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Sub-Surface Radar Sounding of the Jovian Moon
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WIlodek Kofman, Roberto Orosei

Abstract—This paper provides an overview of the Europa
Jupiter System Mission (EJSM) and of its scientific objecties, fo-
cusing the attention on the Sub-Surface Radar (SSR) instruent
included in the model payload of the Jupiter Ganymede Orbite
(JGO). The SSR instrument is a radar sounder system at low
frequency (HF/VHF band) designed to penetrate the surface fo
Ganymede icy moon of Jupiter for performing a sub-surface
analysis with a relatively high range resolution. This actve
instrument is aimed at acquiring information on the Ganymecde
(and partially on the Callisto during flybys) shallow sub-suface.
The paper addresses the main issues related to the SSR paydipa
presenting its scientific goals, describing the concept anthe
design procedure of the instrument and illustrating the sigal

the Solar System currently under study [1]. It is aimed at
exploring Jupiter and its icy moons with payloads based on
advanced concepts. The architecture of the mission is based
on two spacecrafts having different complementary gohks: t
Jupiter Europa Orbitef(JEO), provided by NASA and devoted
mainly to study Jupiter and the Jovian moons lo and Europa,
and theJupiter Ganymede Orbite(JGO), which represents
the contribution of ESA and will investigate Jupiter and the
Ganymede and Callisto moons. The two spacecrafts will be
launched independently in early 2020 and their trip to the
Jovian system will last approximately six years. In the first

processing techniques. Despite the SSR payload can be define science phase, the platforms will tour through the Jupiter

on the basis of the heritage of the MARSIS and SHARAD
instruments currently operating at Mars, the EJSM mission
poses additional scientific and technical challenges forstdesign:
i) the presence of a relevant Jupiter radio emission (whichg
very critical because it has a significant power spectral desity
in proximity of the expected SSR central frequency); ii) the
properties of the sub-surface targets, which are differentfrom
those of the Mars sub-surface; iii) the different orbit condtions;
and iv) the limited available resources (in terms of mass, peer,

system, including many flybys of its moons. In a second phase,
JEO and JGO will be inserted in circular orbit around Europa
and Ganymede, respectively.

The overarching theme of the EJSM mission is the study
of the emergence of habitable worlds around the gas giant
Jupiter. In this context the scientific return of the mission
will be substantially increased by the synergistic analysi

and down-link data rate). These challenges are analyzed and Of the measurements made by each single platform. To this

discussed in relation to the design of the instrument in terrs
of: a) choice of the central frequency and the bandwidth; b)
signal-to-noise ratio (SNR); c) signal-to-clutter ratio SCR); and
d) definition of the synthetic aperture processing. Finally the
procedure defined for SSR performance assessment is desaih
and illustrated with some numerical examples.

Index Terms—Radar sounding, ground penetrating radar, sub-
surface radar, Jupiter, Ganymede, Europa, Callisto, Eurom
Jupiter System Mission.

. INTRODUCTION
The Europa Jupiter System MissiqieJSM) is one of the

end, the science payloads of the two spacecrafts include
instruments peculiar to each platform and instruments with
similar properties on both spacecrafts for correlating sness
carried out on different moons.

In agreement with the mission concept, the core pay-
loads of both platforms include a radar sounder instrument.
Radar sounders are active instruments (similar in concept
to terrestrial ground penetrating radars) that are based on
the transmission of radar pulses at frequencies in the MF,
HF or VHF portions of the radio spectrum into the surface
and the sub-surface. The detected echoes (associated with
reflected signals) from both the surface topography and the

major joint European Space Agency (ESA) and Nationabib-surface structures (e.g. see [2]) are processed ir orde
Aeronautics and Space Administration (NASA) missions ito construct radargrams that contain detailed information

the sub-surface structure, pointing out the interfaces/det
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the most transparent natural material in the aforementione
range of frequencies. This is particularly true for Jupstésy
moons, as the cold temperature of the ice in the outer Solar
System increases the propagation capabilities with régpec
the case of warm ice [3].

In the current phase of design of the mission, the radar
sounders included in the EJSM payloads are caff-
Surface RadafSSR) for JGO antte Penetrating RadafiPR)
for JEO. SSR is concerned as a single frequency radar sounder
aimed at investigating the shallow sub-surface of Ganymede
(mainly during the circular orbit phase) and in a more liite



way of Callisto (during some flybys) in a depth range of fewf the instrument. Section VI presents the procedure defined
kilometers &5 km) with high vertical resolution<{15 m) [4]. for SSR performance assessment. Finally, Sec. VIl draws the
IPR is a dual frequency system that can also work in a deepnclusion of this paper.

investigation mode in order to characterize the sub-sarédc

Europa up to a depth of 30 km with a lower vertical resolution 1. SCIENTIFIC GOALS OF SSR

(<100 m), besides a shallow investigation mode similar to the

SSR single mode [1]. The measurements possible with thesgaﬂy?gdel_land Callisto are thg thlird r?n?. the fogrth&f the
instruments will provide important and unique informatioryo- c&€d ©>alliean moons, respectlve_y,t & |rst.two I"eo
%lstance being lo and Europa (see Fig. 1). Their orbits atoun

and near-surface structures, as well as contribute to ans pitEr have Sle(rggqijé’(; I?Xis gf 421’200 k”(; (1|%)8 26;36120
to the question about the existence of an internal sub-cirf m (Europa), 1,070, m (Ganymede) and 1,882, m

ocean on Europa. Calllst:o). - hi he JGO ft i
SSR and IPR have some similar basic properties. Both ex.n the current mission architecture, the J spacecraft Is

ploit the common heritage from the radar sounders develop%)&DeCted to perfprm_several fIy_bys at Ganymede and Calli;to
for two recent Mars missionsdars Advanced Radar for Sub-P€0ré €ntering in circular orbit around Ganymede. Despite
surface and lonosphere SoundidARSIS) on ESA's MARS the SSR instrument should operate during all these flybys,

Express [5], andars Shallow Radar Sound¢8HARAD) on acquiring data at both Ganymede and Callisto [1], the cancul
NASA's Mars Reconnaissance Orbiter [6] phase around Ganymede will be the main target for radar

This paper focuses on the SSR instrument for JGO d bservations. Thus, the scientific objectives for the expent

cussing the most important concepts and the technologi e been _deflned by the mission science _def|_n|t|on team
challenges related to the development of this system. )Q’éth a spemal focus on Ganymede. These objectives, can be
mentioned before, the main target of SSR is Ganyme&é’,mmarlzed as follows [4]:
which will be deeply investigated during the last part of the « ldentification of the stratigraphic and structural pattern
JGO mission when the spacecraft will be inserted in circular Of Ganymedea) reconstruction of the stratigraphic ge-
orbit around this moon. This phase is expected to take 180 ometries of the ice strata and bodies and their internal
days. However, before the Ganymede orbit insertion, JGO wil relations, definition of the unconformities and identifica-
perform also a number of flybys of Callisto [1]. Therefore, tion of the formation processes; b) recognition, analysis
SSR will be able to partially investigate also the sub-stefa  and mapping of the tectonic features; c) inference and
of Callisto. analysis of the material present in the sub-surface and
Although the EJSM mission is currently under study and the their metamorphism linked to the burial process.
requirements and properties of the SSR instrument are stille Crustal behavior a) analysis of the stratigraphic and
under investigation and cannot be analyzed in detail at this Structural data to identify the mode of accretion of the
point of the development phase, there are some important and crust and its consumption matched by the deformational
challenging issues that have been preliminary identifiedl an ~ Processes; b) estimation of the ice deposition rate; c}iden
are peculiar for the design of SSR with respect to previous tification of evidences for degassing of the Ganymede’s
radar sounding instruments used for the exploration of Mars  Interior.
The paper addresses these key issues, providing a general Matching the surface geology with sub-surface features
view of the scientific goals of SSR and discussing the major Jjoint analysis of the surface and sub-surface geology
challenges related to the Jovian environment that affeet th in order to understand the depositional and tectonic
definition of the instrument. The latter are the Jovian radio Processes active in the uppermost icy crust and to infer
emission, which can strongly affect the instrument measure the sub-surface nature in areas without radar data.
ments, and the properties of the surface and sub-surfayetsar « Global tectonic setting and Ganymede’s geological evolu-
that will be measured by the radar. In addition, the main tion:a) understanding the large scale geological processes
technical design issues are discussed in terms of: a) choice active in the Ganymede at the global scale; b) global
of the central frequency and the bandwidth for obtaining the Mapping of the different geological realms based on the
required tradeoff between penetration capability and eang Surface and sub-surface geology; c) reconstruction of the
resolution; b) signal-to-noise ratio (SNR); c) signalelotter geological evolution of Ganymede.
ratio (SCR); and d) definition of the synthetic aperture pro- « Comparison between Ganymede and Eurogefinition
cessing. Moreover, the procedure defined for SSR perforenanc  Of the differences and common geological patterns of
assessment is described and illustrated with some nurherica the two planetary bodies for a better understanding of
examples. the development of the icy moons and the geological
The paper is organized into six sections. Section Il present ~ Principles at the basis of the icy bodies evolution.
the main scientific goals related to the SSR instrument one Altimetry on Ganymede
JGO. Section lll illustrates the instrument concept anaresp  The aforementioned scientific goals can be related also to
its general description. Section IV proposes an analysis @allisto (when applicable). However, they should be priyper
the major scientific and technical challenges related to tdewnscaled due to the availability of only a few short and fas
Jovian environment that are associated with the definitidlybys along an elliptical orbit (i.e. without entering intobit
of SSR, while Sec. V illustrates the principal design issuesound the moon).



