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Abstract—Recent studies have proposed that Jovian Decamet-
ric Radiation (DAM) can be effectively exploited for probing
the subsurface of Jupiter’s icy moons by using passive radio
sounding. However, these studies were based on the assumption
that Jovian noise is white and stationary. Therefore, additional
investigations into the temporal stability, predictability, and
spectral properties of Jovian noise are required to fully assess the
potential of passive radar sounding and improve the acquisitions
planning. In this paper, we investigate these properties of the
Jovian DAM to understand their impact on radar sounding
performance. This is done by analyzing the recently available
radio spectra acquired by the JUNO Waves instrument. Results
are also evaluated for the specific case of the Radar for Icy
Moon Exploration (RIME) and the Radar for Europa Assessment
and Sounding: Ocean to Near-surface (REASON) that have
been selected for ESA and NASA missions to Ganymede and
Europa. Our results show that the Jovian DAM is not perfectly
white but no severe distortions in the range response should be
expected. The results on spatio-temporal occurrence show that
Jupiter’s DAM has a variable probability of occurrence, which is
rather sporadic for some frequency ranges. The results on RIME
and REASON flybys show that the Jovian DAM occurrence
probability is relatively low for selected sub-jovian flybys at
Europa. For the RIME Ganymede orbital phase a large number
of high occurrence passive acquisition opportunities are expected.
The experimental results also show that a large bandwidth
receiver would enhance the chance of recording Jovian noise.

Index Terms—Passive Radar, Radar Sounder, Jupiter Icy
Moons, Jovian DAM, JUNO, CML, Io phase.

I. INTRODUCTION

ADAR sounders are airborne or spaceborne electro-

magnetic sensors operating at relatively low frequencies
in the HF/VHF part of the spectrum (i.e. MHz range). As
the radar sounder transmitted electromagnetic waves travel
through the subsurface, each dielectric discontinuity in the
probed medium results in part of the incoming signal being re-
flected towards the radar. These radar echoes are subsequently
recorded by the sensor. By analyzing them it is possible to
obtain crucial information on the subsurface structure and
composition. This characteristic makes radar sounders valu-
able instruments for the subsurface exploration of the Earth
and other planetary bodies [1][2][3][4].
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Fig. 1: Tllustration of passive subsurface sounding using Jovian
Decametric Radiation. s(7) is the transmitted signal from Jupiter
while s(7 — 7,) and s(7 — 7s,) are the echoes from the surface and
subsurface respectively.

Jupiter’s icy moons (i.e. Europa, Ganymede and Callisto)
are compelling targets for radar subsurface investigations as
there is indirect evidence of the presence of a global oceans
underneath their surface and of possible water pockets in the
shallow subsurface [5]. In this context, two radar sounders
namely the Radar for Icy Moon Exploration (RIME) [6] and
the Radar for Europa Assessment and Sounding: Ocean to
Near-surface (REASON) [7] are planned to sound Ganymede
(orbit phase and flybys, respectively) and Europa (flybys).
RIME will also perform a limited number of flybys on Callisto
and Europa. Currently, both active radars are planning to cover
the radio occulted regions (i.e, anti-jovian side) of the icy
moons due to Jupiter’s strong radio emissions. RIME operates
at 9 MHz (High-Frequency (HF) band) central frequency with
bandwidth of about 3 MHz, while REASON operates at both
9 MHz and 60 MHz (Very High-Frequency (VHF) band)
central frequencies with bandwidth of 1 MHz and 10 MHz,
respectively. As a result of the multi-frequency capability,
REASON VHF (60 MHz) sub-jovian acquisitions are planned
as this frequency band is clear of Jupiter noise emissions.

Jupiter is one of the most powerful sources of radio waves
at frequencies below about 40 MHz [8]. In particular, the
range from 3 MHz to the upper-cutoff frequency of 41 MHz is
defined as Decametric radiation (DAM). DAM radio emissions
originate from the interaction between strong magnetic field
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of Jupiter and the magnetospheric plasma [9].

Romero-Wolf et al. proposed that Jovian DAM could be
exploited for passive radio sounding of the subsurface of
Europa, Ganymede and Callisto from orbit [10] or from a
lander platform [11]. The principle of operation of a passive
sounder is the following. The radar sounder antenna records
both the radio emission from Jupiter and its reflections from
the subsurface. Correlation of the direct emission and reflected
signals result in estimation of delays and amplitudes of the
echoes (see Fig. 1).

The Jovian DAM frequency range is particularly suitable for
passive radar acquisitions as (i) it is above the Europa’s iono-
spheric cut-off frequency [12], and (ii) its larger exploitable
bandwidth with respect to jovian kilometric radiation which
results in improved resolution of subsurface structures. Even
if the Jovian DAM emissions above the ionospheric cut-
off frequency, the presence of ionospheric distorting effects
should be taken into account. The severity of these effects is
function of the emission frequency and is expected to be more
prominent at low frequencies [12], [13].

