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Abstract – We present the Small Phased Array DEmonstrator (SPADE), a compact phased array spec-
trograph designed for the monitoring of solar activity in the decameter range, where a majority of bursts of
interest for solar physics and space weather occur. Unlike other existing phased arrays, SPADE operations
like Sun tracking and spectra productions are made entirely digitally, and rely on the use of open source
library software and commercial generic software defined radio receivers. In this paper, we describe the
instrument and its associated software and present the first observations of the Sun and the Jovian magne-
tosphere conducted between September and December 2024. For the solar observations, in particular, we
highlight the capacities of the instrument in terms of temporal and frequency resolution, making it capable
of addressing science topics like turbulence in the coronal medium and propagation effects affecting radio
waves, which are currently only accessible by larger but non-solar dedicated phased arrays.
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1 Introduction

Since the second half of the twentieth century, radio
observations of the Sun in the meter and decameter range
(between ∼300 and 20 MHz) have provided a unique view
on the eruptive processes taking place in the solar corona
(Pick & Vilmer, 2008). The acceleration of suprather-
mal electrons during eruptive events can trigger Lang-
muir wave instabilities and subsequently the production
of electromagnetic radiation by coalescence of these waves
or scattering off of ions (Dulk, 1985). This results in a
large variety of bursts with distinctive spectral signa-
tures as observed on time/frequency diagrams also called
dynamic spectra. These bursts provide information on
the physical processes at work during the eruptive event
itself: the opening of the magnetic field during the early
phases of a flare or a filament eruption, the propagation
of shock waves in the solar corona, or the restructuring of
the magnetic field above the eruptive site in the aftermath
of the event (Nindos et al., 2008). Radio observations in
the meter and decameter range are therefore a key obser-
vational tool for the investigation of the solar corona,
driving both fundamental research and operational space
weather activities (Carley et al., 2020).
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An obvious shortcoming of ground-based observations
is their intermittent nature triggered by the day/night
cycle at a given location, which mandates the setup of net-
works of instruments for continuous monitoring of solar
activity. In the optical domain, the Global Oscillation
Network Group (GONG), originally driven by the needs
of helioseismology for continuous observations of the pho-
tospheric oscillations, provides a continuous survey, in
white light and chromospheric lines, of the eruptive activ-
ity taking place in the lower solar atmosphere (Hill, 2018).
In radio, in the meter and decameter range, two networks
of spectrographs currently exist: the US Air Force main-
tains a worldwide network of instruments in parallel to its
fixed frequency Radio Solar Telescope Network. Data are
nonetheless only available in real time for the US military
and the Space Weather Prediction Center of NOAA, and
are only publicly released a few months later. In addition,
it currently relies on rather old sweep-frequency tech-
nologies and produces data with a low time resolution
of 3 s (for a brief description, see the Learmonth Obser-
vatory website1). The e-Callisto network (Benz et al.,
2009b) is a civilian alternative, available in real time,
and with improved temporal resolution. However, it lacks
instrumental coordination apart from the CALLISTO
receiver itself, as each station has a different frequency

1 https://www.sws.bom.gov.au/Solar/3/1
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coverage and resolution, a different sensitivity due to dif-
ferent antennas and front ends, and it is also based on an
aging analog technology whose future is uncertain.

Recent instrumental developments in solar radio
astronomy rely primarily on digital subsystems that pro-
vide some levels of flexibility in design phases and can han-
dle even challenging observing environments (Benz et al.,
2009a; Hamini et al., 2021), but they still require signifi-
cant engineering developments in electronics and program-
ming. In contrast, low-cost Software Defined Radio (SDR)
receivers have grown in popularity in the amateur radio
community and in the academic world for prototyping of
radio systems. Two SDR receivers have been used since
2015 at the Humain radio astronomy station2, in Belgium,
for the monitoring of solar activity in VHF (30–300 MHz)
and L band (1–2 GHz). Based on this experience, we devel-
oped an SDR-based Small Phased Array DEmonstrator
(SPADE) to investigate its performance for the monitoring
of solar activity in the decameter range. The use of off-the-
shelf receivers and of open source software libraries makes it
easily replicable at other chosen locations around the world
for the establishment of a network of identical instruments.
We show, with the first observations presented here, that
our solution is not only sufficient for a simple monitoring
of solar activity, but that SPADE delivers data, with a
spectral and time resolution in par with modern non-solar
dedicated phased arrays.

