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Abstract

The Ham Radio Science Citizen Investigation (HamSCI) Personal Space Weather Station (PSWS)
project is a citizen science initiative to develop a new modular set of ground-based instrumentation for the
purpose of studying the structure and dynamics of the terrestrial ionosphere, as well as the larger, coupled
geospace system. PSWS system instrumentation includes radio receivers sensitive to frequencies ranging
from the very low frequency (VLF) through very high frequency (VHF) bands, a Global Navigation
Satellite System (GNSS) receiver to provide Total Electron Content (TEC) measurements and serve
as a precision time and frequency reference, and a ground magnetometer sensitive to ionospheric and
geospace currents. Although the PSWS is designed primarily for space weather and space science, its
modular and open design in both hardware and software allows for a variety of use cases. The core radio
instrument of the PSWS, the TangerineSDR, is a wideband, direct sampling 100 kHz to 60 MHz field
programmable gate array (FPGA)-based software defined radio (SDR) receiver with direct applicability to
radio astronomy. In this paper, we describe the PSWS and TangerineSDR architecture, show examples of
how the TangerineSDR, could be used to observe Jovian decametric emission, and discuss the applicability
of the TangerineSDR to radio astronomy in general.
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1 Introduction

The ability to advance the state of knowledge in the fields of radio astronomy and space science is increasingly
dependent on the ability to acquire and process large amounts of high-quality, broadband radio spectrum
measurements from numerous receivers, potentially spread across a large geographical domain. These types
of measurements could enable advancements that range from improved characterization of S-burst Jovian
decametric emissions to better understanding the dynamics and causes of short temporal, large spatial scale
ionospheric variability. Recent technological advances in the fields of radio engineering, computing, precision
timing, and networking have created the potential to make this type of data acquisition and processing
accessible even to amateur scientists.

Software Defined Radio (SDR) technology is at the heart of making these measurements. SDRs work by
digitizing signals as early in the receiver as possible, then using digital signal processing (DSP) techniques
to filter, analyze, demodulate, and otherwise process the signal. This has tremendous advantages over
traditional, analog techniques in that SDRs are not limited to a single, predefined signal processing scheme.
Even so, all SDRs ultimately have hardware components and design choices that limit their abilities. This
becomes apparent when searching for SDRs for use in radio astronomy or space science applications, which
often have requirements (i.e., Dodd et al., 2019) that are at odds with communications applications. For
instance, HF communications receivers typically use narrow bandwidths and automatic gain control (AGC).
They have little need for precision timestamping (< 100 ns), precision frequency measurement (better than
parts in 10719), or calibrated amplitude measurements. Furthermore, communications receivers often obscure
access to raw measurements and low-level controls. While SDR-based communications receivers may be
inexpensive due to market competition and economies of scale, radio scientists are forced to either reduce
their requirements or purchase significantly more expensive, specialized hardware to meet their needs.

In response, the Ham Radio Science Citizen Investigation (HamSCI, http://hamsci.org) and the Tucson
Amateur Packet Radio Corporation (TAPR, http://tapr.org) have teamed up to develop a new, modular SDR
architecture known as the TangerineSDR that could address the specific needs of a scientific investigator while
equally serving other applications (Cowling, 2020). This effort falls under the larger umbrella of the HamSCI
Personal Space Weather Station (PSWS) project, which arose out of an interest from the amateur radio
community to better understand ionospheric radio wave propagation and a United States National Science
Foundation (NSF) Atmospheric and Geospace Science (AGS) Section program to develop new Distributed
Array of Small Instruments (DASI) for the advancement of Space Science. This work builds on earlier
efforts of Frissell et al. (2014, 2018, 2019) to use amateur radio observations for ionospheric sounding, and is
leading to the creation of global amateur radio networks carefully designed for space weather/space science
applications (Collins et al., 2021a,b).

Although the HamSCI PSWS and TangerineSDR are initially being developed with Ionospheric and Space
Science applications in mind, the open and modular design of TangerineSDR makes it a particularly attractive
choice for numerous radio astronomy applications. In this paper, we describe the purpose and architecture
of the HamSCI PSWS (Section 2), the architecture of the TangerineSDR (Section 3), examples of radio
astronomy applications of the TangerineSDR (Section 4), and additional radio astronomy considerations
with respect to the TangerineSDR (Section 5). A summary is presented in Section 6.

