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ocean below their thick ice shell.
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ABSTRACT | This paper provides an overview of the Europa

Jupiter System Mission (EJSM) and of its scientific objectives,

focusing the attention on the subsurface radar (SSR) instru-

ment included in the model payload of the Jupiter Ganymede

Orbiter (JGO). The SSR instrument is a radar sounder system at

low frequency (HF/VHF band) designed to penetrate the sur-

face of Ganymede icy moon of Jupiter for performing a subsur-

face analysis with a relatively high range resolution. This active

instrument is aimed at acquiring information on the Ganymede

(and partially on the Callisto during flybys) shallow subsurface.

The paper addresses the main issues related to SSR, presenting

its scientific goals, describing the concept and the design

procedure of the instrument, and illustrating the signal

processing techniques. Despite the fact that SSR can be defined

on the basis of the heritage of the Mars Advanced Radar for

Subsurface and Ionosphere Sounding (MARSIS) and SHAllow

RADar (SHARAD) instruments currently operating at Mars, the

EJSM mission poses additional scientific and technical chal-

lenges for its design: 1) the presence of a relevant Jupiter radio

emission (which is very critical because it has a significant

power spectral density in proximity of the expected SSR central

frequency); 2) the properties of the subsurface targets, which

are different from those of the Mars subsurface; 3) the different

orbit conditions; and 4) the limited available resources (in

terms of mass, power, and downlink data rate). These

challenges are analyzed and discussed in relation to the design

of the instrument in terms of: 1) choice of the central frequency

and the bandwidth; 2) signal-to-noise ratio (SNR); 3) signal-to-

clutter ratio (SCR); and 4) definition of the synthetic aperture

processing. Finally, the procedure defined for SSR performance

assessment is described and illustrated with some numerical

examples.
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I . INTRODUCTION

The Europa Jupiter System Mission (EJSM) is one of the

major joint European Space Agency (ESA) and National

Aeronautics and Space Administration (NASA) missions in

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

goals: the Jupiter Europa Orbiter (JEO), provided by NASA
and devoted mainly to study Jupiter and the Jovian moons

Io and Europa, and the Jupiter Ganymede Orbiter (JGO),

which represents the contribution of ESA and will investi-

gate 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 approx-

imately six years. In the first science phase, the platforms

will tour through the Jupiter 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.
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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

analysis of the measurements made by each single plat-

form. To this end, the science payloads of the two space-

craft include instruments peculiar to each platform and

instruments with similar properties on both spacecraft for

correlating measures carried out on different moons.
In agreement with the mission concept, the core pay-

loads of both platforms include a radar sounder instru-

ment. 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 midfrequency (MF), high-frequency (HF), or very

high-frequency (VHF) portions of the radio spectrum into

the surface and the subsurface. The detected echoes (asso-
ciated with reflected signals) from both the surface topog-

raphy and the subsurface structures (e.g., see [2]) are

processed in order to construct radargrams that contain

detailed information on the subsurface structure, pointing

out the interfaces between different layers. Radar sounders

are effective on ice as it is the most transparent natural

material in the aforementioned range of frequencies. This

is particularly true for Jupiter’s icy moons, as the cold
temperature of the ice in the outer Solar System increases

the propagation capabilities with respect to the case of

warm ice [3].

In the current phase of design of the mission, the radar

sounders included in the EJSM payloads are called subsur-

face radar (SSR) for JGO and ice penetrating radar (IPR)

for JEO. SSR is defined as a single-frequency radar sounder

aimed at investigating the shallow subsurface of Ganymede
(mainly during the circular orbit phase) and in a more

limited way of Callisto (during some flybys) in a depth

range of few kilometers (G 5 km) with high vertical

resolution (G 15 m) [4]. IPR is a dual-frequency system that

can also work in a deep investigation mode in order to

characterize the subsurface of Europa up to a depth of

30 km with a lower vertical resolution (G 100 m), besides a

shallow investigation mode similar to the SSR single mode
[1]. The measurements possible with these instruments

will provide important and unique information about the

evolution of the Jovian moons and their subsurface and

near-surface structures, as well as contribute to answer to

the question about the existence of an internal subsurface

ocean on Europa.

SSR and IPR have some similar basic properties. Both

exploit the common heritage from the radar sounders
developed for two recent Mars missions: Mars Advanced

Radar for Subsurface and Ionosphere Sounding (MARSIS)

on ESA’s MARS Express [5], and Mars SHAllow

RADar (SHARAD) on NASA’s Mars Reconnaissance

Orbiter [6].

This paper focuses on the SSR instrument for JGO dis-

cussing the most important concepts and the technological

challenges related to the development of this system. As
mentioned before, the main target of SSR is Ganymede,

which will be deeply investigated during the last part of the

JGO mission when the spacecraft will be inserted in cir-

cular orbit around this moon. This phase is expected to

take 180 days. However, before the Ganymede orbit inser-

tion, JGO will perform also a number of flybys of Callisto

[1]. Therefore, SSR will be able to partially investigate also

the subsurface of Callisto.
Although the EJSM mission is currently under study

and the requirements and properties of the SSR instru-

ment are still under investigation and cannot be analyzed

in detail at this point of the development phase, there are

some important and challenging issues that have been

preliminary identified and are peculiar for the design of

SSR with respect to previous radar sounding instruments

used for the exploration of Mars. The paper addresses
these key issues, providing a general view of the scientific

goals of SSR and discussing the major challenges related to

the Jovian environment that affect the definition of the

instrument. The latter are the Jovian radio emission, which

can strongly affect the instrument measurements, and the

properties of the surface and subsurface targets that will be

measured by the radar. In addition, the main technical

design issues are discussed in terms of: 1) choice of the
central frequency and the bandwidth for obtaining the

required tradeoff between penetration capability and range

resolution; 2) signal-to-noise ratio (SNR); 3) signal-to-

clutter ratio (SCR); and 4) definition of the synthetic

aperture processing. Moreover, the procedure defined for

SSR performance assessment is described and illustrated

with some numerical examples.

The paper is organized into six sections. Section II
presents the main scientific goals related to the SSR

instrument on JGO. Section III illustrates the instrument

concept and reports its general description. Section IV

proposes an analysis of the major scientific and technical

challenges related to the Jovian environment that are

associated with the definition of SSR, while Section V

illustrates the main design issues of the instrument.

Section VI presents the procedure defined for SSR per-
formance assessment. Finally, Section VII draws the

conclusion of this paper.

II . SCIENTIFIC GOALS OF SSR

Ganymede and Callisto are the third and the fourth of the

so-called Galilean moons, respectively, the first two in

order of distance being Io and Europa (see Fig. 1). Their
orbits around Jupiter have semimajor axis of 421 800 km

(Io), 671 100 km (Europa), 1 070 400 km (Ganymede),

and 1 882 700 km (Callisto).

In the current mission architecture, the JGO space-

craft is expected to perform several flybys at Ganymede

and Callisto before entering in circular orbit around

Ganymede. Despite the fact that the SSR instrument
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should operate during all these flybys, acquiring data at

both Ganymede and Callisto [1], the circular phase around

Ganymede will be the main target for radar observations.

Thus, the scientific objectives for the experiment have

been defined by the mission science definition team with a

special focus on Ganymede. These objectives, can be sum-

marized as follows [4].

• Identification of the stratigraphic and structural
patterns of Ganymede: 1) reconstruction of the

stratigraphic geometries of the ice strata and

bodies and their internal relations, definition of

the unconformities and identification of the for-

mation processes; 2) recognition, analysis, and

mapping of the tectonic features; 3) inference and

analysis of the material present in the subsurface

and their metamorphism linked to the burial
process.

• Crustal behavior: 1) analysis of the stratigraphic and

structural data to identify the mode of accretion of

the crust and its consumption matched by the de-

formational processes; 2) estimation of the ice

deposition rate; 3) identification of evidences for

degassing of the Ganymede’s interior.

