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Abstract—Synthetic aperture radar (SAR) focusing will be a
fundamental step in the analysis of the radar sounding datasets
collected by the Radar for Europa Assessment and Sounding:
Ocean to Near-surface (REASON) instrument as part of NASA’s
upcoming Europa Clipper mission. Due to the flyby trajectory of
the mission, REASON data acquisition will be distinct compared
to other space-borne radar sounders, and therefore, require a
tailored SAR focusing strategy. Here, we present a SAR focusing
architecture based on the delay Doppler approach employed in
US SHAllow RADar (SHARAD) data analysis with the following
modifications for REASON data idiosyncrasies; an interpolation
to a constant ground track interval to account for REASON’s
variable PRF; and an adaptive Doppler centroid estimation to
account for the flyby geometry. The ability of our modified delay
Doppler SAR focusing approach to focus space-borne datasets as
well as its specific feasibility for REASON are demonstrated using
both SHARAD and MARSIS datasets. In addition, we present
a quantitative quality control framework based on pixel power
probabilities and demonstrate how it can be leveraged to quantify
the effects of SAR focusing and differentiate focused results gener-
ated with different processing parameters. Finally, we revisit and
discuss the assumption of depth-independent SAR focusing implicit
in the choice to construct a REASON SAR focusing approach
based on the delay Doppler method and provide a comparison
with depth-dependent SAR focusing for a simplified acquisition
geometry.

Index Terms—Europa Clipper, radar remote sensing, radar
signal processing, spaceborne radar, synthetic aperture radar.

I. INTRODUCTION

THE past decades have seen active radar sounding measure-
ments become a valuable tool in the study of planetary
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surfaces and subsurfaces [1]–[5]. Key to this has been the exis-
tence of specialized data processing techniques [i.e., synthetic
aperture radar (SAR) focusing] used to increase the resolution of
the resulting radar images without requiring large physical radar
antennae. A wide variety of SAR focusing strategies exist for
use with both space-borne and airborne datasets [2]–[4], [6]–[9].
All of these strategies involve the creation of synthetic apertures
within which Doppler information is leveraged to recombine
energy reflected from surface and subsurface targets as the radar
moves along its track. This recombination narrows the effective
beam pattern, collapses diffraction hyperbolae and improves the
alongtrack resolution of the output image. The purpose of this ar-
ticle is twofold; first to investigate a SAR focusing methodology
suitable for the analysis of future REASON datasets collected as
part of NASA’s upcoming Europa Clipper mission and second,
to develop a quality control framework that can be used to
quantitatively assess the effects of changing the parameters used
in the generation of those focused radar sounding datasets.

