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Abstract: Planetary radar observations have provided invaluable information on the solar system
through both ground-based and space-based observations. In this overview article, we summarize
how radar observations have contributed in planetary science, how the radar technology as a remote-
sensing method for planetary exploration and the methods to interpret the radar data have advanced
in the eight decades of increasing use, where the field stands in the early 2020s, and what are the
future prospects of the ground-based facilities conducting planetary radar observations and the
planned spacecraft missions equipped with radar instruments. The focus of the paper is on radar as
a remote-sensing technique using radar instruments in spacecraft orbiting planetary objects and in
Earth-based radio telescopes, whereas ground-penetrating radar systems on landers are mentioned
only briefly. The key scientific developments are focused on the search for water ice in the subsurface
of the Moon, which could be an invaluable in situ resource for crewed missions, dynamical and
physical characterization of near-Earth asteroids, which is also crucial for effective planetary defense,
and a better understanding of planetary geology.

Keywords: planetary radar; synthetic aperture radar; radar sounding; radar polarimetry; the Moon;
asteroids; planets

1. Introduction

Radar observations have been increasingly used for planetary science over the past
eight decades. Radar, a term derived from “radio detection and ranging”, is a powerful
tool for measuring not only the range and rotation rates of planetary objects, but also their
reflective and polarimetric scattering properties at microwave wavelengths. The basic
concept of the radar technique for scientific purposes is transmitting a radio signal and
receiving the echo, which carries a wealth of information about the object being investigated.
For example, the round-trip time of a coded radar signal can be used for an accurate range
measurement. In addition, the wave properties of the received signal can be compared to
the known properties of the transmitted signal to reveal information about the physical
and dynamical properties of the target.

In this overview article, we highlight some of the most important advances in planetary
science that were facilitated by radar remote sensing (Earth-based interplanetary and orbital
observations) with a focus on the last two decades. The first extraterrestrial radar target
was the Moon in 1946, but as of today, radar observations have been conducted for all
terrestrial planets, the rings and several moons of Jupiter and Saturn, comets, and more
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than a thousand asteroids. Radar observations have been conducted using Earth-based
telescopes and numerous space-based instruments. Incoherent scatter radar (ISR; see the
list of abbreviations at the end of the paper) systems, such as the European Incoherent
Scatter Scientific Association (EISCAT) system in the Nordic countries, Jicamarca in Peru, or
the Sanya ISR in China, can observe the Moon and could also be able to observe near-Earth
asteroids in certain conditions (e.g., [1,2]); however, these systems are not optimized for
planetary radar observations, and would thus be unlikely to conduct many observations.
Therefore, they will not be discussed in further detail.

In Section 2, we provide a brief contextual history of the major findings achieved
using planetary radar and the key instruments that have been utilized. In Section 3, we
describe some of the most important methods of radar observations and the methodological
advancements in the last two decades that have improved the interpretation and analysis
of radar data. Sections 4-6 provide an overview on the state-of-the-art radar studies of the
Moon, planets and their satellites, and small Solar System objects (SS5Os), respectively,
using both Earth-based and space-based observations. Finally, Section 7 gives some future
prospects for radar-related technologies and instruments.

2. A Brief History of Planetary Radar
2.1. Planetary Radar Science in the 20th Century

Several planetary radar facilities became operational in the late-1950s to the early
1960s as a part of the space race between the United States and the former Soviet Union.
The Goldstone Deep Space Communications Complex in California opened in 1958 and the
Arecibo Observatory in Puerto Rico opened in 1963, whereas the Pluton facility in Crimea
opened in 1960. The Lincoln Laboratory’s Lincoln Space Surveillance Complex, the home of
the Haystack Observatory and the Millstone Hill Geospace Facility, was also a pioneering
radar facility, although regular observations were focused on ionospheric observations. The
Millstone Hill radar installation conducted the first radar observation of Venus in 1958 [3].

The first important results of planetary radar science focused on the Moon and the
terrestrial planets. Radar observations at Arecibo using the 305-m William E. Gordon
telescope in the 1960s revealed the true rotation rates of Mercury and Venus, as well as
Mercury’s perihelion advance [4-6]. Observations of Jupiter were attempted in the 1960s
but, due to its gas giant nature, Jupiter was not observable [7]. The Galilean satellites,
though, were observed in 1976 after the S-band radar was added and the antenna dish was
improved during a telescope upgrade [8]. In 1969, the first radar observations of asteroids
were conducted, with (1566) Icarus being the first target [9,10]. In 1980, Comet 2P /Encke
was observed, marking the first radar observation of a comet [11]. In addition to their
rotation rates, radar provided information about the sizes of planetary objects. This fact is
particularly important for comets, as the light scattered by the nucleus is often optically
dominated by the light scattered by the coma.

The first space-based radar instruments were used for experiments in the 1970s.
Namely, the Apollo 17 mission hosted the Lunar Radar Sounder Apollo Lunar Sounder
Experiment (ALSE) as part of its scientific instrumentation. This instrument was used for
transmitting pulses from lunar orbit to probe the subsurface of the Moon to a depth of
about 1.3 km using high-frequency (HF) and very high frequency (VHF) bands.

Radar remote sensing also gave us our first views of the surface of Venus. Given
its thick atmosphere, that is mostly opaque at optical and infrared wavelengths, radar
remote sensing is the only method capable of mapping the surface of Venus. In 1983-1984,
Venera 15 and 16 mapped the surface of Venus from its north pole to a latitude of 30°N
using SAR instruments and radio altimeter systems. NASA’s Magellan mission followed
six years later and mapped the surface of Venus in 1990-1994. More than 80% of the surface
was mapped during cycle 1 (Figure 1), with 98% of the planet mapped by the end of the
mission (e.g., [12]). While Venera used an 8 cm wavelength radar and provided a spatial
resolution of 1 to 2 km, the maps made using Magellan’s 12.6 cm radar system had spatial
resolutions one order of magnitude finer at 100 m.
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Figure 1. The “left-looking” surface mosaic of Venus as mapped by Magellan. Data from
NASA /USGS (see Data Availability Statement).

One of the major findings in planetary radar science in the 20th century was the
enhancement of the radar echo in ice. Observations of the icy Galilean moons revealed
anomalously high radar reflectivity compared to radar targets whose surfaces are domi-
nated by silicate- or carbon-rich regolith. In the 1990s, observations of the permanently
shadowed regions of Mercury’s poles also revealed anomalously bright radar echoes,
which were attributed to ice [13-16]. While the enhancement was understood to be due
to subsurface multiple scattering, Hapke [17] and Peters [18] showed that the coherent
backscattering effect was the source of the enhancement in the reflectivity, as well as un-
usual polarization properties. The unique radar signature of water ice has motivated years
of radar observations of particularly the Moon in search of subsurface ice deposits, as it is
considered a valuable in situ resource for future crewed missions.

2.2. Planetary Radar Science in the 21st Century

In the 21st century, Earth-based planetary radar observations have focused heavily
on near-Earth asteroids. This is primarily due to a boost in funding related to planetary
defense, which followed from the George E. Brown, Jr. Near-Earth Object Survey Act that
became part of the NASA Authorization Act of 2005 (https://www.gpo.gov/fdsys/pk
g/PLAW-109publ155/pdf/PLAW-109publ155.pdf, accessed on 26 November 2023). The
number of known near-earth asteroids (NEAs) began to steeply increase, and consequently,
the number of radar-observed asteroids increased from less than 100 by the year 2001 to
more than 1000 by the year 2021. Also, the quality of the planetary radar data improved
further after the S-band-transmitter and dish upgrade at Arecibo in the 1990s that allowed
even better signal-to-noise ratios for smaller and/or farther targets.

The range and Doppler information of nearly 1000 NEAs from radar observations
has improved the available orbital information of these objects [19,20]. This is a crucial
part of planetary defense in terms of evaluating the risks that the NEAs pose. The most
prominent example is (99942) Apophis, which will pass by the Earth at less than 40,000 km
above the Earth’s surface on the 13 April 2029. When Apophis was discovered in 2005,
planetary radar observations were key to determining the risk that this 340-m asteroid
poses, as its impact could decimate a small country [21,22]. As the number of asteroid
observations increased, planetary radar observations were also able to reveal the diversity
of the physical characteristics of asteroids. Radar observations of asteroids have continued
to be crucial for space missions to these worlds, as radar imaging provides more direct data
on the topographic features of the targets than visual and near-infrared (VNIR) observations
(e.g., [23,24]). The variance in the observed radar reflectivity is indicative of the near-surface
density and the abundance of metals, (e.g., [25-27]), and the polarimetric properties provide
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clues to the surface texture at the decimeter scale (see Section 3.6). Also, radar data were
used to directly observe the change in the rotation rate of an asteroid for the first time [28].
The asteroid and comet radar observations are discussed in more detail in Section 6.

The continued Earth-based observations of Mercury, Venus, and Mars have provided
more coverage and finer resolutions at better signal-to-noise ratios than the observations
in the 20th century had been able to provide, which has allowed for, e.g., better geo-
logical characterization of craters, lava flows, ice deposits, and other intriguing features
(e.g., [16,29-31]). The findings for each planet and a summary table are described in further
detail in Section 5.

Furthermore, the space-based radar observations have taken a long leap forward in the
21st century. For example, the orbital sounding radars Mars Advanced Radar for Subsurface
and Ionosphere Sounding (MARSIS), which began science operations in 2005, and Mars
SHAIllow RADar sounder (SHARAD), operational since 2006, have helped to characterize
the subsurface geology and to quantify the volatiles inventory on Mars (e.g., [32,33]). Radar
signals using low frequencies are able to penetrate deep into the subsurface. MARSIS uses
transmission frequencies as low as 1.8-5.0 MHz, whereas SHARAD has a carrier frequency
of 20 MHz [34], which has allowed MARSIS to detect echoes from as deep as 3.7 km [35],
whereas SHARAD provides a finer vertical resolution, 15 m or less depending on the
material being sounded [34].