2 The SPADE project

2.1 Solar observations at the Humain radio
astronomy station

The Humain radio astronomy station was founded in
1953 by the Royal Observatory of Belgium to host the
very first Belgian solar dedicated radio telescopes. It is
located in a remote and rural area in the foothills of the
Belgian Ardennes, near the town of Marche-en-Famenne.
The largest instrument at the station was a 48 antenna
radio heliograph operating at 408 MHz, which was in ser-
vice from 1972 until 2001. Since 2008, new radio instru-
ments have been set up at the station, making use of
refurbished existing telescopes (6-m telescopes and 4-m
telescopes from the heliograph, see Koeckelenbergh, 1971
for a description). Today, one of the two 6-m dishes
built in the 1960s is the main telescope in use for solar
observations. It carries one high-frequency log-periodic
feed antenna at the focal point and one low frequency
log-periodic piggyback antenna on its side, which alto-
gether serve three different radio spectrographs: an ana-
log instrument part of the e-Callisto network (Benz et al.,
2009b) (for the band 45–450 MHz), a digital receiver,
ARCAS in parallel to CALLISTO (same frequency band),
and a second digital receiver HSRS, covering the band
275–1495 MHz. The two digital instruments are SDR
receivers programmed specifically to perform wide-band

2 https://www.sidc.be/humain/digital_receivers

spectrography (a brief description of the HSRS receiver
can be found in Marqué et al., 2018). Observations are
fully automated and made available as quicklook files
within 10–15 min on the website of the Observatory3; raw
data are open access and are available by request.

2.2 Why a phased array?

Old radio telescopes, even fully-refurbished, are prone
to mechanical failures and limitations inherent to their
design and original purpose. For example, the current 6-m
dish in operation can track the Sun from 7:30 until 16:00 UT
and is limited in its hour angle motion amplitude by the
locations of safety switches that prevent the parabola from
hitting its pillar in winter (when the Sun is at low eleva-
tion). Moreover, going lower in frequency, in the decameter
range, where radio bursts of interest for space weather fore-
cast and fundamental research occur, while maintaining a
sufficient sensitivity would require a parabola of unrealis-
tic dimensions. Interferometry using fixed antennas (that
is with no moving parts) is therefore a suitable option, and
large phased arrays in the decameter range have been devel-
oped over the years using analog techniques, Clark Lake
(Erickson & Fisher, 1974), the Decameter Array in France
(Boischot et al., 1980) or more recently a mix of analog
and digital techniques, the Long Wavelength Array (Elling-
son et al., 2013), LOFAR (van Haarlem et al., 2013), the
Murchison Widefield Array (Tingay et al., 2013), Nenu-
FAR, at the Nançay Observatory (Zarka et al., 2012) or
UTR-2 (Konovalenko et al., 2016).

SPADE is a prototype of a small-size fully digital
phased array based on SDR receivers. It was designed to
properly evaluate the capacities of a compact-size instru-
ment that could be replicated at several locations around
the world for a near constant monitoring of solar activity
in the decameter range.

2.3 Array and antennas

SPADE consists of eight identical antennas, which are
dual-polarised broadband dipoles obtained from the Nen-
uFAR project (Zarka et al., 2012). The antenna form
factor and mechanical design are the same as the ones
used in the Long Wavelength Array (Hicks et al., 2012),
while the active electronics is tailor-made for NenuFAR
and includes a very low noise amplifier, LONAMOS
(LOw Noise Amplifier in MOS technology), developed by
the French laboratory SUBATECH4. The overall usable
frequency range covers the band 10–80 MHz.

The optimal array configuration was calculated at
50 MHz using the open source version5 of the Numerical
Electromagnetic Code (Burke & Poggio, 1981). Simula-
tions were carried out using a ground dielectric constant

3 https://www.sidc.be/humain
4 https://radio-fra-tun.sciencesconf.org/data/

program/Charrier_RadioFraTun_20210208.pdf
5 https://www.nec2.org/
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Figure 1. Left: Configuration of the eight antennas of SPADE; right: top, north-south cut of the resulting beam for a uniform
20 × 20 m ground plane, bottom, same but along the east-west direction.

of 15 (according to the International Telecommunication
Union (ITU) Recommendation P527.3) and a conduc-
tivity of 0.009 S/m (ITU Recommendation P832.1). Alu-
minum was assumed for the antenna elements, and steel
was used for the ground-plane mesh. The final config-
uration is shown on the left-hand side of Figure 1. To
minimize side lobes, a uniform 20 by 20 m ground plane
(instead of eight small individual ones) was introduced.
The right hand side of Figure 1 shows cuts along the
north-south and east-west directions of the calculated
beam (when pointing at the zenith). The asymmetry of
the array with respect to an east-west axis explains why
the two patterns are slightly different.