2 HamSCI Personal Space Weather Station

2.1 PSWS Purpose

The HamSCI Personal Space Weather Station (PSWS) is designed to be a modular, multi-instrument,
ground-based device to observe space weather effects both as a single-point measurement and as part of a
larger, distributed network. The PSWS aims to support two primary groups of users: space scientists and
amateur radio operators. Each of these groups have different but related needs. For instance, space science
researchers need to observe, characterize, and understand ionospheric variability across a range of spatial and
temporal scales, understand the coupling between the neutral atmosphere, ionosphere, and magnetosphere,
and validate and improve models with the goals of prediction and understanding. Meanwhile, amateur radio
operators seek to understand and predict radio propagation to support amateur radio communications, in-
cluding public and emergency service operations, contesting, and long distance (a.k.a. DX) communications.



Amateurs often also want to study space weather and propagation for personal edification and to contribute
back to science and the radio art.

HF ionospheric refraction enables long-distance, over-the-horizon radio communications (of interest to
radio operators) while simultaneously providing a mechanism for ionospheric remote sensing (of interest to
scientists). This type of radio wave propagation is illustrated in Figure 1 using 2D numerical raytracing
through a model ionosphere from the WWV transmitter near Fort Collins, Colorado (blue diamond) to the
W2NAF receiver in Spring Brook Township, Pennsylvania (red star). The top raytrace shows computed ray
paths for a 15 MHz radio wave along the WWV-W2NAF path, while the bottom shows paths for a 10 MHz
wave. The red path indicates the ray that links the transmitter to the receiver. Background colors represent
plasma frequency, which can be directly related to ionospheric electron density with the relation f, ~ 9v/'N,
where f, is the plasma frequency in Hz and N is the electron density in m~3. Both raytraces were computed
using the PHaRLAP raytracing toolkit (Cervera and Harris, 2014; Coleman, 1998) with the International
Reference Ionosphere 2016 (IR12016) empirical model (Bilitza et al., 2017).

It is important to note several features in the raytraces shown in Figure 1. First, the ray path that
connects the transmitter to the receiver passes through, and hence will be modulated by, the ionosphere.
This is the primary feature that enables remote sensing. Second, the amount of refraction is a function
of both ionospheric density and frequency. In Figure 1, the densities are the same in the top and bottom
figure, but the radio frequency is not. It is apparent that the high frequency (15 MHz) wave undergoes less
refraction than the lower frequency (10 MHz) wave. This dispersion is the reason it is important to collect
signals spread throughout the HF band when trying to diagnose the ionospheric state. Third, not all rays
remain trapped between the Earth and ionosphere. If rays exceed a critical takeoff angle and/or a critical
frequency, they will escape into space. This is bad for communications, but good for radio astronomers who
are trying to sense signals from outside of Earth. It is important to remember how the ionosphere varies
spatially and temporally. Ionospheric production is predominantly driven by photoionization, and there are
strong diurnal, seasonal, and solar cycle dependencies. Additionally, the actual ionosphere is not smooth as
shown in the IRI model. Instead, it can be highly variable and structured.

With this in mind, it can be said that the primary purpose of the PSWS is to receive as many signals-of-
opportunity on the HF bands as possible and apply the physics illustrated in Figure 1 in order to understand
the ionospheric state and dynamics. This is why the core instrument of the PSWS is the radio instrument,
as described in Section 2.2 below.

2.2 PSWS Architecture

The HamSCI PSWS comes in two primary flavors: the low-cost “Grape” PSWS (US ~$300), and the
performance-driven “TangerineSDR” PSWS (US ~$500 — $1000). The radio instrument in the Grape PSWS
is a purpose-built receiver specifically for observing ionospherically-imposed Doppler shifts on high frequency
signals and therefore has limited utility in the field of radio astronomy. Instructions for building a Grape
Version 1 are available at http://hamsci.org/grapel and by Gibbons et al. (2021). Conversely, the Tanger-
ineSDR PSWS is designed to be an extremely flexible, precision radio instrument with numerous potential
radio astronomy applications.