• Matching the surface geology with subsurface fea-
tures: joint analysis of the surface and subsurface

geology in order to understand the depositional

and tectonic processes active in the uppermost icy

crust and to infer the subsurface nature in areas

without radar data.

• Global tectonic setting and Ganymede’s geological
evolution: 1) understanding the large-scale geolog-

ical processes active in the Ganymede at the global
scale; 2) global mapping of the different geological

realms based on the surface and subsurface geo-

logy; 3) reconstruction of the geological evolution

of Ganymede.

• Comparison between Ganymede and Europa: defini-

tion of the differences and common geological

patterns of the two planetary bodies for a better

understanding of the development of the icy

moons and the geological principles at the basis

of the icy bodies evolution.

• Altimetry on Ganymede.

The aforementioned scientific goals can be related also

to Callisto (when applicable). However, they should be

properly downscaled due to the availability of only a few

short and fast flybys along an elliptical orbit (i.e., without

entering into orbit around the moon).
These objectives require that the radar can characterize

with adequate horizontal and vertical resolutions the

dielectric, thermal and mechanical discontinuities result-

ing from the geologic processes that shape the crust of the

two moons. The main performance requirements are de-

scribed in [4], and are as follows:

• penetration depth: up to 5 km;

• along-track resolution: G 1 km;
• across-track resolution: G 5 km;

• vertical resolution: 15 m (in free space).

III . SUBSURFACE RADAR INSTRUMENT

The SSR instrument is an active radar sounder with a

nadir-looking geometry designed to acquire subsurface

echo profiles of the investigated icy moons (see Fig. 2).

The theoretical basis of this instrument is related to radio-
echo sounding (or ice penetrating radar), which is a well-

established geophysical technique that has been used for

more than four decades to investigate the internal struc-

ture of the ice sheets and glaciers on the Earth at

Antarctica, in Greenland, and in the Arctic [2]. Radar

sounders transmit toward the surface a radar pulse 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 surface,

while a significant part of the pulse is propagated to the

subsurface icy layers. The coherent echoes backscattered

from the subsurface interfaces within each resolution cell

(defined by the along-track and across-track resolutions)

are detected by the receiver and visualized in the resulting

Fig. 1. Three-dimensional view of the Galilean moons of Jupiter. The orbit radii and the moon sizes are in scale. Jupiter size is not in scale.
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radargram. The backscattering from the subsurface is

driven by different dielectric, related to mechanical,

thermal, or compositional discontinuities that the radia-

tion intercept along its path.

A block diagram of the SSR architecture is presented in

Fig. 3. The instrument is made up of a deployable dipole

antenna and three main subsystems: the transmit front-
end (TFE) subsystem, the receiving subsystem (RX), and

the digital electronics subsystem (DES). The DES envel-

opes the command and control functions (Ctrl) interfacing

with the spacecraft bus, the processing capabilities to pre-

elaborate the science data collected during the observa-

tions (Signal proc.), as well as the digital synthesis of the

radar pulse (Digital Chirp Gen.) and the generation of all

needed system timings and frequencies (Timing & Freq.).
The frequency-modulated radar pulses (chirp) are digitally

generated directly at the transmit frequency so that no

conversion is needed. The signal is amplified (Power

Amp.) at the required power level and then sent to the

antenna matching network (Matching) within the TFE.

The RX is based on a direct conversion approach with

downsampling. The received signal is amplified by a low
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).

Fig. 4 shows the expected interfaces between the SSR

subsystems and the JGO spacecraft, which are as follows.

• Spacecraft (S/C) from/to radar DES subsystem:

/ power (PWR) voltage;

/ discrete commands (CMDs) such as radar on–
off and AGC;

/ discrete telemetry (TLMs) containing voltage

and current values, and temperature values

provided by onboard thermistors;

/ controls and command signals (C&C BUS)

such as Tx/Rx gate, ADC start/stop, digital

chirp generation start/stop;

/ science data consisting in the digitalized
received echoes.

• Spacecraft from/to radar antenna subsystem:

/ signals for deployment;

Fig. 2. Geometry of a nadir-looking radar sounder: h is the altitude of

the spacecraft orbit; Vs indicates the spacecraft speed; �z depicts the

system range resolution; and Dpl is the pulse-limited resolution cell.

If the topography is not flat, during pulse transmission off-nadir

areas (B) are reached by the signal wavefront at the same time as

subsurface reflections from nadir (A). Therefore, during reception

lateral echoes reach the antenna at the same time as nadir echoes,

generating the so-called clutter problem. The vertical dimension of

the figure is not in scale ðh� �zÞ.

Fig. 3. Architecture of the subsurface radar instrument.

Fig. 4. Interfaces of the subsurface radar instrument.
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/ telemetry data (STATUS & TEMP. TLMs)
containing antenna status and temperature

values provided by onboard thermistors.

IV. TECHNICAL CHALLENGES RELATED
TO THE JUPITER/GANYMEDE
ENVIRONMENT

This section describes the most important challenges for
the definition of the SSR instrument in the Jovian system

environment. Here we focus on two fundamental issues:

1) the electromagnetic radiation noise, and 2) the pro-

perties of the surface and subsurface targets that should be

investigated by the radar. These two issues considerably

affect the design of the instrument and its acquisition

strategy.

A. Spectrum of the Jupiter Radio Emission
Jupiter is a bright radio object. As seen from Earth,

Jupiter’s radio brightness is exceeded only by the Sun’s.

The radio spectrum of the planet in the range from

kilohertz to gigahertz is dominated by nonthermal radia-

tion generated in the inner magnetosphere. In the fre-

quency range above 100 MHz, emission is continuous and

dominated by synchrotron radiation. The most intense
radio emission occurs in the frequency range between few

megahertz and about 40 MHz [7], and it is expected to be

due to cyclotron radiation originating in and above the

ionosphere on magnetic field lines that thread the Io

plasma torus [7]. In this range of frequencies, emission is

highly variable in space and time, but shows a strong cor-

relation with the position of the observer, due to beaming

effects [8] and to the Io’s moon phase [9]. Lesser enhance-
ments of emission intensity correlate with the orbital

phase of Ganymede [10], Callisto [11], and Europa [12],

most likely as a result of Alfvén currents along magnetic

field lines near moons’ orbits. It was found that Jupiter

radio emission is influenced also by solar wind [13].

The full radio spectrum of Jupiter has been determined

by the Planetary Radio Astronomy (PRA) experiment on

both Voyager spacecrafts and by the Cassini Radio and
Plasma Wave Science instrument (RPWS). It can be seen

in Fig. 5 that the peak flux densities can be up to 100 times

the average values. It is thus evident that the Jupiter radio

spectrum is critical and should be properly considered in

the phase of selection of the radar sounder carrier

frequency.

B. Properties and Models of the Surface and
Subsurface Targets

Ganymede 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 classifica-

tion of the surface is between dark and bright terrains

[18]–[20]. Dark terrain covers about one third of the sur-

face and is heavily cratered, suggesting a very ancient, if

not primordial, origin. Bright terrain separates dark terrain

into polygons, and contains both smooth bright surfaces

and materials with closely spaced parallel ridges and

troughs (termed grooved) that are dominated by exten-
sional tectonic features [21], [22]. Ganymede’s surface is

composed mostly of water ice [19], although its relatively

low albedo is determined by the presence of darker non-ice

materials, which may be hydrated frozen brines similar to

those inferred for Europa [23]. An image of the

Ganymede’s surface including examples of both bright

and dark terrains is shown in Fig. 6.