The 21st century brought new observations of Titan and the Moon by orbital radar
systems as well. Cassini Ku-band (13.8 GHz, 2.2 cm) radar observations revealed the first
high-resolution views of Titan’s surface in the mid-2000s, including large methane lakes
near its poles [36]. Japan’s Selenological and Engineering Explorer (SELENE) spacecraft
observed the Moon using the Lunar Radar Sounder (LRS; with a center frequency of 5 MHz)
in 2007-2009. We have also obtained global views of the Moon with the Miniature Radio-
Frequency (Mini-RF) instrument on the Lunar Reconnaissance Orbiter (LRO), launched in
2009. It was built as a technology demonstration of a lightweight dual-frequency synthetic
aperture radar (DFSAR), in contrast to the heavy radar systems of the 20th century [37].
The Mini-RF system has two separate bands, one at 12.6 cm and one at 4.2 cm, and is able
to image the lunar surface at a 30 m resolution. It was originally able to transmit, but since
2011 observations have been bistatic, with Arecibo or Goldstone transmitting and Mini-RF
receiving. LRO provided the first observations of the lunar far side and the first complete
map of the lunar poles at radar wavelengths [38]. The science mission of Mini-RF has been
primarily to search for water ice near the poles and characterize the geology of the Moon
(see Section 4 for further details on the findings). Lunar orbital radar observations were
also conducted by the S-band radar on Chandrayaan-1 in 2008-2009 during its one year of
operations before the loss of communication, and DFSAR on Chandrayaan-2, launched in
2019, which provided the first L-band radar observations of the Moon [39].

In terms of recent changes in the Earth-based radar observation capabilities, the
Canberra radar began asteroid observations in 2015 and has since observed up to eight
asteroids per year (https://echo.jpl.nasa.gov/asteroids/PDS.asteroid.radar.history.html,
accessed on 26 November 2023). The Arecibo radar became nonoperational in 2020 after
two cable failures led to the collapse of the telescope. Consequently, the radar observations
of other planets and a large number of asteroids have become significantly more challenging
with the current radar infrastructure due to the lower available transmission power and
smaller antenna sizes. The Goldstone Solar System Radar and Canberra radar are currently
the only facilities that have conducted several asteroid observations over the last year.
Recently, some European facilities have also been participating in individual bistatic radar
observations of asteroids with a transmission using DSS-63 in Spain or DSS-14 at Goldstone,
and a reception using radio telescopes in Italy (Sardinia, Medicina, and Noto) and Germany
(Effelsberg) (e.g., [40,41]), and a new radar array facility is being built in Chongqing, China.
Green Bank Observatory has plans for a new radar system as well; the first observation
experiments of a low-power transmission have already been conducted [42]. See Section 7
for more details on future radar facilities.
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3. Methods Used in Radar Studies
3.1. Echo Power Spectra

In a typical planetary radar observation, a high-power microwave signal is transmitted
at a specified target, and the echo of the signal is received using the same telescope in a
monostatic observation or a different telescope in a bistatic observation. In a monostatic
observation, the transmission for each “scan” lasts through one round-trip time of the signal,
e.g., for one minute for a target that is 30 light-seconds away minus the time required for
switching from the transmission to receiving mode or vice versa. This timing allows for
switching between the transmission and receiving in a way that optimizes the used power,
where the system is switched to receiving right before the echo of the beginning of the
scan is to return, and switched back to transmission after the whole echo of the scan has
been received.

The ephemeris for a target (i.e., its position in space) is required to provide its plane-of-
sky location to an accuracy of half the beam width of the transmitting radar. The ephemeris
also provides an estimate of the range and an expected Doppler shift. The Doppler echo
power spectrum records the echo power as a function of the Doppler shift. The processing
is typically performed with respect to the expected Doppler shift and the noise-power level,
so that the origin of the spectrum is set at the expected Doppler shift at horizontal zero, and
the mean of the Gaussian-distributed noise-power level is at the vertical zero (see Figure 2).
The integration of the received echo power with proper normalization provides the radar
cross-section (typically denoted as o), which is descriptive of the total radar reflectivity of
the target. The expected received power can be estimated using the radar equation:

P A20Gix Gix

= s )
<4n)3dtxd%x

where Py is the transmitted power, A is the wavelength, G and Gx are the antenna gains,
respectively, for transmission and reception (or equivalently, 471/A? times the effective
aperture of the antenna), and dy and dyx are the target’s distance, respectively, from the
transmitter and the receiver. For Earth-based observations of planetary objects, dix ~ drx
even for bistatic observations, whereas for a space-based observation the two distances
could be significantly different. The received signal’s polarization information may also
be recorded, as is described in detail in Section 3.6. In Figure 2, two senses of circular
polarizations are included: same-circular (SC) polarization and opposite-circular (OC)
polarization with respect to the transmitted signal, as well as the ratio of the radar cross-
sections in the SC polarization to that in the OC polarization, i.e., the circular polarization
ratio (CPR or SC/OC ratio).
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Figure 2. Two typical Doppler echo power spectra of asteroids 2020 BX12 (on the left) and (136795)
1997 BQ (on the right) obtained at Arecibo Observatory. The horizontal axis is centered at the Doppler
shift expected based on the ephemeris, and the offset shows that the ephemeris requires correcting.
Binary asteroids such as 2020 BX12 show the echo of the secondary often as a narrow peak, here near
—10.8 Hz, due to the differences in the respective sizes and spin periods of the two bodies orbiting
each other. Data from NASA /NSF/ Arecibo Observatory (see Data Availability Statement).
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More specifically, the echo power per Doppler shift bin is normalized by one echo
power standard deviation (z-score in statistics), which is essentially the signal-to-noise ratio
(S/N). Virkki et al. [43] define the z-score per frequency bin as

v — UiPththrx/\zv Niooks
l (47 )3dt2xd%xk3 Tsys fres ’

@)

where ¢; is the partial radar cross-section that falls under the frequency bin, kg is the
Boltzmann constant, Tsys is the receiver’s system temperature [44], fres is the Doppler
frequency resolution determined by the fast Fourier transform length applied to obtain
the spectrum, and Ny, is the number of looks, i.e., independent estimates of Pry, which
is related to the scan (or integration) time, tscan, and the frequency resolution, so that
Niooks = tscan fres- The frequency resolutions for long scans can thus be finer than mm/s.
Integration over several frequency bins is often required to obtain a z-score that is useful
for further analysis.

The echo power spectra can be used for estimating the target’s spin period (P), diame-
ter (D) projected on the plane of sky), or the subradar latitude (6) based on the Doppler
bandwidth (B): D cos s

7tD cos
=71 ®)
Due to the ambiguity of the period, diameter, and the subradar latitude, two must be
known to derive the third. If only the period is known, a lower limit of the diameter can
be determined by assuming an equatorial view as cosd € [0,1]. Optionally, if only the
diameter is known, an upper limit can be set for the period.

If the target’s projected area (A ) can be estimated based on the radar observations or
observations at other wavelengths, the radar cross -ection can be used for estimating the
radar albedo:

B

o= 4

A @
The radar albedo can be polarization-specific or the total albedo for all polarizations. In
the literature, the radar albedos of asteroids are typically reported in the OC polarization,
but some exceptions occur. It is related to the backscatter coefficient, which is also an
area-normalized radar cross-section, but more commonly used when the radar beam does
not cover the whole target but only a part of the surface (e.g., an orbital radar illuminating
a planet).

3.2. Ranging and Delay—Doppler Imaging

A delay-Doppler image is a map of the echo power in the delay—Doppler space. A
measurement of the radar signal delay (round-trip time) is required for measuring range.
While the Doppler echo power spectra can be generated using a continuous wave, a range
measurement requires modulation of the radar signal. The modulation can be performed
as binary-phase coding (BPC) or as frequency modulation (also known as chirp). The range
resolution depends on the system; for example, if the BPC-modulator changes the phase at
a frequency of 40 MHz (once per 0.1 ps), the apparent range resolution is 15 m. See, for
example, refs. [43—45] for more technical details, and [46] for the capabilities of NASA's
Deep Space Network (DSN) telescopes and the Arecibo legacy S-band radar.

Delay-Doppler imaging allows for higher resolution maps of planetary bodies than
any other ground-based imaging method, including VNIR wavelengths, and range mea-
surements can be as precise as a few meters at best. For example, Figure 3 shows an
example of delay—Doppler images of NEAs 2017 YES at a range resolution of 7.5 m (ver-
tical so that the range increases from top down) and a frequency resolution of 0.0204 Hz
(horizontal), and 2014 HQ124 at a range resolution of 1.875 m and a frequency resolution of
0.00625 Hz. Also, the backscatter coefficient can be plotted as a function of the incidence
angle in each polarization, which can be used for scattering analysis (described in more
detail in Section 3.6). Delay-Doppler imaging has been a key technique for the mapping of
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planets and the Moon. This is especially true for Venus, which is covered by a thick, opaque
atmosphere. However, high-resolution imaging of Venus has required wavelengths of
3-5 cm or longer, as shorter wavelengths are heavily affected by atmospheric opacity [47].

Arecibo Observatory/NASA/NSF CreditNASALIPL/Arecibo/NSF

2017 YES 2018 June 26 UT

Figure 3. Two typical high-quality delay—Doppler images of asteroids 2017 YE5 obtained using the
Arecibo S-band radar system (on the left) and 2014 HQ124 obtained using bistatic X-band radar
observations with transmission from Goldstone and reception at Arecibo (on the right). Data from
NASA /NSF/ Arecibo Observatory/JPL (see Data Availability Statement).

3.3. Synthetic Aperture Radar

Orbital radars also acquire information in delay-Doppler space. Here, the Doppler
shift is measured in the “along-track” direction, while the delay is measured in the “cross-
track” direction. (These directions refer to the motion of the spacecraft orbiting above
a planet’s surface.) The Doppler resolution in this case corresponds to the two nearest
separable points along a constant delay line. For real-aperture radars, this is equal to the
width of the antenna footprint, which is generally quite large. Synthetic-aperture radars
(SARs) improve upon this resolution by taking advantage of the fact that a single point can
be observed multiple times along the orbital path. These echoes acquired along a segment
of the orbit can be coherently summed to synthesize a much larger antenna, which results
in a much smaller beam width, and an increase in the S/N of the range line at the center of
the aperture (e.g., [48]). A curious effect of this approach is that the along track resolution
is independent of the altitude of the orbiting radar. This is because as the radar moves
further from the surface, it will create a larger footprint on the ground, but also result in a
longer synthetic array. This increases the effective resolution of the radar, since resolution
is inversely proportional to the diameter of the array. Combined, the larger size of the
synthetic array exactly compensates for the larger footprint size, maintaining the resolution
in the azimuth (along-track) direction. High resolution in the range (cross-track) direction is
achieved by transmitting very short pulse durations. To achieve short pulse durations, the
“pulse compression” technique [49] is used. This technique consists of emitting high-energy
pulses that are linearly modulated in frequency (“chirp”). The range resolution using a
modulated pulse is a function of the chirp bandwidth and not the physical pulse length.