Figure 2 shows the standard block diagram for the TangerineSDR-based HamSCI PSWS. In this version,
the PSWS has three main instruments: the general-purpose software defined radio (SDR), the Global Navi-
gation Satellite System (GNSS) / Global Positioning System (GPS) Receiver, and the ground magnetometer.
The heart of the PSWS is the SDR, which provides raw spectrum data from ~100 kHz to 60 MHz that can be
simultaneously processed into multiple data products. The GNSS receiver serves multiple purposes. First, it
provides precision time and frequency references for the entire PSWS system. Secondly, it is an ionospheric
instrument in its own right, capable of providing ionospheric total electron content (TEC) and scintillation
measurements. Finally, the ground magnetometer is used to sense perturbations in the Earth’s magnetic field
due to currents in the ionosphere and space. The SDR and GNSS receiver functions will be handled by the
TangerineSDR, whose architecture is described in more detail in Section 3. The ground magnetometer board
will utilize a low-cost 3-axis PNI RM3100 magnetometer module with a ~10 nT field resolution. Details of
the ground magnetometer are given by Madey et al. (2021) and Kim et al. (2021). In addition to the three
primary instruments described above, the modular design allows for the addition of future instruments, such
as the very low frequency (VLF) receiver described by Rizzo (2021). Conversely, any one of the instruments
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shown may be used separately from the others.

All of the PSWS instrumentation will be tied together by a central computer running the PSWS Local
Host Software. This computer will provide a local user display, local user data reduction, and communicate
with the central control and database server. On basic installations of the PSWS, this computer will likely be
a single-board computer such as a Raspberry Pi, but users with greater requirements may substitute a more
powerful computer. Data processing will be shared between the field-programmable gate array (FPGA)-
based SDR and the general purpose computer as most appropriate. Data will be uploaded via the internet
to a publicly accessible database to allow for coordinated analysis. The central server will also be able to
send updates and issue commands to control PSWS nodes in the network. It is noted that the HamSCI
PSWS system is an open-source system, and node owners retain full control of their station. Therefore, the
uploading of data and participation in the centrally-controlled system is voluntary. Furthermore, users will
be given reasonable methods of accessing the most basic data products produced by the system, as well as
methods for loading their own analysis code. Details of the PSWS control software and database are given
by Engelke (2021, 2020).

3 TangerineSDR

The TangerineSDR system consists of two main components (see Figure 3). The component on the left, and
the focus of this section, is a three or four board modular stack consisting of a Data Engine (DE) carrier
board, a Clock Module (CKM) and one or two RF Modules (RFM). On the right, a Single Board Computer
(SBC) or other general-purpose computer acts as the host, providing networking, protocol formatting, and
other functions. The TangerineSDR, uses a modular design to allow users to select the feature set required for
their specific use case. Details of TangerineSDR architecture and philosophy were first published by Cowling
(2020).

3.1 Data Engine

The block diagram of the Data Engine, or DE, is shown in Figure 4. The DE is the heart of the radio
portion of the TangerineSDR and offers two sockets for RF Modules (RFM) as well as a single socket for
a Clock Module (CKM). Low data-rate instruments (such the ground magnetometer or VLF module) and
Raspberry Pi HATs can be connected through the Low-speed Expansion Adapter Fixture (LEAF) interface.
At the center of the DE is an Intel MAX10 FPGA. This FPGA receives and processes the digitized RF
data streams from the two RFMs. The resultant processed data is then sent out over either USB 3.0 or
gigabit Ethernet to the host or other destination determined by the host. Data processing can be simple
packetization, frequency mixing, decimation, filtering, formatting of data, and/or many other possibilities.
For the PSWS, the FPGA will split the incoming broadband data stream into multiple narrow-band streams
(called virtual receivers) that are sent out as UDP-streamed packets over gigabit Ethernet. Virtual receivers
can be up to 20 MHz wide or more (typical width is 192 kHz) and can be independently set to any center
frequency between 100 kHz and 60 MHz; the DE can create a number of these (typically a maximum of 8 to
16). The width and number of virtual receivers is limited by the bandwidth of the gigabit Ethernet interface
to an aggregate bandwidth of 20 to 30 MHz.