The Radar for Europa Assessment and Sounding: Ocean to
Near-surface (REASON) instrument [10], [11] to be carried
onboard NASA’s Europa Clipper spacecraft as well as the Radar
for Icy Moons Exploration (RIME) instrument [12] to be carried
onboard ESA’s JUpiter ICy moons Explorer (JUICE) spacecraft
represent the next generation of space-borne planetary radar
sounders following those currently in orbit around the Moon [13]
and Mars [14]–[17]. In addition to its ability to collect sounding
data at both HF (9 MHz center frequency, 1 MHz bandwidth)
and VHF (60 MHz center frequency, 10 MHz bandwidth) data
simultaneously, REASON operates at altitudes between 1000
and 25 km above Europa’s surface. This large range of oper-
ating altitudes is a consequence of the flyby (as opposed to
orbital) design of the Europa Clipper campaign and serves to
minimize the amount of time the spacecraft is exposed to high
levels of radiation in the immediate vicinity of Europa [18].
The flyby geometry imposes distinct operational constraints
on the REASON instrument that produce idiosyncrasies in the
resulting datasets that must be accounted for during SAR data
processing. As the RIME instrument will also operate under
similar geometries during JUICE flybys of Europa, the SAR
data processing techniques discussed for REASON are equally
applicable to these datasets as well.
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The Lunar Radar Sounder (LRS) instrument onboard the SE-
LENE spacecraft (5 MHz center frequency, 2 MHz bandwidth)
[13], the Mars Advanced Radar for Subsurface and Ionospheric
sounding (MARSIS) instrument onboard Mars express (1.8, 3,
4, and 5 MHz center frequencies, 1 MHz bandwidth) [14], [15],
and the SHAllow RADar (SHARAD) instrument onboard the
Mars Reconnaissance Orbiter (20 MHz center frequency, 10
MHz bandwidth) [16], [17] all employ a constant pulse repetition
frequency (PRF) (20 Hz for LRS, 127 Hz for MARSIS, and
700Hz for SHARAD) consistent with achieving their respective
science objectives. The REASON PRF, however, will vary as
a function of altitude in an attempt to maintain the Doppler
frequency bandwidth required for removing alongtrack surface
targets at ranges equivalent to a nadir subsurface reflector at 3
km depth in ice during on-ground SAR processing [19]. Fur-
thermore, because Europa Clipper is always either approaching
or receding from Europa over the course of a flyby, unlike for
LRS and SHARAD, the Doppler frequencies of targets in the
middle of an arbitrary synthetic aperture will not be zero (the sole
exception being for a synthetic aperture centered on the position
of closest approach). The combination of these two factors is
distinct to REASON and must be reflected in the design of a
suitable SAR focusing algorithm.

The remainder of this article is structured as follows; Sec-
tion II outlines the basics of SAR focusing, the basic delay
Doppler SAR approach [6] and the steps taken to modify it
for REASON data idiosyncrasies. In Section III, we apply our
modified delay Doppler SAR (mDD-SAR) approach to data
from two SHARAD orbits. We then first, qualitatively compare
our results against each other as well as to standard published
SHARAD results and second, introduce a quantitative quality
control framework designed to aid in evaluating the effects
of changing different processing parameters within the SAR
focuser (namely the aperture length). After demonstrating that
the mDD-SAR method can be used to focus standard SHARAD
data, in Section IV we perform an in-depth investigation of the
suitability of the modifications to ensure they are capable of
addressing REASON data idiosyncrasies. Finally, in Section V,
we discuss the possible limitations in the proposed mDD-SAR
approach with respect to depth-dependent SAR focusing, and in
Section VI we summarize the conclusions of this work.

II. SAR FOCUSING AND THE MODIFIED DELAY DOPPLER

APPROACH

Delay Doppler SAR focusing is the standard method used
in the US processing of SHARAD data [6]. However, other
approaches used in the reduction of space-borne radar sounding
measurements include depth-dependent matched filter focusing,
used in the reduction of LRS data [9], as well as chirp scaling,
used in the Italian analysis of SHARAD data [17]. The basic
delay Doppler technique was chosen as the starting point for
prospective REASON SAR focusing both because of its sim-
plicity, and therefore adaptability, as well as its heritage with
SHARAD. There are also substantial volumes of minimally-
processed SHARAD data available through NASA’s Planetary
Data System (PDS) with which to develop and test the approach.

A simplified representation of typical orbital (as opposed
to flyby) space-borne radar sounding data acquisition at five
points (moving from A through E) within a synthetic aperture
is presented in Fig. 1(a). At each position, the radar transmits a
signal that illuminates the surface and subsurface of the target
body and generates a reflection. The alongtrack resolution of the
radargram is related to the size of the illuminated area, where a
smaller illuminated area implies finer spatial resolution. For a flat
specular surface, the illuminated portion of the target generating
the reflected echo is defined by the Fresnel zone whose radius
(Rf ) is given by

Rf =

√(
h+

λ

4

)2

− h2 ≈
√

λh

2
for h � λ (1)

where h represents the altitude of the platform and λ is the free-
space radar wavelength [20]. In practice, due to a combination
of factors (including interface roughness, wide antenna beam
patterns, and long chirp signals), the radar-illuminated area for
a single range resolution cell on the surface is typically much
larger than the Fresnel zone and characterized by the pulse-
limited footprint [4], [20] whose radius (RPL) is given by