Most imaging SAR instruments are side-looking. Because they translate time delay
into distance from the spacecraft, a nadir-pointed SAR would, therefore, translate a location
to the left of the spacecraft into the same pixel as a location an equal distance to the right of
the spacecraft. Pointing the SAR instrument to the side avoids any left-right ambiguity.
Orbital SAR instruments have been used to successfully observe the Earth, the Moon,
Venus, and Titan. Recently, experimental SAR techniques applied to ground-based radar
images of the Moon have been shown to produce high-resolution imaging results [42].
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3.4. Radar Sounding of Subsurface

Electromagnetic waves at frequencies in the MF, HF, and VHF portions of the radio
spectrum are capable of penetrating into most natural materials up to hundreds of wave-
lengths, depending on the nature of the material, before being absorbed. Radar scattering
properties scale with wavelength, where signals from 1 MHz to 1 GHz allow penetration
in dry regolith and ice up to kilometers depth in some cases. If a dielectric discontinuity
is present within the material, part of the wave is backscattered, and can be detected by a
receiving antenna. This property has been used in radio echo sounding, or ice-penetrating
radar, an established geophysical technique that has been used for more than five decades
to investigate the structure of ice sheets and glaciers in Antarctica, Greenland, and the
Arctic. Subsurface dielectric discontinuities in the form of layered sedimentary deposits or
volumetric inclusions are imaged at resolutions of tens of meters to reveal complex deposi-
tion histories in ice as well as regolith formation processes. In planetary exploration, the
first instrument of this kind, often called a radar sounder, was the Apollo Lunar Sounding
Experiment (ALSE) on board Apollo 17 [50].

Because of the long wavelengths transmitted, instruments of this kind have to use
dipoles for antennas, which have negligible directivity and, thus, spread the pulse energy
in all directions. To ameliorate this problem, subsequent radar sounders employed the SAR
method described above. A two-dimensional radargram is created with the range direction
on the vertical axis and subsequent ranging measurements aligned in the along-track
direction on the horizontal axis, with the spacing determined by the synthetic aperture
chosen. The SAR focusing permits interpretation of continuous structures through the
observed volume. The Mars Advanced Radar for Subsurface and Ionosphere Sounding
(MARSIS) [51] and the SHAllow RADar (SHARAD) [34] were the first to utilize this
technique to explore the subsurface of Mars, followed by the Lunar Radar Sounder [52]
onboard the SELENE orbiter on the lunar orbit and more recently by the Mars Orbiter
Subsurface Investigation Radar (MOSIR) [53], again on Mars.

Radar sounding by the MARSIS and SHARAD missions has been integral to decipher-
ing the ancient climate of Mars by revealing properties of the polar layered ice deposits.
The Lunar Radar Sounder observed reflections interpreted as originating from lava tubes
on the Moon [54], and similar efforts to constrain the locations of lava tubes on Mars
have also been explored [55]. Another radar experiment, the Comet Nucleus Sounding
Experiment by Radiowave Transmission (CONSERT), has probed the interior of the nu-
cleus of comet 67P /Churyumov—-Gerasimenko in a bistatic configuration, in which radio
waves were transmitted from an orbiter and recorded by a lander on the surface of the
comet nucleus [56] (see Section 6). In the near future, the Radar for Icy Moon Exploration
(RIME) [57] and the Radar for Europa Assessment and Sounding: Ocean to Near-surface
(REASON) [58] will explore the icy crust of the Galilean satellites of Jupiter.

Ground-penetrating radar (GPR) instruments are similarly used for subsurface imag-
ing by exploiting radar antenna(s) that are raised just above the ground surface on some
moving platform. In the context of planetary exploration missions, robotic rovers carry
these instruments to create 2D radargrams along the traversed path. While the spatial
coverage of measurements is, therefore, much lower when compared with orbital SAR
sounders, higher frequencies can be exploited to enable superior resolution imaging. There
are several examples of GPR instruments that have been used for planetary exploration,
such as the Radar Imager for Mars’ subsurface experiment (RIMFAX) GPR onboard the
Perseverence rover on Mars, a GPR onboard the Yutu rover of the Chang’e 3 mission
on the Moon, the Lunar Penetrating Radar (LPR) onboard the Chang’e 4 rover, and the
Lunar Regolith Penetrating Radar (LRPR) onboard the Chang’e 5, also on the Moon. How-
ever, in this overview paper we focus on radar as an orbital and interplanetary remote
sensing technique for planetary exploration, so GPR instruments will not be discussed in
further detail.
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3.5. Shape Modeling

One of the main benefits of the fine spatial resolution of delay-Doppler images is the
direct information provided about the shape of the object. When the spatial resolution
is much finer than the size of the object and the S/N allows, individual features can be
distinguished, and in some cases the full shape of the object can be derived. The shapes
of asteroids are diverse and a spherical shape is in very few cases a good approximation.
Knowing the true shape can be useful in many further applications related to understanding
the physical properties of the asteroid, from gravitational properties to regolith cohesion
and scattering properties.

The main challenges in deriving the shape using radar images is the north—south
ambiguity of the delay—Doppler imaging. Although the latitude and longitude of the spin
axis can often be quite well constrained, determining the direction of the rotation is not
always straightforward. The inverse modeling of the shape from the radar images requires
high S/N data obtained in several rotational and plane-of-sky orientations. Lightcurves
at optical wavelengths are a helpful complement; in fact, most software that has been
developed for shape modeling using radar data, also include the capability to use lightcurve
data as well. Two examples of such software that have been widely used for the shape
modeling of SSSOs are Shape (e.g., [59]) and the All-Data Asteroid Modeling (ADAM)
algorithm [60].

3.6. Radar Scattering
3.6.1. Dual-Polarization Radars

In a typical dual-polarization radar observation, the radar system transmits a high-
power signal that has a fixed polarization state. The ground-based facilities (Arecibo and
Goldstone) have most commonly used circular polarization, whereas space-based radar
systems have often opted for linear polarization. Considering the heritage from ground-
based planetary radar studies, the Mini-SAR on board Chandrayaan-1 and LRO’s Mini-RF
are hybrid polarized radars, transmitting circularly polarized light and receiving echoes in
both linear senses, otherwise known as compact polarimetry. The echo signal’s intensity
and polarization state are coherently received in orthogonally polarized receiver channels,
which allows for polarimetric analysis of the target’s near surface. Due to the penetration
depth of long wavelengths, the radar echo provides information of the near surface up
to several wavelengths deep depending on the target’s absorption properties; it is not
necessarily limited only to the visible surface.

The backscattered field can be described using the four Stokes parameters (in the
backscattering alignment convention):

S1= (|Eul*+|Ev[*) = (|EL]*+ |Er|*)
S» = (|[Eg[*—|Ev[*) =2Re(ELER)

S3 = 2Re<EHE‘*/> = 21m<ELE}§>

S4= —2Im(EgE}y) = —(|EL]* - |Eg[?),

where the subscripts H and V indicate the linear horizontal and vertical polarizations,
and L and R are the left- and right-handed circular polarizations, respectively. However,
when using circular polarization, it is more common in the literature to use the SC and
the OC polarization, as defined earlier. For example, if the transmitted signal leaves from
the telescope in a left-handed polarization, the received echo power in the right-handed
OC component is 0.5(S1 + S4), whereas the echo power in the left-handed SC component
is 0.5(S1 — S4). The OC component is sometimes referred to as the strong or expected
polarization, because for an interface between two media lacking wavelength-scale features,
the reflected echo power is received fully in the OC state. The integrated and normalized
echo power can be used for deriving the radar cross-section, radar albedo, or backscatter
coefficient, and the circular polarization ratio. An example of the four Stokes parameters
for a region on the Moon is shown in Figure 4.
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Figure 4. Mini-RF bistatic S-band observation of Vallis Schréteri on the Moon, showing the four
Stokes parameters and the derived CPR. The CPR overlaid on the S1 image is colorized from 0
(purple) to >1.0 (red), and the intermediate values increasing from blue to cyan. North is to the right.
Data from NASA (see Data Availability Statement).

Historically, radar scattering has been analyzed by investigating the disk functions
(area-normalized radar cross-section as a function of the incidence angle) in the OC polariza-
tion. This type of analysis can be performed by fitting a scattering law to the observed disk
function and interpreting the fit parameters with the purpose to estimate surface-roughness
slopes or the fraction of diffuse scattering [61-63]. Several radar scattering laws exist and
are used for different purposes, typically to normalize radar data of planets or the Moon
obtained at different incidence angles to produce more comparable maps, or for shape
modeling of NEAs. Hagfors’ law [61] is historically the most used radar-scattering law for
the Moon, whereas the cosine law [64] is used more commonly in asteroid shape modeling.
For the purpose of using the quasi-specular peak to find the slope probability density func-
tion of a planetary or lunar surface, a Gaussian scattering law is the optimal choice [65,66].
Disk-function analysis is also possible for SSSOs, but requires either shape modeling or that
the object can be realistically approximated as a sphere based on a comprehensive coverage
of delay—-Doppler images. For a spherical object, the incidence angle and the contributing
area are straightforward to derive from the delay coordinate when the size of the object
is known. For objects with irregular shapes, there are significantly greater challenges in
estimating the contributing area and the effective incidence angle in each pixel.