The reference antenna is placed at the center of the
grid and of a circle of 5.5 m radius, where the seven other
antennas are evenly distributed.

With the known positions of the antennas, it is possible
to analytically calculate the beam pattern projected on the
sky when pointing weights are applied (but not taking into
account the individual antenna patterns). Figure 2 shows
the resulting beam for an observation of the Sun, near local
noon, on 02 October 2024. The Sun culminates on that day
at∼35 degrees elevation. The 3 dB beam width in azimuth
is approximately 22, 27, and 35 degrees for respectively 65,
50, and 35 MHz, and always larger than 30 degrees in ele-
vation for all frequencies. A summary of SPADE technical
characteristics is given in Table 1.

On the ground, the array and the 20 × 20 m metallic
grid have been built on top of a flat platform that required
embankment work to level off the terrain (see Fig. 3). RF
cables are installed in underground pipes converging to an
environment-controlled cabin (about 27 m away from the
array center) hosting the solar receivers already operating

at the station. For each antenna, two coaxial cables bring
the signal to the cabin, but as of the time of writing, only
one polarization is used. Each cable is connected to a bias
tee providing power to the active electronics.

2.4 Receivers and programs

SPADE relies on commercial SDR receivers: two X300
Ettus Research receivers with two TwinRx daughter-
boards (DB) each, providing a total of eight inputs. This
choice was driven by multiple factors. The first one is the
existing in-house knowledge with dealing with receivers
of the same brand (with ARCAS and HSRS). In addi-
tion, the default software library GNU Radio (Long et al.,
2025) is well fitted for the beam forming and spectrometer
tasks. Finally, the versatility of SDR receivers reduces the
need for further radio frequency hardware developments
for the different operations of the array.

The beam forming and steering of the array are
entirely made by software and programmed using generic
blocks available within GNU Radio. Figure 4 shows the
latest version of the software controlling SPADE, as well
as the physical links existing between the two receivers.
On the hardware side, a common frequency (10 MHz) and
pulse-per-second (1 pps) reference is provided by an exter-
nal GPS clock. Each DB has its own set of two local oscil-
lators (LO1 and LO2) used for the frequency conversion
to the base band. The two local oscillators of the first
DB are physically shared with the three other DBs, via a
splitter and through amplification.

On the software side, steps are necessary to make sure
the different DBs start streaming data synchronously.
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Figure 2. Analytical calculations of the beam pattern resulting from the chosen array configuration at different frequencies.
The Sun is marked by a yellow dot not up to scale.

Table 1. SPADE main characteristics.

Array parameters

Number of antennas 8
Radius of circle 5.5 m
Ground plane dimensions 20 × 20 m
Effective area at 50 MHz 139 m2

Spectrograph performances
(from September 2025 onwards)

Center frequency 50 MHz
Total bandwidth 50 MHz
Frequency resolution 3.052 kHz
Time resolution 49.15 ms

3 dB beam width in azimuth
35 MHz 35◦

50 MHz 27◦

65 MHz 22◦

3 dB beam width in elevation
35 MHz, 50 MHz, 65 MHz >30◦

Expanding the work of Krueckemeier et al. (2019), a spe-
cific receiver block has been written, which starts the
eight channels simultaneously via timed commands. The
eight complex data streams are fed to a multiply-matrix
block, where the input matrix contains the pointing
weights calculated from an ephemeris (Skyfield Library;
Rhodes, 2019) and corrected for calibration weights com-
pensating for different hardware-induced delays. A Fast
Fourier Transform (FFT) is then applied to the result-
ing stream, converted to a quantity proportional to a

power, and integrated to reduce the amount of data.
Data are then pushed through an Ethernet port using the
networking library Zeromq6. An external program “lis-
tens” to the same port, decodes the stream, and writes it
into a Hierarchical Data Format (HDF) file. All routines
are programmed in Python. The two receivers are con-
nected via two 10 Gbit/s Ethernet connectors each to a
unique desktop computer. Over a few months of exploita-
tion and upgrades of the software, different bandwidths
have been tested: 25, ∼33, and 50 MHz, which is now
the baseline. With 50 MHz bandwidth, the FFT is per-
formed over 16 384 channels, and 150 spectra are summed
up before being written down. This results in a nominal
frequency resolution of 3.052 kHz and a temporal resolu-
tion of 49.15 ms. A data file is 10 min long and is about
766 MB in size.