RPL =

√(
h+

c

BW

)2

− h2 > Rf (2)

where c is the speed of light and BW is the radar signal
bandwidth [11]. Because the pulse-limited footprint is large, an
individual point on the surface (O in Fig. 1) will fall within the
pulse-limited footprint of multiple radar measurements made at
different orbital positions (as signified by the dash-dot lines) and
diminish the alongtrack resolution of the radargram. The goal
of SAR focusing is to combine range-compressed echoes from
a common mid-aperture target (position O), measured across
multiple overlapping footprints within the synthetic aperture
(A through E). This narrows the alongtrack radar beam pattern
(the size of the beam pattern in the cross-track direction is not
affected) and decreases the size of illuminated area from its
pulse-limited width to something that, for a rough interface, can
be less than the Fresnel zone.

Coherent superposition of the echoes from a target in the
middle of the synthetic aperture relies on being able to predict
the corresponding Doppler frequency phase shift for that target
at every measurement position within the aperture. The Doppler
frequency describes the rate at which the recorded phase of the
target echo varies as a function of the time during which the
target is illuminated by the radar or is within the extent of the
synthetic aperture. For an ideal circular orbit [see Fig. 1(a)],
the change in the phase associated with mid-aperture target
echoes is largest towards the edge of the synthetic aperture
(represented by positions A and E), implying larger Doppler
frequency magnitudes at these positions. As the spacecraft ap-
proaches the mid-aperture position (positions B and D), there
is less variation in the target echo phase and the magnitude of
the Doppler frequency decreases. At closest approach (position
C), the Doppler frequency is zero. As phase is related to the
distance between the instrument and the mid-aperture target,
Doppler frequencies (fD) can be calculated from the change in
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Fig. 1. Simplified geometry associated with space-borne radar sounding of point O on the surface of the target body with (a) an orbital instrument (e.g., SHARAD)
and (b) a flyby instrument (e.g., REASON and RIME). Dotted lines represent the nadir propagation path while dash-dot lines represent select raypaths within an
illustrative pulse-limited footprint. Colors for the dot-dashed lines represent the relative magnitude of the Doppler frequencies for echoes from point O (warmer
colors represent greater Doppler frequency magnitudes), but will not be equivalent between the orbital and flyby geometries. As the spacecraft moves from left to
right (A through E), note that in contrast to the orbital geometry [a)], the only position where the Doppler frequency at the mid-aperture position can be expected
to zero for a flyby trajectory is at the position of closest approach [i.e., the situation shown in b)].

this distance across the synthetic aperture [2], [7], [8] using

fD = −2

λ

dRt (t)

dt
(3)

where Rt(t) is the one-way range from the spacecraft to the
target as a function of time within the aperture. By convention,
Doppler frequencies are defined as being positive as the platform
approaches the target [i.e., the distance to the target decreases;
positions A and B in Fig. 1(a)] and negative as the target recedes
(i.e., the distance to the target increases; positions D and E) [1],
[2], [8]. The Doppler phase shift (Φ) is the defined by

Φ = e−j
4π[Rt(t)−R0]

λ (4)

where R0 is the distance from the spacecraft to the target at the
mid-aperture position [2], [7], [8].