Ganymede

Callisto

Fig. 1: 3D view of the Galilean moons of Jupiter. The orbitirasd the moon sizes are in scale. Jupiter size is not in scale

Vs basis of this instrument is related to radio-echo soundarg (

kﬂ ice penetrating radar), which is a well established geoiphl/s
SN technique that has been used for more than four decades to

. investigate the internal structure of the ice sheets andagka
on the Earth at Antarctica, in Greenland and in the Arctic
| \ [2]. Radar sounders transmit toward the surface a radaepuls
at a frequency selected in the MF, HF or VHF portion of
the electromagnetic spectrum. Thanks to the relatively low
frequency and the nadir looking geometry, only a portion of
the transmitted pulse is backscattered from the surfaciée wh
significant part of the pulse is propagated to the sub-seiitac
layers. The coherent echoes backscattered from the stdzsur
interfaces within each resolution cell (defined by the along
track and across track resolutions) are detected by thévezce
and visualized in the resulting radargram. The backsadagter
from the sub-surface is driven by different dielectric,atetl
to mechanical, thermal or compositional discontinuitieatt
the radiation intercept along its path.

surface

sub-surfac

Fig. 2: Geometry of a nadir looking radar sounderis the
altitude of the spacecraft orbify; indicates the spacecraft
speed;p, depicts the system range resolution; aby; is
the pulse-limited resolution cell. If the topography is fiat, i ) . )
during pulse transmission off-nadir areas (B) are reached b A block diagram of the SSR architecture is presented in
the signal wavefront at the same time as sub-surface reftecti F19- 3. The instrument is made up of a deployable dipole
from nadir (A). Therefore, during reception lateral echogdtenna and three main sub-systems: the Transmit Front-End

reach the antenna at the same time as nadir echoes, geger&fif E) Sub-system, the Receiving sub-system (RX), and the
the so-called clutter problem. The vertical dimension af thPigital Electronics Sub-system (DES). The DES envelopes
figure is not in scalel{ > p.). the command and control functions (Ctrl) interfacing witle t

spacecraft bus, the processing capabilities to pre-edaddine
science data collected during the observations (Signal.pro

These objectives require that the radar can characterize @ Well as the digital synthesis of the radar pulse (Digital
dielectric, thermal and mechanical discontinuities risgl CNirP Gen.) and the generation of all needed system timings
from the geologic processes that shape the crust of the tifed frequencies (Timing & Freq.). The frequency modulated
moons, with adequate horizontal and vertical resolutighe 'adar pulses (chirp) are digitally generated directly a th

main performance requirements are described in [4], and &@nsmit frequency so that no conversion is needed. Thakign
as follows: is amplified (Power Amp.) at the required power level and then

, . sent to the antenna matching network (Matching) within the
o Penetration depth: up to 5 km. : . . .
S TFE. The RX is based on a direct conversion approach with
« Along track resolution<1 km. d I Th ved sianal i lified b L
o Across track resolution«5 km. own-sampling. the received signal 1s ampiilied by a Low
« Vertical resolution: 15 m (in free space) Noise Amplifier (LNA), filtered and routed to the Analog to
' ' Digital Converter (ADC) by adjusting its amplitude by means
of an Automatic Gain Control device (AGC).

[1l. SUB-SURFACE RADAR INSTRUMENT _ _
) ) _ _ _Figure 4 shows the expected interfaces between the SSR
The SSR instrument is an active radar sounder with a naQUb-systems and the JGO spacecraft, which are:
looking geometry designed to acquire sub-surface echo pro- ’ '

files of the investigated icy moons (see Fig. 2). The theoabti o Spacecraft (S/C) from/to radar DES subsystem:



.....

Timing & Digital Chirp
TX/RX Freq. Gen.

DES

— Matching

Antenna

Memory |, |  Signal 5 ADC |« Filter |=— GainCtrl
IIF proc. i
Fig. 3: Architecture of the Sub-Surface Radar Instrument.
PWR A. Spectrum of the Jupiter Radio Emission
DISCRETE CMDs Jupiter is a bright radio object. As seen from Earth, Jujgiter
DISCRETE TLMs radio brightness is exceeded only by the Sun’s. The radio
SSR spectrum of the planet in the range from KHz to GHz is
C&C BUS ELECTRONICS dominated by non-thermal radiation generated in the inner
magnetosphere. In the frequency range above 100 MHz, emis-
S/C SIDE SCIENCE DATA sion is continuous and dominated by synchrotron radiation.
The most intense radio emission occurs in the frequencyerang
between few MHz and about 40 MHz [7], and it is expected
DEPLOYMENT CMD(s) to be due to cyclotron radiation originating in and above the
SSR ionosphere on magnetic field lines that thread the lo plasma
STATUS & TEMP TLMs | ANTENNA torus [7]. In this range of frequencies, emission is highly
variable in space and time, but shows a strong correlatitm wi

Fig. 4: Interfaces of the Sub-Surface Radar Instrument.

the position of the observer, due to beaming effects [8], and
to the lo’'s moon phase [9]. Lesser enhancements of emission
intensity correlate with the orbital phase of Ganymede [10]
Callisto [11] and Europa [12], most likely as a result of Afv
PF""’er (PWR) voltage. currents along magnetic field lines near moons’ orbits. 1§ wa
Discrete commands (CMDs) such as radar on-off ar?éjund that Jupiter radio emission is influenced also by solar
AGC. N yvind [13]

Discrete telemetry (TLMs) containing voltag_e and The full radio spectrum of Jupiter has been determined by
current values, _and temperature values provided lEWe Planetary Radio Astronomy (PRA) experiment on both
on-board thermistors. . \Voyager spacecrafts and by the Cassini Radio and Plasma
Controls and command S|gnal_s_(C&C_BUS) such AR/ave Science instrument (RPWS). It can be seen in Fig. 5
Tx/Rx gate, ADC start/stop, digital chirp generation, ¢ the peak flux densities can be up to 100 times the average

Zta_rt/stopc.j isting in the digitalized . values. It is thus evident that the Jupiter radio spectrum is
ec(::;;l(:s,e ata consisting In the digitalized recevegisical and should be properly considered in the phase of

selection of the radar sounder carrier frequency.

o Spacecraft from/to radar antenna subsystem:

IV.