Jovian burst densities at Jupiter’s icy moons are expected
to be in the order of [10 **;10 ] W m 2 Hz ! (see Fig.
2). These estimated values are consistently higher than the
galactic background radiation [8], [14]. Schroeder et al. [15]
showed that the addition of a passive sounding mode on RIME
or REASON, under given assumptions, would enhance their
science return by enabling sub-Jovian HF sounding in the
presence of decametric Jovian noise. REASON VHF band is
unaffected by the Jovian DAM interference, but its subsurface
penetration capability is limited with respect to HF band
[16]. Thus, recently a passive low frequency (about 1 MHz)
instrument has been proposed [17]. Recently, Gerekos et al.
[18] presented a method for simulating and comparing both
passive and active acquisitions of jovian icy moons.

Radio observation from Earth revealed that the probability
of occurrence of decametric emission is correlated with the
Central Meridian Longitude (CML) of Jupiter and with the
orbital position of the moon lo with respect to superior
geocentric conjunction [9], [19] denoted as ' |, . Accordingly,
the probability of having a Jovian radio emission and thus, a
potential passive acquisition, depends on the particular value
of the CML and ' |, computed with respect to the observer
position (see Fig. 3 (a)). By using ground-based and spacecraft
observations, radio astronomers have identified four main
regions in the CML vs ' |, where the radiation occurrence is
relatively high and are denoted as Io regions and marked with
the letter from A to D [9]. The letter order roughly reflects
the likelihood of observing DAM radiation in that particular
part of the CML vs lo phase plane. Certain jovian emissions
are not controlled by Io and are denoted as non-Io emissions.
Also these emissions are marked with letters from A to D and
can overlap in the CML and ' |, with the Io controlled ones.
The main regions are depicted in Fig. 3 (b).

The spatial, temporal occurrence, and predictability of the
Jovian Decametric Radiation, which is required for sub-jovian
HF passive and active acquisition planning, is still poorly
understood in the literature even though there have been many
observations from Earth since its discovery in 1955 [20].

This is due to the fact that (i) there is a modest availability
of in-situ collected data and (ii) ground observations from
Earth are limited by the terrestrial ionosphere, which prevents
observations at frequencies below 10 MHz [21]. Moreover, all
the previous passive sounding studies approximated the Jovian
Decametric Radiation as white noise [10], [15]. Any non-white
frequency content in the Jovian radio signal could compromise
unambiguous interpretation of the subsurface features.

In 2016, the JUNO probe began to acquire extensive mea-
surements of the Jovian DAM emissions at different frequen-
cies with the JUNO Waves [22] instrument. The recently
available data offer the opportunity to perform an extensive
characterization of Jovian DAM across the frequency range
between 3 MHz and 41 MHz. Indeed, the thorough under-
standing of the Jovian DAM emissions properties based on
both theoretical and experimental analyses potentially have
significant implications for both active and radar sounding of
Jupiter icy moons. It would allow to (i) understand the actual
performance of passive sounding as function of the emission
frequency (ii) schedule acquisitions for both active and passive
mode and (iii) evaluate the actual performance of RIME and
REASON when operating as passive radars and the likelihood
of having a successful passive acquisition.

In this paper, we first theoretically characterize the general
properties of the Jovian decametric radiation as a subsurface
sounding signal of opportunity with particular emphasis on
its autocorrelation properties. Then, we experimentally assess,
by exploiting JUNO Waves data, the spectral characteristics
of Jovian Decametric Radiation, its temporal occurrence and
suitability as potential subsurface sounding signal as a function
of the radio emission frequency. We also derive statistics on
the expected flux density in the proximity of the moons.

The paper is organized as follows. In Section II we introduce
the principles of subsurface echo detection for passive radar
sounder and describe the main factors affecting performance
such as the autocorrelation spectral structure and the time-
bandwidth product. Section III presents the results of the
analysis of JUNO experimental data regarding Jovian noise
spectral structure, temporal occurrence, power levels and ca-
pability of prediction. The results presented from Section I1I-B
to ITII-D have general validity and cover different Jovian DAM
emission frequency ranges (between 3.5 MHz and 19.5 MHz).
Section III-F is devoted to the specific analysis of RIME and
REASON passive performance and to the related implications
on operations resulting from the JUNO data. Finally, Section
IV and Section V provide discussion of the results and the
conclusions of the paper, respectively.

II. PRINCIPLES OF SUBSURFACE ECHO DETECTION AND
WAVEFORM DESIGN FOR PASSIVE RADAR SOUNDERS

In this section we describe the main components governing
the passive radar subsurface echo detection capabilities. In
particular, we analyze the properties of the autocorrelation of
the subsurface probing waveform which determines the point
spread function of the passive radar. To better understand
the passive radar subsurface echo detection mechanism, we
highlight the similarities and differences with respect to an
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active radar, where the transmitted waveform is not a signal
of opportunity.