The possible internal structures of Ganymede and
Callisto are shown in Fig. 7. The interior of Ganymede has

been modeled from gravity data, and appears to be differ-

entiated into an outermost�800-km-thick ice layer and an

underlying silicate mantle. A central iron core might also

be present, which would explain the existence of a mag-

netic field. Ganymede has internal mass anomalies, per-

haps related to topography on the ice-rock interface [24],

[25]. Results from the magnetometer onboard the Galileo
probe may indicate the presence of an internal ocean

within 100–200 km of Ganymede’s surface, but inference

is less robust than at Europa and Callisto [26]. The

Ganymede surface is more cratered and ancient than

Europa’s, consistent with a much thicker outer shell of

solid ice. The role of icy volcanism in modifying the sur-

faces of outer planet moons is an outstanding question

about which little is truly understood. Like many other icy
moons, there is ambiguous evidence for cryovolcanic

processes modifying the surface of Ganymede.

Fig. 5. Jupiter radio spectrum based on Cassini-RPWS data [14],

normalized to a distance of 1 AU. Green curve: rotation averaged

emission. Blue curve: rotation averaged emission at times of intense

activity. Red curve: peak intensities during active periods. Due to

the Earth’s ionosphere, frequencies below �5–10 MHz are not

accessible to ground-based observations, so the full radio spectrum of

Jupiter could only be determined by the PRA experiment on both

Voyager spacecrafts [15]. Recently, the spectrum was recalculated with

much more accuracy using Cassini RPWS data [14]. The figure is taken

from [8] and is based on that spectrum. Unfortunately, Cassini-RPWS

data are only available for frequencies f � 16 MHz. For higher

frequencies, spectral data from [16] are shown, which correspond to

periods of intense emission activity [14].
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Callisto is supposed to be composed of approximately

equal amounts of rock and ice, which make it the least

dense of the Galilean moons. Investigation by the Galileo

spacecraft revealed that Callisto may have a small silicate

core and possibly a subsurface ocean of liquid water at
depths greater than 100 km [27]. The surface of Callisto is

heavily cratered and extremely old (it is one of the most

heavily cratered in the Solar System). It does not show any

signature of subsurface processes such as plate tectonics or

volcanism, and is thought to have evolved predominantly

under the influence of impacts [28].

Although any subsurface ocean of Ganymede is almost

certainly too deep to be detected by the radar (see
estimates of ice crust thickness in [29]), all geologic

processes shaping and reworking the crust of the moon are

expected to have produced stratifications that could reflect

electromagnetic waves due to dielectric, mechanical, or

thermal discontinuities. Dielectric discontinuities are

changes in the content of impurities in water ice due to

deposition of material from meteoric impacts or cryovol-

canic processes. Mechanical discontinuities are produced
by tectonic processes, such as faulting. As the dielectric

properties of water ice depend significantly on tempera-

ture, subsurface cryovolcanic magma or the transition

between a conductive and a convective layer in the crust

would also produce a radar reflection.

The crust of Ganymede should be predominantly com-

posed of water ice down to depth of a few hundreds of

kilometers. At the pressures (from zero to several mega-
pascals) and temperatures expected in the first few

kilometers of the icy crust (between 100 and 150 K; see,

e.g., [29]), ice is in phase Ih, the hexagonal crystalline ice

commonly found on the Earth. The relative dielectric

permittivity of water ice in the HF and VHF frequencies

(i.e., in the range where the operative frequency of the

radar will be selected) is constant, and is close to 3.17 �
0.7 for temperatures below �10 �C. The measurements

Fig. 6. Image PIA01617 taken from NASA’s Photojournal web site

(http://photojournal.jpl.nasa.gov) showing a highly fractured lane of

bright light grooved terrain (Lagash Sulcus) which runs through an

area of heavily cratered dark terrain within 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 from the upper right. The image, centered at 17� South

latitude and 156� longitude, covers an area of approximately

230� 230 km2. (Image Credit: NASA/JPL/Brown University.)

Fig. 7. Details of image PIA01082 taken from NASAs Photojournal web site (http://photojournal.jpl.nasa.gov) showing cutaway views of the

possible internal structures of the Galilean moons Ganymede (a) and Callisto (b). Ganymede’s radius is 2634 km, while Callisto’s is slightly

smaller at 2403 km. Ganymede has a metallic (iron, nickel) core (shown in gray) surrounded by a rock (shown in brown) shell, in turn surrounded

by a shell of water in ice or liquid form (shown in blue and white). All shells are drawn to the correct relative scale. Callisto is shown as a

relatively uniform mixture of comparable amounts of ice and rock. (Image Credit: NASA/JPL.)
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showed in [30] indicate that the dielectric permittivity is
isotropic within at least 0.5%. More recent measure-

ments [31] show that the anisotropy of the real part of

dielectric constant can reach more than 1% for a radar

frequency range larger than 1 MHz.

As losses in pure water ice are low, it is expected that

the major effect on the absorption of radar waves depends

on the nature and concentration of impurities in the ice,

which is difficult to evaluate due to uncertainties and lack
of knowledge of the physical nature of icy moons. For

Ganymede, the presence of hydrated salts was suggested

[32]. Within these limitations, most studies found in the

literature were focused on Europa, and only very little is

known for Ganymede. Therefore, at the present phase of

the study, we assume for the dielectric properties of

Ganymede (and Callisto) the same range as for Europa, for

which more data are available. For Europan ice, the most
detailed studies are probably those of Chyba et al. [33] and

Moore [34]. The latter considered three types of water ice,

produced by three basic processes occurring on the Earth:

meteoric ice formed by atmospheric precipitations, sea ice

formed by the freezing of water close to the atmospheric

interface, and marine ice forming beneath ice shelves

directly from ocean water. This study concluded that sim-

ilar processes are likely to occur on Europa as well, and
that the most probable form of ice is marine ice [34]. The

approach followed by Chyba et al. [33] consisted in com-

puting the dielectric properties of an ice matrix containing

impurities of different types, using a mixing equation [35],

[36] to calculate the dielectric constant of the mixture and

the properties of lunar materials as a model for the impu-

rities within the Europan ice. This approach requires many

assumptions and provides only some estimations of the
dielectric constants that can be used in the evaluation of

the radar performance.

Whereas Chyba et al. [33] assumed that impurities are

essentially rock-like materials, in [34] the effect of soluble

impurities such as F�, Cl�, NHþ4 , SO2�
4 , and Hþ ions was

studied. Table 1 (adapted from [34]) shows the attenuation

for different types of impurities in ice, based on laboratory

measurements, ice temperature modeling for Europa, and

some scaling from Earth ice measurements. These data are

valid for electromagnetic frequencies of a few tens of

megahertz. It can be seen from Table 1 that the attenuation

for low-frequency radar signals can range from a few to

several tens of decibels per kilometers for one-way propa-
gation. The most likely one-way losses for Europa are

estimated to be between 1 and 8 dB/km.

Another phenomenon that could affect propagation in

the subsurface of Ganymede is scattering of electromag-

netic waves by ice/pore interfaces within the crust. Scat-

tering plays a role similar to that of attenuation, depending

strongly on the dimension of cavities (voids) in the

medium compared to the wavelength. The Mie or Rayleigh
approaches [37] can be used to calculate the extinction of

the radar signal.

Electromagnetic waves can also be scattered by any

roughness of the surface when it is not smooth at the

wavelength scale. Part of the incident radiation would then

be scattered in directions different from the specular one

(see Section V-C). The scattering of radio waves by surface

and by volume irregularities is thus an important
frequency-dependent factor that should be taken into

account to evaluate the penetration of the radar wave, and

the ratio of any subsurface echo to surface clutter. These

two parameters are essential to predict the radar perfor-

mance (see Section VI).

As physical parameters controlling scattering are es-

sentially unknown for the Jovian moons, it is rather dif-

ficult to predict their effects with accuracy. For example,
Eluszkiewicz [38] demonstrated that the presence of any

ice regolith about 1 km thick with 1% of cavities whose size

is comparable to the radar wavelength causes strong scat-

tering of the signal. This scattering would make it

Table 1 Radar Absorptions for Various Ice Types and Temperatures. Attenuation � Is for One-Way Propagation in Decibels per Kilometer at 251 K.

