vector 

sensor is composed of three orthogonal dipole elements 

and three orthogonal loop elements. The vector sensor 

is named for its capacity to fully measure the 

electromagnetic vector field rather than the scalar 

measurements associated with an antenna that does not 

fully measure both E and H. Consequences of sensing 

the full E and H vectors are that the vector sensor 

natively measures full polarization information and the 

Poynting vector of an electromagnetic wave. 

Consider the electromagnetic field in space, 

characterized by the electric and magnetic fields in 

three spatial dimensions for a particular source, , 

 

(1) 

Maxwell’s Equations describe the relationship between 

the electric and magnetic fields. For free space 

Faraday’s law,  and Ampère's law, 

 lead to the well-known definition of 

the Poynting, or source direction, vector  

and the relationship between the time-averaged 

intensity of the electric and magnetic field, 

. In free space, . Measurement 

of both E and H with a common phase center provides 

information about both the Poynting vector and the 

correlations between the field components.  

In addition to their single-element directional remote 

sensing capabilities, VS elements can be used in sparse 

arrays to perform interferometric observations and fully 

polarimetric synthesis imaging [4], [5]. In combination 

with an appropriate image deconvolution approach, the 

increased degrees of freedom of the VS will enhance 

the capability of an array to determine the properties of 

independent sources [6] or to produce brightness 

distribution images from direction-cosine (u,v) plane 

measurements (i.e. Fourier interferometric synthesis 

imaging). Initial work in this area includes that of [7] 

who discuss VS arrays in the context of linear nested 

arrays, the co-array formalism, and a tensor modelling 

approach. However, the three dimensional nature of 

imaging in space is challenging because there is no 

ground plane below the antenna array and non-

coplanarity of the array must be carefully treated [4].  

VSI provides significantly more information per 

baseline than systems that do not fully sample the 

information content of electromagnetic waves at each 

point in the array. This information is represented by 

the electromagnetic covariance matrix  

representing the mathematical expectation of the 

electromagnetic source vector over all sources and 

between all pairs of vector sensor antenna elements in 

an array, and computed from the low-level RF voltage 

data from the individual VS elements. The 

dimensionality of vector space  determines the 

number of basis vectors required to span the space. This 

in turn determines the maximum number of sources that 

can be distinguished or, equivalently, the number of 

independent parameters that can be estimated to form 

an image using a given model basis (such as Fourier 

(u,v) sampling or spherical harmonics) and a 

deconvolution approach.  

The maximum number of sources that can be resolved 

from a single point in space using second order 

statistics is one less than the dimensionality. Since a VS 

provides the same dimensionality as free space, it is not 

possible to construct a sensor that outperforms a VS in 

this aspect. For example, the dimensionality of a single 

vector sensor is 20 [2] compared to 6 for a tripole 

antenna and 1 for a dipole. In general, arrays of vector 

sensors provide a much higher dimensionality for cases 

where the sources are not aligned degenerately relative 

to the array configuration. For example, interferometry 

with two VS has a dimensionality of 71, while a tripole 

pair has 21 and a dipole pair only has 3. The high 

dimensionality of the VS translates directly into the 

ability of a sparse interferometric imaging array to 

measure quantities of interest such as numbers of 

independent sources, parameters of the electromagnetic 

source, or coefficients of an imaging model. 

Additionally, unlike tripole and dipole antennas, the VS 

can determine information about the magnetic field that 

allows it to distinguish electrostatic from 

electromagnetic wave modes. 

Finally, while the communication burden for each node 

is greater than that of a traditional antenna, the overall 

data volume from a VSI array is comparable to or less 

than that of a traditional array of similar capability. 

Currently this burden is tractable for constellations that 

handle moderate RF bandwidths, and can be 

accommodated with a limited number of ground 

stations. 
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VS Beamforming and Nulling of Interference 

To increase sensitivity for weak or distant targets, 

beamforming is a baseline technique for array 

applications. Minimum noise variance beamforming 

using a VS is an attractive technique in this context. 