Radar sounders infer the distance of a given surface or
subsurface target by estimating its respective echo time delays.
A common method for echoes delay estimation is the compu-
tation of the cross-correlation between the transmitted signal
s( ) and the received signa{ ), where is an arbitrary time.
Typically the transmitted signal is linear frequency modulated
(i.e, chirp). The time delay of a given surface or subsurface
re ector, appearing as a peak in the cross-correlation output,
is then converted to depth by knowing the electromagnetic
wave velocity in the medium and the radar sampling rate. The
received signat ( ) is the summation of all the radar echoes
which are amplitude scaled and time shifted versions of the
transn}j)ttgj signas( ). Let Hsissume a two-re ection model
where’ Pg s( s) and’ Pss s( ss) are the signals
re ected from the surface and subsurface of a given planetary
body and recorded at time delaysand ¢ with echo power
equal toPs and Pss respectively (see Fig. 1). In the active

radar case, the cross-correlatiBg(t) is equal to:
Fig. 2: Estimated ux densities of Jovian DAM for different Icy p — p
Moons [8]. The Jovian DAM emission levels are substantially higher Ra(t) = = PsPga Rs(t  s)+  PssPraRs(t &) (1)

than the galactic background density computed as in [14]. . . . ,
g ' ground ux i pu in [14] where P, is the active radar transmitted power ané the

autocorrelation time (i.e., variable time lag). The autocorrela-
tion functionRg(t) is equal to:

1 Z 1,22

Rs(W)=[s() sO1)= £ s(t+ )s()d (2

s Te=2
where Ts is the integration time equal td, and T, for
the active and passive radar respectively. In the active case,
T, is a-priori determined by the radar system engineer (i.e.
pulse length). In the passive cask, is bounded by either
the time duration of the random source or by the duration of
the acquisition window. We de ne aBs(t) the normalized
autocorrelation function equal to:

Rs(t)
Ro(t) =
@) Alternatively, the autocorrelation function of the transmitted

signal can be derived, according to Wiener-Khinchin theorem,
from its power spectral density denoted%(s ) in the follow-
ing way:

Rs(t) = F *fS(f)g 4)

where F 1fg is the inverse Fourier transform operator. In
the passive radar case, the transmitted sigfa) is recorded
along with the surface and suburface re ections. The autocor-
relationRy(t) is equal to [10]:

Rp(t) =( Pep + Ps + Pes)Rs(t)+ | PoPrp Bs(t o)+

+ 7 PssPrp Rs(t  ss)* PsPss Rs(t s+ 5)
)

(b) wherePy, is the_ Jovian noisg power (i.e. opportunity signal).
For both the active and passive radar sounders [see (1) and (5)]

Fig. 3: (a) De nition of the observer Central Meridian Longitudethe received echo trace, after the correlation procedure, is a

CML and lo phase o . In this example, the observer is positioneduyperposition of scaled and shifted replicas of the autocorrela-

on Europa. (b) De nition of the main regions on ML Vs ' 1o ion functionRs(t). If the incident eld is recorded separately

plane where the Jovian DAM has higher occurrence probability [9 'om the re ected eld, then the passive radar autocorrelation
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becomes equal to the cross-correlation of the active radar (1).
However, this requires two directional antennas, one pointing
at the radiation source and one at the target area respectively.
The shape oRg(t) (i.e. correlation properties dod(t)) is
of fundamental importance in radar sounding. Its main lobe
width impacts the range resolution of the radar and its side
lobes the ability of detecting the weak subsurface targets. A
schematic representation of the autocorrelation fundigft)
and the typical response after correlation for an active (i.e.
Ra(t)) and passive (i.eRp(t)) radar for the two re ections
model is shown in Fig. 4. For the active radar sounding case,
s(t) is assumed to be a linear frequency modulated signal
Sa(t) = exp(j B=T ,t?) whereB is the signal bandwidth.
We denote as the time-bandwidth product:

= BTs (6)

For large values of , the power of the normalized auto-
correlation function ofs(t) = sa(t) is equal tojRs(t)j2 =
jsing Bt )j? [see (2)]. The range resolution is proportional to
1=B and the side lobe structure is given by the sinc shape. The
value of is a-priori determined by the radar system engineer
by de ning t.he transmitted radar. waveform bandwidihand Fig. 4: lllustration of cross correlation for active and passive radar.
pulse durationTs = T, of the linear frequency modulatedyhen compared to the active case, in the passive cross correlation
signal. In particular, the value of, is generally a trade-off case there are more terms (brown and purple) due to the fact that the
with respect to the allowable transmitted pulse power in teansmitted signal is simultaneously recorded with the surface and
given time frame due to technological limitations. subsurface re ections.
In the passive radar sounding case, it is assumed that
s(t) = n(t) wheren(t) is stationary white gaussian process.
In principle, the autocorrelation functioRs(t) of gaussian
white noise is a Dirac delta function. This occurs assuming
an in nite bandwidth B and integration timeTs [23]. In
practical cases, both andTg are limited. This results in range
resolution proportional té=B whereB is the rectangular low-
pass Iter bandwidth applied to the white noise. The value
of the signal bandwidtiB should be selected accordingly
to the bandwidth of the random source. The low-pass Iter
shapes the response @ing Bt )j2. The integration time
Ts = T, is mainly determined by the acquisition geometry
as it will be described in the next section. The random noise

contribution result§ in a noise oor, with resp_ec_t t_o the pea’fig. 5: Example of the power of the passive radar ideal autocorre-
of the autocorrelation, equal & [23], [24]. This is intended |ation functionjRs(t)j? versus time (mean and standard deviation)
as mean value. Thus, it is crucial to select proper values g¥suming a variable integration tirfie and a xed bandwidtt * 1