In conventional SHARAD delay Doppler SAR focusing,
Doppler phase shifts are calculated using the change in the
distance to the mid-aperture surface position only and ignore the
effects of radar wave refraction in the subsurface [6]. This stands
in contrast to matched filter SAR focusing, which attempts to
account for refraction at the surface interface for subsurface
targets [2], [7]–[9]. SHARAD delay Doppler SAR focusing also
assumes that fast-time frequencies and Doppler frequencies are
independent, even while this is strictly not true [3]. Under these
assumptions, SAR focusing can achieved in two serial migra-
tions; a fast-time (delay) migration applied as a multiplication
between the calculated Doppler phase shifts and the radar data
when expressed in the fast-time frequency/slow-time domain;
and an azimuth (Doppler) migration applied as a multiplication
between the Doppler phase shifts and the delay migrated radar
data expressed in the fast-time/Doppler frequency domain. In
conventional SHARAD data processing, after azimuth migra-
tion a Hann window is used to suppress sidelobes around zero
Doppler frequency and a focused range line is generated after

multilooking the Hann filtered result to a preset Doppler band-
width [6].

In anticipation of the idiosyncrasies in future REASON
datasets, the basic SHARAD delay Doppler approach is modi-
fied with two additional steps; one occurring prior to migration
and one after both delay and azimuth migration (see Fig. 2).
The first modification is a linear interpolation of both telemetry
and radar data to a constant ground track trace spacing and is
designed to account for REASON’s variable PRF. The second
modification is an estimation of the mid-aperture surface target’s
Doppler frequency (i.e., the Doppler centroid) based on the
tangent to the Rt(t) curve. To this end, consider a synthetic
aperture comprised of positions A, B, and C in Fig. 1. For the
orbital geometry [see Fig. 1(a)], the point of closest approach
will correspond to position B and the mid-aperture Doppler
frequency will be zero. In contrast, for a flyby geometry [see
Fig. 1(b)] the point of closest approach will be position C
and the mid-aperture Doppler frequency will be nonzero. Cor-
rectly estimating the Doppler centroid is essential such that the
azimuth-migrated result can be extracted for the correct Doppler
frequency. The Rt(t) profile across the synthetic aperture in
the mDD-SAR algorithm is calculated from the interpolated
telemetry data using spherical coordinates.

The modifications made to the conventional SHARAD delay
Doppler approach also affect the types of user-defined process-
ing parameters required as inputs. In lieu of a SAR column
posting interval defining the distance between range lines in
the output radargram [6], the mDD-SAR approach requires a
ground track interpolation interval (defined in meters) and a
SAR focusing interval (the interval between interpolated range
lines centering subsequent apertures). The product of these
two inputs defines the ground track distance between range
lines in the SAR focused output. For example, if the ground
track interpolation interval is set to ten meters and the SAR
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Fig. 2. Block diagram illustrating the mDD-SAR focusing algorithm for REASON data as well as the envisioned output data products. Additional steps required
for REASON data idiosyncrasies are highlighted in blue.

focusing interval is set to five, the output SAR focused radargram
will exhibit a 50 m ground track spacing between range lines.
Furthermore, multilooking is not explicit in the mDD-SAR
algorithm so a Doppler bandwidth is no longer a required input
[6]. Multilooking is omitted from the mDD-SAR approach in
order to produce the single-look complex-valued datasets that
are required for clutter discrimination using interferometry [19],
[21]. However, multilooked radargrams are produced through
incoherent stacking of the single-look outputs (see Fig. 2).

III. FOCUSING SHARAD DATASETS

Prior to performing a detailed investigation into the suitability
of the delay Doppler modifications for REASON, here we first
demonstrate that the algorithm described in Section II can be
used to focus space-borne SAR datasets. This is accomplished
using two illustrative SHARAD orbits; 10589 (the entire orbit;
Fig. 3) and 10798 (between 42.00°N and 48.03°N; Fig. 4).
SHARAD orbit 10589 covers a portion of the Martian Northern
Polar layered deposits (NPLD) near Gemina Lingula and was
selected because of the extreme topographical variability along
the ground track (a flat-lying surface adjacent to cliffs) as well
as the prevalence of subsurface reflectors within the NPLD.
The portion of SHARAD orbit 10798 used in this study covers
the northern edge of Tempe Fossae and was selected because
it presents with a surface roughness similar to that of Europa
ridged terrain [22], [23]. Unprocessed data for these two orbits
were downloaded from the PDS and range compression and
ionospheric correction was performed following standard US
SHARAD data processing methods [24], [25]. The range com-
pressed and ionosphere-corrected radargrams [Figs. 3(a) and
4(a)] are the inputs for mDD-SAR focusing. SAR focusing is
performed using three different aperture lengths: 5 km [see Figs.
3(b) and 4(b)], 15 km [see Figs. 3(c) and 4(c)], and 30 km [see
Figs. 3(d) and 4(d)]. The ground track interpolation interval is
kept constant at 10 m and each interpolated range line is focused
(i.e., the SAR focusing interval is one). To suppress speckle,
the radargrams in Figs. 3 and 4 have been incoherently stacked
(multilooked) to an along-track range line spacing of 400 m.