Radar polarimetry has traditionally focused on interpreting the CPR; high CPR values
arise from significant surface roughness, such as impact ejecta (e.g., [67-70]), or due to
the coherent backscattering effect in icy media (e.g., [17]). Virkki et al. [71] demonstrated
that both the SC and OC enhancements can vary due to the abundance, size—frequency
distribution, dielectric properties, and shape of wavelength-scale particles, so that CPR
alone can hide part of the information that is visible in the full SC-OC backscatter coefficient
space. Figure 5 summarizes visually the interpretation parameters: The (area-normalized)
OC backscatter coefficient intercept point (A) describes the reflectivity of the surface without
wavelength-scale scatterers, which can be used for deriving the effective electric permittivity
of the surface composed of fine-scale regolith. Wavelength-scale scatterers on the surface
or in the near-subsurface increase both the SC and OC backscatter coefficients, so that
the gradient (B) depends on the shape, size—frequency distribution, and the dielectric
properties of the particles with respect to the fine-grained regolith, and the extent (C) is
directly proportional to the wavelength-scale particles” abundance [71]. The method can
be used for radar data at similar incidence angles, or if incidence angles between data sets
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differ significantly, after using a radar scattering law for normalization. An incidence angle
difference between the sets can affect both the intercept point and the gradient, because
the backscatter coefficient decreases as a function of the incidence angle and the observed
backscatter coefficient is a combination of the quasi-specular and diffuse scattering. Also,
the physical properties of the particles can affect both the gradient (B) and the extent (C),
because the extent is a multiple of individual particles’ backscatter coefficients, which can
have individually different SC and OC components [71]. The coherent backscattering effect
would also further affect the gradient and the extent by likely lowering the gradient and
increasing the extent, but its impact has not yet been well quantified. Rivera-Valentin et al. [31]
applied the method to Arecibo radar observations of Mercury.
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Figure 5. A simplified cartoon of the typical patterns seen when plotting the per-pixel backscatter
coefficients with three aspects of interest: (A) the OC backscatter coefficient intercept point, (B) a
range of gradients (here, three different gradients are shown), and (C) the relative extent of the
observed OC and SC backscatter coefficients, following [71] (see the text). The three gray dotted
lines demonstrate a cone shape typically seen for a sample of data, e.g., the distribution of properly
normalized backscatter coefficients in a radar image of the lunar surface, which can be attributed to
varying distributions of various shapes, sizes, and dielectric properties of wavelength-scale particles
in each pixel.

The degree of linear polarization in a signal received from a circularly polarized
transmission has been used to infer subsurface scattering from Venus [72,73], but there is
not sufficient evidence to prove correlation between the polarization senses.

3.6.2. Full/Quad-Polarization Radars

As described in the previous section, conventional Earth-based planetary radar in-
struments transmit circular polarization, and receive both senses of circular polarization,
resulting in SC and OC image pairs. In observations where the complex cross correlation
between the two received channels (or, the relative phase of the two signals) is also mea-
sured, the full polarization state of received signals can be obtained. This is achieved by
measuring the Stokes vector, from which classical child parameters such as the degree of
depolarization and the degree of linear polarization may also be determined [74]. The ar-
chitecture of this dual-circular polarimetric mode, along with the hybrid dual-polarimetric
mode implemented in the Mini-RF radars (Mini-SAR on Chandrayaan-1 and Mini-RF
on LRO) are forms of compact polarimetry [75], which is a subset of the fully polarized
SAR configuration. However, the gold standard among polarimetric radars is the fully
polarized case, in which the intrinsic data product is the 4 x 4 scattering matrix of each
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resolved element in the scene [74]. After applying certain symmetry relations, this may be
reduced to a 3 x 3 array, such as a compressed Stokes matrix or the compressed scattering
matrix [76]. These reduced forms are known commonly as fully polarimetric or quadrature-
polarimetric SAR (quad-pol). The DFSAR instrument aboard Chandrayaan-2 is the first
fully polarimetric SAR outside an Earth orbit. The architecture of this radar instrument
supports multiple polarimetric modes of operation [77] and illustrates the value of quad-
polarimetry for lunar and planetary applications [39]. DFSAR under the fully polarimetric
mode alternately transmits two orthogonal linear polarizations and records both received
linear polarizations (HH, HV, VH, and VV). This architecture allows more information
to be extracted compared to single- and dual-pol SAR data (e.g., [39,78]). Polarimetric
channels acquired in quad-pol mode maintain their relative phase, so they can be combined
coherently to form new channels [76] or to compute statistical higher-order parameters
by target decompositions (e.g., [79]). Moreover, quad-pol data produce a unique scatter-
ing matrix using any combination of transmitted and received orthogonal polarizations
(e.g., linear, elliptical, hybrid), which permit analysis of the surface scattering behavior in
all possible configurations of the transmitted and received signal polarizations.

In the monostatic backscatter alignment quad-pol mode operation, DFSAR transmits
two orthogonal polarizations on a pulse-to-pulse basis and receives the scattered waves in
two orthogonal polarizations (in the same basis as used for transmission). By this procedure,
the radar acquires polarimetric scattering information as a 2 x 2 complex matrix called
the Sinclair scattering matrix [80]. This scattering matrix S relates the two-dimensional
transmitted (subscript tx) and received (subscript rx) electric field vectors E [76,81]:

{EH] :exp(—i’”){SHH SHV} [EH] )
Ev],. r Sva  Svv]|Ev],,

where all the elements are complex valued, and the subscripts H and V indicate horizontal
and vertical polarization, respectively. The factor exp(—ikr)r~!, where k = 271/ is the
wavenumber, takes into account the propagation effects both in amplitude and phase
and expresses the attenuation for a spherical wave of a radius that equals the distance
(r) between the scatterer and the radar. In this expression, the diagonal elements of the
scattering matrix are termed “co-polar”, since they relate the same polarization for the
incident and the scattered fields. The off-diagonal elements are known as “cross-polar”
terms as they relate orthogonal polarization states. In monostatic configurations like that of
DFSAR, S becomes symmetric, i.e., Syy = Sy for all reciprocal scattering media (e.g., [76]).

In a sense, a quad-pol SAR receives the time-averaged samples of scattering from a
set of different single targets, which is referred to as a “distributed radar target”. Such
distributed targets (natural surfaces) can be analyzed more precisely by introducing the
concept of space- and time-varying stochastic processes, where the target or the environ-
ment can be described by the second-order moments of the fluctuations, which will be
extracted from the polarimetric coherency or covariance matrices [76]. If the scattering
matrix is averaged in a 3 x 3 covariance or coherency matrix for incoherent scattering,
the number of independent parameters becomes nine, compared to one and three param-
eters by single polarization or dual-polarization SAR systems, respectively. Similar to
the decomposition techniques applied to compact-pol SAR data (e.g., m-x decomposition
method; see the next section), scattering decompositions are widely applied over quad-pol
SAR data for interpretation, physical information extraction, segmentation, and/or as a
pre-processing step for geophysical parameter inversion (e.g., [76,79,82]). In general, the
decompositions from the coherency or covariance matrices obtained from quad-pol SAR
data can be grouped into two classes: eigenvector- and eigenvalue-based decompositions
and model-based decompositions [79]. Moreover, to determine the CPR from quad-pol SAR
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measurements, it is straightforward to calculate the backscatter coefficients (¢°) in the two
circularly polarized components from the linearly polarized terms as given below [83,84]:

o1, . .
05c = [0hy + oy + 405y — 2Re(SuuSyy)) ©®)
o 1. o *
06c = 4l0%in +ovy +2Re(SunSyy)] @)

where Re(SyuSy,) denotes the real part of the co-polarized correlation. Note that the
above equations are derived by assuming that there is no correlation between the cross-
polarized (HV, VH) and like-polarized (HH, VV) linear components for natural surfaces
(e.g., [69]).

3.6.3. m — x Decomposition

In the 2010s, more elaborate radar polarimetry methods and interpretations were
introduced in the planetary radar community as an expansion from terrestrial radar imaging
analysis. Raney et al. [85] developed the m — x decomposition method to visualize the
spatial distribution of different scattering processes in radar images of the Moon using
observations from LRO’s Mini-RF. In the name of the method, m refers to the degree of
polarization and ) to the degree of ellipticity and the sign of rotation of the polarization
ellipse. Such decomposition products are RGB images, where the color intensity follows
the power measured from the double-bounce (red), depolarized (green), and odd-bounce
(blue) scattering components, as proposed by Raney et al. However, the interpretation of
the number of bounces was questioned by Hickson et al. [86] in their work using the same
method for asteroids. They argue that second-order scattering by a pair of wavelength-scale
particles does not typically have as strong a depolarization effect on backscattering. Single
scattering by a rounded particle, though, with a very rough surface and a size parameter
(ka, where a is the effective radius) of about 3 can have a strong depolarizing effect at
bistatic (phase) angles greater than 30° [86]. Further, including the third dimension in a
dihedral model could change the observed polarization as well.

In Figure 6, we show an example m — x decomposition map product focusing on
Gardner crater (33.8°N, 17.7°E, diameter = 17.6 km) using Mini-RF S-band monostatic
observations. Within the wall of Gardner crater, the scattering decomposition highlights
landslide features on its walls. The landslides appear as yellow, which is due to a com-
bination of depolarizing wavelength-scale scatterers and wall roughness, as well as the
scattering geometry. On the other hand, the crater floor and most of the nearby areas are
dominated by blue, which, due to attenuation, is likely dominated by power from single,
quasi-specular reflections by areas with no wavelength-scale scatterers. To illustrate this dif-
ference, in Figure 7 we show the histogram of RGB intensity from the crater wall and nearby
terrain. As can be seen, from the crater wall the distribution of depolarized/volumetric
backscatter is skewed with a long tail as compared to the distribution of depolarized
backscatter from the background terrain. This suggests an overabundance of fine-scale
regolith. Furthermore, the distribution of red is broadened at the crater wall as compared
to the background terrain, which is well explained by an overabundance of centimeter- to
decimeter-scale rocky material. Additionally, the distribution of blue is shifted at the wall
to lower values, which is well explained by the geometric complexity of wall material and
a lack of radar-facing, smooth facets.

Figure 6. The m — x decomposition RGB map centered on the lunar crater Gardner (33.8°N, 17.7°E)
resulting from Mini-RF S-band monostatic observations. The magenta boxes annotated as A and B
correspond to the areas where m — y decomposition components were sampled for Figure 7. The
resolution of the image is 0.3 km/pxl. Data from NASA (see Data Availability Statement) .
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Figure 7. Histogram of the m — x decomposition components, in terms of probability, from the A and
B units noted in Figure 6 (A: the crater floor and walls, and B: a smoother area nearby). Color coding
follows the red, blue, green of the m — y decomposition method.

4. Radar Observations of the Moon
4.1. Ground-Based Observations

The first detection of radar signals reflecting from the Moon occurred in 1946. The so-
called “Project Diana” was conducted by the US Army Signal Corps, and this achievement
is considered the start of planetary radar astronomy. Since then, the Moon has been
observed over a broad range of radar wavelengths, from 2.2 cm to 7.5 m, from ground-
based telescopes such as the Arecibo Observatory, Goldstone Solar System Radar, MIT
Haystack Observatory, Jicamarca Radio Observatory, and most recently the Green Bank
Observatory. Early observations of the Moon set the stage for our current understanding of
radar scattering processes under planetary relevant conditions. Such measurements led to
the formulation of the often used Hagfors [61] and Muhleman [87] scattering models, which
describe the expected backscatter from an undulating surface as a function of incidence
angle, dielectric permittivity, and the root mean square of surface heights (i.e., roughness).
Such semi-empirical models are still used across planetary radar astronomy to help infer
regolith properties.