in order to detect the weak subsurface re ections whicddHz. The number of random waveform used to compute statistics is
otherwise will be dominated by the noise oor. An exampl&dual to 2000 for each experiment.
of the autocorrelation function of Iltered white noise (mean
and standard deviation) for different integration time is shown , i
in Fig. 5. Arguably, the noise oor effect can be drasticaIIyA' Pas§|ve Radar Sounder Performance Dependence on Time-
reduced assuming that the passive integration fime= T, Bandwidth Product
could be substantially larger than the active cabge< T,) In this section, we derive the lower and upper bounds for
for suitable geometries and temporal stability of the randothe passive radar time-bandwidth product for determining its
source. Typical values of, for planetary radar sounding areactual sensitivity to subsurface echoes.
in the order ofL00 s [2]. Finally, both in the active and passive The integration timeTg is limited by the time the target
radar, there is an increase of the signal-to-noise ratio after #teenains within the rst Fresnel zone [15]:
correlation procedure by a factor proportional towhich is p_—
denoted as integration gain. In the next section, we describe Te6 —— 7
and discuss the factors affecting the value oih the passive v
radar case. whereh andv are the sensor height and velocity respectively
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and the signal of opportunity wavelength. The bandwiéth

cannot exceed twice the central frequency such that: L < r E (14)
h 2
B 2 8) 1+ —tan( )

By assuming that = 2co=B, the maximum time-bandwidth where ¢ is the characteristic slope of the target surface.
product is equal to: According to (14), the maximum value a&fss for which

p__ p a radar sounder detects a given subsurface interface depends

2 hgo_ 2 26hPo g) on the geometric parameters, the probing wavelength and the
\Y \ noise characteristics in terms of time-bandwidth product. The

This implies that for a passive radar sounder, the integrativalue of is idealized, some margin is needed in practical
time (which depends owr) plays a more important role in applications to take into account the sidelobe uctuations.
the determination of when compared to the bandwidth. ByGiven the value ofLss resulting from (14), different pene-
assuming a sensor in circular orbit, the maximum integratidration depths can be achieved depending on factors such as
time is in the order of seconds for both the Europa aritle assumed subsurface thermal scenario [25]. Fig. 7 reports
Ganymede (see Fig. 6) (a). The resulting value of the integilass according to (14) for parametric values of and s.

tion gain is shown in Fig. 6 (b), which con rms the fact thaBy comparing the results of Fig. 6 (b) and Fig. 7, for 500

the bandwidth impact on noise oor is marginal with respedtm, the maximum subsurface losses as function cind

to the integration time. It is important to state that the resulése widely compatible with the expected subsurface losses at
of (9) are obtained considering a bandwidth value which the icy moons [25].

currently not achievable due to technological limitations. At

the current status, a feasible value for the maximum bandwigih |, 5a¢t of Waveforms non Idealities on Subsurface Detec-
is B = ¢g=(2 ). To overcome the integration time Ilmlta'[lons.[ion Capabilities

[see (7)], a passive lander can be deployed which does not _ _ _
have any theoretical constraint ag [11]. The theoretical results of previous sections are based on the

The minimum value of for subsurface detection can bedSsumption that the passive radar signal is band-pass lItered

derived from the following analysis. In the passive case, ti{#it€ noise. In practical cases, any unwanted deviation in the

correlated signaR,(t) [see (5)] has a strong peak eqal, + structure of the autocorrelation functidRs(t) will impact
P+ P fort = 0. In order to detect the weak subsurfac@erformance on range resolution and/or on noise oor level

re ections. the noise oor level of the re ection at = 0 depending on the type of introduced signal distortion. Accord-
should be suf ciently small. This dictates a minimum valudd 0 radar theory, side lobes and resolution performance are

on the time-bandwidth product. The transmitted poweR, affected by rippling variations of the autocorrelation spectrum
is equal to [15]: P (i.e. power spectral density) [26]. These rippling variations

No 2 can affect both the magnitude and phase of the power spectral
= 4 B (10) density. In this analysis, we neglect the phase ripples by

where No is the environmental radio noise poWe'assumlng a perfect phase matching in the autocorrelation

. . computation.
(WHz 'm ?). By assuming thatP,, >> P s;Ps [see ) . . .
(5)]. the detection of a given subspurface instserfasce occurs 1€ nuisance term modeling the spectrum amplitude ripples

when the following condition is met: {3enoted ax (f)) is de ned as [26]:

X
F;ti <Pu (11) K ()= % + a, COS(2¢ nf ) (15)

n=1
where Py is the echo power of the subsurface signal. Thehere a, and ¢, are the generic harmonic amplitude and
above expression and the model formulation hereafter is vaYYd " g P

under the assumption that surface off-nadir echoes power (inufrr;biir,e riz?(tagt!vely. The distorted power spectral density
clutter) is negligible with respect to the subsurface echoe d '
power. The subsurface echo power can be expressed as: S(f)= S(f) K(f) (16)

Ps 12) Wwhere S(f) is the power spectral density de ned in (4). In

(12) v _ ' . : )
Lss time domain, the distorted autocorrelation function resulting
wherePs is the surface echo power amds are the overall from (16) and denoted aRs(t) is equal to:
two-way subsurface losses. The surface echo power is equal X4
to [15]: o R(= R0 [3 O+ 2 ) @7