Columns I, II, and III Are Computed One-Way Attenuations (in Decibels per Kilometer) for Ice Shells With Base Temperatures of 270, 260, and 250 K,

Respectively. The Range of Values for Each of These Corresponds to Surface Temperatures of 50 and 100 K. These Values Are Independent of Shell

Thickness Since the Temperature Profile Is Stretched to the Ice Thickness. The M Column Represents the Plausibility of the Ice Type for Europa; 0 Is Least

Likely While 3 Is More Likely, Given the Present Understanding of Europa. More Details About the Considered Ice Types Are Reported in [34]. Surface

Temperature on Ganymede Is Estimated to be Around 100 K [29], While the Heat Flux Coming From the Interior Does Not Raise the Temperature of Ice by

More Than 10–20 K Over a Depth of 5 km [44], [45]. (Table and Caption Are Adapted From [34])
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impossible to detect any target below the regolith, as echo
strength would be weakened by several tens of decibels

(dBs).

In spite of all these uncertainties, experience has

shown that data such as those presented in Table 1 can be

used to evaluate radar performance with sufficient accu-

racy. At the time in which the MARSIS and SHARAD radar

sounding experiments were proposed, radar sounding of

planetary bodies was deemed problematic if not impossi-
ble, in spite of data obtained by the Apollo Lunar Sounder

Experiment (ALSE) onboard the Apollo 17 spacecraft [39].

However, results at Mars (e.g., [40]–[43]) have conclu-

sively demonstrated that this technique is effective in the

investigation of planetary bodies from orbiting satellites.

V. DESIGN OF THE SUBSURFACE
RADAR INSTRUMENT

In this section, we discuss the major design issues of the

SSR instrument. The most important issue is related to the

choice of the central frequency and of the bandwidth of

the radar, which affect its penetration capability, the

vertical resolution, and the SNR. The problems of the

surface clutter and the signal processing techniques neces-
sary for optimizing the ground resolution of the instru-

ment are also discussed.

A. Central Frequency and Bandwidth
The performance of a radar sounder is determined by

two fundamental parameters, namely frequency and band-

width. Radar frequency determines the penetration

capability of the radar, while bandwidth of the transmitted
pulse determines range resolution [46].

The number of wavelengths that an electromagnetic

wave can penetrate into natural materials before being

attenuated to a given fraction of its initial amplitude is

approximately the same regardless of radar frequency. This

is because dielectric losses (loss tangent) in most natural

materials are independent of radar frequency over a wide

range of frequencies ranging from megahertz to gigahertz
and beyond. This can be verified through examination of

the following approximate expression of the one-way

attenuation [3]:

� ¼ 129
ffiffiffiffiffi
"R
p

f
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 �

p
� 1

h i1
2

	 91
ffiffiffiffiffi
"R
p

f tan �

	 1:6�=
ffiffiffiffiffi
"R
p

dB/km (1)

where "R is the relative dielectric permittivity of the mate-

rial through which the pulse propagates, f is the radar

carrier frequency in megahertz, tan � is the loss tangent,

and � is the conductivity of the medium (in �Sm�1). This

approximate equation is valid for nonmagnetic media with

a low loss tangent. From [47], one can see that attenuation
is directly proportional to the radar frequency, and that

losses are directly proportional to the conductivity of the

medium. It has been shown that the imaginary part of the

dielectric constant of pure water ice is almost inversely

proportional to the radar frequency in the range between

few megahertz and hundreds of megahertz. Thus, the

conductivity is almost constant. This behavior has been

shown valid for a very wide temperature range 190–278 K
[3], [47]. This means that, for a pure ice, attenuation is

frequency independent. Despite the fact that the fre-

quency range in which this behavior is observed decreases

with temperature, we expect that it can be observed at the

very low temperature of the icy moons of Jupiter. Thus,

deep penetration requires that the radar operates at the

lowest possible frequency.

In most orbiting radars, range resolution is not
achieved through the transmission of the shortest possible

pulse, but rather through the use of a chirp, i.e., a long

pulse that is linearly modulated in frequency. In this case,

the vertical (range) resolution of the radar sounder �z is

equal to

�z ¼
c

2Bw
ffiffiffiffiffi
"R
p (2)

where Bw depicts the radar bandwidth and c is the speed of

light. Thus, it can be seen that penetration and resolution
are conflicting requirements, as the bandwidth cannot be

larger than the highest frequency. A tradeoff between

these opposite constraints has to be found in the radar

design. It is important to note that the bandwidth of the

signal is a key factor also for the gain of the system. Indeed,

radar systems using chirp signals can exploit the so-called

range compression processing, obtaining a processing gain

equal to

�z ¼ �Bw (3)

where � represents the chirp duration. The value of �z is

typically in the order of 25–30 dB.

As discussed above, the frequency dependence of atte-

nuation requires that subsurface sounding radars operate

at low frequency (G 100 MHz) in order to achieve a deep

penetration. The choice of the radar frequency affects also

instrument characteristics, and especially the size of the
antenna. The exact choice of the radar frequency results

from a tradeoff between science requirements and tech-

nical limitations. In greater detail, we need to jointly

analyze the need to achieve deep penetration with respect

to the effect of the Jupiter radio noise, the crust attenua-

tion, surface and volume scattering, and the limitations in

power and antenna size.
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B. Signal-to-Noise Ratio
The dynamic range of the radar, i.e., its capability to

detect weak echoes, is limited by the presence of radio

emission from natural sources. In order to estimate the

SNR for the received echoes, all the sources of noise

included in the acquisition process should be analyzed and

modeled. In our case, we should consider: 1) the thermal

noise (which is a typical noise in radar systems due to

electronic devices); 2) the galactic noise; and 3) the Jovian
radio emission. The strongest noise component for the

JGO subsurface radar is the Jovian radiation emission,

which is peculiar of this kind of mission (see Section IV-A).

For this reason, we focus our attention on this component.

From Fig. 5, one can see that the electromagnetic

flux density from Jupiter at 1 AU at a frequency of

about 10 MHz is in the order of �200 dBWm�2Hz�1

on average, climbing to �190 dBWm�2Hz�1 in periods
of intense activity and reaching peak intensities of up to

�180 dBWm�2Hz�1. Scaling for the distance of Ganymede

from Jupiter (mean distance 1 070 400 km), flux densities

become �157 dBWm�2Hz�1, �147 dBWm�2Hz�1, and

�137 dBWm�2Hz�1, respectively. By comparison, galactic

emission at the same frequency provides an electromag-

netic flux density in the order of�190 dBWm�2Hz�1 [48],

thus more than 30 dBWm�2Hz�1 below the average level
of the Jovian flux. Thus, it is obvious that Jupiter radio

noise is one of the main critical issues to consider for

evaluating the capability of SSR to detect subsurface

echoes. Several approaches are possible to mitigate the

problem (e.g., proper choice of the carrier frequency,

definition of the acquisition strategy, choice of the pulse

duration, and repetition frequency) and a combination of

them will probably be required to meet the instrument
scientific goals.

An analysis of Fig. 5 reveals that radio noise decays very

rapidly with increasing frequency above 10 MHz, by at

least one order of magnitude before reaching 100 MHz.

The exact shape of the spectrum in this range of fre-

quencies is critical in determining the choice of the oper-

ating frequency for the radar, because of the requirement

of penetration in the Ganymedean crust, which drives the
selection towards lower frequencies. As mentioned in

Section IV-A, the frequency cutoff for the Jovian radio

emission affecting the subsurface radar is around 40 MHz.

In theory, it is possible to avoid radio bursts that have

the capability to blind the radar. However, while the pat-

tern of activity is known on average, sporadic events are

not predictable, thus making any strategy for avoiding

extreme events highly unreliable. Another option could be
to operate the radar on the anti-Jovian side of Ganymede

only, using the disk of the moon to shield the instrument

from the Jovian radio emission. This choice would leave

galactic noise as the only external contribution to instru-

ment noise, but it would result in the observation of less

than half of the surface of the moon, as Ganymede is in

synchronous rotation around Jupiter.