The pointing weights are calculated for a central fre-
quency of 50 MHz and applied to the whole band due
to the limited available computation power. Thus, a
frequency-dependent pointing error (squint) is artificially
induced that will be fully characterized in the future.

As already noted, phase errors are also introduced
by the unavoidable delays that the signals suffer in
cables and RF boards in the receivers. A calibration is
made near 50 MHz by using an external beacon emit-
ting a sine wave. The beacon is part of the Belgian
RAdio Meteor Stations (BRAMS) experiment that mon-
itors meteors over Belgium (Balis et al., 2023). The

6 https://zeromq.org/

https://zeromq.org/


C. Marqué et al.: J. Space Weather Space Clim. 2026, 16, 24 5

Figure 3. View of the SPADE array from the roof of the cabin containing the receivers, showing the eight antennas and the
uniform ground plane on the platform. In the background, some of the 4 m dishes of the old radio heliograph can be seen.

Figure 4. Schema of the SPADE receiver programs, showing both the physical connections between the receivers (the two
square boxes on the left with the external reference signals and the sharing of the LOs between the daughterboards), and from
there the dataflow within the program. The individual boxes from multiply matrix to zeromq push sink are program blocks and
their naming matches the ones available in GNU Radio.

beacon, emitting at 49.97 MHz, is located at the Geo-
physical Center of the Royal Meteorological Institute in
Dourbes, about 49 km to the south-west of the Humain
radio astronomy station. For the calibration, observa-
tions of the beacon are performed with a narrow band-
width of 200 kHz in a non-interferometric mode. Taking
as a reference the antenna at the center of the array,
phase lags are calculated to align each antenna record.

The difference between the phase lags and the weights
calculated to point the array towards the beacon gives
the set of corrections to add to the pointing weights.
For each antenna, the applied correction is a median
value derived from several measurements made within a
few minutes. Phase calibration is performed on a weekly
basis. At the time of writing of this article, the data are
not yet flux-calibrated.
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Figure 5. Overview of the eruptive event of 18 November 2024, showing the GOES light curves (top) together with a composite
plot of radio observations from HSRS (Humain station, 1495–275 MHz), ORFEES (Nançay Observatory, 275–144 MHz), SPADE
(Humain station, 66.7–33.3 MHz) and WIND/WAVES (14–1 MHz). The two black arrows under the GOES light curves mark
the peak times of the flares mentioned in the text.

2.5 Data availability

Quicklook images of SPADE solar observations have
been made available since the end of September 2025 on
the Humain website7 as plots covering 15-minute long
time intervals. Raw data are open access but are only
available by request due to their large size.

3 Observations

In this section and the associated appendices, we
present and discuss solar and jovian observations col-
lected since the summer of 2024 that illustrate the capa-
bilities of the instrument. The solar observations that
are presented first were performed with a total band-
width of 33.333 MHz and an 8192 points FFT, resulting
in a frequency resolution of 4.07 kHz and a time reso-
lution of 49.15 ms. The presented dynamic spectra were
processed as follows: no background was removed, but a
local histogram equalization (per frequency) was applied
to highlight the bursts.

7 https://www.sidc.be/humain/spade_archives

3.1 Noise storms and type III storms

Noise storms are long-lasting periods of enhanced short-
duration and narrow-band individual bursts (called type I)
that are observed in association with large sunspot groups
on the solar disc. They are produced by non-thermal elec-
trons trapped in magnetic field lines of the active region and
are sometimes observed in coincidence with type III storms,
i.e., a large collection of individual type III bursts occur-
ring at lower frequencies (Klein, 1998). Both emissions are
supposedly produced by the same population of suprather-
mal electrons, some of those being accelerated along closed
field lines and the others along open ones. The boundary
between closed and open field lines fluctuates and both
emissions can be seen in the same frequency range as the
source region properties evolve. We present here observa-
tions undertaken on 02 December 2024, when both a noise
storm and a type III storm can be observed in the frequency
range covered by SPADE. The dynamic spectrum shown in
Figure A.1, top, covers the time interval 10:43–10:53 UT.
It displays a typical pattern for noise storm observations,
witha series ofnumerous, short-duration, andnarrow-band
bursts mostly seen at frequencies above ∼47 MHz. On the