Signals for deployment. _ B. Properties and Models of the Surface and Sub-Surface
Telemetry data (STATUS & TEMP. TLMSs) contain-Tagets

ing antenna status and temperature values providedG de is the | ¢ f the Solar Svst |
by on-board thermistors. anymede is the largest moon of the Solar System, larger

than Mercury, and is also the only moon having an intrinsic
magnetic field [17]. The main geologic classification of the
TECHNICAL CHALLENGES RELATED TO THE surface is between dark and bright terrains [18] [19] [20].
JUPITER/GANYMEDE ENVIRONMENT Dark terrain covers about one third of the surface and is
heavily cratered, suggesting a very ancient, if not priradrd

This section describes the most important challenges farigin. Bright terrain separates dark terrain into polygon
the definition of the SSR instrument in the Jovian systeand contains both smooth bright surfaces and material with
environment. Here we focus on two fundamental issues: i) thiosely spaced parallel ridges and troughs, termed grqoved
electromagnetic radiation noise, and ii) the propertieshef which are dominated by extensional tectonic features [21]
surface and sub-surface targets which should be investigaf22]. Ganymede’s surface is composed mostly of water ice
by the radar. These two issues considerably affect the nlesj$i9], although its relatively low albedo is determined by th
of the instrument and its acquisition strategy. presence of darker non-ice materials, which may be hydrated
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Fig. 5: Jupiter radio spectrum based on Cassini-RPWS d
[14], normalized to a distance of 1 AU. Green curve: rotati
averaged emission. Blue curve: rotation averaged emisgiorg
times of intense activity. Red curve: peak intensitiesmiyiac-
tive periods. Due to the Earth’s ionosphere, frequenciésibe
~5-10 MHz are not accessible to ground-based observatiogs
so the full radio spectrum of Jupiter could only be deterrdingg
by the PRA experiment on both Voyager spacecrafts [1
Recently, the spectrum was recalculated with much md

accuracy using Cassini RPWS data [14]. The figure is takefy. 6: Image PIA01617 taken from NASA's PhotOjournaI web
from [8] and is based on that spectrum. Unfortunately, @&ssisite (http:/photojournal.jpl.nasa.gov) showing a hjgfiac-
RPWS data are only available for frequencjes: 16 MHz.  tured lane of bright light grooved terrain, Lagash Sulcusich
For higher frequencies, spectral data from [16] are showyns through an area of heavily cratered dark terrain within
which Correspond to periods of intense emission aCtiViM.[l Marius Regio on Jupiter’s moon Ganymede_ The boundary
between these two units is marked by a deep trough. North is
to the top of the picture and the sun illuminates the surface
frozen brines similar to those inferred for Europa [23]. Afom the upper right. The image, centered at $puth latitude
image of the Ganymede’s surface including examples of bofRd 156 longitude, covers an area of approximately 2230

bright and dark terrains is shown in Fig. 6. km (Image Credit: NASA/JPL/Brown University).
The possible internal structures of Ganymede and Callisto

are shown in Fig. 7. The interior of Ganymede has been mod-
eled from gravity data, and appears to be differentiatesl amt
outermost-800 km thick ice layer and an underlying silicatd® have evolved predominantly under the influence of impacts
mantle. A central iron core might also be present, whi
would explain the existence of a magnetic field. Ganymede has“'though any sub-surface ocean of Ganymede is almost
internal mass anomalies, perhaps related to topographlyeon €ertainly too deep to be detected by the radar (see estihtes
ice-rock interface [24] [25]. Results from the magnetometéce crust thickness in [29]), all geologic processes shppird
on-board the Galileo probe may indicate the presence of working the crust of the moon are expected to have produced
internal ocean within 100-200 km of Ganymede’s surface, bg&ratifications that could reflect eIeCtromagnetiC waves tiu
inference is less robust than at Europa and Callisto [26¢_ Tﬁielectric, mechanical or thermal discontinuities. Datte
Ganymede surface is more cratered and ancient than Euyop@gcontinuities are changes in the content of impurities in
consistent with a much thicker outer shell of solid ice. Toler Water ice due to deposition of material from meteoric impact
of icy volcanism in modifying the surfaces of outer plane®r cryovolcanic processes. Mechanical discontinuitiespao-
moons is an outstanding question about which little is tru§uced by tectonic processes, such as faulting. As the dielec
understood. Like many other icy moons, there is ambiguoREoperties of water ice depend significantly on temperature
evidence for cryovolcanic processes modifying the surfsfce Sub-surface cryovolcanic magma or the transition between a
Ganymede. conductive and a convective layer in the crust would also
Callisto is supposed to be composed of approximately equéPduce a radar reflection.
amounts of rock and ice, which make it the least dense ofThe crust of Ganymede should be predominantly composed
the Galilean moons. Investigation by the Galileo spacécraff water ice down to depth of a few hundreds of km. At the
revealed that Callisto may have a small silicate core apdessures (from O to several MPa) and temperatures expected
possibly a subsurface ocean of liquid water at depths greate the first few km of the icy crust (between 100 K and 150
than 100 km [27]. The surface of Callisto is heavily cratereld, see e.g. [29]), ice is in phase Ih, the hexagonal crystalli
and extremely old (it is one of the most heavily cratered & thce commonly found on the Earth. The relative dielectric
Solar System). It does not show any signature of subsurfgmermittivity of water ice in the HF and VHF frequencies (i.e.
processes such as plate tectonics or volcanism, and ishihoug the range where the operative frequency of the radar will b



(@) (b)

Fig. 7: Details of image PIA01082 taken from NASAs Photojmlweb site (http://photojournal.jpl.nasa.gov) showingaway
views of the possible internal structures of the GalilearonsoGanymede (a) and Callisto (b). Ganymede’s radius is R684
while Callisto’s is slightly smaller at 2403 km. Ganymedes lzametallic (iron, nickel) core (shown in gray) surroundgdab
rock (shown in brown) shell, in turn surrounded by a shell atev in ice or liquid form (shown in blue and white). All stsll
are drawn to the correct relative scale. Callisto is showm aslatively uniform mixture of comparable amounts of ical an
rock. (Image Credit: NASA/JPL).

selected) is constant, and is close to 3077 for temperatures types, using a mixing equation [35] [36] to calculate the
below -10C. The measurements showed in [30] indicate thdtelectric constant of the mixture and the properties oftun
the dielectric permittivity is isotropic within at least3%. materials as a model for the impurities within the Europan ic
More recent measurements [31] show that the anisotropy Tfis approach requires many assumptions and provides only
the real part of dielectric constant can reach more than 1% &ome estimations of the dielectric constants that can be use
a radar frequency range larger than 1 MHz. in the evaluation of the radar performance.
Whereas Chyba et al. [33] assumed that impurities are

As losses in pure water ice are low, it is expected that tlegsentially rock-like materials, in [34] the effect of Sole
major effect on the absorption of radar waves depends on thepurities such as F, CI-, NH;, SG;~ and H' ions was
nature and concentration of impurities in the ice, whichifs d studied. Table | (adapted from [34]) shows the attenuation
ficult to evaluate due to uncertainties and lack of knowleafge for different types of impurities in ice, based on laborgtor
the physical nature of icy moons. For Ganymede, the presemgeasurements, ice temperature modeling for Europa and some
of hydrated salts was suggested [32]. Within these lintutestj scaling from Earth ice measurements. These data are valid fo
most studies found in the literature were focused on Euromgdectromagnetic frequencies of a few tens of MHz. It can be
and only very little is known for Ganymede. Therefore, aeen from Tab. | that the attenuation for low frequency radar
the present phase of the study we assume for the dielectignals can range from a few to several tens of dB/km for one-
properties of Ganymede (and Callisto) the same range as Viety propagation. The most likely one-way losses for Europa
Europa, for which more data are available. For Europan icare estimated to be between 1 and 8 dB/km.
the most detailed studies are probably those of Chyba et alAnother phenomenon that could affect propagation in the
[33] and Moore [34]. The latter considered three types slbsurface of Ganymede is scattering of electromagnetic
water ice, produced by three basic processes occurringeon Waves by ice/pore interfaces within the crust. Scatteriagp
Earth: meteoric ice formed by atmospheric precipitaties a role similar to that of attenuation, depending stronglytton
ice formed by the freezing of water close to the atmosphexdémension of cavities (voids) in the medium compared to the
interface, and marine ice forming beneath ice shelves ttirecwavelength. The Mie or Rayleigh approaches [37] can be used
from ocean water. This study concluded that similar proegsgo calculate the extinction of the radar signal.
are likely to occur on Europa as well, and that the most Electromagnetic waves can also be scattered by any rough-
probable form of ice is marine ice [34]. The approach folldweness of the surface when it is not smooth at the wavelength
by Chyba et al. [33] consisted in computing the dielectriscale. Part of the incident radiation would then be scattere
properties of an ice matrix containing impurities of diffat in directions different from the specular one (see Sec. V-C)