Ps = r F“p . (13) n=1

1+ —tan( ¢) where (t) is the Dirac function. Let us consider only one

o . _ harmonic distortion. In this case, the distorted autocorrelation
By substituting (12) and (13) into (11) we obtain thaynction is equal to:

the maximum allowable two-way subsurface losses (i.e., loss a a a
budget) depend on as follows: Rs() = S Rs()+ S Rs(t C)+ SRs(t+c1) (18)

Pss =
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(@) (b)

Fig. 6: (a) Maximum integration timéls for the Europa and Ganymede Scenario orbital sensor case assuming the maximum theoretical
limit of B =2co= (b) Maximum Integration gairi0log,,(2)

@ (b) (©

Fig. 7: Contour plot of the maximum allowable two-way subsurface lossgs[dB] (i.e, loss budget with no speci ¢ assumptions on the
subsurface scenario) as function of the probing frequepsy and achievable time-bandwidth productfor (8) s =1 ,(b) s =5 and
(c) s =10 and by assumingp =500 km.

From (18), the autocorrelation distorted outut(t), is equal effect on spectral atness. Passive radar can benet from a
to the output of an ideal autocorrelation functi@g(t) which similar approach as will be described in Section llI-E.

is then replicated and centered at time instants equal to thélo give a practical example of the above issues on spectral
harmonic number, and amplitude scaled for the harmonigon idealities for the passive radar case, we evaluated the
coef cient a,. Depending on the values @, and c,, the behavior of the normalized autocorrelatiBa(t) for different
nuisance ternK (f ) may degrade resolution (small values ofypes of colored noise. This is done by assuming a power
Cn) or increase the overall noise oor level (high values ofpectral density that follows a power law of the form [27]:
cn). Sufciently large values of the coef cients, result in 1

ambiguous subsurface echoes (i.e. artifacts) denoted as paired S(f) — (29)
echoes. In the active radar case, the frequency ripples and any it

deviations from spectral atness are generated by the radahere is a real number in the interval 2; 1]. The following
electronics. It is common practice in radar system design, $pecial cases as function ofoccur and are of interest for the
evaluate the aforementioned distortion coef cients from thgurpose of this paper:

recorded spectra and to characterize them to minimize their - o corresponds to White noise.
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Fig. 8: Power Spectral Densit$(f ) (example of a single realization) and normalized autocorrelation fun&ign) (mean and standard
deviation over 100 realizations) for different types of noise generation processes. The generation p8{¢gss i$=jf ] with =[ 2;1].
The last plot represents an example of combination of different types of noise. For all the simulations the baBdiwiétiual tol MHz
and integration timels equal to 4 ms. The autocorrelation is given Ry(t) = F *fS(f )g.

= 1 corresponds to Pink Noise. The power spectralcquired continuously and divided into acquisition days. An
density decreases by 3 dB per octave. example of a Survey data product is shown in Fig. 9. The Burst
= 1 corresponds to Blue Noise. The power spectralata products contain high resolution Jupiter's noise spectro-
density increases by 3 dB per octave. grams with spectral resolution of 320 Hz spanning 1.3 MHz
= 2 corresponds to Purple Noise. The power spectrahndwidth. This corresponds to 3.1 ms integration time for
density increases by 6 dB per octave. each realization of the power spectral density. The bandwidth
Each type of colored noise introduces artifacts when comparédcentered at different emission frequencies for each given
to the white noise case due to the previously described rippliRgrst data product and sampled at the minimum Nyquist rate
variations in the power spectral density. When compared (- twice the signal bandwidth). When compared to Survey
white noise, blue noise gives rise to paired echoes andd@ta, these products are recorded for shorter sessions.
decrease of the resolution due to the autocorrelation main-lobé’he calibrated electric eld Survey data are provided in
increase (see Fig. 8) while pink noise results in an increa¥ém 2Hz ' and by assuming an antenna lengtly = 2:41
in noise oor level. On the other hand, Purple noise powdn. This is the geometric effective length of the Juno Waves
spectral density spikes resemble narrow band interfererglectric antenna [22]. In electromagnetic waves propagation,
from the radar electronics. This is also a relevant nuisana@gelevant parameter that has to be taken into account is the
which results in an increase in the noise oor level and iglectrical antenna length, which considers both the geometric
the appearance of paired echoes. In the case where ofgegth of the antenna and the wavelength of the propagating
background sources (e.g. galactic noise) do not dominate ow&ve. Sampl et al. [29] determined that the electrical length
the signal of interest (e.g. Jovian DAM), spectral sloping ca@f the JUNO Waves electric antenna is equalig = 1:46
be corrected or at least mitigated to recover the white noigs Kurth et al. [22] estimated the shortest electrical value of
response by using suitable signal processing techniques a&ét antenna equal e = 0:46 m. Recent work on whistler

will be shown in Section III-E. mode emissions with JUNO Waves [30] show thag =1 m
is a reasonable assumption for the value of the antenna length.
1. EXPERIMENTAL ANALYSIS OF THE JOVIAN NOISE Fig. 10 reports the JUNO Waves electric noise levels for
SPECTRAL AND TEMPORAL STRUCTURE EORPASSIVE different assumptions on the value bfs. The spectral ux
SOUNDING density is proportional to the squared inverse of the effective

antenna length .. Accordingly, the relative uxes presented
in Fig. 10 were obtained by applying the following scaling

The analyses were performed on the Jupiter decamet@ctor to the Survey data:
radiation data acquired by the JUNO Waves instrument [22]
from Orbit 00 to Orbit 06. This is roughly a year-round 10log 10((241[m]=Lex)?) 10log 10(Z) (20)
observation of Jupiter's magnetosphere.