 This approach has advantages that include 

beamforming in three-dimensional space, the ability to 

receive and reject signals based on both their 

polarization and direction of arrival (DOA), and the 

ability to handle more signals in beamforming 

applications compared to scalar array. The signal 

handling follows directly from the available 

dimensionality. Beamforming can be applied to a single 

VS, a VS sparse array, or to reduce the data from a VS 

to a single combined vector measurement prior to 

interferometry.  

A useful performance metric for beamforming 

assessment is the signal to interference-plus-noise ratio 

(SINR) [8]. The VS provides a significant advantage in 

SINR for regions well-separated from the interfering 

source, or where the source and interferer polarizations 

differ significantly. These performance qualities have 

significant implications for radio remote sensing. 

 Traditionally, the conventional assumption is that 

interference would preclude sensitive low frequency 

radio imaging in the near-Earth space environment. 

This has led mission designers to seek lunar far-side 

shielding, despite the multiple penalties of costly 

launches, low data rates, and need for in-space 

correlation. The high dimensionality of a VS array 

enables direct nulling of interfering sources and thus it 

can operate close to Earth, an extraordinary advantage 

compared to more traditional approaches. 

FLIGHT SYSTEM  

The VISTA CubeSat bus will be procured and 

integrated by Morehead State University (MSU). The 

VS payload will be developed by MIT Lincoln 

Laboratory (MIT-LL) and integrated by MIT Haystack 

Observatory (MIT-HO). AERO and VISTA will have 

identical functionality in hardware, firmware, and 

software. 

Along-Track Positioning Using Drag  

After being deployed together, the along-track AERO 

and VISTA separation will be controlled by differential 

drag (cross-track drift is typically negligible on the 

scale of several months). The drag force on a CubeSat 

is , where the atmospheric gas density  is 3x10-

12 kg/m3 at 400 km altitude, A is the area presented to 

the direction of motion (~100 to ~ 300 cm2 for VISTA), 

and v is the orbital velocity (~ 7 km/s). Time varying 

separation of a pair of identical CubeSats is given by 

the differential equation 

 
(2) 

where m ~6 kg. Integration yields the time t required to 

reach a separation : 

 

(3) 

For the maximal aspect difference (200 cm2),  ~ 5 x 

10-7 m/s2. Thus, a week is required to achieve a 

separation of 100 km. If the CubeSats present roughly 

the same area to the direction of motion (A1  A2), there 

is no tendency to separate to great distances along the 

orbital track. The only requirements placed on the 

VISTA and AERO are (1) that they be power positive 

with the required aspect and (2) that we have effective 

attitude control authority to be able to maintain the 

desired relative orientation for the time required.  

Differential drag orbit control has been demonstrated 

on-orbit.  See [9], [10] for a description of differential 

drag control of the Planet ‘flock’. 

As a proof-of-concept, TLE-derived radial, along-track, 

cross-track, and range data for two 6U CubeSats 

(Dellingr [11] and EcAMSat [12]) are shown in Fig. 1. 

Starting ~100 km apart, they drift to ~400 km in 3 

months and then drift back to near-zero separation.  

Cross-track separation, which differential drag cannot 

effectively control, remains below 10 km for over 6 

months and is therefore not a concern for AERO and 

VISTA. The VS instrument is insensitive to orientation, 

so drag control maneuvers will not adversely affect 

science data collection. 

 Additional drag control analysis is underway using 

analysis tools developed for the CLICK mission [13], 

[14].  

Operations 
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VISTA will be deployed alongside AERO in a low 

Earth orbit under the CubeSat Launch Initiative (CSLI) 

program. Following acquisition and initial checkout, a 

few days are required for VS calibration with known 

HF sources. After on-orbit checkout and calibration, 

VISTA and AERO will collect initial raw voltage 

measurements for use in interferometry experiments. 