https://www.sidc.be/humain/spade_archives
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same plot, individual type III bursts from the associated
type III storm are also clearly visible in the background at
frequencies below ∼50 MHz (it even extends in the inter-
planetary medium as revealed by Wind/Waves observa-
tions, not shown here8). On the bottom part of Figure A.1,
two short time intervals (around 11:39 and 11:48 UT) are
shown when only the type III storm is observed. The well
pronounced structures are fine reverse drift pair bursts
(RDP) that are often observed superposed on the type III
emissions (de La Noë & Moller Pedersen, 1971). Numerous
RDP bursts are observed on that day and the following one,
with properties similar to the ones reported in the litera-
ture (Suzuki & Gary, 1979): a simple shift in time (not in
frequency), existing fine frequency structures, a majority of
reverse drift bursts, and a majority of narrow-band bursts
with few exceptions (like the one in Fig. A.1, bottom right,
spanning approximately 17 MHz).

3.2 Type III and groups of type III bursts

Type III radio bursts are very common bursts
observed in the meter and decameter range, and they
occur either in isolation or in groups. They are produced
by beams of suprathermal electrons accelerated along
open or quasi-open magnetic field lines in flaring or micro-
flaring events taking place in the corona. Type III bursts
observed in the decameter range often display fine fre-
quency structures that are linked to inhomogeneities of
the coronal medium modulating the generation of Lang-
muir waves and subsequently of radio waves, as the elec-
tron beams propagate (Reid & Ratcliffe, 2014; Jebaraj
et al., 2023). Figure B.1 shows several type III bursts
with and without fine structures observed on 09 Septem-
ber 2024. In addition to the bursts, one also notices sev-
eral artifacts: an alias of the lower band is observed in the
first few channels of the upper band (this is a documented
behavior from the receiver electronic boards, and we see
in practice that ∼10% of the band is affected); horizon-
tal lines repeating every 10 MHz or so are interferences
originating from the electronics within the receivers.

Figure B.2 shows a group of type III bursts displaying
numerous fine structures on 02 October 2024. This radio
event is associated with a M3.3 class flare (NOAA classi-
fication9) and extends to lower frequencies, into the inter-
planetary medium where it also displays a mix of irregu-
lar fine structures and more classical striae (see Jebaraj
et al., 2023 for more details on structured interplanetary
type III bursts).

3.3 Type II radio bursts

Meter and decameter type II bursts are signatures
of shock waves propagating in the solar corona (see