We exploit JUNO Survey and Burst data products [28]. Thehere Z, = 376:30 ohm is the impedance free space. The
Survey data contains Jupiter's noise spectrograms (i.e. signatmalization (in dB scale) by is needed to convert the
power spectral density as a function of time and frequencydise levels from ¥m 2Hz *to Wm 2Hz 1. The Juno noise
with variable temporal resolution of 1,10 or 30 seconds anevels are compared with the power of the galactic background
xed spectral resolution of 1 MHz. These data products ammputed from Cane's model [14] (see Fig. 10).

A. Dataset Description
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Fig. 9: Example of normalized spectrograSD (f;t ) acquired by JUNO (Survey data product (2017-137). Power Spectral Density values
are provided as dB over background. The acquisition time is correlated with the observer (i.e. JUNO) CML and lo Phase.

Fig. 10 shows that, depending on the antenna effectiveThe results con rm the strong intensity of the Jovian DAM
length0:46 m Les  2:41 m, the average JUNO Wavesin the proximity of the moons. As an example, for the
sensitivity in the frequency range under consideration variEsiropa case the peak power levels are in the orderOof*
from 0 to about 14 dB above galactic noise. Accordingly, ilVm 2Hz 1, while the average power level is in the order of
the following sections, all the experimental results affected B0 °° Wm 2Hz . We also observe a slightly higher ux
this uncertainty will be provided as a function of the JUN@ensity for emission frequencies smaller than 7.5 MHz with
Waves effective electric antenna lendthys. Moreover, the respect to higher frequencies. The results on the statistics of
instrument is equipped with a variable step attenuator [22] thhe ux density are important to evaluate both the required
may reduce its sensitivity. For data considered, the attenuatignamic range in the case of passive sounding and the signal
is always turned off as revealed by the provided data telemetoyinterference level in the case of active sounding performed
[28]. on the Jovian side of a given moon.

By analyzing the results of Fig. 10, we limit our analyses to
the frequency range between 3.5 MHz and 19.5 MHz, where
the JUNO Waves instrument sensitivity is close to the level
of the galactic background except for sporadic peaks which
are compensated in the data processing stage by notching and
interpolation.

We denote each JUNO experimental spectrogram as
PSD(f;t) [Wm 2Hz !] where 3:5MHz  f 19:5MHz
and0 t T (T is the overall time length of the spec-
trogram). We de ne the normalized spectrograsD(f;t)
as:

PSD(f;t)

Np(f)

whereNp(f) is the sensitivity of JUNO at each frequentcy

PSD(f;t) = (21)

B. Jovian DAM Power levels Fig. 10: In- ight JUNO Waves electric noise levels versus frequency

. o ) . compared to galactic background [14] for different effective antenna
We derived the statistics of the Jovian DAM ux densitylengths Ls. The gray area indicates the uncertainty bound with

in the proximity of the icy moons by exploiting JUNO Wavesespect to the electrical length of the antenna.
Survey data and by also taking into account the uncertainty
on the effective electric antenna lendthy.

The measured JUNO Waves ux densities were re-scal
according to the geometrical spreading faq®§,noc=Dmoor)> .
where Djuno is the distance of Juno from Jupiter at a giveHy
acquisition time and y00n the average orbital distance of a This section assesses the Jovian DAM spatial and temporal
given icy moon from Jupiter. occurrence as function the Jovian DAM emission frequency.

Fig. 11 reports the derived average and maximum Jovisle compiled a Jovian DAM emission catalogue from JUNO
DAM power levels for Europa. The error bars represent th#aves Survey data (see example of Fig. 9) spanning the
uncertainty dictated by the not precise knowledge. gf that observation dates from day 2016-188 to day 2017-179.
affects the estimated values. The maximum and average powefhe cataloged emissions are described by their emission
levels for Ganymede and Callisto can be derived by subtractifigquencyf and time duration along with auxiliary data such
4 dB and 9 dB, respectively, from the provided gure. as lo phase and CML occurring at that speci ¢ time.

d ) . . . .
%. Jovian Noise Spatio-Temporal Occurrence and Predictabil-
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obtained at different emission frequencies). These results show
a strong variation of the occurrence probability versus.
Given that we assume 10 dB above galactic noise as threshold,
the retrieved occurrence values fogs < 1 m andLey > 1:46
appear unlikely as they are either too low or too high based
on comparison with previous literature [31], [32], [33], [34].
This result is in line with what previously estimated in [29],
[30]. The two observed spikes in spatial occurrence probability
roughly centered at,, =75 and' , =250 are expected
from the literature albeit typically observed at higher emission
frequencies [32].