A. Qualitative Comparison

As expected, compared to the range compressed and iono-
sphere corrected radargrams [see Figs. 3(a) and 4(a)], SAR

focusing of both SHARAD orbits yields a dramatic improvement
in echo power while collapsing diffraction hyperbola. However,
there are noticeable differences between the focused radargrams
as the aperture length is progressively varied.

The most prominent difference is the change in echo ampli-
tudes, which is most clearly visible in the orbit 10589 results
(see Fig. 3). For short apertures [i.e., 5 km; Fig. 3(b)] similar
to the Fresnel zone diameter (∼6 km for SHARAD at 300 km
altitude), SAR focusing highlights reflections from flat-lying,
specular targets (in this case associated with the NPLD surface
and internal layers between 0 and 20 s, 50 and 60 s, and >65 s).
In areas of more variable topography (e.g., between 20 and 50
s) only the peaks or the base of troughs in the surface topog-
raphy are enhanced by SAR focusing as they generate diffrac-
tion hyperbola most similar to point targets. Extended, steeply
dipping surface and subsurface interfaces are not well imaged
when using the shortest SAR aperture. As the aperture length is
increased [to 15 km in Fig. 3(c) and to 30 km in Fig. 3(d)], the
specular target echo strengths progressively weaken, leading to
loss of deep subsurface reflections from within the NPLD. In
contrast, reflection strengths from point target-like features on
the surface do not significantly vary. This is a direct consequence
of the along-track angular distribution of reflections from these
two types of targets as discussed and demonstrated in [7] and
[9]. While reflection strengths for flat-lying targets are reduced
when the aperture length is increased, the imaging of dipping
surface features is improved (e.g., the small surface prominence
at 25 s and the incised valley at 60 s), which enhances along-track
resolution. A similar decrease in specular echo strength with
increasing aperture length can be observed in the orbit 10798
results [e.g., near 13 and 80 s in Fig. 4(b)–4(d)], but is overall
less noticeable due to the absence of numerous extended specular
targets. The ability to better resolve dipping features though SAR
focusing with longer apertures is also observed in the 10798
radargram (e.g., the feature at 30 s and 1100 fast-time samples).

In addition to signal, noise levels within the radargrams are
affected by mDD-SAR focusing with different aperture lengths
and the effects are similar between the two SHARAD orbits.
Recall that the same amount of incoherent stacking has been
applied to each focused radargram in Figs. 3 and 4 in order to
reduce speckle. Noise levels in the 5 km aperture results exhibit
the lowest absolute power of any focused radargram, but also the
greatest variability. As the aperture is lengthened, noise levels
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Fig. 3. SHARAD orbit 10589 after (a) range compression and ionosphere correction, and mDD-SAR focusing with (b) 5 km-long aperture, (c) 15 km-long
aperture, and (d) 30 km-long aperture. Note a decrease in SAR gain is accompanied by an ability to better resolve steeply-dipping surface slopes as the aperture
length in increased.

homogenize around a consistent value yielding a smoother noise
background.