3.2 Clock Module

The Clock Module, or CKM, is the key component that allows for precision frequency measurement and
timestamping. Figure 5 shows the block diagram of the CKM. The CKM has an on-board multi-band Global
Navigation Satellite System (GNSS) receiver enabling ionospheric total electron content (TEC) and scintil-
lation measurements, as well as providing precision timing accuracy down to parts in 107!° using 1 second
averaging and parts in 102 using 1000 second averaging. The on-board precision temperature-compensated
oscillator and jitter reducer provide excellent phase-noise performance and above average holdover accuracy
during loss of satellite lock conditions. Provision is made for an external reference input when a higher-
performance clock is available. The CKM provides precision reference and one pulse-per-second inputs to
the DE for data time stamping. It is expected that the TangerineSDR will be able to achieve £50 ns time-
stamp accuracy on each sample. The CKM also provides up to 10 clock outputs from an on-board precision



synthesizer. Each output can be set to an independent frequency and starting phase. These outputs drive the
clock inputs to the DE, providing frequency agility to the TangerineSDR, components (such as the RFMs).

3.3 RF Module

The RF Module, or RFM, is diagrammed in Figure 6. Each RFM is essentially a two-channel, high-speed,
precision data acquisition board. The RFM takes signals from the two antenna inputs, digitizes them,
and provides two high-speed (typically 122.88 MSPS) 14-bit data streams to the DE. This analog-to-digital
converter (ADC) subsystem creates a dual-channel direct-sampling receiver capable of processing 100 kHz to
60 MHz of spectrum simultaneously. The inclusion of a noise source, multiple input attenuators, a low-noise
amplifier, and support for custom filter options makes the RF module especially useful for many applications,
including PSWS, radio astronomy, academic, and satellite work. The on-board noise source is electronically
selectable with a switching time of < 15 ms, has an fixed excess noise ratio (ENR) close to 15 dB (9.6 kK).
The noise source should be profiled against an external laboratory standard when used in high accuracy
applications. The dual-channel architecture allows both input channels to be sampled synchronously. The
DE has two RFM slots, providing up to four synchronously sampled inputs on one DE. Provisions are also
made for synchronizing multiple DEs in order to provide even wider synchronous systems.

3.4 Open Architecture

All hardware and software for the TangerineSDR. project is being released under open source hardware and
software licenses. Hardware will be released under the TAPR Open Hardware License (TAPR OHL, https:
//tapr.org/the-tapr-open-hardware-license/), and software is being released on the GNU General
Public License Version 3 (GPLv3, https://www.gnu.org/licenses/gpl-3.0.en.html). This will allow for
customization and development that will enable many use cases for the TangerineSDR beyond the PSWS.

Even without hardware modification, this openness allows for significant flexibility. For instance, cus-
tom FPGA loads can be independently developed for radio astronomy, academic, and specialized custom
applications. This allows users to maximize the available FPGA processing power by implementing only
the signal processing algorithms actually required. Similarly, the user will have uninhibited access to CKM
configuration. The user can use PC-based software to define the output frequencies and other characteristics
of the synthesizer and upload that configuration to the CKM. The GPS configuration is also accessible to
the user.

4 TangerineSDR and Radio JOVE

To illustrate one potential application of the TangerineSDR to radio astronomy, we present selected spec-
trograph observations from the Radio JOVE project. Radio JOVE is a NASA-supported citizen science and
education/public outreach radio astronomy project started in 1998 to study radio emissions from Jupiter and
the Sun (https://radiojove.gsfc.nasa.gov/; Arnold, 2014). This is a particularly relevant use case for
the TangerineSDR, as plasma processes within Jupiter’s magnetosphere naturally produce radio emissions
with frequencies from approximately 3 to 40 MHz (Burke and Franklin, 1955; Zarka et al., 2001; Alexander
et al., 1981; Clarke et al., 2014). These emissions, known as Jovian decametric emission due to having
wavelengths tens of meters long, are all within the frequency range of the current TangerineSDR RFM
design.