Without loss of generality, Fig. 13, Fig. 14 and 15 report
the contour maps oP,(CML;"' |,;f) as function of three
different values ofl ¢ for selected frequencies of 3.5 MHz,
9.5 MHz and 18.5 MHz respectively. By assumibgs = 1,
the probability of occurrence peaks at about 0.4 for 3.5 MHz
and 9.5 MHz while it peaks at about 0.9 for 18.5 MHz. For

) higher values oL ¢, the probability of occurrence decrease.
Fig. 11: Europa Jovian DAM ux density values (mean and max)t js jnteresting to note that the high occurrence regions in the

versus emission frequency. The error bars point out the uncertai .
on the JUNO Waves electrical antenna length assumed in the ra%!gl‘ and lo phase plane at 3.5 MHz and 9.5 MHz, and in

0:46m Ler 2:41m. The maximum and average power level$e lower MHZ frequency range ir_‘ general, are considgrably
for Ganymede and Callisto can be derived by subtracting 4 dB aflifferent with respect to the typical lo controlled regions
9 dB, respectively, from the provided curves. observed at 18.5 MHz from Earth based observations [31]

(see Fig. 3) and by JUNO waves (see Fig. 15).

Jovian DAM events with emission frequency smaller than
3.5 MHz or greater than 19.5 MHz are discarded (see Section
[lI-A). Moreover, to compile statistics, we only focus on
emissions that are above the galactic noise by at least 10
dB. In practical terms, we consider only emissions such
that their normalized PSD over the sensitivig/SD(f;t)
(see (21)) is greater than an effective threshold equal to
10 20log 10(241[m]=Ley) C(f) [dB], whereC(f) is a
frequency dependent correction factor (in the order of 1 dB)
evaluated at ¢ = 2:41 m that is equal to the dB difference
between the value of the JUNO sensitivitl(f ) and of the
galactic noise at each frequency (see Fig. 10).

The Jovian DAM occurrence probabili§,(CML;" ;)
with respect to the CML, lo phasg, and emission frequency
f is computed from the previously described Jovian DAM
emissions catalogue as:

No(CML;" 1o;f)
N¢(CML;" 1o;f)

where N, is the cumulative number of hours for which the

Jupiter DAM is detected andll; the total number of hours Fig. 12: Jovian DAM spatial occurrence probability versus the Io

listening for a given CML bin vs lo phase bin and emissioRhase |, as a function ol atf =3:5 MHz.

frequency. The experimental data is organized in rectangular

bins of size equal to 18x 18 . Fig. 16 reports the daily occurrence of the Jovian DAM
As rst step, in order to understand how the spatial oosersus the emission frequency for 322 days of consecutive

currence probability varies as function btx, we performed observations for three different values bfs (see previous

a parametric monodimensional experiment by computing théscussion). The daily occurrence is de ned as the number

probability of occurrence versus the lo phdsg (similar of hours per day in which Jupiter emissions are detected

results holds for the CML case). This is propaedeutic fat a given frequency. The results on daily occurrence show

computing the bidimensional spatial occurrence as descriltedt Jovian DAM has an average probability occurrence of

in (22). 0.2, which corresponds to roughly 5 hours of cumulative
Without loss of generality, Fig. 12 reports the results afbservation time of Jovian DAM emissions over a day. Higher

this analysis assuminfy = 3:5 MHz (similar results can be occurrence values are reported in the frequency range between

Po(CML;" 1o;f) = (22)
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G (b) (©

Fig. 13: Contour maps of the Jovian DAM occurrence probabify(CML;' o;f) for f = 3:5 MHz assuming (@Ler = 1 m, (b)
Ler =1:46 m and (C)Lex =2:41 m.

(@) (b) (©

Fig. 14: Contour maps of the Jovian DAM occurrence probabify(CML;' o ;f) for f = 9:5 MHz assuming (@l et = 1 m, (b)
Let =1:46 m and (C)Lex =2:41 m.

@ (b) (©

Fig. 15: Contour maps of the Jovian DAM occurrence probabify(CML;' o ;f) for f = 18:5 MHz assuming (@Let = 1 m, (b)
Let =1:46 m and (C)Lex =2:41 m.
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16.5 MHz and 18.5 MHz fot e =1 m.

These results are useful for both planning passive radar
acquisition and de ning the passive radar setup (e.g., work-
ing frequency and bandwidth). Moreover, they can be ex-
ploited for planning active and passive radar acquisitions.
To this extent, the computation of the occurrence probability
Po(CML;" |o;f) allows to quantify the likelihood of encoun-
tering Jovian DAM for a given observer (e.g., passive probe)
location and given acquisition time window. The differential
CML (denoted CML) and lo phase (denoted as |,) as
function of the overall acquisition timefor an observer on a
given icy moon is computed as (see Fig. 3):

CML(t)=(!; 1)t (23)
'Io(t):(!io !)t (24)
where! j, !, and! [deg/s] are the angular velocity of Jupiter