The scattering of radio waves by surface and by volunweherecy is the relative dielectric permittivity of the material
irregularities is thus an important frequency-dependaatior through which the pulse propagates,is the radar carrier
that should be taken into account to evaluate the penatraticequency in MHz,tané is the loss tangent and is the
of the radar wave, and the ratio of any sub-surface echodonductivity of the medium (inuSm™!). This approximate
surface clutter. These two parameters are essential tacpredquation is valid for non-magnetic media with a low loss
the radar performance (see Sec. VI). tangent. From [47], one can see that attenuation is directly
As physical parameters controlling scattering are esalynti proportional to the radar frequency, and that losses aeettijr
unknown for the Jovian moons, it is rather difficult to predicproportional to the conductivity of the medium. It has been
their effects with accuracy. For example, Eluszkiewicz][3&hown that the imaginary part of the dielectric constant of
demonstrated that the presence of any ice regolith about 1 kare water ice is almost inversely proportional to the radar
thick with 1% of cavities whose size is comparable to thigequency in the range between few MHz and hundreds of
radar wavelength causes strong scattering of the signad. TMHz. Thus, the conductivity is almost constant. This bebavi
scattering would make it impossible to detect any targeivel has been shown valid for a very wide temperature range 190—
the regolith, as echo strength would be weakened by sevet@B K [3] [47]. This means that, for a pure ice, attenuation
tens of dBs. is frequency independent. Despite the frequency range in
In spite of all these uncertainties, experience has showhich this behavior is observed decreases with temperature
that data such as those presented in Tab. | can be usedvéoexpect that it can be observed at the very low temperature
evaluate radar performance with sufficient accuracy. At tled the icy moons of Jupiter. Thus, deep penetration requires
time in which the MARSIS and SHARAD radar sounding exthat the radar operates at the lowest possible frequency.
periments were proposed, radar sounding of planetary bodieln most orbiting radars, range resolution is not achieved
was deemed problematic if not impossible, in spite of dathrough the transmission of the shortest possible pulse, bu
obtained by the Apollo Lunar Sounder Experiment (ALSBjather through the use of a chirp, i.e. a long pulse that is
on-board the Apollo 17 spacecraft [39]. However, results Bnearly modulated in frequency. In this case, the vertical
Mars (e.g. [40] [41] [42] [43]) have conclusively demonséch  (range) resolution of the radar soungeris equal to:

that this technique is effective in the investigation ofrigtary B c 5
bodies from orbiting satellites. Pz = 2Bu\ER @
where B,, depicts the radar bandwidth amrds the speed of
V. DESIGN OF THESUB-SURFACE RADAR INSTRUMENT light. Thus, it can be seen that penetration and resolutien a

ggpflicting requirements, as the bandwidth cannot be larger
than the highest frequency. A tradeoff between these ofgosi

the central frequency and of the bandwidth of the radar, hi€Onstraints has to be found in the radar design. It is importa
affect its penetration capability, the vertical resolntind the t© note that the bandwidth of the signal is a key factor also

signal-to-noise ratio. The problems of the surface clured 07 the gain of the system. Indeed, radar systems using chirp
the signal processing techniques necessary for optimitieg signals can exploit the so-called range compression psowgs

ground resolution of the instrument are also discussed.  OPtaining a processing gain equal to:
Nz = 7—-Bu) (3)

A. Central Frequency and Bandwidth where 7 represents the chirp duration. The value 1gf is

The performance of a radar sounder is determined by ti¢Pically in the order of 25-30 dB.
fundamental parameters, namely frequency and bandwidthAS discussed above, the frequency dependence of attenua-
Radar frequency determines the penetration capabilithef tfion requires that sub-surface sounding radars operataiat |
radar, while bandwidth of the transmitted pulse determiné&quency €100 MHz) in order to achieve a deep penetration.
range resolution [46]. The choice of the radar frequency affects also instrument
The number of wavelengths that an electromagnetic Waggaracteri_stics, and especially the size of the antenna. Th
can penetrate into natural materials before being atteduat ©€xact choice of the radar frequency results from a tradeoff
a given fraction of its initial amplitude is approximatelyet between science reqwreme_nts and technical Ilmltat|ons: I
same regardless of radar frequency. This is because dielecireater detail, we need to jointly analyze the need to aehiev
losses (loss tangent) in most natural materials are indigpen deep penetration with respect to the effect of the Jupitgiora
of radar frequency over a wide range of frequencies rangifl§ise, the crust attenuation, surface and volume scagieaitd
from MHz to GHz and beyond. This can be verified througi€ limitations in power and antenna size.
examination of the following approximate expression of the

In this section we discuss the major design issues of the S
instrument. The most important issue is related to the ehoic

one-way attenuation [3]: B. Signal-to-Noise Ratio
1 The dynamic range of the radar, i.e. its capability to detect
a=129\/erf [\/1+tan25 — 1} weak echoes, is limited by the presence of radio emission

~ 91,25 f tan 6 from natural sources. In order to estimate the SNR for the
" received echoes, all the sources of noise included in the
~ 1.60//cr dB/km (1) acquisition process should be analyzed and modeled. In our



TABLE I: Radar absorptions for various ice types and temjoees. Attenuationg, is for one-way propagation in dB/km at
251 K. Columns I, II, and Il are computed one-way attenuai¢in dB/km) for ice shells with base temperatures of 270,
260, and 250 K, respectively. The range of values for eacthe$e corresponds to surface temperatures of 50 and 100 K.
These values are independent of shell thickness since tfygetature profile is stretched to the ice thickness. The Mroal
represents the plausibility of the ice type for Europa; Oeist likely while 3 is more likely, given the present undamsting

of Europa. More details about the considered ice types q@rted in [34]. Surface temperature on Ganymede is estahtate

be around 100 K [29], while the heat flux coming from the irdeidoes not raise the temperature of ice by more than 10-20
K over a depth of 5 km [44], [45]. (Table and caption are adatem [34]).

M Ice type Impurity content « | 1 1

0 Pureice nil 45 0.7-1.2  0.25-0.45 0.1-0.15
1 Chloride-dominated Europa ice/ocean 3.5 ppt chlorinitgam 16 2-3.5 1.3-2 0.8-1.4
2 Rockl/ice 1% lunar soil 8 2.5-3 2-2.4 1.8-2

3 Rockl/ice 10% lunar soil 10 4-4.5 3.5-4 3-35

3 Sulfate-dominated Europa ice/ocean 10 ppt chlorinityance 37 4.5-8 3-5.5 2-3.5

1  Chloride-dominated Europa ice/ocean 3.5 ppt chlorinitgam 50 7-12 5-8.5 3.5-6

1 Rocklice 50% lunar soil 21 15-16.5 14.5-16 14-15.5
2  Depth-dependent Ronne Ice Shelf marine ice  0-4BDCI linear rise surface to bottom varies 17-28 12-20 8.5-14
2 Sulfate-dominated Europa ice/ocean 10 ppt chlorinityance 150 18-30.5 12.5-22 9-15.5
2 Ronne Ice Shelf marine ice 4QaM Cl (0.025 ppt salinity) ice 150 18-30.5 12.5-22 9-15.5
0 Baltic Sea ice ice grown in3 ppt sea water 850 (at 270 K)  25-42.5 13-21.5 8-13.5

case, we should consider: i) the thermal noise (which istlae capability to blind the radar. However, while the patter
typical noise in radar systems due to electronic devicgghe of activity is known on average, sporadic events are not
galactic noise; iii) and the Jovian radio emission. Thergjest predictable, thus making any strategy for avoiding extreme
noise component for the JGO sub-surface radar is the Jovewents highly unreliable. Another option could be to operat
radiation emission, which is peculiar of this kind of missio the radar on the anti-Jovian side of Ganymede only, using the
(see Sec. IV-A). For this reason we focus our attention os thdisk of the moon to shield the instrument from the Jovianaadi
component. emission. This choice would leave galactic noise as the only
From Fig. 5 one can see that the electromagnetic fi§kternal contribution to instrument noise, but it wouldules
density from Jupiter at 1 AU at a frequency of about 10 MHY the observatl_on_ of less than half of the surface of th_e moon
is in the order of-200 dBWm~2Hz~! on average, climbing to 25 Ganymede is in synchronous rotation around Jupiter.
—190 dBWm~2Hz~! in periods of intense activity and reach-
ing peak intensities of up te-180 dBWm~2Hz~!. Scaling
for the distance of Ganymede from Jupiter (mean distan
1,070,400 km), flux densities becomel57 dBWm—2Hz !,
—147 dBWm~—2Hz~! and —137 dBWm~2Hz !, respectively.
By comparison, galactic emission at the same freque
contributes an electromagnetic flux density in the order
—190 dBWm~2Hz~! [48], thus more than 30 dBWntHz !