While the standard Radio JOVE system is capable of receiving a single narrow band signal at 20.1
MHz, advanced users often wish to observe a wide slice of spectrum which allows a significantly greater
insight to physical processes. This prompted Richard Flagg, Jim Sky, and Dave Typinski to develop the
Dual Polarization Spectrograph (DPS) (Typinski, 2014). The DPS consists of two swept-frequency receivers
sharing a single local oscillator that sweeps 300 channels from 32 MHz to down to 16 MHz at a rate of
6.7 sweeps per second. Each channel has 30 kHz bandwidth. Each receiver has a 12-bit analog-to-digital
converter, dynamic range of 50 dB, and noise figure (NF) of 7 dB (1.2 kK). This NF is insignificant compared
to the galactic background of 100 kK at 15 MHz and 18 kK at 30 MHz. The antenna system developed for
use with the DPS is an array of eight terminated folded-dipole elements that provides separate outputs for
right- and left-hand circular polarization.
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Figure 7 presents a 24 hr spectrogram measured at the AJ4CO Observatory in High Springs, Florida on
28 January 2014. The upper portion of the HF band is chosen because the terrestrial ionosphere typically
shields out signals from space below approximately 10 MHz. This particular day was chosen because there is
an instance of almost every kind of HF emission signature in this image. Jovian (Jupiter) non-To-A emissions
are observed as a triangular signature from 17 to 25 MHz around 0300 UT. Propagation “teepees”, which
are believed to be HF band signatures of lightning (Fung et al., 2020), are observed above 26 MHz around
1530 UT and 2230 UT. Solar Type III radio emissions (Reid and Ratcliffe, 2014) are observed around 1500
UT, and an X-ray flare radio blackout (Benson, 1964; Frissell et al., 2014, 2019) is observed around 2000
UT. In addition to these natural signals, man-made signals such as receiver overloading (0030 and 1200 UT)
and broadcast/communications channels (narrowband signals that extend for long periods of time) are also
apparent.

We also present spectrograph observations of two types of Jovian emissions of particular interest: Figure
8 shows Jovian-L (long) bursts, while Figure 9 shows Jovian-S (short) bursts. Jovian-L bursts, as shown in
Figure 8, typically consist of Gaussian noise with an intensity periodicity of 2 to 10 s (Carr and Reyes, 1999).
The longer period, more vertical lanes are a combination of the natural variation in the emission source and
scintillation due to propagation through the terrestrial ionosphere. The diagonal lanes modulating the L
bursts in Figure 8 are thought to be produced by propagation through density variations within the Io plasma
torus, a large ring of plasma around Jupiter consisting mostly of ionized volcanic gasses from the moon Io
(Imai et al., 1992). The spectrogram shown in Figure 8 was made using the same DPS spectrograph used
for Figure 7.

Figure 9 shows the signatures of Jovian-S bursts, which, unlike L. bursts, have a sharply defined spectral
structure. S bursts typically appear for intervals of a few seconds with a repetition rate of 2 to 400 s™1,
most commonly 20 s~'. Individual bursts typically have a negative frequency drift rate on the order of
-20 MHz s~! (Carr and Reyes, 1999). Due to the high repetition rate and well-defined spectral structure, a
high temporal cadence is a requirement for proper observation of S bursts. The top spectrogram in Figure 9
was made using the same DPS spectrograph used for Figures 7 and 8. While the S-bursts can be observed,
they are undersampled and cannot be fully resolved. By contrast, the bottom spectrogram of Figure 9 shows
measurements taken by a Tunable Wideband Receiver (TWB), an SDR instrument with a 2 MHz bandwidth
capable of resolving spectrum at a 205 us cadence for 250 ms at a time (Typinski et al., 2014). Although
the capabilities of the TWB are limited in bandwidth and duration, the spectral structure of the S bursts is
now well-resolved.

All of the observational examples presented here would benefit greatly from an SDR such as the Tanger-
ineSDR, which will be able to record 20 to 30 MHz of bandwidth continuously, rather than being required
to sweep at a low rate across the HF band or be limited to to a relatively narrow bandwidth and short
recording duration. A major advantage of an SDR-based spectrograph over a swept-frequency instrument is
that the SDR has 100% integration time because its Discrete Fourier Transform (DFT) effectively samples
every frequency channel simultaneously. Compared to the DPS instrument described above, an SDR, having
the same noise figure (~7 dB), channel bandwidth (~50 kHz), and temporal resolution (~150 ms) would
produce spectrograms with around 10 dB greater signal to noise ratio. This would allow a much clearer
picture of the Jovian emissions shown in Figures 7, 8, and 9 to be produced.