An existing MIT Haystack controlled and licensed 

ground-based radio HF radio beacon just below the 20 

meter band (15 MHz) will be used for interferometry 

experiments. Ground based vector sensor receivers in 

combination with ionospheric ray tracing may also be 

used to provide phase and amplitude closure quantities 

when observations are made above the ionospheric 

cutoff frequency.  

VISTA will also collect data in combination with 

AERO as it passes through or near the auroral oval. 

Since the primary sensor is omnidirectional, attitude 

control and pointing are only required for solar cell 

charging, telemetry, and relative position management 

of the two spacecraft. Secondary observations outside 

the auroral zone will also be made to provide general 

characterization of the LF/MF environment, and 

opportunistic measurements may be scheduled to 

capture solar radio bursts.  

Downlink of housekeeping and survey data including 

GPS positioning, followed by as much of the flagged 

science data as possible from spacecraft memory, is 

collected in multiple daily passes at the Mission 

Operations Center (MOC) at MSU using their 21 m 

Deep Space Network antenna and at MIT Haystack 

Observatory using the 18 m Westford radio telescope. 

Following downlink, mission data is assessed for 

completeness, and rapidly formatted and processed 

through a data pipeline to produce low level data 

products as well as state of health summaries and 

memory management reports. These are transferred 

from the MOCs to the Science Operations Center 

(SOC) at MIT-HO. At the SOC, interferometric 

experimental intervals, environmental survey data, and 

sources of interest (SoI), including AKR, LF Hiss, 

Roar and MFB events, are identified from the schedule 

and summary spectrograms (Fig. 2, see also [15], 

[16]). Twice daily, the spacecraft will be commanded 

with priorities for downlinking raw data.  

DATA COLLECTION 

 VISTA requires data collection in combination with 

AERO to meet the interferometric measurement goals 

of the mission. By itself, VISTA is a duplicate of 

AERO and will provide redundancy in meeting AERO 

data sufficiency goals for auroral science. Combined 

experiments with VISTA and AERO will place 

emphasis on collection of compressed raw voltage level 

data over limited bandwidths. This is already a planned 

operational mode for AERO but one which would 

otherwise be used primarily for calibration and signal 

processing validation activities. The collection of low 

level RF data from the two satellites will enable post-

collection joint signal processing and analysis for 

interferometry and imaging using the two spacecraft 

and ground-based computing assets. Interferometric 

correlation will be performed on the ground. 

A key technical demonstration of interferometry will 

use an existing MIT-HO controlled ground based radio 

source. VISTA will also be used with AERO to obtain 

selected intervals of compressed raw voltage level data 

for passes through the auroral zone. Contextual 

information from the onboard magnetometer and 

photometer will also be available to put each datum into 

an auroral context (e.g. Birkeland Region 1 auroral 

current region, visible aurora indicator, spacecraft 

location in magnetic coordinates using the International 

Geomagnetic Reference Field model (IGRF, [17]) and 

onboard magnetometer values).  

VISTA survey modes will be operated identically to 

AERO and will provide 100 ms time resolution of 

 

Figure 1: TLE-derived radial, along track, and cross-track 

distances for a pair of 6U CubeSats deployed from the 

International Space Station (ISS) several hours apart. 

Cross-track separation is <10 km for the first 6 months.  
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Figure 2: Radio spectrograms, typical of what AERO and 

VISTA may encounter.  
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survey spectrograms that are optimized for 

identification of known auroral radio emission types 

(auroral kilometric radiation (AKR), LF hiss, auroral 

roar, medium frequency burst (MFB)).  

VISTA will use the MIT-HO Westford radio telescope 

(18 m) as a second ground station to allow for 

simultaneous downlink from the two spacecraft and 

coverage of a larger number of downlink opportunities. 

When events are identified, the covariance data will be 

downlinked from each spacecraft and evaluated. 