(sidereal), lo and the target icy moon (i.e., Europa, Ganymede ) .
Fig. 16: Jovian noise temporal occurrence (mean and standard

or Callisto) respectively. o o .
- - deviation) over a day versus the emission frequency and as function
The occurrence probability over a random statistical tr3s L et

jectory is computed by rst dividing the overall acquisition
timet in non-overlapping segments of duratiort denoted as
acquisition time and then by selecting the maximum value oftegration timeT, and, as in the previous section, (ii) is above
Po( CML (t); ' 0(t);f) along each trajectory segment. the galactic noise by at least 10 dB (as in previous section).
The overall statistics for the random trajectory assessméfi. 18 reports an example illustrating where useful Jovian
(mean and absolute deviation) are provided in Fig. 17 f@AM emission have been detected and characterized accord-
different values ofLer and different emission frequenciesing to our procedure as a function &f, Te and . As in
across the considered range. These statistics are provideghrasious sections, we rst investigate the statistical variations
function of a parametric acquisition tine minutes t of the retrieved parameters as functionLqf. Fig. 19 reports
3 hours. The results show that, across the emission frequetigy results of this analysis. The same consideration& gn
range, the probability of encountering Jovian DAM is similareported in Section 11I-C apply to this analysis. Accordingly,
and increases with the acquisition time with a maximume estimate the average useful burst bandwiithe 2:5 0:5
value of about 0.4. An exception (not shown) is given biHz and the average integration tirfig = 8 1:8 minutes by
emission frequencies around 18.5 MHz that exhibit an averagesumingl Let 1:46. Thus, in this case, the actual value
probability that peaks at about 0.7 foets = 1 m. This can of the effective antenna length is not considerably changing
also be seen from Fig. 15 (a). Notably, the Europa, Ganymeithe results.
and Callisto cases hold very similar results. Obviously, if we The estimated values d8. and T, provide an average
consider the entire range between 3.5 MHz and 19.5 MHz, ttime-bandwidth produc2 = 93 dB. However, as stated in
probability of occurrence is likely to increase. Accordingly, &ection I, the integration time is limited by the S/C motion to
wide band receiver should be the preferred implementation fitie order of seconds. Therefore this value of time-bandwidth
passive sounding. Moreover, this analysis also suggests thapesduct can be reached only with a lander. To illustrate the
orbiting or lander con guration with long passive observatiosituation with an integration time compatible with a spacecraft
( tin the order of many hours) is preferred to a yby oneacquisition, without loss of generality, Fig. 20 reports the
in order to maximize the probability of encountering Joviaresults on the burst bandwidth distribution assumiig= 1
DAM radiation. These long observations may have an impastandLes = 1 m. In this case, The average burst bandwidth
on the data volume which can be reduced by an additiorial about 3 MHz resulting in an average= 65 dB. Fig.

on-board processing strategies. 20 (b) reports the maximum allowable value of the two-way
subsurface lossdsss (see (14)) as a function of the emission
D. Jovian Noise Time-Bandwidth Product frequency and slope assumihg- 500 km for =65 dB. For

In this section we investigate the mean achievable im@_oderate characteristic slopes values, the maximum allowable

gration time and bandwidth of Jovian DAM and derive th(‘-,(alue Of Lss such that it is p055|bl_e tq de_te(_:t a subsurface
mean achievable time-bandwidth product(see Section II). re ector ranges frOT“ 50 to 65 dB which is within the expected

The provided values should be interpreted as the maximJfi'9¢ considered in [25].

continuous useful burst bandwidth and integration time thus _ _ ) )

as a potential passive sounding signal a Jupiter emissibd

such that its power spectral densi®SD(f;t) (i) remains We analyze JUNO Burst data products described in Section
approximately constant across a certain bandwigithand 1lI-A to evaluate the Jovian noise spectral atness and its
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@ (b) ©

Fig. 17: Overall random trajectories statistics for the probability of Jovian DAM occurrence for a variable acquisition tiewed different
values ofL ¢. (a) Results fof = 3:5MHz, (b)f =9:5MHz and (c)f = 14:5 MHz. Statistics were computed from segmenting, according
to t, atime framet equal to 400 days (.0 t 400 days). Europa, Callisto and Ganymede cases hold similar results.

@

Fig. 18: Example of detected bursts for SURVEY data product
(2017-129) from 09:00 to 11:00. For each burst, the bandwith
the integration timeTe and time-bandwidth product is reported.

autocorrelation properties. Then we compared it with theoret-

ical white noise with similar bandwidth and integration time.

This dataset spectrograms are characterized by waveforms of

bandwidthB = 1:31 MHz and integration timeTs = 3:12 (b)

ms. In the gaussian white band-limited noise hypothesis caggy. 19: Estimated values of the (a) useful bandwidl and (b)

this corresponds to a constant sidelobe level equal 039  integration timeTe versusLes. The relevant integration time for a
dB and a range resolution proportional 1B = 0:76 s . spacecraft in motion is in the order of 1 second.

The burst spectrogram durations are variable (i.e., number

of stacked waveforms) and are in the order of minutes.

The overall list of experiments is shown in Table I. At théng to (4). The experimental data (see examples of Fig. 21
current time, this represents the totality of high-resolutioft) and 22 (c)) show that the Jovian DAM power spectral
spectrograms available from JUNO data. Data has been pidensity can be modelled as in (16), wh&§€ ) is the power
processed by notching narrow band radio frequency interfapectral density of band-limited white gaussian noise (i.e. fast
ence spikes randomly appearing in the power spectral densigriations in the PSD) an# (f ) models the slowly-varying
These spectral spikes originated from the JUNO spacecredtrelated variations. The results show that for small time lags
and electronics. The normalized autocorrelation functions giies., autocorrelation main lobe region), the slow correlated
computed from experimental power spectral densities accox@riations dominate the response and introduce a substantial