A possible technical option to reduce the effects of the
Jupiter radio noise is the use of an antenna with high

directivity and high gain, as an array of dipoles. However,

the long wavelength at which the radar is expected to

operate (of the order of 6–30 m) makes the implemen-

tation of this kind of antenna very challenging from a

mechanical viewpoint taking into account the need of a

deployment procedure. Thus, this solution at the present is

not considered feasible for SSR due to technical con-
straints of JGO. The MARSIS radar is equipped with a

secondary monopole antenna that has a null in the nadir

direction, thus being capable of detecting lateral surface

echoes, but not nadir subsurface echoes. The same system

could in principle be used to cancel emission arriving from

Jupiter, but experience has shown that the position of the

null is strongly dependent on the shape and orientation of

conducting spacecraft parts, which have a size comparable
to the wavelength, because of their interactions with the

electric field emitted by the antenna. Making an antenna

with a null in a controlled direction would thus impose

very strict constraints on spacecraft design, which are not

realistic in the considered mission. There are other tech-

niques that would allow the radar to operate in a noisy

environment, such as, for example, the use of circularly

polarized signals. However, this method would require at
least a cross dipole antenna, and would thus significantly

increase the complexity of the instrument design and of its

accommodation on the spacecraft.

C. Signal-to-Clutter Ratio
As briefly mentioned in Section V-A, another impor-

tant factor affecting the performance of the radar is clutter,

which consists of off-nadir surface reflections reaching the
radar at the same time as subsurface nadir reflections, thus

potentially masking them. In the current baseline option,

SSR is expected to operate in the frequency range between

10 and 50 MHz. At these wavelengths, mass, volume, and

mechanical constraints in space missions make dipoles,

which have negligible directivity, the most suitable an-

tennas. Thus, when transmitting, the radar illuminates the

entire surface of the observed body, and areas of the
surface that are not directly beneath the radar can scatter

part of the incident radiation back towards it, producing

surface echoes that will reach the radar after the echo

coming from nadir. As subsurface echoes will also reach

the radar after the nadir surface reflections, it becomes

difficult to separate the two contributions. This is parti-

cularly true in the across-track direction. Indeed, in the

along-track direction clutter can be reduced by means of
synthetic aperture processing (see Section V-D). A sche-

matic example of the surface clutter problem is presented

in Fig. 2.

The strength of clutter is controlled by statistical

parameters of the topography of natural surfaces scattering

the radiation. Parameters such as root mean square (RMS)

height, RMS slope, or correlation length are used in radar
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backscattering models (e.g., see [50]) to estimate clutter

strength and to compare it with the intensity of subsurface

reflections. The SCR is thus computed to estimate the

capability of the radar to detect a subsurface echo at a given

depth (e.g., see [51]). The aforementioned parameters are
essentially unknown for Ganymede, at least at the scales

which are relevant for scattering in the 10–100-MHz

range, which range between few meters and a hundred

meters. Some topographic information has been derived

for a limited number of areas through stereogrammetry

from Galileo [52] and Voyager [53] images. Schenk [54]

has computed values of RMS slope for Europa using

Galileo and Voyager data, obtaining values between 10�

and 15� at 10–100-m length scales, which are much steeper

than those of typical landing sites on Mars. Some infor-

mation for Ganymede was obtained through a digital elev-

ation model (DEM) produced from Voyager images made

available by Kirk [49]. This DEM is shown in Fig. 8. It is

centered approximately at 120� W, 10� S on light grooved

terrain, which is one of the roughest geologic units on

Ganymede. It covers an area of �200 � �700 km2 at
�630-m/pixel resolution. The derived RMS slope is of

about 5.5�, which, from the clutter point of view, is more

favorable than the 10–15� derived for Europa and

consistent with data points for Ganymede presented in

[54]. This value is comparable to values found in the

southern highlands of Mars [55]. However, more work is

necessary for deriving DEMs of different portions of

Ganymede for a better understanding of the clutter issue.

D. Ground Resolution and Synthetic
Aperture Processing

In order to satisfy the scientific goals of SSR a

minimum ground resolution of 1 � 5 km2 (along � across

track) has been identified (see Section II). The resolution

of the system depends on many factors, such as the an-

tenna pattern, the orbit height, and the surface roughness.

As mentioned in the previous section, due to the com-

plexity of the antenna deployment, a dipole antenna has

been selected as baseline for SSR, exploiting and develop-

ing the heritage from the radar sounders presently

operating at Mars [6], [56]. The choice of a dipole antenna
implies that for a central frequency in the order of

10–50 MHz the antenna must have a size between 30

and 6 m. The precise antenna length will depend on the

adopted central frequency and on the antenna matching

technique. At the time of writing, a 10-m dipole antenna is

the baseline for SSR.

As an example, the ideal radiation pattern of a dipole

with length La comparable to the signals wavelength
	 ðLa ¼ 0:8 	Þ is shown in Fig. 9. This ideal model is only

an approximation of the real radiation pattern. Indeed, as

mentioned in Section V-B, the experience from other

radar sounder experiments shows that the real pattern is

significantly affected by all the structures of the

spacecraft that have an electromagnetic interaction with

the dipole. Considering the case in which the antenna is

oriented along the JGO track, the pattern has thus a single
lobe on the plane parallel to the track direction (along

track), and it is isotropic on the across-track plane.

Therefore, the antenna footprint is limited by the antenna

beam in the along-track direction and only by the

Ganymede radius in the across-track direction. This

situation is described in Fig. 10. The size of the antenna

footprint on the ground is given by

�alt ¼ h
3 dB 	
h	

La
(4)

�act ¼RGð�� 2
actÞ (5)

where �alt represents the footprint size in the along-track

direction [57]; �act is the footprint size in the across-track

Fig. 8. Shaded relief visualization of the digital elevation model produced by Kirk [49] through stereogrammetry from Voyager 2 images

20638.45 and 20638.53, for an area of Ganymede located around 120� W, 20� S. The DEM consists of 1110 lines of 320 samples each, with a

629-m resolution. Maximum elevation is 1748 m, and minimum is �2261 m. The majority of topographic height values comprises the range

between �500 and 500 m.
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direction; h is the orbit height; 
3 dB is the 3-dB aperture of

the antenna; RG is the radius of Ganymede; and


act ¼ arcsinðRG=ðhþ RGÞÞ is the angle between the nadir

direction and the tangent to the moon’s surface passing

through the orbiter position [see Fig. 10(b)]. For example,

assuming La ¼ 0:8	, h ¼ 200 km, and RG ¼ 2634 km, we

obtain �alt ¼ 250 km and �act ¼ 1991 km. The broadness

of the dipole radiation pattern results in a very large
ground footprint. However, the real along- and across-

track resolutions of the radar are better than the ground

footprint and are calculated as follows.

1) Along-Track Resolution: In the along-track direction, it

is possible to exploit the Doppler effect and thus a

synthetic aperture to improve the ground resolution. As a

result, the surface contributions coming from off-nadir in

the along-track direction are reduced, thereby improving

also the SCR. As the spacecraft is moving along its orbit, an

ideal point target on the ground is illuminated by the radar

in a time interval Ti (called integration time) given by

Ti ¼

3 dBh

Vs
(6)

where Vs is the velocity of the spacecraft (for simplicity, we

assume it is equal to 2 km/s by ignoring the small differ-

ence between spacecraft and ground velocities). During

the integration time the target response shows different

Fig. 9. Ideal radiation pattern of a dipole with antenna length La ¼ 0:8	. (a) Horizontal plane, i.e., any plane containing the dipole axis;

(b) vertical plane, i.e., the plane perpendicular to the dipole axis and containing the dipole center; (c) 3-D representation; the dipole is

depicted by the gray segment.

Fig. 10. Acquisition geometry of SSR in the along- and across-track planes in the case the dipole antenna is oriented in the along-track direction.

