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Earth’s aurora: optical signature

e Electrons channeled into the Earth’s atmosphere by strong magnetic fields create electromagnetic disturbances
e Optical emissions at around 150km, caused by electrons colliding with neutral atmospheric particles
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Unanswered questions about Earth’s radio aurora

e Radio emissions occur above 500km
e From plasma theory & radio propagation, we don't expect to see radio disturbances <5MHz
through the low-frequency-opaque atmosphere... but sometimes, we do

Radio Waves from auroral sources
Recording from ground
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How to study these phenomena?

e Where do these emissions come from, and what are their characteristics? Could they be
explained by existing theories?
e How can we more directly observe the radio aurora?

' Frequencyl Range: 100kHz - 5SMHz
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Radio aurora?? :
https://www.earth new: rths-magnetic-}
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https://astronomy.com/news/2021/11/recent-aurora-captured-from-iss
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The Electromagnetic Vector Sensor |

Composite Tapes

e Satellites above the ionosphere can get us clear access

e Single-element sensing of all six EM vector components; further Dipolen
processing yields polarization and incidence angle ' y

e Allows testing theories of how these emissions are created

Horizontal
Loop (4X)

CubeSat body:
36cmx20cmx 10 cm
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The spacecraft

e Twin 6U CubeSats to perform interferometry in space,
significantly increasing angular resolution

e Temporal and spatial detail required means the
satellites generate intense amounts of IQ data,
which will need to be
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OBJECTIVE #1: We need to talk to the spacecraft.

e Uplink (data to sat): Pings, commands, data acknowledgements; lower-volume command data only
e Downlink (data from sat): Health/status telemetry, experiment data, command
acknowledgements; low-volume telemetry and high-volume experiment data

UH!F
¢le ﬁ%t' y)

~440 MHz,
Order of 10kbit/s

SOLUTION: Use a ground station:

(T

*not the actual ground statlon
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The Ground Station Hardware |

UHF Satcom and Radar
Phased Array Feed

(TX/RX digital beamforming)

«— 21m reflector
@ Morehead
State University

Ettus N310's

18.6m reflector @
MIT Haystack |

Quad-Ridge
Feed Horn
w/ Cryo LNA
RX only
(2 to 16 GHz)
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OBJECTIVE #2: We should use a scheduler to smooth the communications process.

e LEO satellite passes only last from 5 to 15 minutes - very limited time to exchange data & send commands

e It'sinefficient and unnecessary to have a human manually control low-level communication processes.

]
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One-off mission software solution Proprietary Tracking Software NASA OpenMCT
T (photo credit: MIT DeMi) $$$555558S Only designed for mission ops
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Haystack GSI
. B

e Will be released as open
source SOFtware Comma and Control/ Telemetry monitoring

package e S [@]

. e Conf t
e Full stack: from signal to oniguretion Conmond ~ Cuto pm w

_ Byte stream Scheduler
SpreadSheet — | Human-readable ._.(
-

e Configurable for any Ground Station
. . . Ul
Sa te lll te 0 rm |SS | 0 n Ground Station Hardware REDIS server

B Demodulation & l |
Modulation |l J

GR 3.10

Beamforming §

e Keeps critical functions
human-readable

Amplification

Filtering
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RF Packet processing

How it started

How it's going

&——Optional data whittning———

protocols:

&——Optional CRC-16 calculation———— AERO: aero
syncword: 930bSlde
ko) el fwi; en Sync and create packed PDU
H &l 2 e Paycket length (by:’es)' 808 SEELLAED
Preamble bits = £ 8 Data field 8} BT S :
é 5 g ha = HImom Syncword: 100100...0111011110
[7) o g © i;f,z int Syncword threshold: 1 .
- name: Zadding I.
size:
) max32 . 8 8 N ’ - s e h
&8 x n bits——¢— bits *blts*blts 8 x n bits: 16 bits—> e :
L () Packet Parser /
Packet Header Generator (Default) size: 2 YAML CO?‘;;F“:':;:. Sl L CRC Check
_ 2 type: enum B e
Header Length: mi; , Protocor Ay CRC polynor 0x1021
Length Tag Name: packet _len e Lo |
dad: 2
Protocol Formatter - na:j:(:u;azding
Format Obj.: None
Length Tag Name: packet len Asynchronous PDU-based decoding; philosophy of “one config to rule them all”
Stream-and-tag based GNURadio packet-parsing blocks
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“Hier out” the low-level Functions

® Previously unwieldy signal

radios:
: : Device Adross e adres ™ UHF: Sunf
processing chains moved et source: USRP
. MbO: Subdev Spec: rx_subdev e serial: 3094DF7
- Samp rate (Sps): 3.2M -~ .
into hot-swappable, ——— up: TU/RX
H H ch: s Detault |D-ernlasis :o“ntllgll:r'o LAl
redesigned hier blocks : : e freq_offset: 75000
p g ChO: Antenna: rx_antenna P::t: 6‘.’;:91:05 digital_rf: &drf
db: 0 source: digital_rf

up: aero-transmissions
down: aero-test—6

e “Ground station in a box” e
philosophy: end user should
be able to understand
minimal signal processing

channels:
UHF uplink:
radio: *uhf
direction: up
frequency: U37.7e+6
modulation: FSK

Tagged Stream to PDU

but Still be able tO Length tag name: packet_len ; deviation: 600

baudrate: 2400

protocol: #*na
UHF downlink:

radio: *uhf

up/downlink effectively

direction: down
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Case Study: REDIS import/export
How it started How it’s going