Following this, a decision will be made for combined 

VISTA and AERO observations selecting observations 

for downlink of raw data from the two spacecraft. The 

expected duration and frequency of four types of 

signals of interest are listed in Table 1. AKR and LF 

hiss are sufficiently strong that they can in nearly all 

cases be accessed with minimal integration. For MFB 

and some roar emissions, integration is likely required, 

but Table 1 indicates that in nearly all cases a 1 second 

integration is more than sufficient to enable detection.  

To demonstrate VSI, Beamforming, and Nulling, we 

will collect compressed raw voltage data centered on 

the frequency of a ground based beacon located at MIT-

HO for at least 100 s at 150 kHz bandwidth. Assuming 

1:4 compression, each interval will require ~4 telemetry 

passes. To characterize the RFI environment in LEO, 

VISTA will collect both compressed raw data and 

survey plot information periodically over an orbit. 

Selected raw data intervals will be downlinked based on 

the content of the survey plots.  

PAYLOAD 

The vector sensor (VS) is composed of four 

subsystems: (1) the deployable antenna, (2) a multi-

channel analog receiver, (3) a mixed-signal converter 

and on-orbit signal processor, and (4) payload memory 

and data management. 

VS Antenna 

The VS consists of 3 orthogonal dipoles and 3 

electromagnetic loop antennas that, through signal 

processing, provide angle-of-arrival and polarization 

information for signals from 50 kHz to 20 MHz [18], 

[19]. AERO’s science requirements imposed a 5 MHz 

usable upper frequency observation limit.  In practice, 

however, the observable frequency range is 

implemented and selectable using a combination of 

sample clock rate and filtering. The ADC itself supports 

up to 80 MSPS on each receiver channel and thus will 

support a VISTA requirement of narrowband operation 

up to 15 MHz with an appropriate filter path and a 

programmable clock.  

To meet launch constraints, the antennas will be 

deployed with fiberglass “tape measure” technology. 

VISTA has baselined 4-meter antennas (2 m in each 

direction), which are electrically short at the 

frequencies of interest, but are nevertheless sufficient to 

ensure that external electromagnetic signals dominate 

relative to internal noise. The antenna is extended in 

five directions from one end of the spacecraft and fits in 

1U of payload space when stowed for launch [20], [21]. 

The loop antenna area is 0.8 m2 for the crossed loops, 

and 8 m2 for the perimeter loop. A recent design 

innovation unspools the antenna from fixed reference 

points within the payload body, simplifying the 

electrical connection and removing the need for slip 

rings.  See Fig. 3 for payload design and antenna 

deployment sequence. 

 

Table 1: Estimates of expected AERO / VISTA auroral emission duration, total bandwidth, amplitude, 

and event rates by emission type. Upper observation bound is set at 100- 300 s by spacecraft orbital 

motion. 

Type Duration (s) ∆f (kHz) Intensity (W/m2 Hz) Rate (/day) 

AKR 1 – 300 20 - 500 10–19 0.2–0.33 

LF Hiss 0.1 - 300 100 - 1000 10–19–10–18 0.33 

MF Burst 0.1 - 300 100 - 3000 few 10–19 –>10–18 0.1–0.3 

Roar 0.1 - 300 50 - 200 few  10–19 –> few x 10–18 3 

Beacon 1 1           > 10–15 2 to 3 max 
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(a) 

 
(b) 

 
(c) 

 

Figure 3.  AERO/VISTA payload.  The stowed 

payload (a) is composed of the antenna deployment 

canister (black) and the electronics box (gold).  The 

system deploys in two stages.  First, the top of the 

deployment canister expands upward (b).  Then, the 

doors restraining the antenna open and the antenna 

unspools to its deployed configuration (c).  The 

thickness of the perimeter loop is exaggerated for 

visibility. 

Science receiver  

The six-channel vector sensor radio receiver will be 

integrated into a stackup of two compact PC-104 form 

factor boards based on the CHREC CSP design using a 

larger version of the onboard Zynq FPGA. With its 

associated small backplane connector board, the 

receiver fits into 0.5U of payload space.  The stackup 

consists of an analog front end board, followed by a 

mixed signal and Field-programmable gate array 

(FPGA) signal processor board. The receiver amplifies, 

filters, and converts the analog signals to digital by a 

direct RF sampling analog-to-digital converter (ADC). 