In the along-track direction, the antenna ground footprint is thus limited by the width of the antenna main radiation lobe. In the across-track

direction, the ground footprint is limited only by the moon’s radius, as the antenna radiation pattern in the across-track plane is isotropic

(see Fig. 9). (a) Along-track plane: h indicates the orbit altitude, La is the dipole length, 
3 dB represents the 3-dB aperture of the antenna,

Vs is the speed of the spacecraft, and �alt represents the along-track antenna aperture on the ground; (b) across-track plane: RG is the radius of

Ganymede, 
act indicates the angle between the nadir direction and the tangent to the moon’s surface passing through the orbiter position,

and �act represents the antenna aperture on the ground in the across-track direction.
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Doppler shifts due to the relative motion of the spacecraft
with respect to the target. Therefore, although different

targets are present in the same antenna footprint, their

returns have different Doppler shifts. As SSR is a coherent

radar, it measures and records the phase history of the

received signals. This information can be exploited to

resolve the ground targets in the Doppler domain using a

focusing algorithm, which analyzes the phases of a series of

consecutive echoes.
The Doppler processing can be focused or unfocused.

The choice of the focusing strategy for SSR has to take into

account the processing requirements, the data rate, the

SNR gain produced by each strategy, and the power con-

sumption and supplementary mass involved by additional

onboard processing. These parameters will compete in a

tradeoff between the instrument constraints and the

scientific goals of the mission. At the present status of
the study, the power budgets of the possible processing

configurations have been only roughly estimated and only

general comments are possible on this issue. On the con-

trary, mass estimates indicate that all the processing op-

tions should fit in the 10 kg currently allocated for the SSR

instrument. In the following, we describe the main pro-

cessing options under study for SSR.

a) Focused processing: In the focused case the phase
history of the signal is fully exploited and the maximum

theoretical along-track resolution that is achievable is in

the order of few meters. The result of the focusing algo-

rithm is the synthesis of a long antenna (i.e., synthetic

antenna or synthetic aperture), which length is equal to

the space covered by the orbiter during the integration

time. In general, the synthetic antenna length Ls is

given by

Ls ¼ TiVs: (7)

The resulting aperture is much longer than the physical

one. This is possible if the Doppler shifts are properly

sampled by the instrument pulse repetition frequency

(PRF). The lower limit to the PRF is thus given by the total

Doppler bandwidth BD, which is equal to [58]

BD ¼
2V2

s

h	
Ti: (8)

The along-track resolution obtained after the focusing

ð�altÞ can be calculated as follows [58]:

�
f
alt 	

Vs

BD
¼ h	

2Ls
: (9)

Equation (6) indicates the maximum ideal integration
time. However, for space-borne radar sounders it is com-

monly assumed that the coherent scattering from the

ground is limited by the first Fresnel zone. The diameter of

the Fresnel zone DF is given by

DF ¼
ffiffiffiffiffiffiffiffi
2	h
p

: (10)

As an example, considering a carrier frequency of

50 MHz (	 ¼ 6 m) and an orbiter altitude of 200 km, the

value of DF is 1549 m. The integration time can be thus

reduced to match a ground surface with a length equal to
DF, obtaining

T
f
i;eff ¼

DF

Vs
(11)

where T
f
i;eff is called effective integration time. From (7),

this is equivalent to set a synthetic aperture length equal to

DF. The along-track resolution calculated using the effec-

tive integration time is thus lower than the maximum
value that it is possible to achieve in the ideal case. In the

considered example, one obtains that the processed

Doppler bandwidth is BD ¼ 5.16 Hz, corresponding to

�
f
alt 	 387 m, which is well below the limit imposed by the

instrument design constraints.

The number N of echoes that should be processed to

obtain the fixed synthetic aperture is

N ¼ T
f
i;effPRF: (12)

Generally, a PRF much higher than the lower limit

imposed by the Doppler bandwidth is used to improve the

SNR. For instance, using PRF ¼ 500 Hz, the number of
echoes is N ¼ 387. Such echoes are integrated to focus one

resolution cell. As a consequence, the SNR of the focused

signal increases by a factor N. In the considered case, the

SNR increment is thus equal to approximately 26 dB. This

gain is called azimuth compression factor �a.

Despite the many advantages of the focused Doppler

processing, it is highly resource demanding with respect to

the power budget if implemented onboard. Moreover, a
very robust focusing algorithm must be implemented in

order to deal with possible different acquisition scenarios.

Indeed, if only the focused data are transmitted to Earth, it

is not possible to run again the focusing processing (e.g.,

changing the parameters of the algorithm) as the raw data

are not more available. A solution to these problems could

be to avoid onboard processing and directly downlink to
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the Earth the raw data. The focusing step could be then
performed offline on the ground segment. However, this

option could also imply that a large amount of data should

be transmitted to the ground segment. Present estimates

indicate that the raw data rate is of about 13 Mb/s. Due to

the very limited downlink data rate per instrument

foreseen for JGO, the transmission of such amount of

data is not feasible and some (partial) processing has to be

done onboard in order to reduce the instrument data rate.
A reduction factor of 30–35 with respect to the raw data

rate can be achieved by performing echo presumming and

range compression onboard. The resulting data rate would

be in the order of 400 kb/s.

b) Unfocused processing: The unfocused Doppler pro-

cessing permits to reduce the computation effort of the

onboard electronics with respect to the focused case at

the cost of a reduced along-track resolution. Following
the MARSIS approach [5] (i.e., requiring that the signal

phase variation during a synthetic aperture is smaller than

�=4), the phase compensation of the echoes during the

formation of a synthetic aperture is simpler and can be

performed onboard in real time, as only a linear phase

compensation of the echoes is required. Under such condi-

tion, the maximum antenna aperture is

Ls ¼
ffiffiffiffiffiffi
h	

2

r
(13)

which, from (7), corresponds to a an effective integration

time T
uf
i;eff given by

T
uf
i;eff ¼

1

Vs

ffiffiffiffiffiffi
h	

2

r
: (14)

By inserting (13) in (9), one obtains that the along-

track resolution in the unfocused case �
uf
alt is equal to the

synthetic antenna length Ls. Therefore, the algorithm

needs to process only one aperture per resolution cell and

subsequent apertures do not overlap. This results in a fur-

ther reduction of the computation effort for the digital

section of the instrument in the case of onboard process-

ing. For the example considered in this section, from (9), it

results �
uf
alt 	 775 m. This value is still compatible with the

instrument design specifics. Unfortunately, as the synthe-
sized aperture is shorter than in the case of focused pro-

cessing, the processing gain is lower. Inserting (14) in (12),

one obtains �a ¼ N ¼ 193, corresponding to an SNR gain

of approximately 23 dB. The data rate achievable with this

technique is in the order of 150 kb/s. Due to the addi-

tional electronics with respect to the presumming-only

option discussed in the previous paragraph, an increment

in the order of 30% of the power consumption is
expected.

2) Across-Track Resolution: For the across-track direc-

tion, no Doppler processing is possible. In fact, in the

across-track plane the spacecraft has no relative motion

with respect to the ground targets and thus the back-

scattered signals have no Doppler shift. However, although

the antenna radiation pattern is isotropic the echoes
coming from large off-nadir angles can be assumed to be

sufficiently weak to not affect the echoes coming from

nadir direction when the surface is flat. On the one hand,

for smooth surfaces, the across-track ground resolution

�act is assumed to be equal to the first Fresnel zone

diameter (10). On the other hand, for the case of inco-

herent scattering (rough surface) the ground resolution is

commonly approximated with the so-called first pulse-
limited resolution cell ðDplÞ. The first pulse-limited cell is

represented by a circle on the ground centered in the

nadir point, which diameter is given by the intersection of

the wavefront with the ground surface when the trans-

mitted wave has penetrated into the ground to a depth

equal to �z (see Fig. 2). The diameter of such a circle is

given by

Dpl ¼ 2
ffiffiffiffiffiffiffiffiffi
2h�z

p
¼ 2

ffiffiffiffiffi
hc

Bw

r
: (15)

Considering a bandwidth Bw ¼ 10 MHz, in the rough

surface case the value of the across-track resolution results

in �act ¼ Dpl ¼ 4899 m. The across-track resolution is

thus in the range defined by the instrument specifics.