The observatory that has primarily been used for lunar radar science over the years has
been the Arecibo telescope, which has provided dual-polarization observations of most of
the near-side of the Moon at the P- (70 cm, 430 MHz) and S-band (12.6 cm, 2380 MHz). Due
to the time it takes to switch between transmission and receiving modes, these observations
were produced using a bistatic configuration, where Arecibo would transmit and the
Robert W. Byrd Green Bank Telescope in West Virginia would receive [88,89]. Because
the beam size of the Arecibo telescope is significantly smaller than the Moon, multiple
observing sessions were needed; however, this also meant that the north—south ambiguity
could be avoided by pointing the telescope at one hemisphere. In addition, because of
the moon’s complicated and very slow apparent rotation as viewed from a point on Earth,
the Doppler equator shifts over time, so that different points on the surface are affected
by the north-south ambiguity, allowing most of the surface to be imaged. Similarly, the
Moon’s libration allows imaging of approximately 200° of longitude by choosing whichever
spot is most observable at any given observing session. Because of the very slow rotation,
the Doppler resolution must be extremely fine to produce useful planetocentric projected
spatial resolution. For the 70 cm observation, single radar looks were over 900 s, so that
only a few observations could be made in the ~2.5 h daily Arecibo observing window.

The two different observing wavelengths with Arecibo, 12.6 and 70 cm, allowed
observations at different penetration depths. The 70 cm observations are particularly apt
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for identifying lava flows that are partly buried by regolith, while 12.6 cm observations
are good for studying regolith properties. For example, in Figure 8, we show Arecibo S-
and P-band SC backscatter radar maps of Mare Crisium (17°N, 59°E) [88,89], along with
an image from the LRO’s wide angle camera for context. The S-band SC backscatter map
highlights recent impact craters within the basin and their ejecta deposits more clearly
than the P-band map. On the other hand, an ancient lava flow is markedly noticeable in
the P-band image and not in S-band. This implies that the feature is likely buried at or
below the S-band penetration depth (~1 m) and/or is dominated by structure on the order
of decimeters to meters rather than centimeters to decimeters. Indeed, multi-wavelength
radar studies of the Moon have helped to reveal its volcanic history and provided important
stratigraphic information (e.g., [90,91]). In particular, Arecibo P-band observations have
helped to complete the inventory of lunar mare basalts by revealing buried features, such
as cryptomaria [92], which are only otherwise visible by surface exposure through impact
cratering. Longer wavelengths, such as the 6 m Jicamarca observations, can provide further
constraints on ancient activity (e.g., [2]).

Figure 8. Cont.
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Figure 8. Mare Crisium on the Moon as seen in (A) optical, (B) S-band, and (C) P-band radar. Radar
images are maps of SC backscatter in dB scale. Color variation for the radar maps ranges between

1.5 times the interquartile range above and below the lower and upper quartile values from blue to
yellow, respectively. In the magenta box, we note a buried volcanic feature that appears in P-band
images but not in the optical or S-band images. Data from NASA (see Data Availability Statement).

Figure 8 also demonstrates the impact of metal abundance in the lunar regolith. As
demonstrated by [93], increased TiO, abundance is related to decreased radar backscatter
on the Moon due to the increased loss tangent. Indeed, the particularly radar-dark region
in both the S- and P-band images in Figure 8 located at the center right of the image is
associated with measured TiO; of >7%, as compared to the bulk of Mare Crisium which is
<4% [94]. Thus radar scattering on the Moon is associated with regolith’s physical proper-
ties (e.g., size frequency distribution of scatterers and their shape, topographic roughness)
as well as composition due to the variation in TiO,. This is related to the mineral ilmenite,
which is associated with mare basalts. Another compositionally dependent radar signature
that has been searched for on the Moon is that of water ice. Lunar permanently shadowed
regions (PSRs), much like those on Mercury, have thermal environments that would allow
for water ice accumulation [95,96]. However, unlike for Mercury, Arecibo S-band radar ob-
servations of the lunar poles did not reveal anomalously high radar backscatter or CPR [97].
This may suggest that (1) the lunar poles do not contain buried water ice; (2) they do but it
is buried below the P-band radar penetration depth; and/or (3) the water ice is not in a
coherent, nearly pure slab, but rather pore-filling or well-mixed with the regolith.

4.2. Lunar Orbital Radars

India’s lunar Chandrayaan-1 was the first SAR to orbit and observe the Moon. Launched
in October 2008, Chandrayaan-1 was shortly followed by NASA’s Miniature Radio-Frequency
(Mini-RF) instrument aboard the Lunar Reconnaissance Orbiter, which launched in June
2009. Chandrayaan-1 operated at 12.6 cm, while Mini-RF operates at both 4.2 and 12.6 cm.
They operated together until communications were lost from Chandrayaan-1 in August
2009. The first radar experiment on the Moon, though, was conducted with the Clementine
spacecraft in 1994 [98]. Clementine conducted a bistatic radar experiment by transmitting
an S-band signal through its high-gain antenna, which reflected off the south pole of the
Moon and was received by the DSN. The advantages of orbital radar assets over ground-
based planetary radar observations of the Moon are improved spatial resolution, varying
viewing geometries over regions during repeat passes, and fully polarimetric data sets.
An additional advantage is that an orbital platform allows for radar imaging of the lunar
far side.
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The search for water ice at the lunar poles has continued with orbital radar assets. The
13.2 cm bistatic radar experiment aboard the Clementine spacecraft identified a localized
coherent backscatter opposition affect associated with some PSRs at the lunar south pole,
but not its north pole [98]. These results, though, were not shown to be unique and
anomalous for the region in later studies [99]. Continued experiments with dedicated
SARs have been similarly unsuccessful. Using monostatic Mini-RF and Chandrayaan-1
observations, Neish et al. [100] studied the S-band CPR of Cabeus crater, the site of the
Lunar Crater Observation and Sensing Satellite (LCROSS). This spacecraft conducted an
impact experiment on the Moon in an attempt to reveal buried volatiles. Although the
LCROSS experiment identified water-related signatures in the resulting ejecta plume [101],
pre- and post-impact Mini-RF S-band radar images of the region did not present anomalous
backscatter [100]. Analysis of the initial CPR maps from the Mini-SAR on Chandrayaan-1
suggested that some polar craters showed high-CPR deposits only in their interiors and
have low CPR values in adjacent deposits beyond their rims [102]. This finding was also
supported by Mini-RF data by [103] who identified these features as “anomalous” craters.
The interiors of these initially identified anomalous craters are wholly or in large part
in permanent shadow and correlate with proposed locations of polar ice, as suggested
by Lunar Prospector neutron spectrometer data [104]. As such, Refs. [102,103] proposed
that these relations are consistent with deposits of water ice. However, such anomalous-
CPR craters were also later identified outside of the polar regions [105,106], and were
shown to also be well explained by the existence of blocky rock populations [107], and the
size—frequency distribution and/or shape of the scatterers [71] within the crater. Later, in
a bistatic radar experiment with Mini-RF as a receiver and Arecibo as a transmitter, an
opposition effect was observed associated with Cabeus crater [108]. The response was
suggested to significantly differ from that of crater ejecta and background terrain and to be
potentially indicative of near-surface water ice.

A plethora of measurements at non-radar wavelengths support the existence of surface
water ice at the lunar PSRs (e.g., [101,109-114]). Nevertheless, to date, radar investiga-
tions have not provided unique identification of buried water ice. This stark contrast to
observations of Mercury’s poles (see next section) provides constraints on the delivery of
water ice to the Moon relative to Mercury. Impact-induced regolith mixing models suggest
that water ice deposits will be reworked into the background over scales of hundreds of
millions of years for both bodies [115]. As such, the difficulty in radar detection of ice at the
Moon may suggest intimate mixing with the regolith and burial at great depths, while on
Mercury the clear detection of water ice may suggest a recent voluminous delivery of water
ice. Continued dual-frequency orbital radar missions, such as the Indian Space Research
Organization’s (ISRO) DFSAR aboard Chandrayaan-2, though, may provide new insights
into the nature of lunar ice. DFSAR is the first to observe the Moon at L-band in addition to
S-band. A comparison of the different depths probed by these wavelengths, along with the
fully polarimetric data set and improved radar scattering models, may help to identify the
nuanced radar signature from an intimate mixture of ice and regolith.

Orbital radar data has also proven to be an extremely useful tool for studying the
geology of the lunar surface. With a now global view of the Moon, we can confirm the
ground-based measurements that suggest the radar scattering properties of the Moon
are broadly related to the mare-highlands dichotomy. The highlands have higher radar
backscatter, likely due to a lower loss tangent in the regolith, which allows for more
scattering from subsurface rocks [38]. Orbital radars also gave us our first look at the
scattering properties of the global crater population of the Moon. These observations
confirmed earlier ground-based data that suggested that impact melt deposits were among
the rough materials on the Moon [89]. This unique property allowed for the construction
of the first global data set of lunar impact melts since the 1970s [116]. It has also revealed
melt deposits in unusual locations, such as the Tycho antipode [117]. Moreover, the fully
polarimetric DFSAR data were utilized to estimate the dielectric constant [118] as well as
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surface roughness [119] at selected regions, and to provide new information on volcanic
features such as pyroclastic deposits [120] and irregular mare patches [121].

5. Radar Observations of the Planets
5.1. Mercury

Radar observations of Mercury provided the first compelling evidence of volatiles
within PSRs of polar craters. Full-disk radar mapping of Mercury conducted via monostatic
Arecibo S-band (12.6 cm, 2380 MHz) radar observations [14] and bistatic observations,
where the Goldstone 70 m antenna transmitted in X-band (3.5 cm, 8560 MHz) and 26 an-
tennas of the Very Large Array received backscattered echoes [13], identified anomalously
bright features at both poles. The features were associated with CPR > 1. Together
these radar properties were reminiscent of the scattering behavior of the icy moons of
Jupiter [8,122,123] and the Martian south polar layered deposits [124]. In subsequent
Arecibo radar observations, delay and Doppler planetocentric projected spatial resolutions
were improved to as fine as 1.5 km [125,126], allowing for tracking of the anomalously high
reflectivity to crater-sized features.