This is followed by initial digital signal processing in 

an FPGA processor.  

The signal chain starts with a diode clipping circuit for 

protection against transients that result from, for 

example, micrometeoroid impacts. The 

antenna/receiver combination is made broadband using 

a high dynamic range charge pre-amplifier [22] that 

keeps the antenna-receiver referred noise level under 

2nV/√Hz. The effective electrical length of 4 m antenna 

elements is 2 m, thus providing a free-space input-

referred system noise floor of less than 1 nV/m/√Hz. 

The loop antennas are matched to the receiver by using 

the dual of the charge amplifier, that is, a 

transconductance amplifier, which also flattens the 

response across frequency. The sensitivity of two of the 

loops’ antenna/receiver channels is approximately 5 dB 

less than the dipole antennas, but the sensitivity of the 

larger “perimeter loop” is comparable to the dipoles.  

After the first stage of amplification there is a noise 

whitening stage that reduces dynamic range 

requirements of the ADC to accommodate the wide 

variation in expected external noise levels as a function 

of frequency. These antenna/receiver combinations 

provide the sensitivity required to meet the science 

objectives with minimal integration times (e.g. AKR), 

making them suitable for capturing transient events. A 

reference source will be injected into the front end to 

provide accurate absolute reference for sensitivity 

verification, channel-to-channel matching, and gain 

calibration. 

 Mixed signal converter 

The six channels of analog receiver information are 

converted to digital in the first stage of the mixed signal 

converter and on-orbit signal processor board. The 

ADC conversion occurs at a maximum rate of 80 MHz 

using 16-bit converters with 93 dB spur-free-dynamic 

range. VISTA will use a programmable sample clock 

generator. We currently plan to run the ADCs at a rate 

of 51.2 MSPS with a maximum analog frequency of 15 

MHz. The oversampling simplifies the analog low-pass 
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filter hardware requirements. The on-orbit signal 

processing will allow data to be collected and 

downlinked at either ADC sample rates or with a 

reduced, programmable frequency resolution. The 

sample clock will be derived from a Microsemi Space 

Qualified Chip Scale Atomic Clock reference signal 

using a phase locked loop. The CSAC can be 

selectively disciplined using the GPS PPS signal as a 

configuration parameter. The use of the Space CSAC 

will ensure sufficient clock stability to perform 

coherent interferometric measurements at the low 

frequencies of operation over all relevant time scales 

(e.g. seconds to minutes). 

Data from the ADCs are streamed into an FPGA-based 

signal processor, based on the original CHREC CSP 

design modified to include a new Xilinx Zynq family 

chip, which has been prototyped and is currently being 

laboratory tested. The ADCs were incorporated onto the 

CHREC-format board by removing the redundant 

power supply area reserved for the non-space grade 

circuitry. 

Memory and data management  

Data from the VS and ASP are time-tagged with 

microsecond accuracy from the ADC sampling clock 

and the GPS pulse per second signal, then stored in 

payload memory. This memory is a solid state M.2 disk 

mounted on the CHREC form factor board in the 

payload backplane. Software on the Zynq signal 

processor board will be used to manage the data 

recording, format summary data for downlink, and 

respond to requests for data snapshots.  Dual M.2 drives 

are designed into the payload for redundancy with only 

a single drive powered on at any time. 

The 2 TB total payload memory will contain instrument 

data. These include compressed raw samples from the 

six elements, 100 ms resolution summary spectral data, 

and relevant metadata (timing, attitude, orbital 

parameters, DC-magnetic field orientation in the 

spacecraft frame and coarse photometry to detect 

optical auroral emission), as well as covariance 

information computed from the 6 signals (3-axis E and 

3-axis B) and averaged over 100 msec time resolution. 