5 TangerineSDR Considerations for Radio Astronomy Applica-
tions

The observations of Section 4 illustrate the key requirements needed for many radio astronomy systems:
a highly stable clock, precision timestamping, ability to collect phase-locked measurements from multiple
antennas, the ability to make calibrated measurements of the amplitudes of received signals and noise,
and facility for processing and transporting wideband data. The Radio JOVE Spectrograph Users Group
(SUG) has produced a list of desired specifications for a new software defined radio (SDR) to support their
operations (Dodd et al., 2019). Although this list of specifications is targeted to the Radio JOVE project,
many aspects are applicable to radio astronomy at large. It should be recognized that this list is not meant to
be a strict set of minimum requirements, but rather guidelines for what would make an excellent instrument
for HF band radio astronomy. In this section, we highlight how key features of the TangerineSDR, whose



architecture is described in Section 3, relate to Radio JOVE and radio astronomy in general.

Clock stability and precision timestamping requirements are handled by the Clock Module (CKM),
described in Section 3.2. The GPSDO-based CKM ensures that the entire TangerineSDR system maintains
a frequency accuracy to within parts in 10719 (using 1 second averaging), and that provisions are made to
achieve £50 ns timestamp accuracy for each data sample. While this level of precision will not allow for
Very Large Baseline Interferometry (VLBI), which typically requires active hydrogen maser clocks costing
approximately US$250,000, it will allow for applications such as the comparison of Jovian S-burst time of
arrival observed at distant stations. Each TangerineSDR, clock module can both output and accept external
clock signals, allowing the use of superior clocks (if available) and physically synchronizing arrays of multiple
TangerineSDRs for applications such as interferometry and electronic beamforming.

The requirement for the ability to collect phase-locked measurements from multiple antennas is addressed
by the RF module (RFM, described in Section 3.3), the data engine (DE, described in Section 3.1), and
the CKM. Each HF RFM has two antenna inputs corresponding to two phase-locked independent receive
channels, allowing for polarization measurements using a TangerineSDR with only a single RFM. Up to
four independent, phase-locked channels can be supported by a single DE by adding a second RFM. Fi-
nally, the ability to synchronize multiple TangerineSDRs together using the CKM’s ability to output and
accept external clock signals allows for the implementation of complex, electronically steerable antenna array
designs.

Radiometry, the field of measuring total RF noise power within a given bandwidth coming from within
a given area of sky, is the key to radio astronomy. On the TangerineSDR, this is enabled by the on-board
noise source on the RFM that can be profiled against an external reference. By placing the noise source
at the antenna inputs ahead of all signal processing, it will be possible to calibrate signal and noise levels
measured by the receiver. Assuming an array of inefficient terminated folded dipole (TFD) antenna elements
and several dB of feed line loss, the 20 MHz galactic background at the receiver input connector is expected
to be approximately 4 to 8 kK. Thus, the planned noise source excess noise ratio (ENR) of 15 dB (9.6 kK)
will be sufficient for both calibrating the receiver and measuring receiver gain stability at realistic signal
levels.

Facility for processing and transporting wideband data is afforded by the direct sampling receiver capable
of processing 100 kHz to 60 MHz of spectrum simultaneously. These signals are passed directly to the FPGA,
allowing for tremendous flexibility in how the data is processed. Ultimately, the output bandwidth of the
TangerineSDR to external computers is limited by the gigabit Ethernet and USB 3.0 interfaces to 20 to
30 MHz. However, the ability to implement custom, on-FPGA processing and easily synchronize multiple
TangerineSDRs mitigates this limitation. Additionally, Section 4 has demonstrated the scientific utility of
15 to 20 MHz of observable bandwidth.