In Figure 9, we show an example delay-Doppler image of Mercury’s north polar
radar-bright features using the observations presented in [31], which were processed to a
delay resolution of 1.5 km. For these features, thermal models demonstrated that within
some 10° of the poles most crater geometries would result in PSRs with temperatures low
enough to permit stable water ice at the surface, and to lower latitudes if insulated by a thin
layer [127,128]. Thus, the properties of the radar-bright features at Mercury’s poles have
been interpreted as resulting from scattering from water ice, with their high reflectivity
likely due to the coherent backscatter effect [15,17].

Delay (us)
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Figure 9. Total power radar backscatter delay—Doppler image of Mercury’s north polar bright features
as observed on 19 July 2019. Values are in dB scale and resolution is 1.5 km/pxl. Data were collected
in [31].

The ground-based-radar-enabled discovery of ice at Mercury’s poles served as one
of the motivators for NASA’s MESSENGER mission to Mercury, which launched in 2004,
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began science operations at Mercury in 2011, and concluded in 2015. Detailed observations
by the MESSENGER spacecraft confirmed that radar-bright features are associated with
PSR locations [129,130] and provided further support for the water ice interpretation as
it found that the north polar region was on average enriched in hydrogen [131]. At the
same time, though, MESSENGER observations revealed new complexities. First, not all
Mercurian PSRs are associated with a radar-bright feature [130,132]. This may provide
constraints on the source and timing of volatile delivery and deposition. Alternatively, the
water ice content within some PSRs may be too thin or buried too deeply to be detected by S-
band radar observations. Furthermore, MESSENGER observations surprisingly found that
many of the locations of radar-bright features were optically darker than the surrounding
terrain [133]. This would suggest that ice is not surficially exposed at these locations, but
rather buried beneath a thin low-reflectance, perhaps organic-rich, material [134].

The heterogeneity of the Mercurian putative ice deposits revealed by MESSENGER
motivated a renewed radar investigation. Leveraging the high-resolution topography data
from MESSENGER, refs. [31,135] paired new Arecibo S-band radar observations with a
topography-corrected radar incidence angle map to investigate the scattering properties
of the features. In their work, they showed that some northern radar-bright features are
associated with a distinct pattern in their properties, whereby a central high reflectivity and
high-CPR region is surrounded by lower backscatter in a gradational pattern. Radar scatter-
ing modeling suggests that high reflectivity regions within PSRs are well characterized by
nearly pure water ice decreasing out to >20% impurities by volume [31]. Thus, the purest
ice deposits at Mercury are likely surrounded by water-ice-rich regolith. This could be
due to lateral mixing induced by impact gardening and/or the local thermal environment.
Further work comparing the radar backscatter with detailed thermal modeling of the
largest northernmost craters, Kandinsky, Tolkien, Chesterton, and Tryggvadéttir, found
that overall radar brightness is correlated well with temperature variations [136]. Their
work also identified regions where surface ice is thermally stable but the radar backscatter
is much lower than the brightest regions. As such, additional local-scale heterogeneities
exist within the northernmost Mercurian PSRs.

Beyond investigations of volatile deposits within PSRs, radar observations of the mid-
latitudes have also revealed geologic diversity that is similarly beneficial to comparative
planetology. Of particular note are impact crater rays [137,138], which are optically bright,
narrow, filament-like features that extend radially from some fresh impact craters across the
Solar System. Although their optical brightness is typically due to either exposure of fresh,
unweathered material and/or compositional-related albedo differences in exposed material
compared to the background terrain (e.g., [139]), rays are bright at radar wavelengths due
to an enhancement in wavelength-scale complexity along the ray’s path. Comparisons
between rayed craters on the Moon and Mercury using radar observations along with other
wavelengths helps to reveal the processes that led to their formation as well as subsequent
evolution [138]. Indeed, radar observations strongly suggest that rays are primarily formed
through secondary cratering. This is of particular importance for planning sample return
missions in order to understand the provenance of regolith samples (e.g., [140]).

5.2. Venus

Venus’ thick atmosphere, which is opaque at visible wavelengths, has made radar
the primary means of studying its surface. These observations go back many decades,
to the first accurate determination of the rotation rate of Venus in the 1960s [4]. In the
1970s and 1980s, ground-based and orbital platforms returned global topography data
and low-resolution (km scale) regional radar images of Venus (e.g., [141,142]). The most
comprehensive imaging of Venus was completed by the Magellan spacecraft in the early
1990s. This returned high-resolution (~100 m) radar images of 98% of the surface of
Venus [143].

One of the most intriguing discoveries made by Magellan was the occurrence of a
sharp shift to high-reflectivity, low-emissivity material at a specific altitude on Venusian
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mountains [144]. The exact nature of this material remains unknown, but may be consistent
with a ferroelectric mineral such as a perovskite [145]. Magellan images also revealed
a wide range of volcanic features, including familiar features like shield volcanoes and
lava flows, but also unusual structures such as flat-topped pancake domes and ring-
shaped coronae [146]. A key question in Venusian science is whether or not the planet
is volcanically active. Ground-based imaging of Venus between 1988 and 2012 did not
reveal any obvious changes in radar properties consistent with volcanism [147]. However,
a recent analysis of Magellan data from February and October 1991 revealed a volcanic
vent that changed shape and the possible presence of a new lava flow in the eight months
between observations [148].

Additional ground-based observations of Venus continued up until 2020, just prior to
the collapse of the Arecibo telescope [30]. The observations have provided polarimetric
radar data of Venus (SC and OC) not available from Magellan, but at much coarser reso-
lution (several km vs. 100 m). The polarimetric data have revealed that most Venusian
lava flows have CPR values less than 0.3, consistent with smooth pahoehoe surfaces [149].
A number of fine-grained mantling deposits were also identified around impact craters
and lava flows on Venus, characterized by low CPR and a high degree of linear polariza-
tion [150]. No additional radar images of Venus can be acquired with current ground-based
assets, but several orbital missions carrying SAR instruments with interferometric and
dual-polarimetric capabilities are planned in the coming years (see Section 7).

5.3. Mars

Radar images of Mars are limited to a few low-resolution, ground-based observations
completed at X-band (3.5 cm) and S-band (12.6 cm). The first radar images of Mars were
conducted in 1988 using Goldstone and the Very Large Array (VLA) in a bistatic configura-
tion [124]. These low-resolution (170 km) X-band images revealed radar-bright features
near Mars’s equatorial volcanoes, a radar-dark feature (dubbed “Stealth”) correlated with
a low-density, rock-poor deposit, and a radar-bright feature associated with the south
polar ice cap. Radar image processing improved during the 1990s and 2000s, utilizing a
novel “long-code” method for delay-Doppler imaging [151]. This technique addressed
issues associated with overspreading in the radar echoes due to Mars’s rapid rotation, and
produced the first images of Mars at S-band [152]. Data acquired by Arecibo during the
2005-2012 opposition of Mars produced the highest-resolution radar images (~3 km) of
Mars to date [29,153]. These images have revealed features unseen in optical images of
Mars. One of the more surprising discoveries is the presence of many lava flows with
CPRs that exceed unity. This property is unusual for terrestrial lava flows, and suggests
that Martian lava flows have blocky or disrupted surfaces [154]. These data also provided
detailed radar images of the Martian polar ice caps. Their radar polarization properties
are consistent with the coherent backscatter effect associated with relatively pure ice [153].
With the collapse of the Arecibo Observatory in 2020, it is no longer possible to obtain radar
images of Mars. New ground-based or orbital observatories—such as the proposed Inter-
national Mars Ice Mapper (I-MIM) mission—are needed to produce new, higher-resolution
radar images of Mars.

Radars have also been used to probe the subsurface of Mars. Three radar sounders
have reached Mars and are still in operation today, namely, MARSIS, aboard ESA’s Mars
Express spacecraft [51], SHARAD, on NASA’s Mars Reconnaissance Orbiter [34], and
MOSIR, on Tianwen-1 [53]. As ice is one of the most transparent natural materials at the
frequencies employed by radar sounders, the Martian polar caps have been prime targets
for observation. Their thickness and volume were thus measured, allowing an estimate
of their total water ice content [35], and their interior layering was mapped to study their
origin and evolution shaped by Martian climate cycles [32]. Although covered by layers of
rocky debris, ice was found also at mid-latitudes [155], and is thus potentially accessible by
future human explorers, while the enigmatic Medusae Fossae Formation has been found to
be radar-transparent, but no conclusive evidence of the presence of ice in its interior could
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be provided [156]. Radar sounding also discovered layers of CO; ice in the polar caps [157],
while evidence for the presence of ground water ice has been found in the northern plains
of Mars [158].

More recently, bright echoes at the base of the southern polar cap have been interpreted
as being caused by the presence of liquid water [33,159]. Because of the very low temper-
atures expected in that area, it was proposed that the waters are hypersaline perchlorate
brines, known to form at Martian polar regions and thought to survive for an extended
period of time on a geological scale. Because of its significance in the study of the biologic
potential of Mars, the identification of liquid water has been closely scrutinized by the
scientific community at large, and several counterarguments and alternative interpretations
of the MARSIS measurements have been proposed over the last four years. Although
the debate has yet to reach a conclusion, geologic evidence, all experimental work, and
most electromagnetic modeling favor the presence of brines, possibly as interstitial fluid
in sediments [160-167]. Dense measurement coverage in the polar regions has enabled
3-dimensional processing of the sounding data to improve resolution and better map
continuous structures in the ice caps [168,169].

5.4. The Galilean Moons

The Galilean moons are among the most interesting planetary objects in terms of their
radar-scattering properties. They were first observed in 1976 at Arecibo [8,170]. Due to
the high abundance of ice on Europa, Ganymede, and Callisto, the radar albedo and the
SC radar cross-sections are anomalous compared to other planetary objects. Hapke [17]
used laboratory experiments to show that the enhancements in both the reflectivity and
the polarization are caused by the coherent backscattering effect. This theory has been
supported via various numerical models [171,172].

Two spacecraft missions to Europa equipped with radar sounding systems are planned
in the near future: ESA’s Radar for Icy Moons Explorer (RIME) instrument onboard Jupiter
Icy Moons Explorer (JUICE) [173,174], and NASA’s Radar for Europa Assessment and
Sounding: Ocean to Near-Surface (REASON) onboard Europa Clipper [175,176]. These
missions have a pioneering opportunity to characterize the subsurface of Europa using
radar sounding and the processes that shape Europa’s unique icy surface.