The summary data will be automatically downlinked to 

support science team selection of signals of interest. 

Data products that are requested from the ground are 

protected from being overwritten in the circular buffer 

and are prioritized for downlink. Data from other time-

segments retain their default priority and are eventually 

overwritten based on their age. High-resolution 

covariance data will be compressed channel-by-channel 

so that the available storage is adequate to support an 

operational daily cadence of event selection and 

downlink. Raw data segment retention will be carefully 

planned and retain limited RF bandwidths (e.g. 150 

kHz). The payload memory board also includes the 

power supply conditioning and monitoring circuitry for 

the payload.   

RADIATION, EMI AND EMC 

The VS is built primarily from industrial grade parts 

with judicious use of space-rated parts to mitigate risk 

of destructive single event upset or reduced lifetime in a 

manner consistent with 3 months of operations on orbit. 

Single-event-upset circuitry developed for another 

space project is incorporated into the radio. Since the 

Zynq and solid state disks are not space-rated parts, 

recovery from single event upsets will be accomplished 

by power cycling. We will use a high reliability space 

qualified micro-controller to monitor the power supply 

rails for unexpected surges and to respond to a periodic 

watchdog signal. Failure to meet the watchdog interval 

or exceeding a programmable timeout will result in an 

automatic power cycling of the payload. 

Both VISTA and AERO require that there be no 

significant signal degradation from the commercial off-

the-shelf quality bus or other subsystems that might 

couple or radiate into the receiver or antenna. 

Conducted and radiated self-interference will be 

managed by the following methods: 

o Electrostatic shielding of the bus components 

and the receiver.  

o Power supply filtering in the payload memory 

board and radiation suppression through the 

use of ferrite beads. 

o Suppression of emission from power lines and 

solar panels by shielding and ferrites. 

o Characterization of remaining spurs, such as 

discrete radiated emissions from power 

supplies. As long as less than 1% of the 

polyphase filter bank frequencies are not 

impacted then there will be little impact to the 

overall science mission. 

SIGNAL PROCESSING 

The digital signal processing includes a polyphase 

filterbank to channelize the signals in frequency and to 

create “waterfall” spectrogram plots that can be used to 

isolate signals of interest. Raw data, partially processed 

or compressed for compactness is written to non-

volatile memory for further processing and/or selective 

downlink. 

For interferometry measurements, the compressed raw 

data is needed from both AERO and VISTA for a 

simultaneous interval. For other cases, the intensity, 
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direction of arrival and polarization state of science 

sources are contained in a data covariance matrix, 

which captures the intensity and relationship of the 

signals received between each of the antenna elements. 

Further, the Hermitian-symmetric covariance matrix 

has a unique Cholesky upper/lower triangular 

decomposition, which is a more compact representation 

that also requires half the number of bits as the 

covariance [23]–[27]. The Cholesky factor is directly 

computed from the raw data through a process referred 

to as a QR decomposition [28]–[30]. A block form of 

the Cholesky can be computed for the two-spacecraft 

interferometer using a mixture of individual spacecraft 

Cholesky factors and time series corresponding to the 

signal subspace from each spacecraft. 

The FPGA processor will perform the QR 

decomposition in each polyphase filter channel prior to 

storage. Since data acquisition is only required over 

selected regions (e.g. an auroral oval), the processing 

for the Cholesky factorization from a temporary data 

cache is nominally scheduled for portions of the orbit 

that are outside of the observation and telemetry 

windows.   

AUXILIARY SENSOR PACKAGE  

The Auxiliary Science Package (ASP) provides 

photometry, for independent confirmation of auroral 

events, and a magnetometer, to localize VISTA / AERO 

observations with respect to the auroral oval through 

observations of Birkeland Region 1 currents.  

Photometry measurements are made by a single chip 

photometer/spectrometer with six spectral bands.  The 

available spectral channels cover both auroral red line 

(630 nm) and green line (557.7 nm) emission.  Only 

one sensor is required for auroral arc context 

measurements, though three are included in the current 

design for redundancy and operational flexibility. 