8 See https://secchirh.obspm.fr/spip.php?page=
survey&hour=day&survey_type=1&dayofyear=20241202

9 See https://www.swpc.noaa.gov/noaa-scales-
explanation

Nindos et al. 2008 for a review). They are observed as
slow drifting structures often displaying fundamental and
harmonic emission lanes, band split and occasionally
numerous fine structures when observed with sufficient
time and frequency resolution (Magdalenić et al., 2020).
In this section, we present two examples of type II burst
observations associated with M or X-class flares (NOAA
Classification). Figure 5 shows an overview of the first
event, which occurred on 18 November 2024. The soft X-
ray light curve shows two peaks, one at 11:12 UT (magni-
tude M1.6) associated with a group of type III bursts and
a second one a few minutes later at 11:27 UT (magnitude
M1.5) associated with the type II burst. Both flares origi-
nate from the same active region (NOAA AR13897). The
high time resolution observations by SPADE of this event
are shown in Figure C.1, top panel. SPADE resolves the
herringbone structure within the brightest drifting lane
of the type II burst (middle panel of Fig. C.1), which is
interpreted to be the harmonic lane of the event (with a
band split seen as a weaker parallel structure). Between
11:30 and 11:35 UT, several type III bursts apparently
starting off the shock signature (shock-accelerated type
III bursts Dulk et al., 2000) are visible and extend to
the interplanetary medium as observed by Wind/Waves
(see Fig. 5). Within this group (lower right panel of
Fig. C.1), between 11:34 and 11:35 UT, fine frequency
periodic structures are observed. At first, when displayed
with a low time and frequency resolutions, they resemble
fine frequency structures seen in type IIIb bursts but dif-
fer in two aspects: they are grouped in compact clusters
along the frequency axis and display an overall frequency
drift comparable to the one of the type II burst. In the
group of type III bursts that coincides with the first M-
class flare (top panel and bottom left panel of Fig. C.1),
periodic fine frequency structures are also observed (e.g.,
shortly after 11:14:30 UT) and are remarkable because
of their duration (up to 7 s), the break in frequency
drift, and the instantaneous width in frequency (∼40 kHz)
and time (∼0.4 s at 38.92 MHz). Similar structures have
been reported in the decameter range at different phases
of type II bursts. Chernov (2011) discusses groups of
fibers with instantaneous bandwidths between 250 and
500 kHz, where individual fibers have 50–90 kHz band-
widths, which is close to the present observations. Cher-
nov attributes these emissions to interactions between
plasma waves and whistlers produced by energetic elec-
trons located between the shock and the CME lead-
ing edge, as it crosses regions of enhanced density (e.g.,
streamers). In the present case, coronagraphic observa-
tions with LASCO-C2 show indeed a streamer deflection,
due to the passage of a CME-driven shock wave, making
this interpretation plausible.

Figure C.2 shows another type II burst that occurred
on 08 December 2024. Associated with an X2.2 class flare
(09:06 UT, peak time), the radio event is remarkable for
its high number of fine frequency structures in shock-
accelerated type III bursts. These fine structures differ
morphologically from the ones discussed in the previous
type II event, being closer, at all time and frequency

https://secchirh.obspm.fr/spip.php?page=survey&hour=day&survey_type=1&dayofyear=20241202
https://secchirh.obspm.fr/spip.php?page=survey&hour=day&survey_type=1&dayofyear=20241202
https://www.swpc.noaa.gov/noaa-scales-explanation
https://www.swpc.noaa.gov/noaa-scales-explanation
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Figure 6. Excerpt of the quasi-periodic bursts observed during the type II event of 08 December 2024, with time and frequency
cuts displayed on the right-hand side.

scales, to the fine structures in type IIIb bursts. If the
same emission mechanisms explaining type IIIb bursts
apply here, this suggests a high degree of plasma tur-
bulence (Reid & Kontar, 2021) in the wake of the energy
release of the flare. Yet, within the same time frame, peri-
odic and organized fine structures are also seen in bursts,
drifting in frequency at rates comparable to those of the
type II (bottom panels of Fig. C.2).

Figure 6 highlights two of these quasi-periodic bursts
with colored lines marking the cuts in time and frequen-
cies shown on the right panels. A Lomb–Scargle peri-
odogram applied to the blue curve (less noisy) reveals
a periodicity of ∼1.62 s in time and ∼0.164 MHz in fre-
quency. These two bursts are reminiscent of fringed S
bursts mentioned by McConnell & Ellis (1981) in the
decameter range or of pseudo-periodic bursts in L band
(Oberoi et al., 2009), but they differ by their duration,
about a minute in total (less than a second for S bursts),
and the number of “fringes”, about 40 (10–15 for fringed
S bursts). McConnell & Ellis (1981) suggested the pos-
sibility of linearly polarized emissions experiencing Fara-
day rotation in the solar corona and the Earth’s iono-
sphere as observed by a linearly polarized antenna. In
the present case, observations with the New Routine of
Nançay Decameter Array (Lamy et al., 2022) (not shown
here) indicate that these bursts are essentially right-hand
circularly polarised.

3.4 Jovian magnetosphere

The Jovian magnetosphere is a powerful source of
radio emission in the decameter range. Energetic elec-
trons, via electron cyclotron maser instabilities, produce
radio emissions related to auroras on Jupiter or to inter-
actions between Io and Jupiter’s magnetic field (Marques
et al., 2017). The occurrence of the latter depends on the
structure of the magnetic field of Jupiter and its rota-
tion with the planet, the relative position of Io, and its
visibility by the observer. This makes Io-related radio