4 Redis Controller
ZMQ PUB Sink - ID: redis controller 0
- - -

Address: tcp://1....0.1:50001

Redis Sink
Redis Controller: None

Host: localhost Stream: None

Add Timestamp: False

Timeout (msec): 100

Pass Tags: No

Port: 6.379k
db: 0

Want to have as few “moving parts” as possible

MIT
) HAYSTACK
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GRC as a Ground Station Ul
End goals: . .
e Program can be run with as little as a $ gSl 2 py C aQTOVISta 2 yml
few keystrokes = e hovtiegi Descciar )
e With a few more clicks, lower level ViU el GREGel

Syncword

parameters are easily accessible . -
YNCWOrt resho
e Uplink/downlink packets can be routed to N
different network locations (local redis server, \# CRC Bytes

remote host) without dealing with ZMQ or
other intermediary transfer protocols: “path of
least resistance”

e Hopefully porting everything over to C++ for
code efficiency and buffer control

MIT
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Extra improvements to.GRC

e Dark mode!
e Color-/shape-coded blocks

e Expanded Ul and versatility
of GRC Blocks
o Dynamic updating of
available options
o Realtime syncing with a
YAML File
MIT

HAYSTACK
OBSERVATORY
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Properties: Packet Parser

General Advanced Documentation

¢l \\k Quadrature Demod
Width: 1M Gain: 1911

Properties: Packet Parser
General Advanced Documentation
YAML Config Filepath §

Protocol
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Resources and Further Reading

AERO: Auroral Emission Radio Observer (2018 Erickson et al.)

AERO & VISTA: Demonstrating HF Radio Interferometry with Vector Sensors (2019 Lind et al.)

Alan Fenn's Electromagnetics and Antenna Technology
PySDR - A Digital Signal Processing degree in 2 weeks, guaranteed!™

GitHub - rvanvolz/radioconda: Software radio distribution and installer for conda

GitHub - jopohl/urh: Universal Radio Hacker: Investigate Wireless Protocols Like A Boss

GitHub - MITHaystack/digital rf: Read, write, and interact with data in the Digital RF and
Digital Metadata formats

GitHub - daniestevez/gr-satellites: GNU Radio decoder for Amateur satellites

MIT
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https://digitalcommons.usu.edu/cgi/viewcontent.cgi?article=4265&context=smallsat
https://digitalcommons.usu.edu/smallsat/2019/all2019/96/
https://pysdr.org/index.html
https://github.com/ryanvolz/radioconda
https://github.com/jopohl/urh
https://github.com/MITHaystack/digital_rf
https://github.com/MITHaystack/digital_rf
https://github.com/daniestevez/gr-satellites

How it started

andles the REl eam dedicated to queueing and collecting pa

es the RedisUplink with configuration args in a given dictionary.

"db", and "pkt_uplink_stream_name"

t ort"], config["db"])
fig["pkt_uplink_stream_name"]
n_queue , out_queue , config_yml_path: str):
. _path)
Towgraph = dler(config|

recei
(config["radio"])

)

downlink = 1link(config["red

Only the basic DSP within GRC:

over the

tellite uplink.

Python wrapper for flowgraph passes data btwn ZMQ & Ground Station Redis server

Case Study: REDIS import/export

Device Address: rx_...address
Sync: No Sync

MbO0: Subdev Spec: rx_subdev
Samp rate (Sps): 3.2M

ChO: Center Freq (Hz): 437.7M

ChO: AGC: Default
ChO: Gain Value: 40
ChO: Antenna: rx_antenna

PDU to Tagged Stream
Length tag name: packet len

GMSK Mod
Samples/Symbol: 1.333k -
BT: 350m

How it’s going

Haystack GSI
YAML Config File: ...test.yml
Sample Rate: 3.2M
Syncword Threshold: 1

Packet Framer
YAML Config Filepath: ....yml

Sample Rate: 3.2M
Symbol Rate: 1.333k
Alpha: 350m

Num Taps: 169

Redis
Redis Controller: re...ller |
Stream: uhf_down
Add Timestamp: True

Redis Controller
ID: redis_controller_0
Host: localhost
Port: 6.379%
db: 0

Redis Source
Redis Controller: re...ller |
Stream: uhf up

UHD: USRP Sink
Device Address: ser...30F4120
Sync: Unknown PPS
MbO0: Subdev Spec: A:B

1 Samp rate (Sps): 3.2M

ChO: Center Freq (Hz): ...69M
ChO: Gain Value: 0
ChO: Antenna: TX/RX

Hundreds of lines of multiprocessing pycode replaced by a few custom blocks
(and only tens of lines of code to convert btwn redis and PMTs!)

24



Soapy RTLSDR Source

Redis Controller
ID: redis_controller_0
Host: localhost
Port: 6.379k
db: 0

Haystack GSI
E YAML Config File: ...test.yml

' Sample Rate: 3.2M
Center Freq (Hz): 437.7M

Redis Source
Redis Controller: re...ller 0
Stream: uhf_up

UHD: USRP Sink
Device Address: ser...30F4120
Sync: Unknown PPS
MbO: Subdev Spec: A:B
1 Samp rate (Sps): 3.2M
ChO: Center Freq (Hz): ...69M
ChO: Gain Value: 0
ChO: Antenna: TX/RX

Sample Rate: 3.2M
Syncword Threshold: 1

Packet Framer
| | YAML Config Filepath: ....yml
Protocol: NA

Redis Sink
Redis Controller: re...ller 0
Stream: uhf_down
Add Timestamp: True

PDU to Tagged Stream
Length tag name: packet len

Root Raised Cosine Filter
Decimation: 1
Gain: 1

I Sample Rate: 3.2M
Symbol Rate: 1.333k
Alpha: 350m

Num Taps: 169

GMSK Mod
Samples/Symbol: 1.333k
BT: 350m