AERO has baselined the PNI RM3100 magnetometer 

for magnetic field context measurements.  The ASP 

will include 2-4 magnetometers in different physical 

locations within the payload.   The placement and 

calibration approach will follow that of Regoli et al. 

(2018) [31].  Based on the results presented in [31], this 

system is expected to exceed the required magnetic 

field amplitude precision of 100 nT, which is needed to 

detect Birkeland Region 1 currents. 

CALIBRATION 

The Pattern Response Equalization for Spatial 

Symmetry (PRESS) algorithm is a maximum-likelihood 

technique for determining sensor calibration, and is our 

proven approach to determining element gain and 

pattern responses [32], [33]. This allows the VS 

calibration to factor in mutual coupling that is likely to 

be induced due to, for example, the solar panels and 

antenna elements. Accuracy of the vector sensor on a 

replica unmanned air vehicle (UAV) using PRESS was 

reported in [32].  

MIT-LL will calibrate the VS spatial angles, signal 

frequency, gain from free-space to digital data, 

amplitude, polarization, and frequency of the individual 

antennas. Receiver noise floor and dynamic range will 

be ground-tested in the MIT-LL System Test Chamber, 

which as a Faraday cage provides >20 dB inherent 

shielding from external sources in the LF/MF frequency 

range [34]. The antenna element pattern and the 

effective height and loss of the electrically small loops 

and dipole responses will be measured in the MIT-LL 

RF Systems Test Facility. In flight, a stable NIST-

traceable noise diode or comb generator, depending on 

the specific calibration, will be injected into the six 

antenna inputs to determine channel-to-channel gain 

and phase differences as well as the absolute gain of the 

receiver system. The VS antenna element gains as a 

function of angle will be measured by rotation of the 

spacecraft while observing the ground-based beacon. 

DATA ANALYSIS METHODOLOGY 

VISTA telemetry consists of summary spectrogram 

plots, data products for selected signals of interest, 

attitude information from the star trackers, and 

housekeeping data. The VS provides 3-axis E and B 

signals in the spacecraft frame with both compressed 

raw voltage and covariance data available for downlink. 

At LEO altitudes, the IGRF model [17] is adequate to 

rotate into geomagnetic coordinates; the flight 

magnetometer provides a consistency check and will 

track magnetospheric distortions during active periods. 

The magnetometer is used to estimate auroral zone 

field-aligned Birkeland currents. Photometry from the 

spectrometer will identify significant optical emissions. 

Data is stored on the spacecraft in the form of 

compressed raw voltages, Cholesky factorization of the 

sample covariance in block floating point format, one 

fixed-point mantissa per element and a single multiplier 

for the block. The Cholesky factors provide access to 

the electromagnetic character of the radio signals 

detected on orbit and allow determination of the 

Poynting vector. In conjunction with a model 

magnetosphere and an estimate of plasma density (from 

resonance cutoffs), observed auroral radio emission will 

be ray-traced to probable source regions. 

SUMMARY 

The Vector Interferometry Space Technology using 

AERO mission (VISTA), will complement the Auroral 

Emission Radio Observer (AERO) with a build-to-print 

companion spacecraft. 
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Together, VISTA and AERO will provide the first 

space demonstration of interferometric imaging, 

beamforming, and nulling using electromagnetic vector 

sensors (VS). This combined mission will demonstrate 

that VS interferometry can enable significantly smaller 

radio sensing constellations that maintain sensitivity 

even in the presence of substantial terrestrial 

interference. 

By dramatically improving angular resolution, the twin 

AERO and VISTA spacecraft will open a broad 

Discovery Space for spatially and temporally complex 

auroral and solar phenomena. VISTA will also expand 

the scientific return and robustness of the AERO 

investigation by significantly increasing the quantity 

and breadth of observations and providing redundancy. 
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