VI. PROCEDURE FOR
PERFORMANCE ASSESSMENT

In the previous sections, we discussed the main issues

and components that should be considered in the design
of the JGO subsurface radar. All these components should

be jointly analyzed for defining a system that can achieve

the performance necessary for satisfying the scientific

objectives. To this aim, a suitable SSR instrument per-

formance model has been developed. The architecture

and input and output variables of this model are shown in

Fig. 11.

For a nadir-looking subsurface sounder the most
important performance figure is related to its penetra-

tion capability that depends on the power ratio between

the signal coming from a generic subsurface interface

(a change in the dielectric constant) and, generally speak-

ing, noise coming from all disturbing and unwanted signal

sources. Therefore, as shown in Fig. 11, an evaluation of

the signal power requires proper models for characterizing
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surface and subsurface scattering and propagation, as well

as the analysis of the main system parameters, such as

transmitted bandwidth, central frequency, pulse duration,

PRF, antenna pattern, antenna gain, and transmitted
power.

The moon’s surface roughness can be characterized

by assigning a statistic behavior that implies an electro-

magnetic backscattering function, while subsurface is

handled through a suitable model for electromagnetic

attenuation and propagation. Noise power evaluation

takes into account off-nadir clutter, thermal noise, and

background sources, such as Jovian and galactic noise. In
order to easily identify and adequate tradeoff among the

system parameters, final instrument penetration capa-

bility is evaluated by using only analytical expressions.

Some details on this procedure are reported in the

following.

Signal power Pr can be evaluated by using a classical

radar equation for monostatic systems that expresses the

received power by the radar as a function of the trans-
mitted power Pt, the antenna gain G, the wavelength 	, the

radar altitude h, and the target radar cross section. Taking

into account the scattering from the moon surface, we

obtain

Prð
Þ ¼ A�sð
Þ (16)

A ¼ Pt	
2G2

ð4�Þ3h4
(17)

where �s represents the surface radar cross section and 

depicts the radiation incidence angle. �s can be expressed

by the product of surface backscattering coefficient �0 and

illuminated area that, as described in Section V-D2, can be

approximated by the pulse-limited circle (15), i.e.,

�sð
Þ ¼ �
Dpl

2

� �2

�0ð
Þ: (18)

Ganymede and Callisto terrains are supposed to be a

random rough process. A fractal geometry is considered as

it has been proved [59] to be a suitable method for

describing natural surfaces. One important advantage of

fractal parameters is that, unlike classical statistical param-

eters, they are independent from the observation scale.

The most suitable fractal model is the fractional Brownian
motion (fBm), which is a stochastic nonstationary process

described in terms of the probability function of its incre-

ments. Height differences of an fBm surface have a

Gaussian probability density function whose standard

deviation ð�fBmÞ depends on the distance between points

ð�Þ, i.e.,

�fBm ¼ s�H (19)

where H is the Hurst coefficient ð0 G H G 1Þ and s is the
standard deviation of surface increments at unitary dis-

tance related to an fBm characteristic length. Such charac-

teristic length is called topothesy ð�Þ and is related to s as

follows:

s ¼ �1�H: (20)

Fig. 11. Instrument performance model.
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Since the surface mean square deviation is equal to the
mean square deviation of the surface increments divided

by �, the topothesy can be interpreted as the distance over

which chords joining points on the surface have a surface

slope mean square deviation equal to unity. In this way, a

closed form for the backscattering coefficient can be

derived with the Physical Optics (PO) solution under the

Kirkhhoff Approximation (KA) [60]

�0ð
Þ ¼ 2k2�0ð
Þ cos2 


�
Z1
0

J0 2ktj sin 
jð Þ expð�2s2k2t2H cos2 
Þt dt (21)

where k ¼ 2�=	 is the wavenumber, and �0ð
Þ is equiv-

alent to the Fresnel power reflection coefficient in the
limit as the surface becomes perfectly smooth

�0ð
Þ ¼ cos 
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"0R � sin2 


p
cos 
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"0R � sin2 


p
�����

�����
2

(22)

where "0R is the surface relative permittivity. The ex-

pression for the backscattering coefficient given in (21)

shows similarities to other models for particular values

of H. For instance, when H ¼ 0:5, the backscattering

coefficient becomes similar to Hagfor’s law [61], while

when H ¼ 1, the backscattering coefficient coincides
with that obtained in the case of very rough classical

surfaces with Gaussian probability density function and

Gaussian correlation function [60].

When signal power coming from a subsurface at depth

z is evaluated, the transmission coefficient of the first

interface, the attenuation of the crossed terrain layer and

the subsurface radar cross section should be considered.

These terms can be included in the following factor

� ¼ 1� �0ð0Þ½ 
2�ssð0Þ expð��TOTÞ (23)

where �ss is the subsurface radar cross section that has an

equation similar to (18) but considering different Fresnel

power reflection corresponding to the subsurface layer

with relative permittivity "00R

�00ð
Þ ¼
ffiffiffiffiffi
"0R

p
cos 
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"00R � "0R sin2 


p
ffiffiffiffiffi
"0R

p
cos 
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"00R � "0R sin2 


p
�����

�����
2

: (24)

The power received from subsurface backscattering is
thus equal to A�. It is worth noting that (23) gives an

optimistic evaluation of power passing trough first inter-

face along nadir direction ð
 ¼ 0Þ since it uses, as trans-

mission coefficient, the factor ½1� �0ð0Þ
 that is strictly

correct only for flat surfaces.

�TOT is the total two-way attenuation of terrain layer,

given by

�TOT ¼ 2

Zz

0

�ðlÞ dl: (25)

As discussed in Section IV-B, models for estimating the

expected attenuation as a function of ice depth on Jupiter’s

icy moons are available in the literature. For example, a

model has been developed by Chyba et al. [33] for
evaluating attenuation of Europa’s ice. The model takes

into account percentage and kind of ice intrusion and the

final ice attenuation is strongly dependent on ice

temperature. Chyba et al.’s model can be adapted to

Ganymede by considering a different range of temperature

as a function of the ice depth. In the following examples,

we consider a surface temperature of 120 K and a slow

linear increasing with depth of about 10 K within the first
5-km depth [29]. With this temperature profile and by

considering lunar dust impurities ð"R ¼ 2:4Þ [33] concen-

tration of 5%, it is possible to obtain ice attenuation values

as a function of penetration depth for different carrier

frequencies. Fig. 12 shows the attenuation values as a

function of depth for 20- and 50-MHz radar central

frequency.

Fig. 12. One-way ice attenuation based on Chyba et al. model [33].

Temperature varying linearly with depth from 120 up to 130 K.

Lunar dust impurities ð"R ¼ 2:4Þ concentration of 5%.
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For signals also compression factor in either range and
along track should be considered, taking into account

coherent integration, which improves the SNR. Thus, we

define the total compression factor � as follows:

� ¼ �z�a: (26)

As far as noise is concerned, contributions arise from

thermal noise, environmental noise, and surface clutter.

Each term contributes to a different SNR definition (see

Section IV). Thermal noise is defined as follows:

Nth ¼ kBTsBwF (27)

where kB is the Boltzmann constant, Ts is the system

temperature, and F is the receiver noise figure. From (16),
(23), (26), and (27), the expression of the SNR related to

thermal noise is thus given by

SNRth ¼
A��

Nth
: (28)

Jupiter radio emission noise and galactic noise have

been already discussed in Sections IV-A and V-B. These

effects can only be mitigated by the antenna pattern and

depend on orbit characteristics and satellite attitude.