As previously discussed, a key to the utility of the TangerineSDR, platform is its open source nature in
both hardware and software. While the software that is being developed for the HamSCI PSWS will be
centered around space weather applications, it will include a “firehose” mode functionality that will stream
raw data samples at maximum speed from the TangerineSDR to the computer of the user’s choosing. This
mode will satisfy the needs of many radio astronomers. For users with additional needs, provisions are being
made to allow for customization of all software, including the FPGA images, as described in Section 3.4.

Finally, the modular, open hardware design allows potential extensibility of the TangerineSDR, platform
to applications beyond those using the 100 kHz — 60 MHz band. This can be achieved using the current RFM
design with the addition of appropriate front end filters, low noise amplifier (LNA), and down-converter. The
SDR could also function in undersampling mode (i.e., without a down-converter) provided the front end filters
are of the quality required to do so. Alternatively, completely new RFMs could be designed and produced.
Potential radio astronomy applications include pulsar detection in the VHF through microwave bands, the
study of galactic neutral hydrogen clouds by using Doppler shift around 1.42 GHz to infer the galactic
rotation curve to infer the presence of dark matter, and age of re-ionization neutral hydrogen observations
around 70 MHz. This is the 1.42 GHz neutral hydrogen emission from the early universe; it is so old that
it has been red-shifted to around 70 MHz the same way the 3,000 K black-body peak (ref. Planck’s Law)
cosmic microwave background radiation (CMBR) from the early universe has been red-shifted to the 2.7 K
peak we observe today.



6 Summary

The Ham Radio Science Citizen Investigation (HamSCI) Personal Space Weather Station (PSWS) project
is a citizen science initiative to develop a new modular set of ground-based instrumentation for the purpose
of studying the structure and dynamics of the terrestrial ionosphere, as well as the larger, coupled geospace
system. PSWS system instrumentation includes radio receivers sensitive to frequencies ranging from the
very low frequency (VLF) through very high frequency (VHF) bands, a Global Navigation Satellite System
(GNSS) receiver to provide Total Electron Content (TEC) measurements and serve as a precision time and
frequency reference, and a ground magnetometer sensitive to ionospheric and geospace currents. Although
the PSWS is designed primarily for space weather and space science, its modular and open design in both
hardware and software allows for a variety of use cases.

The core radio instrument of the PSWS, the TangerineSDR, is a wideband, direct sampling 100 kHz to
60 MHz field programmable gate array (FPGA)-based software defined radio (SDR). This SDR has been
designed from the ground up to account for key requirements needed by radio astronomy systems: a highly
stable clock, precision timestamping, ability to collect phase-locked measurements from multiple antennas,
the ability to make calibrated measurements of the amplitudes of received signals and noise, and facility for
processing and transporting wideband data.

The initial design of the TangerineSDR makes it immediately usable for radio astronomy applications
in the HF band, such as the study of Jovian Decametric Emissions. The wideband capability of the Tan-
gerineSDR makes it possible to capture the full spectral signatures of both Jovian L- and S- bursts, while
the precision timestamping and high temporal resolution measurements will allow for accurate comparison
of S-burst spectral structures observed from geographically distant locations. Through the use of downcon-
verters, LNAs, and filters, it will be possible to use the TangerineSDR for radio astronomy applications at
higher frequencies. The modular and open design makes the TangerineSDR highly extensible, and its target
price of US$500-$1000 makes it affordable to amateur and professional scientists alike.
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Granger, 2007), and others (Millman and Aivazis, 2011).
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Figure 1: 2D numerical raytraces illustrating high frequency (HF) ionospheric refraction and radio wave
propagation. The map on the left indicates the locations of the WWYV transmitter near Fort Collins,
Colorado (blue diamond) and the W2NAF receiver in Spring Brook Township, Pennsylvania (red star). The
top raytrace shows computed ray paths for a 15 MHz radio wave along the WWV-W2NAF path, while
the bottom shows paths for a 10 MHz wave. The red path indicates the ray that links the transmitter
to the receiver. Both raytraces were computed using the PHaRLAP raytracing toolkit with the empirical
International Reference Ionosphere 2016 (IRI2016) model.