emission to some extent predictable (Aicardi et al., 2022).
We performed test observations of these Io-induced emis-
sions several days in a row in November and December
2024 during night time, with a special observing setup of
the receiver (bandwidth of 25 MHz, a central frequency of
20 MHz, and time and frequency resolutions respectively
of 40.96 ms and 3.052 kHz). This unusual setup allows
observations of jovian emissions down to ∼10–15 MHz,
a frequency range accessible only at night when the D
and E layers of the ionosphere disappear. Figure D.1
shows two periods of activity on 01 December 2024. A
local histogram equalization (per frequency) has been
applied to enhance the visibility of the jovian emissions.
Broadband emissions modulated by interplanetary scin-
tillation, as well as arc-shaped bursts are visible (Mar-
ques et al., 2017). Both display Faraday fringes result-
ing from the propagation of the polarised emission from
Jupiter through the Earth’s ionosphere as received by the
linearly-polarised antennas of SPADE (Litvinenko et al.,
2009).

4 Discussion and conclusion

The observations presented in this article show that a
small phased array (less than 10% the number of anten-
nas of a single Low Band (LBA) station from LOFAR)
can provide high-quality observations of a whole range
of decameter radio emissions from the Sun and even
Jupiter’s magnetosphere. While this frequency range can
be covered by a single antenna similar to the ones used
in SPADE (some stations from the e-Callisto network
use LWA-derived antenna with a custom-made active
part), the combination of a larger collective area, a high
frequency and time resolution give SPADE access to a
large variety of fine and fainter structures, in par with
what is observed with larger instruments. As an illus-
tration, Figure 7 compares observations of the group of
type III bursts of 02 October 2024 (see Fig. B.2), made by
three different instruments: SPADE, on the top, the New



C. Marqué et al.: J. Space Weather Space Clim. 2026, 16, 24 9

Figure 7. Observations between 13:30 and 13:33 UT of the group of type III bursts on 02 October 2024, made by SPADE (top),
NDA (middle), and the GERMANY-DLR CALLISTO station (bottom). The intensity scale represents dB over background.

Routine (Lamy et al., 2022) of the Nançay Decameter
Array (NDA), in the middle, and the “GERMANY-DLR”
CALLISTO station operating a LWA-type antenna, at
the bottom. The three data sets are plotted on a log-
arithmic intensity scale (dB over background) over the
same time and frequency intervals as SPADE. The NDA
panel shows the sum of both right and left hand polar-
isations, while for CALLISTO, only one circular polar-
isation is shown. For this event, NDA has the highest
Signal to Noise Ratio (SNR), followed by SPADE (about
5 times smaller) and then CALLISTO. Yet, the level of
fine structures seen in SPADE and NDA looks compara-
ble, in contrast with the observations of the CALLISTO
station, where only the brightest type III bursts of the
group are clearly detected, with very few fine structures
and with a much lower SNR.

Generally speaking, the current limitations of SPADE
can easily be solved: polarisation measurements can be
achieved with a new set of receivers, while the cur-
rent time resolution depends on how fast spectra can
be written on disc, on the PC that currently controls
the receivers. For solar observations, the pointing of the

instrument is made specifically for 50 MHz, and as said
earlier, this introduces squint at other frequencies. This
problem could be solved in different ways. A software-
based filter bank could be introduced into the data flow
to apply different pointing weights in different sub-bands.
This is out of reach with the current computer, and we
will investigate if part of the tasks can be delegated to
the FPGAs within the receivers. Indeed, the software
library controlling the receivers10 has specific blocks, also
available via GNU Radio, to “easily” implement into the
receivers’ FPGAs, tasks that are currently performed by
the CPU of the control PC. Another solution to the
squint issue is to perform a true time delay pointing (that
is, working in the time domain instead of the frequency
domain). This is currently not achievable with the com-
puter used by SPADE, but this will be investigated for
future developments.