eA possible technical option to reduce the effects of the
Supiter radio noise is the use of an antenna with high dirggti
and high gain, as an array of dipoles. However, the long
n velength at which the radar is expected to operate (of the
o der of 6-30 meters) makes the implementation of this kind o
antenna very challenging from a mechanical viewpoint tgkin
below the average level of the Jovian flux. Thus, it is obviodgto "?‘CCOU”t the need of_a deployme_:nt procedu_re. Thus, this
that Jupiter radio noise is one of the main critical issues T lution at the present IS not considered feasible for SS.R
consider for evaluating the capability of SSR to detect su ue to tech_mcal constraints of JGO. The MARSIS radar is
surface echoes. Several approaches are possible to mitiggat ngpped \.N'th. a sgcondary m_onopole antenna that. has a null
problem (e.g. proper choice of the carrier frequency, diini in the nadir direction, thus bglng capable of detectingridte
of the acquisition strategy, choice of the pulse duratiod ar§urface echoes, but not nadir sub-surface echoes. The same

repetition frequency) and a combination of them will prolyab ?yster; C(_imd llon tprmmpl_e be ur?ed t% cancter: etn:;]ssmn z_atglvm f
be required to meet the instrument scientific goals. rom uptter, bul experience has shown that the position o

. i ] . the null is strongly dependent on the shape and orientafion o
An analysis of Fig. 5 reveals that radio noise decays vegynducting spacecraft parts which have a size comparable to
rapidly with increasing frequency above 10 MHz, by at leagte wavelength, because of their interactions with thetetec
one order of magnitude before reaching 100 MHz. The exagf|q emitted by the antenna. Making an antenna with a null in
shape of the spectrum in this range of frequencies is driticcontrolled direction would thus impose very strict coaistis
in determining the choice of the operating frequency Q¥ spacecraft design, which are not realistic in the coneitle
the radar, because of the requirement of penetration in ssion. There are other techniques that would allow the
Ganymedean crust which drives the selection towards lowgyar to operate in a noisy environment, such as, for example
frequencies. As mentioned in Sec. IV-A, the frequency dlit-One yse of circularly polarized signals. However, this roeth
for the Jovian radio emission affecting the sub-surfac@radyoy|g require at least a cross dipole antenna, and would thus
is around 40 MHz. significantly increase the complexity of the instrumentigies
In theory, it is possible to avoid radio bursts that havend of its accommodation on the spacecratft.



C. Signal-to-Clutter Ratio D. Ground Resolution and Synthetic Aperture Processing

In order to satisfy the scientific goals of SSR a minimum
ground resolution of ¥5 km (alongxacross track) has been
identified (see Sec. Il). The resolution of the system depend

As briefly mentioned in Sec. V-A, another important factopn many factors, such as the antenna pattern, the orbit theigh
affecting the performance of the radar is clutter, whichsists gnd the surface roughness. As mentioned in the previous
of off-nadir surface reflections reaching the radar at theesa section, due to the complexity of the antenna deployment,
time as sub-surface nadir reflections, thus potentiallykings 5 dipole antenna has been selected as baseline for SSR,
them. In the current baseline option, SSR is expected dp|oiting and developing the heritage from the radar seusd
operate in the frequency range between 10 and 50 MHz. fflesently operating at Mars [56] [6]. The choice of a dipole
these wavelengths, mass, volume and mechanical constrajiitenna implies that for a central frequency in the ordeiOsf 1
in space missions make dipoles, which have negligible diresy MHz the antenna must have a size between 30 and 6 m.
tivity, the most suitable antennas. Thus, when transngittinThe precise antenna length will depend on the adopted ¢entra
the radar illuminates the entire surface of the observeq/,boqequency and on the antenna matching technique. At the time
and areas of the surface that are not directly beneath g]ewming, a 10 m dipole antenna is the baseline for SSR.
radar can scatter part of the incident radiation back toward ag gn example, the ideal radiation pattern of a dipole with
it, producing surface echoes that will reach the radar aft%rngthLa comparable to the signals wavelengttZ, = 0.8)
the echo coming from nadir. As sub-surface echoes will alg0 shown in Fig. 9. This ideal model is only an approximation
reach the radar after the nadir surface reflections, it besonyt the real radiation pattern. Indeed, as mentioned in Sec.
difficult to separate the two contributions. This is patégly \. the experience from other radar sounder experiments
true in the across track direction. Indeed, in the alongktragnows that the real pattern is significantly affected by all
direction clutter can be reduced by means of synthetic aertihe structures of the spacecraft that have an electromiagnet
processing (see Sec. V-D). A schematic example of the ®irfagteraction with the dipole. Considering the case in whiuh t
clutter problem is presented in Fig. 2. antenna is oriented along the JGO track, the pattern hasathus
single lobe on the plane parallel to the track directionrfglo
track), and it is isotropic on the across track plane. Tloegsf
’g\u antenna footprint is limited by the antenna beam in the

§ng track direction and only by the Ganymede radius in the
oss track direction. This situation is described in Hig.
The size of the antenna footprint on the ground is given by:

The strength of clutter is controlled by statistical partare
of the topography of natural surfaces scattering the raaiat
Parameters such as root mean square (RMS) height, R
slope or correlation length are used in radar backsca&])terlgCr
models (e.g. see [50]) to estimate clutter strength and o-co.
pare it with the intensity of sub-surface reflections. Thymal-

to-clutter ratio is thus computed to estimate the capgbdlft hA

the radar to detect a sub-surface echo at a given depth (e.g. pai = hBsap ~ T )
see [51]). The above-mentioned parameters are essentially

unknown for Ganymede, at least at the scales which are Pact = Re (m — 20act) ()

gg\vlzgafg;?;ii:‘g?olgégehﬁgigg mthzer?ngsr’nvgrgfhor?;%}zherepa” represents the footprint size in the along track direc-
' Pogragiyg [57]; pact is the footprint size in the across track direction;

information has been derived for a limited number of are%?is the orbit heightfs,p is the 3 dB aperture of the antenna:

through stereogrammetry from Galileo [52] and Voyager [5 » is the radius of Ganymede; amitl,; — arcsin hffzc s

images. Schenk [54] has computed values of RMS SIOPne angle between the nadir direction and the tangent to the

for Europa using Galileo and Voyager data, obtaining Valu?nsoon’s surface passing through the orbiter position (sge Fi

between 10 and 15 at 10-100 m length scales, which ar T -
much steeper than those of typical landing sites on Mars.eSoefL@Ob)' zz;f)l((ammﬂi' c?t?tsz;rr;mga _250(')8?&]};;(1 200 kmlgglld
G — ) alt = act =

|nform_at|0n for Ganymede was obtained throggh a digit m. The broadness of the dipole radiation pattern results in
elevation model (DEM) produced from Voyager images made

available by Kirk [49]. This DEM is shown in Fig. 8. It is a very large groun(_j footprint. However, the real along and
. across track resolutions of the radar are better than thengro
centered approximately at 120, 10°S and covers an area

of ~200x ~700 km at ~630 m per pixel resolution. The foOtPrint and are calculated as follows.

derived RMS slope is of about 5.5which, from the clutter . 1) Alpng Track R_esolutionln the along track direction it .
point of view, is more favorable than the 10¢18erived is possible to exploit the Doppler effect and thus a syntheti

for Europa and consistent with data points for Ganyme&lﬁi?erture to "_“pr_o"e the ground resolutic_)n_. As a result, the
presented in [54], but is still comparable to values found ﬁlurfage contributions coming frpm off-_nad|r in the alongck

the southern highlands of Mars [55]. The area covered by tﬂgecnon are reduged, therepy Improving _also the_SCR. Asth
DEM is located in light grooved terrain, which is one of thgpacecraft IS moving along its orbit, an.|deal_p0|n.t target o
roughest geologic units on Ganymede. Thus, although it eanfe groynd 'S |_Ilum!nated.by the'radar in a time interfl
expected that other parts of the surface will be more favera called integration time) given by:

to radar sounding, clutter will certainly affect signifitgnthe Osanh

interpretation of JGO sub-surface radar data. T = 7 (6)




10

Fig. 8: Shaded relief visualization of the digital elevatimodel produced by Kirk [49] through stereogrammetry froayager
2 images 20638.45 and 20638.53, for an area of Ganymedetbeadbund 120V, 20°S. The DEM consists of 1110 lines
of 320 samples each, with a 629 m resolution. Maximum elexat 1748 m, minimum is -2261 m. The vast majority of

topographic height values is comprised in the range betw&@d and 500 m.