13



Antenna(s) Software Defined Radio
(=100 kHz — 60 MHz)

Raw |/Q Output

HF Spectrum Snapshots

Standards Stations (e.g. WWV Doppler Shifts)

| « Passive lonosonde Receiver

Amateur Radio Monitor (FT8, WSPR, RBN)

GNSS _ itor:
Disciplined + HF Noise Characterization
Oscillator & + Lightning Detection

TEC Receiver

@ Computer

(e.g. Single Board Computer)

Ground
Magnetometer

Local User Display
Local Data Reduction
Sends Data to Central Server

Public
Database &
Central
Control

Internet

Future
Instrument(s)

?

Figure 2: Block diagram of the HamSCI Personal Space Weather Station (PSWS). The three core instruments
of the standard PSWS are the software defined radio (SDR), Global Navigation Satellite System (GNSS)
receiver, and ground magnetometer. The GNSS receiver acts as both a precision frequency and time reference
for the entire PSWS, as well an an ionospheric scintillation and total electron content (TEC) monitor. The
TangerineSDR described in Section 3 will provide both the SDR and GNSS receiver functionality. A modular

design allows for many variations in instrumentation.
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Figure 3: The TangerineSDR, system consists of two main components. The component on the left consists of
a three or four board modular stack consisting of a Data Engine (DE) carrier board, a Clock Module (CKM)
and one or two RF Modules (RFM). On the right, a Single Board Computer (SBC) or other general-purpose
computer acts as the host, providing networking, protocol formatting, and other functions.
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Figure 4: Block diagram of the TangerineSDR Data Engine (DE). The DE is the heart of the radio portion of
the TangerineSDR and offers two sockets for RF Modules (RFM), a single socket for a Clock Module (CKM),
and a low-speed LEAF interface. The Intel MAX10 FPGA is responsible for processing data produced by
the RFMs, CKM, and LEAF instruments. Processed data is sent to other computers via USB or gigabit

Ethernet.
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Figure 5: Block diagram of the TangerineSDR Clock Module (CKM). The CKM has an on-board multi-band
Global Navigation Satellite System (GNSS) receiver enabling ionospheric total electron content (TEC) and
scintillation measurements, as well as providing precision timing accuracy down to parts in 10710 using
1 second averaging and parts in 1072 using 1000 second averaging.
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Figure 6: Block diagram of the TangerineSDR RF Module (RFM). Each RFM is a dual-channel direct-
sampling receiver capable of processing 100 kHz to 60 MHz of spectrum simultaneously. Each Data Engine
(DE) has two RFM slots, providing up to four synchronously sampled inputs on one DE. Provisions are also
made for synchronizing multiple DEs in order to provide even wider synchronous systems.
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Figure 7: 24-hour spectrogram of the upper HF band. This spectrogram was produced using the Dual
Polarization Spectrograph (DPS) designed by Richard Flagg, Jim Sky, and Dave Typinski. This particular
day was chosen because there is an instance of almost every kind of HF emission signature in this image:
Jupiter, solar, the galactic background, radar, and communications.
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AJ4C0 Obzervatory 31 Jan 2014 - DPS B0kHz IF on TFD Aray in CF Mode - RCP

3.0
30.0
29.0
28.0
27.0
26.0
25.0
24.0
230
220
21.0
20.0
13.0
18.0
17.0

1Y ¥ it a3 ‘3
06:18:00 0E:19.09 062017 06:21:26 06:22:34 06:23:43 06:24:51 06:26:00

Figure 8: Jovian L-bursts. This spectrogram was produced using the same instrument as in Figure 7. The
diagonal lanes are thought to be produced by propagation through density variations within the Io plasma
torus, a large ring of plasma around Jupiter consisting mostly of ionized volcanic gasses from To. The longer
period, more vertical lanes are a combination of the natural variation in the emission source and scintillation
due to propagation through the terrestrial ionosphere.
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AJ4C0 Observatory 11 Mar 2014 - DPS B0 kHz IF on TFD &ray in CP Mode - RCP
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Figure 9: A comparison of Jovian S bursts as viewed by swept-frequency and SDR-based spectrographs.
The top spectrogram was produced using the same instrument as in Figure 7. The lower spectrogram was
produced using an SDR-based instrument designed and built by Richard Flagg, Wes Greenman, and Dave
Typinski.
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