5.5. The Moons and Rings of Saturn

The Saturnian system is the most distant radar-detected planetary object in the solar
system. Radar observations by ground- and space-based assets have returned important
information about its rings and moons. The first radar observations of Saturn’s rings
occurred in the early 1970s [177]. These observations demonstrated that the ring particles
are at least cm sized or greater; these sizes were required in order to have an observable
radar echo at S-band (12.6 cm). In the subsequent decades, numerous other ground-based
radar measurements were acquired of the rings (e.g., [178,179]), revealing more detailed
information about their geometry.

Ground-based radar observatories have also made several observations of Saturn’s
moons, including Titan [180], Iapetus [181], Rhea, Dione, Tethys, and Enceladus [182]. The
circular polarization ratios of the Saturnian moons are somewhat lower than those of the
Galilean satellites (Table 1), but still consistent with abundant subsurface volume scattering
due to the presence of water ice. The observed differences between the Galilean and
Saturnian moons are likely due to differences in the composition of their near subsurfaces.
A likely candidate is ammonia, as its presence in the Saturnian system could increase the
microwave absorption of water ice. In addition, ground-based radar observations of Titan
revealed a number of specular reflections from its surface. These observations suggested
the existence of large areas that are relatively smooth at the cm scale [183], likely due to the
presence of paleolakes or paleoseas [184].

In 2004, a space-based asset began to collect information about the Saturn system
at radar wavelengths: the Cassini RADAR instrument [185]. Cassini RADAR made a



Remote Sens. 2023, 15, 5605

22 of 36

number of observations of Saturn’s mid-sized moons in the Ku-band (2.2 cm). These
observations revealed a trend of decreasing radar albedos as one moves outward in the
Saturnian system [186]. As discussed above, this is likely due to increasing water ice
contamination by ammonia [187]. However, the Cassini RADAR was primarily used to
map the surface of Titan for the first time at high resolution [188]. Radar observations
through its hazy atmosphere revealed the presence of a surprisingly Earth-like world,
dominated by exogenic processes such as aeolion and fluvial modification [189,190]. The
latter process is the result of an active “hydrological” system on Titan, with methane as the
working fluid. Cassini also made the remarkable discovery that Titan has large bodies of
liquid near its poles [36], making it the only place in the solar system other than Earth to
have surface liquids (Figure 10). Soundings by the Cassini RADAR produced echoes from
the bottoms of these lakes, and the derived loss tangent is consistent with a methane-rich
composition [191].

Figure 10. Cassini RADAR provided the first high-resolution views of Titan’s polar regions, revealing
the presence of large lakes and seas of liquid methane. This image shows Kraken Mare, which has a
larger surface area than the Red Sea. Data from JPL/USGS (see Data Availability Statement).

Table 1. Radar properties of the terrestrial planets, the Moon, and the radar-observed moons of
Jupiter and Saturn.

Object OC Radar Albedo  SC Radar Albedo CPR Wavelength References

Mercury 0.06 0.005 0.1 12.6 cm [44,192]
Venus 0.11 0.01 0.1 12.6 cm [44]
Moon 0.07 0.007 0.1 12.6 cm [44]
Mars 0.08 0.02 0.3 12.6 cm [44]
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Table 1. Cont.

Object OC Radar Albedo  SC Radar Albedo CPR Wavelength References
Europa 1.03+0.08 1.58+0.15 1.53+0.03 12.6 cm [193]
Europa 091+0.13 1.40+0.23 143 +0.24 3.5cm [193]
Ganymede 0.57 £ 0.06 0.82 £0.09 1.43 +0.06 12.6 cm [193]
Ganymede 0.65+0.10 0.90£0.10 1.40+0.10 3.5cm [193]
Callisto 0.32+0.03 0.37+0.03 1.17 £0.04 12.6 cm [193]
Callisto 0.32 +0.02 0.40 £0.04 1.224+0.08 3.5cm [193]
Enceladus 1.07 £0.22 0.86 +0.20 0.83+0.25 12.6 cm [182]
Tethys 0.66 & 0.09 0.79 £ 0.09 122£0.21 12.6 cm [182]
Dione 0.41 £0.07 0.32 £0.07 0.81+£0.21 12.6 cm [182]
Rhea 0.61 +£0.03 0.714+0.04 1.17 £0.09 12.6 cm [182]
Titan * 0.14 0.07 0.5 12.6 cm [183]
Iapetus (L *) 0.10 £0.02 0.03 £0.03 0.33 £0.07 12.6 cm [181]
Iapetus (T *) 0.12+£0.02 0.0540.04 0.46 +0.10 12.6 cm [181]

* For Titan, the values have been estimated visually from Figure 2 in [183]. For Iapetus, “L” isfor the optically dark
leading hemisphere and “T” is for the optically bright trailing hemisphere.

5.6. The Radar Scattering Properties of Planets and Moons

In the subsections above, we have described the radar properties of the planets and
moons in our solar system. In the table below (Table 1), we summarize the radar albedos
and CPR values for these objects. The table is divided in three sections: the inner solar
system objects, the Galilean moons, and the moons of Saturn, and highlights the differences
and similarities in the radar scattering properties between the groups as well as inside
each group. The global radar-scattering properties of the inner solar system objects are
overall modest compared to many of the moons of Jupiter and Saturn, which can be likely
attributed primarily to the global characteristics (abundance, spatial distribution, and
purity) of ice on each object.

6. Radar Observations of Small Solar System Objects
6.1. Asteroids

Due to the rapid fall-off in radar power with distance, the majority of radar-observed
55S0s have been NEAs. Only 138 main-belt asteroids (MBAs) have been observed using
radar compared to more than a thousand NEAs (https:/ /echo.jpl.nasa.gov/asteroids/PD
S.asteroid.radar.history.html, accessed on 26 November 2023). The reason can be seen in
Equation (1): because the received power falls inversely proportional to the fourth power
of distance, the targets nearby are more easily observable. The first radar-observed NEA
was (1566) Icarus in June 1968, which was observed bistatically at Goldstone and Haystack.
From this point up until the end of the 1970s, only up to one asteroid was observed per
year. The number increased to 4-15 per year through the 1980s and 1990s, and continued
to increase through the 2000s and 2010s as instruments were upgraded and NASA began
to provide more funding for asteroid observations. The peak number of 123 NEAs were
observed at Arecibo in 2019 [43], plus three more using the DSN telescopes at Goldstone and
Canberra (https://echo.jpl.nasa.gov/asteroids/PDS.asteroid.radar.history.html, accessed
on 26 November 2023). The total number of unique radar-observed NEAs is currently above
1060 and counting, the exact number depending to a small extent on which objects count as
successful detections. Note that the target location has to be known with a precision better
than the beam width of the radar system to be observable.

Multi-body systems, i.e., binary and ternary asteroids, are of particular interest in terms
of asteroid formation and evolution. They are also common: The fraction of near-Earth
asteroids larger than 300 m in diameter that are multiple systems is estimated to be about
15% [194]. Planetary radar is a powerful instrument in detecting asteroid moons, because
the delay—Doppler imaging, and in some cases even just the Doppler echo power spectra,
can reveal the asteroid moons more distinctly than optical lightcurves. This is because
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the satellites often have their spins tidally locked to their orbits [194], which concentrates
the radar echo into a very narrow frequency interval, so that they appear bright. To date,
69 multi-body systems have been observed using radar, starting with (1866) Sisyphus in
1986 (though it was not recognized at the time). The first well-characterized near-Earth
binary system, 2000 DP107, was discovered using radar in 2000 [195]. Some of the systems
were confirmed as binary or ternary systems using radar, whereas some were suspected
as binary systems already before the radar observations. In some cases, a satellite that is
suspected based on optical observations is not detected using radar, which could be due to
an unfavorable observation geometry, bad signal-to-noise ratio, or a misinterpretation of
the lightcurve.

The first ternary system, (153591) 2001 SN263, was observed in 2008 at Arecibo [196],
and three other ternary systems have been observed since, with the best delay—Doppler
images obtained for (3122) Florence in 2017. The other two ternary systems are (136617)
1994 CC and (348400) 2005 JE21. Other multi-body systems of special interest are equal-
mass binaries, of which only four have been observed. The best images of an equal-mass
binary system were obtained for 2017 YE5 in 2018 (Figure 3). The other three equal-mass
binary systems are (69230) Hermes, 1994 CJ1, and (190166) 2005 UP156 [197,198].

As mentioned in Section 3, delay—Doppler imaging is arguably the best ground-based
technique for the imaging of planetary bodies in the inner Solar system. It is particularly
powerful for revealing the diversity of shapes and sizes of near-Earth asteroids [43]. Al-
though optical lightcurves can be used for a convex-hull estimation of asteroids, only radar
delay-Doppler images are able to directly image concavities. Therefore, radar images are
key to understanding asteroids’ shape distribution and evolution. Optical and near-infrared
observations can also estimate the asteroids’ size based on the reflectivity and an estimated
albedo at their respective wavelengths, but a fine imaging resolution is required for a direct
observation. Radar observations can, thus, help to validate the size estimation methods
utilized at other wavelengths.

In Section 3.6, we described how the polarization of the radar signal could be used
for the characterization of planetary surfaces. The radar-polarimetric analysis can con-
tribute to the characterization of the composition of asteroids, especially in terms of X-type
asteroids in the Tholen spectral classification system [199]. These asteroids have similar,
flat VNIR spectra but can be subgrouped as P, M, or E type based on their geometric
albedo (respectively, low, medium, or high albedo). Radar polarimetry is particularly
powerful at identifying E-type asteroids, for which the CPR is anomalously high compared
to other taxonomic types [200], whereas a high radar albedo can reveal the metal-rich
M-type asteroids [25]. The albedo estimate requires a size estimate based on imaging or
polarimetric data.

A wealth of literature exists on the radar scattering properties of asteroids. Some
of the largest and most significant compilations are those by Magri et al. [26,201,202] for
(dominantly) main-belt asteroids, Benner et al. [200] for CPRs of NEAs observed until 2008,
and Virkki et al. [43] for recent observations of NEAs at Arecibo.

6.2. Comets

Comets are challenging radar targets for two reasons: first, and most importantly, they
rarely come close enough to Earth to be observable; and second, their porous surfaces are
poor radar reflectors, which makes them more challenging objects to observe compared
to most asteroids. Thus, only 21 comets have ever been successfully observed using radar
(https:/ /echo.jpl.nasa.gov/asteroids/index.html, accessed on 26 November 2023).