Antenna Horizontal Pattern Antenna Vertical Pattern

2.93

-117

-34[dBi]

p
(b)
Fig. 9: Ideal radiation pattern of a dipole with antenna teng, = 0.8)\. (a) Horizontal plane, i.e. any plane containing

the dipole axis; (b) vertical plane, i.e. the plane perpemdr to the dipole axis and containing the dipole center;tlicee
dimensional representation, the dipole is depicted by thg gegment.

©

whereV; is the velocity of the spacecraft (for simplicity weAt the present status of the study, the power budgets of the
assume it is equal to 2 km/s by ignoring the small differengmssible processing configurations have been only roughly
between spacecraft and ground velocities). During theymate estimated and only general comments are possible on this
tion time the target response shows different Doppler shifssue. On the contrary, mass estimates indicates thatell th
due to the relative motion of the spacecraft with respechéo tprocessing options should fit in the 10 kg currently allodate
target. Therefore, although different targets are presetite for the SSR instrument. In the following we describe the main
same antenna footprint, their returns have different Depplprocessing options under study for SSR.
shifts. As SSR is a coherent radar, it measures and recaeds th a) Focused processingtn the focused case the phase
phase history of the received signals. This informationfean history of the signal is fully exploited and the maximum
exploited to resolve the ground targets in the Doppler domaheoretical along track resolution that is achievable ishie
using a focusing algorithm, which analyzes the phases ofoeder of few meters. The result of the focusing algorithnines t
series of consecutive echoes. synthesis of a long antenna (i.e. synthetic antenna or stinth
The Doppler processing can becusedor unfocused The ape_rture) v_vhich Iepgth is _eque}l to the space covered_by the
choice of the focusing strategy for SSR has to take into auco@'Piter during the integration time. In general, the sytithe
the processing requirements, the data rate, the SNR g@fi{enna lengtti is given by:
produced by each strategy, and the power consumption and L,=TV.. @)
supplementary mass involved by additional on-board paces
ing. These parameters will compete in a tradeoff between theThe resulting aperture is much longer than the physical one.
instrument constraints and the scientific goals of the miissi This is possible if the Doppler shifts are properly samplgd b
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Fig. 10: Acquisition geometry of SSR in the along and acroaskt planes in the case the dipole antenna is oriented along
the track direction. In the along track direction the antegnound footprint is thus limited by the width of the antermain
radiation lobe. In the across track direction the groundgdnnt is limited only by the moon'’s radius, as the antenrdiation
pattern in the across track plane is isotropic (see Fig.@)A{ong track planef indicates the orbit altitudel,, is the dipole
length, 05,5 represents the 3 dB aperture of the antennas the speed of the spacecraft, ang, represents the along track
antenna aperture on the ground; (b) across track plRgaeis the radius of Ganymedé,,; indicates the angle between the
nadir direction and the tangent to the moon’s surface pgsirough the orbiter position, ang,.; represents the antenna
aperture on the ground in the across track direction.

the instrument pulse repetition frequency (PRF). The lower The numberV of echoes that should be processed to obtain
limit to the PRF is thus given by the total Doppler bandwidtthe fixed synthetic aperture is:
Bp, which is equal to [58]:

N =T/ PRF (12)
2V2 "
Bp = h; T;. (8)  Generally a PRF much higher than the lower limit imposed

by the Doppler bandwidth is used to improve the SNR. For
instance, using PRE 500 Hz the number of echoes ¥ =

387. Such echoes are integrated to focus one resolution cell.
Vs _ hA ) As a consequence, the SNR of the focused signal increases
Bp 2L, by a factorN. In the considered case, the SNR increment is

Equation (6) indicates the maximum ideal integration timdUS €qual to approximately 26 dB. This gain is called azimut

However, for space-borne radar sounders it is commorfifmPression facton..

assumed that the coherent scattering from the ground ietimi  D€SPite the many advantages of the focused Doppler pro-
by the first Fresnel zone. The diameter of the Fresnel zope C€SSING. itis highly resource demanding with respect t@he
is given by: pected SSR power budget if implemented on-board. Moreover,

_ JonE a very robust focusing algorithm must be implemented inorde
Dp = v2Xh. (10) to deal with possible different acquisition scenarios.eledl,
As an example, considering a carrier frequency of 50 MH% only the focused data are transmitted to Earth, it is not
(A = 6 m), the value ofDr is 1549 m. The integration time possible to run again the focusing processing (e.g. changin
can be thus reduced to match a ground surface with a lengtle parameters of the algorithm) as the raw data are not more

The along track resolution obtained after the focusing |
can be calculated as follows [58]:

S
Pair =~

equal toDp, obtaining: available. A solution to these problems could be to avoid on-
Dp board processing and directly down-link to the Earth the raw
Ti]jeff =3 (11) data. The focusing step could be then performed off-linehen t

' ground segment. However, this option could also imply that
where Tifeff is called effective integration time. From (7),a large amount of data should be transmitted to the ground
this is equivalent to set a synthetic aperture length equal gegment. Present estimates indicate that the raw datasrate i
Dpr. The along track resolution calculated using the effectived about 13 Mbit/s. Due to the very limited down-link data
integration time is thus lower than the maximum value thaate per instrument foreseen for JGO, the transmissionaf su

it is possible to achieve in the ideal case. In the considerathount of data is not feasible and some (partial) processing
example one obtains that the processed Doppler bandwidtihés to be done on-board in order to reduce the instrument
Bp = 5.16 Hz, corresponding tgaglt ~ 387 m, which is well data rate. A reduction factor of 30-35 with respect to the raw
below the limit imposed by the instrument design constraintdata rate can be achieved by performing echo presumming and
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range compression on-board. The resulting data rate wauld b Considering a bandwidtiB,, = 10 MHz, in the rough

in the order of 400 kb/s. surface case the value of the across track resolution sesult
b) Unfocused processingThe unfocused Doppler pro- p,.; = Dy = 4899 m. The across track resolution is thus in

cessing permits to reduce the computation effort of the otite range defined by the instrument specifics.

board electronics with respect to the focused case at the cos

of a reduced along track resolution. Following the MARSIS V/|. PROCEDURE FORPERFORMANCEASSESSMENT

approach [5] (i.e. requiring that the signal phase vanmtio

during a synthetic aperture is smaller than4) the phase

compensation of the echoes during the formation of a syiath

aperture is simpler and can be performed on-board in rea|, timo

as only a linear phase compensation of the echoes is requi%

Under such condition, the maximum antenna aperture is:

In the previous sections we discussed the main issues
nd components that should be considered in the design of
e JGO sub-surface radar. All these components should be
intly analyzed for defining a system that can achieve the

formance necessary for satisfying the scientific oljest
To this aim, a suitable SSR instrument performance model

3\ has been developed. The architecture and input and output
L, = o (13)  variables of this model are shown in Fig. 11.