These preliminary results show that a small phased
array is a powerful tool for the monitoring of solar activ-
ity, either for space weather or for more fundamental
10 https://kb.ettus.com/Getting_Started_with_RFNoC_
in_UHD_4.0

https://kb.ettus.com/Getting_Started_with_RFNoC_in_UHD_4.0
https://kb.ettus.com/Getting_Started_with_RFNoC_in_UHD_4.0


10 C. Marqué et al.: J. Space Weather Space Clim. 2026, 16, 24

research. It does not compete in terms of performances
with much larger instruments like LOFAR, MWA, or
NenuFAR, and it lacks in particular imaging capabili-
ties due to its small size, but it is fully solar dedicated
and could be easily replicated at other locations on Earth
to provide 24/7 observations of the solar corona in the
decameter range. As such, it differs from the Incremental
Development of LOFAR for Space Weather (IDOLS)11,
where new hardware adds to a single LOFAR station
the capability to both monitoring Space Weather (Sun
or ionosphere) and still contribute to the whole LOFAR
array observations. In that context, SPADE compensates
for a lower sensitivity and versatility with a much lower
price, a lower technical complexity, and therefore a larger
potential for a world-wide network of stations. Based on
astronomical criteria, a minimum of 5 stations evenly
spread in longitude would already provide nearly 24-hour
coverage. A couple of extra stations would allow for 24-
hour coverage all year long. The construction and setup
of a whole observing network was beyond the reach of
the SPADE project. It is our hope that the observations
presented in this article will trigger interest in such a
network. More affordable SDR receivers reach the market
and make this possibility even more real. As of the time of
writing of this article, the SPADE prototype daily oper-
ations are funded by the Royal Observatory of Belgium.
Thanks to this support, SPADE provides near-realtime
information on solar activity to ROB’s space weather
service, while data are available to a larger scientific
community.
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de La Noë J, Moller Pedersen B. 1971. Relationship between

drift pair bursts and decametre type III solar radio
emission. Astron Astrophys 12: 371.

Dulk GA. 1985. Radio emission from the Sun and
stars. ARA&A 23: 169–224. https://doi.org/10.1146/
annurev.aa.23.090185.001125.

Dulk GA, Leblanc Y, Bastian TS, Bougeret J-L. 2000. Accel-
eration of electrons at type II shock fronts and pro-
duction of shock-accelerated type III bursts. J Geo-
phys Res 105(A12): 27,343–27,352. https://doi.org/

10.1029/2000JA000076.
Ellingson SW, Taylor GB, Craig J, Hartman J, Dowell J,

et al. 2013. The LWA1 radio telescope. IEEE Trans
Antennas Propag 61(5): 2540–2549. https://doi.org/

10.1109/TAP.2013.2242826.

https://doi.org/10.46620/URSIATRASC24/YEWB8499
https://doi.org/10.25935/TV9M-HX48
https://doi.org/10.25935/TV9M-HX48
https://doi.org/10.1029/2023RS007697
https://doi.org/10.1029/2023RS007697
https://doi.org/10.1007/s11207-009-9455-1
https://doi.org/10.1007/s11038-008-9267-6
https://doi.org/10.1016/0019-1035(80)90185-2
https://doi.org/10.1051/swsc/2020007
https://doi.org/10.1051/swsc/2020007
https://doi.org/10.1007/978-3-642-20015-1
https://doi.org/10.1007/978-3-642-20015-1
https://doi.org/10.1146/annurev.aa.23.090185.001125
https://doi.org/10.1146/annurev.aa.23.090185.001125
https://doi.org/10.1029/2000JA000076
https://doi.org/10.1029/2000JA000076
https://doi.org/10.1109/TAP.2013.2242826
https://doi.org/10.1109/TAP.2013.2242826
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Appendix A Noise storms

Figure A.1. Noise storm and type III storm (top) and Reverse Drift Pair bursts (bottom left and right) observed on
02 December 2024.
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Appendix B Type III and groups of type III bursts

Figure B.1. Type III and type IIIb bursts observed by SPADE on 09 September 2024.

Figure B.2. Group of type III bursts observed on 02 October 2024 displaying numerous frequency fine structures.
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Appendix C Type II bursts

Figure C.1. Type II burst event of 18 November 2024. Top panel: overview of the event encompassing the two successive flares
related to this radio event. Middle panel: excerpt on the type II burst itself, highlighting the shock-accelerated type III bursts
and the herringbone structure of the brightest lane of the type II. Bottom panels: left, excerpt of the first group of type III
bursts (first flare), right panel: zoom on the shock-accelerated type III bursts.
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Figure C.2. Type II burst event of 08 December 2024. Top panel: overview of the event. Bottom panels: excerpts of the shock
accelerated type III bursts with numerous fine underlying frequency fragmentation.
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Appendix D Jovian magnetosphere

Figure D.1. Jovian decameter emissions observed at night times on 01 December 2024. The periodic vertical bars above 25 MHz
are interferences.
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