When comets are observed, radar observations can reveal the scattering properties of
both the nucleus and the coma (e.g., [203]). As with asteroids, the size, shape, and spin rate
of the nucleus can be determined if the object comes close enough, though that is rare. If
the coma contains cm-scale or larger particles, then these can also be observed. In radar
Doppler echo power spectra, the nucleus typically appears as a narrow peak within a wide,
lower-power band of the coma. The Doppler bandwidth of the nucleus is determined by
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its rotation rate, where the Doppler bandwidth of coma particles is determined by their
spread in outflow velocity from the nucleus, which is typically hundreds of m/s, compared
to the cm/s or m/s rotational velocity of the nucleus. The intensity of the coma is directly
related to the number and size distribution of cm-scale and larger particles and can change
from day to day depending on the variations in the size—frequency distribution of the coma
particles and the observation geometry. The CPR of the coma may be used for investigating
the coma particles” wavelength-scale size—frequency distribution if observations at two
different radar wavelengths are available [204]. Because comets are quite variable in size
and dust production, some comets show only a nucleus echo, some show only a coma echo,
and some show both. Figure 11 shows an example of the Doppler echo power spectrum
for 73P /Schwassmann-Wachmann 3 (fragment C), which fragmented in 2006 as a result of
returning to the inner Solar System. Here, an asymmetric coma is clearly visible due to the
large number of wavelength-scale particles, while a large fragment of the nucleus is visible
as a peak in the middle.
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Figure 11. The Doppler echo power spectrum of Comet 73P fragment C observed using the Arecibo
S-band radar system on 15 May 2006, with fitted models (dashed curves) for each circular polarization
sense (solid black and dashed blue curves for the OC polarization and solid gray and dashed cyan
curves for the SC polarization). The data were reported in [204].

The only comet that has been visited by a spacecraft equipped with a sounding radar
instrument is 67P /Churyumov—Gerasimenko (hereafter 67P). The Comet Nucleus Sound-
ing Experiment by Radiowave Transmission (CONSERT) onboard the Rosetta spacecraft
conducted a bistatic radar sounding experiment by propagating long-wavelength (90 MHz,
3.3 m) signals between the spacecraft and the Philae lander so that the signal traveled
partially through the nucleus of 67P [56]. The experiment took place in November 2014
immediately after the landing of Philae, which coincidentally bounced off from the planned
landing location to an unknown location. The unintended bounce made the calibration
difficult, because the experiment began during an occultation rather than a clear visibility
between the spacecraft and the lander. Still, the experiment succeeded in the detection of
signals that had passed through the nucleus. The obtained data constrained the electric
permittivity of the nucleus to 1.27, which further constrained its bulk density and porosity,
as well as its scattering signatures. These data revealed the nucleus to be homogeneous at
the wavelength scale [56]. Further, Heggy et al. [205] concluded that the meter-scale surface
textures were more likely formed by thermal contractions of the shallow subsurface than
representative of the primordial building blocks of the comet, because no volume-scattering
signatures were detected.
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7. The Future of Planetary Radar
7.1. Ground-Based Observations

Since the collapse of the William E. Gordon telescope of the Arecibo Observatory,
ground-based radar capabilities have been significantly impaired. No facility with com-
parable capabilities currently exists; ground-based radar capabilities are now limited to
those of the DSN telescopes, primarily Goldstone. The limitations are set by antenna sizes,
transmission power, and scheduling. The DSN has an ongoing effort to improve their
capabilities, dominantly driven by the need for improved spacecraft communications as
the number of spacecraft increases and spacecraft communications evolve [206]. The DSN
Aperture Enhancement Project includes building new antennas at each DSN location and
installing new uplink and downlink systems, which would allow more efficient communi-
cations with the spacecraft. In terms of radar observations, these upgrades would benefit
primarily the space-based radar systems. However, the planned modernization of the radar
control systems at Goldstone would benefit the ground-based planetary radar observations
as well.

The future development of ground-based planetary radar systems is currently seen
as crucial for efficient planetary defense [207]. According to the recent report [207], future
radar facilities will most likely be telescope arrays, which can be developed incrementally
and have a lower risk of a single-point failure than one large telescope. However, the
technical ability to transmit and receive coherent radar signals from planetary bodies with
large arrays has not yet been properly established, and requires technological development.

The Green Bank Observatory has recently made significant development toward
adding a Ku-band (13.7 GHz, 2 cm) radar transmitter in the 100 m Robert W. Byrd tele-
scope [42]. The system is planned as a bistatic radar with a different location, such as the
Very Long Baseline Array (VLBA) or, in the future, the next-generation Very Large Array
(ngVLA) receiving. The current experiments have been limited to a low power of 700 W,
but as much as 500 kW has been proposed.

In addition, China has recently announced the development of the China Fuyan
(“Compound Eye”) facility in Chongging, to be used for NEA observations and spacecraft
communications. The three-phase project is currently at its second phase: building an array
of twenty-five 30-m radio telescopes (https://www.globaltimes.cn/page /202302 /12854
61.shtml, accessed on 23 October 2023). In the first phase, four radar antennas with 16-m
apertures have been successfully used for obtaining radar images of lunar craters. In the
third phase, the number of radar antennas is planned to be increased to over one hundred.

7.2. Planned Radar Instruments on Future Spacecraft Missions

Space-based radar instruments have a bright future, with radar systems planned for
several planetary spacecraft. Four missions to Venus were recently announced to fly radar
systems in the near future: (1) the Venus Orbiter Mission (unofficially named Shukrayaan)
was announced by the Indian Space Research Organisation to launch in December 2024;
(2) the Venus Volcano Imaging and Climate Explorer (VOICE) mission was announced by
the China National Space Administration to launch in 2026 and arrive at Venus in 2027;
(3) the Venus Emissivity, Radio Science, INSAR, Topography, and Spectroscopy (VERITAS)
mission was preliminarily planned by NASA'’s Jet Propulsion Laboratory (JPL) to launch in
2029; and (4) EnVision was announced by ESA to be launched in 2031. VOICE will carry an
S-band polarimetric SAR and a microwave radiometric sounder (MRS), while the Venus
Orbiter Mission will carry an S-band fully polarimetric SAR and a high-frequency (HF)
radar sounder. The Venus Interferometric Synthetic Aperture Radar (VISAR) instrument
onboard VERITAS is an X-band radar system designed to generate global topographic data
sets with an accuracy of 250 m horizontal and 5 m vertical accuracy. It will also collect
SAR images at 30 m resolution, and produce the first active surface deformation map of
a planet other than Earth at a vertical accuracy of 1.5 cm. The Venus Synthetic Aperture
Radar (VenSAR) is an S-band dual-pol radar onboard EnVision [208]. EnVision will also
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carry the Venus Subsurface Radar Sounder (SRS), a fixed dipole antenna operating in the
frequency range of 9-30 MHz, designed to probe the deeper subsurface of Venus.

The Galilean moon Europa will also have two different spacecraft radar systems
probing its subsurface oceans: (1) ESA’s Radar for Icy Moons Explorer (RIME) instrument
onboard the Jupiter Icy Moons Explorer (JUICE) [173,174], which launched in April 2023
and will arrive in the Jupiter system in 2031, and (2) NASA’s Radar for Europa Assess-
ment and Sounding: Ocean to Near-Surface (REASON) onboard Europa Clipper [175,176],
planned to launch in October 2024 and to arrive in April 2030. RIME is a radar sounder
using a frequency of 9 MHz and could penetrate as deep as 9 km into the ice, whereas
REASON is a DFSAR that uses both a 9 MHz and a 60 MHz frequency sounder.

Furthermore, Juventas Radar (JuRa), onboard ESA’s Hera mission, is planned to visit
the (65803) Didymos-Dimorphos system for post-impact characterization of the target aster-
oid of NASA'’s Double Asteroid Redirection Test (DART). The DART spacecraft successfully
impacted Dimorphos in September 2022 and changed its orbital period around Didymos.
JuRa will operate in the frequency range of 50-70 MHz, have a spatial resolution of 10-15 m,
and will be the first instrument to probe the inner layers of an asteroid. Hera is planned to
launch in October 2024 and to arrive in December 2026 [209].

In conclusion, seven decades of planetary radar observations have truly demonstrated
the unique capabilities that the technique offers, but also that there remain discoveries to be
made. Furthermore, the planned radar instruments on various spacecraft and the current
and new Earth-based planetary radar facilities in development will continue planetary
radar science for decades to come.
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Abbreviations

The following abbreviations are used in this manuscript:

BPC Binary phase coding

CONSERT  Comet Nucleus Sounding Experiment by Radiowave Transmission
CPR Circular polarization ratio

DART Double-Asteroid Redirection Test

DFSAR Dual-frequency synthetic aperture radar

DSN Deep space network

DSS Deep space station

EISCAT European Incoherent Scatter Scientific Association
ESA European Space Administration

GPR Ground penetrating radar

HF High frequency

ISRO Indian Space Research Organisation

JPL Jet Propulsion Laboratory

JUICE Jupiter Icy Moons Explorer

LCROSS  Lunar Crater Observation and Sensing Satellite
LPR Lunar Penetrating Radar

LRO Lunar Reconnaissance Orbiter

LRPR Lunar Regolith Penetrating Radar

LRS Lunar Radar Sounder

MARSIS  Mars Advanced Radar for Subsurface and Ionosphere Sounding
MBA Main-belt asteroid
Mini-RF Miniature Radio Frequency

NASA National Aeronautics and Space Administration
NEA Near-Earth asteroid

ngVLA Next-generation Very Large Array

NSF National Science Foundation

ocC Opposite circular

PSR Permanently shadowed region

REASON  Radar for Europa Assessment and Sounding: Ocean to Near-surface
RGB Red green blue

RIME Radar for Icy Moons Explorer

RIMFAX  Radar Imager for Mars’ subsurface experiment
SAR Synthetic aperture radar

SC Same circular

SELENE  Selenological and Engineering Explorer

SHARAD  Shallow Radar Sounder

SS50 Small Solar System Object

S/N Signal to noise ratio

VenSAR Venus Synthetic Aperture Radar

VERITAS  Venus Emissivity, Radio Science, INSAR, Topography, and Spectroscopy

VHF Very high frequency

VISAR Venus Interferometric Synthetic Aperture Radar
VLBA Very Long Baseline Array

VNIR Visual and near-infrared

VOICE Venus Volcano Imaging and Climate Explorer
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