For a nadir-looking sub-surface sounder the most important
performance figure is related to its penetration capalttiat
depends on the power ratio between the signal coming from

Tuf L\/@ (14) @ generic sub-surface interface (a change in the dielectric
bV 2 constant) and, generally speaking, noise coming from all

By inserting (13) in (9) one obtains that the along tracHisturbing and unwanted signal sources. Therefore, asrshow
resolution in the unfocused capg/, is equal to the synthetic in Fig. 11, an evaluation of the signal power requires proper
antenna lengtil,. Therefore, the algorithm needs to proces®odels for characterizing surface and sub-surface stajter
only one aperture per resolution cell and subsequent apsrttand propagation, as well as the analysis of the principal
do not overlap. This results in a further reduction of theystem parameters, such as transmitted bandwidth, central
computation effort for the digital section of the instrurhé@n frequency, pulse duration, PRF, antenna pattern, anteaina g
the case of on-board processing. For the example considedsd transmitted power.
in this section, from (9) it result,szlft ~ 775 m. This value is  The moon’s surface roughness can be characterized by
still compatible with the instrument design specifics. Utife assigning a statistic behavior that implies an electroratign
nately, as the synthesized aperture is shorter than in the chackscattering function, while sub-surface is handledubh
of focused processing the processing gain is lower. Imggrtia suitable model for electromagnetic attenuation and apa
(14) in (12) one obtaing, = N = 193, corresponding to a tion. Noise power evaluation takes into account off-natlit-c
SNR gain of approximately 23 dB. The data rate achievalfer, thermal noise and background sources, such as Jowian an
with this technique is in the order of 150 kb/s. Due to thgalactic noise. In order to easily identify and adequateetodf
additional electronics with respect to the presummingronémong the system parameters, final instrument penetration
option discussed in the previous paragraph, an incrementcipability is evaluated by using only analytical expressio
the order of 30% of the power consumption is expected. Some details on this procedure are reported in the following

2) Across Track ResolutionFor the across track direction Signal powerP, can be evaluated by using a classical radar
no Doppler processing is possible. In fact, in the acrossktraequation for monostatic systems that expresses the receive
plane the spacecraft has no relative motion with respect power by the radar as a function of the transmitted power
the ground targets and thus the backscattered signals h&yethe antenna gaid, the wavelength, the radar altitude
no Doppler shift. However, although the antenna radiatidnand the target radar cross section. Taking into account the
pattern is isotropic the echoes coming from large off nadscattering from the moon surface, we obtain:
angles can be assumed to be sufficiently weak to not affect

which, from (7), corresponds to a an effective integratioret
Ti“efff given by:

the echoes coming from nadir direction when the surface is Pe(0) = AU;(? (16)
flat. On the one hand, for smooth surfaces the across track _ PG (17)
ground resolutionp,.; is assumed to be equal to the first (47r)3 h4

Fresnel zone diam_eter (10). On the other hand, for the ??SWere os represents the surface radar cross section énd
incoherent scattering (rough surface) the ground reswius depicts the radiation incidence angle, can be expressed

commqnly approximated_with the s_o—c;alled fir§t pulse-ledit by the product of surface backscattering coefficieptand
resolution cell O,;). The first pulse-limited cell is represente_q"uminated area that, as described in Sec. V-D2, can be

by a circle on the ground centered in the nadir point, Wh'cgbproximated by the pulse limited circle (15), i.e
diameter is given by the intersection of the wavefront wita t T

ground surface when the transmitted wave has penetrated int
the ground to a depth equal o (see Fig. 2). The diameter
of such a circle is given by:

2
oy(0) = 7 (%) o0 (6). (18)
Ganymede and Callisto terrains are supposed to be a random
he rough process. A fractal geometry is considered as it has bee
Dy = 2+/2hp. =2 By (15) proved [59] to be the most suitable method for describing
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Fig. 11: Instrument performance model.

natural surfaces. One important advantage of fractal parawherec’, is the surface relative permittivity. The expression
eters is that, unlike classical statistical parametermsy thre for the backscattering coefficient given in (21) shows samil
independent from the observation scale. The most suitaliies to other models for particular values Hf. For instance,
fractal model is the fractional Brownian motion (fBm), whic when H = 0.5 the backscattering coefficient becomes similar
is a stochastic non-stationary process described in tefmst@ Hagfor's law [61], while whenH{ = 1 the backscattering
the probability function of its increments. Height diffees coefficient coincides with that obtained in the case of very
of an fBm surface have a Gaussian probability density fonctirough classical surfaces with Gaussian probability dgnsit
whose standard deviation {z,,,) depends on the distancefunction and Gaussian correlation function [60].
between pointsy), i.e., When signal power coming from a sub-surface at depth
evaluated, the attenuation of the crossed terrain layergle
OfBm = svl! (19) also considered as an additional multiplicative factori6)(

_ - _ Such a factor is equal to:
where H is the Hurst coefficientd( < H < 1) and s is the

standard deviation of surface increments at unitary distan T =[1—¢/(0)] 04(0) exp (—azor) (23)
related to an fBm characteristic length. Such characterisf, hqre o.. is the sub-surface radar cross section that has
length is called topothesyl) and is related ta as follows: 5 equation similar to (18) but considering different Fedsn
power reflection corresponding to the sub-surface layehn wit
relative permittivitye’;:

Since the surface mean square deviation is equal to the mean \/?COS o_ /75,, o w20 2
square deviation of the surface increments dividedvbyhe p'(0) = R R_"R . (24)
topothesy can be interpreted as the distance over whiclishor /e cos 0 + /5/1'3 — . sin?0
joining points on the surface have a surface slope meansquar _ _ o _
deviation equal to unity. In this way, a closed form for the It is worth noting that (23) gives an optimistic evaluation

backscattering coefficient can be derived under the Kirthh®f power passing trough first interface along nadir directio

5=l H, (20)

approach and the small-slope approximation [60]: (¢ = 0) since it uses, as transmission coefficient, the factor
[1 — p'(0)] that is strictly correct only for flat surfaces.
o0(0) =2k’ (0) cos® §- aror is the total two-way attenuation of terrain layer, given

o0 by:
. /0 Jo (2kt |sin 6]) exp (—2s°k*t” cos® ) tdt aror = 2 /z a(l)dl. (25)

(21) 0

As discussed in Sec. IV-B, models for estimating the ex-
wherek = 27/X is the wavenumber, and (¢) is equivalent pected attenuation as a function of ice depth on Jupiters icy

to the Fresnel power reflection coefficient in the limit as th@oons are available in the literature. Eor example, a sitab

surface becomes perfectly smooth: model has been developed by Chyba [33] for evaluating
9 attenuation of Europa’s ice. The model takes into account
cosf — g’R_sin29 percentage and kind of ice intrusion and the final ice at-

p'(0) = - (22) tenuation is strongly dependent on ice temperature. Chyba’
cosf + /ey —sin” 0 model can be adapted to Ganymede by considering a different
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around Ganymede the Jovian radio emission is masked by
the moon disk and thus it becomes negligible. Therefore, by

ok considering an equivalent noise temperature for both dupit
(T'y) and galactic T,) radio noises, the noise contribution in
sk the Jovian (V) and anti-Jovian partN4 ;) of the orbit can

be estimated as:

Njy=kpT;B,FW;+ kgT;B,FpWg (29)
nl Naj = kpT,B,F (30)

50 MHz

One way attenuation [dB]

where the first term ofN; is due to the direct radiation

from Jupiter and is weighted by the antenna pattern in the

Jupiter direction\W;, while the second term is due to the

reflection on the surface of Ganymede of the direct radiation

T o T s s s o e from Jupiter. This last term depends on both the Ganymede
Ice thickness [km] surface reflectivity (albedq), which is about 0.07 fot', = 3,

anld the antenna pattern in the expected reflection direction

Fig. 12: One way ice attenuation based on Chyba et al. mo !
[33]. Temperature varying linearly with depth from 120 K up For instance, at 20 MHz the equivalent noise temperature

tc:) 130 K. Lunar dust impurities-g = 2.4) concentration of ¢, he galactic noise is aboab x 10° K, while that for Jovian
5%. noise is abou® x 10® K, corresponding to a power flux of
—147 dBWm~2Hz ! [14]. It is worth noting that direct Jupiter