Jovian noise is the most relevant noise component. This

environmental radio noise is strongly different from that

experienced on Mars as the classic galactic noise is sharply
below the Jupiter radio emission. As mentioned in

Section V-B, in the anti-Jovian part of the orbit around

Ganymede, the Jovian radio emission is masked by the

moon disk and thus it becomes negligible. Therefore, by

considering an equivalent noise temperature for both

Jupiter ðTJÞ and galactic ðTgÞ radio noises, the noise con-

tribution in the Jovian ðNJÞ and anti-Jovian part ðNAJÞ of

the orbit can be estimated as

NJ ¼ kBTJBwFWJ þ kBTJBwF��WG (29)

NAJ ¼ kBTgBwF (30)

where the first term of NJ is due to the direct radiation

from Jupiter and is weighted by the antenna pattern in the

Jupiter direction WJ, while the second term is due to the

reflection on the surface of Ganymede of the direct

radiation from Jupiter. This last term depends on both the

Ganymede surface reflectivity (albedo) ��, which is about

0.07 for "0R ¼ 3, and the antenna pattern in the expected
reflection directions WG.

For instance, at 20 MHz, the equivalent noise tem-

perature for the galactic noise is about 65� 103 K, while

that for Jovian noise is about 2 � 108 K, corresponding to

a power flux of �147 dBWm�2Hz�1 [14]. It is worth

noting that direct Jupiter radio emission comes from a

very narrow angular region over the planet’s poles (about

1� [14]), while the reflected part, even if weighted by
surface reflectivity, comes from a very wide angular re-

gion (about 136� at 200-km altitude). Preliminary results

for ideal antenna pattern (in the worst case of Jovian

noise along the antenna gain maximum direction) give

WJ ¼ 0:02 and ��WG ¼ 0:07. It is worth noting that either

equivalent noise temperature for galactic and Jovian noise

are orders of magnitude greater than system temperature

(in the order of 300 K). For this reason, thermal noise can
be neglected in the evaluation of instrument overall

performance.

The corresponding SNRs are given by

SNRJ ¼
A��

NJ
(31)

SNRAJ ¼
A��

NAJ
: (32)

The basic equation for evaluating the SCR is given by

[62], [63]

SCR ¼ A�

Prð�
Þ
(33)

where

�
 	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2z

ffiffiffiffiffi
"0R

p
h

s
: (34)

In order to evaluate all the aforementioned contribu-

tions in a single term, the total SNR is calculated as

follows:

SNRTOT ¼
1

SNRth
þ 1

SNRJ=AJ
þ 1

SCR

� ��1

(35)

where the term SNRJ=AJ is given by (31) or (32) depending

on the considered part of the spacecraft orbit.
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As an example, in order to better illustrate various

effects of radar parameters on overall performance and

possible tradeoffs, in the following, we report a prelimi-

nary (and simplified) radar definition and evaluation of

performance. To this aim it is supposed to have a quite
rough surface, as suggested by the available DEM (see

Section V-C), and a smooth subsurface with low contrast

ð"00R ¼ 4Þ. Higher values of dielectric constant for the

subsurface, corresponding to basalt-like bedrock ð"00R ¼ 7Þ
and liquid water ð"00R ¼ 87Þ, do not seem possible within

the first 5-km ice depth [29]. The used fractal parameter

values are H ¼ 0:5, � ¼ 0:1 for the surface, and H ¼ 0:5,

� ¼ 0:01 for the subsurface. These values should be
considered as a first example in order to address the in-

fluence of surface statistical parameters on achievable

SNR and, thus, on final instrument penetration capability.

Such values need to be confirmed through measures on

available Ganymede’s DEMs.

Being the Jovian radio emission the most critical source

of disturbing signal and taking into account its behavior as

a function of frequency (see Fig. 5), the choice of the
central frequency is oriented on high values of the range

under investigation (between 10 and 50 MHz) also taking

into account that ice attenuation is almost constant up to

hundreds of megahertz. For example, for a carrier fre-

quency of 50 MHz, Fig. 13 shows the expected values of

SNRTOT versus the ice thickness. In this case, being only

present galactic noise, the instrument performances are

essentially limited by clutter. As shown in Fig. 14, the
situation is different for the 20-MHz case. In this case, in

the Jovian part of the orbit the Jupiter radio emission is the

noise factor that limits the overall instrument perfor-

mance. SNRTOT values improve significantly in the anti-

Jovian part of the orbit where only the galactic noise (and

of course clutter) affects the penetration capability of the

radar. In this last case, the SNRTOT values achieved with

the 20-MHz carrier are much higher than those obtained

at 50 MHz since, as expected, off-nadir clutter decreases
by decreasing the value of carrier frequency.

An important role in the evaluation of the system

performance is also played by the choice of the PRF and

pulse duration values, which can significantly increase the

overall SNR and thus improve the radar detection capa-

bility. In the aforementioned examples, a PRF of 500 Hz

and a pulse duration � of 150 �s have been considered. The

antenna length has been set to La ¼ 0:8	 for both carrier
frequencies.

VII. DISCUSSION AND CONCLUSION

In this paper, after a general overview of the EJSM, we

have addressed the challenging problem of defining and

designing the SSR instrument included in the model
payload of the JGO. From the presented analysis, it should

be clear that, even though the SSR instrument is based on

the heritage of the Mars missions MARSIS and SHARAD,

the Jupiter environment, the properties of the surface and

subsurface targets on Ganymede (and Callisto), and the

constraints on the available resources (in terms of mass,

power, and expected data rate in downlink) make the

design of the instrument a complex process.
In this paper, we presented the main scientific goals

associated with SSR (also briefly mentioning their syner-

gies with the objectives of the IPR included in the JEO

payload and devoted to the exploration of Europa), the

major critical issues to be considered in the design of the

instrument (i.e., the Jupiter radio emission, the properties

of targets, the expected clutter, the geometrical resolution,

Fig. 14. SNR values for a carrier frequency of 20 MHz. The subsurface

dielectric constant is "00R ¼ 4. A first layer of ice with attenuation as

shown in Fig. 12 is considered.

Fig. 13. SNR values for a carrier frequency of 50 MHz. The subsurface

dielectric constant is "00R ¼ 4. A first layer of ice with attenuation as

shown in Fig. 12 is considered.
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the range resolution, the penetration requirements, and
the antenna constraints), and the performance model de-

fined for the design of the instrument.

Although at this phase of the mission no final choices

have been done on the radar sounder subsystems and

parameters, all the aforementioned parts have been

illustrated pointing out the main theoretical challenges

and providing numerical examples for a better understand-

ing of the different tradeoffs at the basis of the expected
performances of the system.

Looking at the most critical issues, at the present the

activity is focused on the following directions: 1) refining a

model of the Ganymede surface (digital elevation model)

and subsurface to be used for optimizing the assessment of

the radar performances versus the different parameters

settings; 2) improving the understanding of the properties

of the Jupiter radio emission for making it possible an
effective and precise selection of the central frequency of

the radar sounder; 3) addressing the problem of the defi-

nition of the digital part of the system, taking into account

that, on the one hand, the expected very limited downlink

data rate imposes the need of processing onboard; on the

other hand, the limited power budget available poses con-

straints on the demanding power absorption required by

the digital part when a relevant amount of processing
onboard is considered.

As a final remark, one critical issue that has not been

discussed in the paper (because of being outside the scope

of this work), but that should be mentioned, is related to

the high total ionization dose expected in the Jupiter

environment. This is critical also for Ganymede (even if

with a less extent than for Europa), which is heavily

affected by proton and heavy ion dose. This increases the
complexity related to the realization of the instrument

from the viewpoint of the electronic and hardware de-

vices, which should be properly designed for guaranteeing

a correct behavior during the entire duration of the mis-

sion. This is crucial for the SSR payload, also taking into

account that the most important phase of the mission for

the subsurface radar is the final one, which is associated

with the insertion of JGO in circular orbit around
Ganymede. h
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