) ) radio emission comes from a very narrow angular region over
range of temperature as a functlon of the ice depth. In t planet's poles (about 114]), while the reflected part, even
following examples, we consider a surface temperature 6f 12 \eighted by surface reflectivity, comes from a very wide
K and a slow linear increasing with depth of about 10 K g, jar region (about 136rom 200 km altitude). Preliminary
within the first 5 km depth [29]. With this temperature profilgegits for ideal antenna pattern in the worst case of Jovian
and by considering lunar dust impuritiesg( = 2.4) [33] pgise along the antenna gain maximum direction, §ive =
concentration of 5%, it is possible to obtain ice attenumatiq, o andpW¢ = 0.07. It is worth noting that either equivalent
values as a function of penetration depth for differentiearr gise temperature for galactic and Jovian noise are orders o
frequencies. Fig. 12 shows the attenuation values as a“mmtmagnitude greater than system temperature (in the order of

of depth for 20 and 50 MHz radar central frequency. 300 K). For this reason thermal noise can be neglected in the
For signals also compression fac_tor in either range apgauation of instrument overall performance.
along track should be considered, taking into account @tter Tp0 corresponding signal-to-noise ratios are given by:

integration, which improves the SNR. Thus, we define thd tota

compression facton as follows: SNR; = Al'n (31)
J
= 1Na- 26
=11 (26) SNRyy — A1 (32)
Nag

As far as noise is concerned, contributions arise from ) ) _ o
thermal noise, environmental noise, and surface clutechE 1 he basic equation for evaluating the SCR is given by [62]
term contributes to a different signal-to-noise ratio dé&tn AT

(see Sec. V). Thermal noise is defined as follows: SCR= 0 (33)
Nin = kpTs By F (27)  where:

where kg is the Boltzmann constanf; the system temper- 0 ~ 2z\/e (34)

ature andF' the receiver noise figure. From (16), (23), (26) h

and (27) the expression of the SNR related to thermal noiseiy order to evaluate all the aforementioned contributions i
is thus given by: a single term, the total SNR is calculated as follows:

. —1
Nin SNRTOT—< t 1 ;.1 ) 35
Jupiter radio emission noise and galactic noise have been SNEw = SNRyja;  SCR %)
already discussed in Sec. IV-A and Sec. V-B. These effects oahere the term SNRR 4 ; is given by (31) or (32) depending
only be mitigated by the antenna pattern and depend on ordit the considered part of the spacecraft orbit.

characteristics and satellite attitude. Jovian noise ésrtfost ~ As an example, in order to better illustrate various effefts
relevant noise component. This environmental radio naseradar parameters on overall performance and possible-trade
strongly different from that experienced on Mars as thesitas offs, in the following we report a preliminary (and simplidie
galactic noise is sharply below the Jupiter radio emissfan. radar definition and evaluation of performance. To this aim i
mentioned in Sec. V-B, in the anti-Jovian part of the orbis supposed to have a quite rough surface, as suggested by the

ATl'n

SNRy, = (28)
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available DEM (see Sec. V-C), and a smooth sub-surface w i
low contrast £}, = 4). Higher values of dielectric constant for N r\\
the sub-surface, corresponding to basalt-like bedrefk= 7) Tl

and liquid water £, = 87), do not seem possible within the T

first 5 km ice depth [29]. The used fractal parameter valus T Gulactic
areH = 0.5, ® = 0.1 for the surface, andl = 0.5, ® = 0.01 By T
for the sub-surface. These values should be considered g e -
a first example in order to address the influence of surfa 520 )
statistical parameters on achievable SNR and, thus on fii  *
instrument penetration capability. Such values need to 15t
confirmed trough measures on available Ganymede’s DEM
Being the Jovian radio emission the most critical sourc 10}
of disturbing signal and taking into account its behavic
as a function of frequency (see Fig. 5), the choice of tf 5 L L . ‘ . L .

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5

central frequency is oriented on high values of the ran Lee thickness k]

under investigation (between 10 and 50 MHz) also taking inw
account that ice attenuation is almost constant up to huasdréig. 13: SNR values for a carrier frequency of 50 MHz. The
of MHz. For example, for a carrier frequency of 50 MHzgsub-surface dielectric constantd§ = 4. A first layer of ice
Fig. 13 shows the expected values of SN versus the with attenuation as shown in Fig. 12 is considered.
ice thickness. In this case, being only present galactisejoi
the instrument performances are essentially limited bytexdu
As shown in Fig. 14, the situation is different for the 20 MH: 457
case. In this case in the Jovian part of the orbit the Jupatior
emission is the noise factor that limits the overall insteemtn-=~ | T
performance. SNRor values improve significantly in the 37
anti-Jovian part of the orbit where only the galactic noesed 0k
of course clutter) affects the penetration capability eftadar.
In this last case the SNR)r values achieved with the 20 MHz
carrier are much higher than those obtained at 50 MHz sin«
as expected, off-nadir clutter decreases by decreasingthe
of carrier frequency.

An important role in the evaluation of the system perfoi 10r
mance is also played by the choice of the PRF and pul

J = Jovian
duration values, which can significantly increase the dber: /—TM

L L L ! ! I L L L J

SNR and thus improve the radar detection capability. In tt % 05 1 15 2 25 3 35 4 45 s
aforementioned examples, a PRF of 500 Hz and a pul Ice thickness [km]

durationr of 150us have been considered. The antenna Ien% 14: SNR values for a carrier frequency of 20 MHz. The
has been set td, = 0.8 for both carrier frequencies. sub-surface dielectric constantd§ = 4. A first layer of ice
with attenuation as shown in Fig. 12 is considered.

Clutter

Total (Anti-Jovian)

VII. DiscussiON ANDCONCLUSION

In this paper, after a general overview of theropa Jupiter
System MissiofEJSM), we have addressed the challengirgPnsidered in the design of the instrument (i.e. the Jupattio
problem of defining and designing th8ub-Surface Radar €mission, the properties of targets, the expected cluter,
(SSR) instrument included in the model payload ofdhpiter geometrical resolution, the range resolution, the petietrae-
Ganymede Orbiter(JGO). From the presented analysis, ifluirements and the antenna constraints), and the perfeaenan
should be clear that, even though the SSR instrument is bageedel defined for the design of the instrument.
on the heritage of the Mars missions MARSIS and SHARAD, Although at this phase of the mission no final choices
the Jupiter environment, the properties of the surface abd shave been done on the radar sounder sub-systems and pa-
surface targets on Ganymede (and Callisto), and the camstrarameters, all the above-mentioned parts have been iltastra
on the available resources (in terms of mass, power apdinting out the principal theoretical challenges and fting
expected data rate in down-link) make the design of theimerical examples for a better understanding of the differ
instrument a complex process. tradeoffs at the basis of the expected performances of the
In the paper we presented the main scientific goals assystem.
ciated with SSR (also briefly mentioning their synergieshwit Looking at the most critical issues, at the present the
the objectives of thdce Penetrating RadafIPR) included activity is focused on the following directions: i) refiniray
in the Jupiter Europa Orbiter(JEO) payload and devoted tomodel of the Ganymede surface (digital elevation model) and
the exploration of Europa), the major critical issues to kmub-surface to be used for optimizing the assessment of the



radar performances versus the different parametersgetiin [13]
improving the understanding of the properties of the Jupite

. - o . . [14]
radio emission for making it possible an effective and meci
selection of the central frequency of the radar sounder; iii
addressing the problem of the definition of the digital pa[ﬁ5
of the system, taking into account that, on the one hand, e]
expected very limited down-link data rate imposes the need
of processing on-board; on the other hand, the limited powé#!
budget available poses constraints on the demanding power
absorption required by the digital part when a relevant amhouyz17]
of processing on-board is considered.

As a final remark, one critical issue that has not been
discussed in the paper (because outside the scope of thép
work), but that should be mentioned, is related to the higdl to
ionization dose expected in the Jupiter environment. T8is o)
critical also for Ganymede (even if with a less extent than fo
Europa), which is heavily affected by proton and heavy idg0l
dose. This increases the complexity related to the readizat
of the instrument from the viewpoint of the electronic and
hardware devices, which should be properly designed fBtl
guaranteeing a correct behavior during the entire duraifon,,
the mission. This is crucial for the SSR payload, also taking
into account that the most important phase of the mission 1@l
the sub-surface radar is the final one, which is associattéd wi
the insertion of JGO in circular orbit around Ganymede.

[24]
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