Radargrams for SHARAD orbits 10589 and 10798 after stan-
dard US [6] and Italian [16], [26], [27] SAR processing are
also available for download from the PDS and are presented in
Figs. 5 (US) and 6 (Italian). PDS radargram amplitudes have
not been modified from what is contained in the PDS data
files. Also note that Italian RDR data products have a different
fast-time sampling rate than either US RDR data products or
those produced as part of this study. The US RDR radargrams
(see Fig. 5) are produced using an 8.774 s long aperture (∼30 km

for a MRO velocity of 3.4 km/s), an output range line spacing
of 460 m, and 7 looks, while the Italian RDR radargrams (see
Fig. 6) are processed such that the nominal alongtrack resolution
is 300 m.

The most noticeable difference between the mDD-SAR fo-
cused radargrams (see Figs. 3 and 4) and those from the PDS
(see Figs. 5 and 6) is the inclination of the radargrams. This
inclination likely results from the standard SHARAD process-
ing defining MRO altitudes relative to the Mars orbiter laser
altimeter digital terrain model (DTM) [6] while this analysis,
using only SHARAD telemetry data, defines platform altitudes
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Fig. 4. SHARAD orbit 10798 after (a) range compression and ionosphere correction, and mDD-SAR focusing with (b) 5 km-long aperture, (c) 15 km-long
aperture, and (d) 30 km-long aperture. Note that, compared to Fig. 3, SAR gain is much more consistent as a function of aperture length.

relative to the IAU2000 Martian ellipsoid. The decision was
made to rely solely on SHARAD telemetry data instead of a
pre-existing DTM for this analysis because this situation more
in keeping with what is expected to be immediately available for
future REASON data.

Beyond the small tilt, versions of the mDD-SAR radargrams
qualitatively agree very well with the US SHARAD RDR
radargrams (see Fig. 5). The SHARAD orbit 10589 US RDR
radargram [see Fig. 5(a)] most resembles a slightly less noisy
version of our 15 km aperture mDD-SAR result [see Fig. 3(c)].
The extent of the visible subsurface reflectors in the NPLD (i.e.,

70 to 80 s) as well as the degree to which dipping surface features
are not being imaged (i.e., the small prominence at 25 s and
the valley at 60 s) is similar between the two radargrams. It is
worthwhile to note that the 30 km aperture mDD-SAR radargram
[see Fig. 3(d)] yields more a well-defined surface in the vicinity
of steeply dipping terrain than the standard US RDR data product
but less subsurface information. The SHARAD orbit 10798 US
RDR radargram [see Fig. 5(b)] appears very similar to both
the 15 and 30 km aperture mDD-SAR radargrams [see Figs.
4(c) and 4(d]. The only noticeable differences are related to
reflections recorded after the surface (at higher fast-time sample
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Fig. 5. Standard US SAR focused radargrams for SHARAD orbits. (a) 10589. (b) 10798.

Fig. 6. Standard Italian SAR focused radargrams for SHARAD orbits. (a) 10589. (b) 10798.
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Fig. 7. Pixel power probability quality control results for SHARAD orbit 10589. (a) Probability of fast-time pixel powers in the range compressed and ionosphere-
corrected radargram, the change in fast-time pixel power probabilities after mDD-SAR focusing with a (b) 5 km, (c) 15 km, (d) 30 km aperture, and (e) the change
in pixel power probability for an arbitrary pixel. The vertical red bands in (b), (c), and (d) effectively represent the noise floor.

numbers), which are slightly more well defined in the 30 km
aperture modified delay Doppler result [i.e., the small dipping
feature between 40 and 45 s and 800 to 900 fast time samples in
Fig. 4(d)].

Turning to the Italian RDR data products, both the orbit 10589
[see Fig. 6(a)] and 10798 [see Fig. 6(b)] radargrams most closely
resemble the mDD-SAR results produced using a 5 km aperture
[see Figs. 3(b) and 4(b), respectively]. The Italian RDR data
product has difficulty imaging the surface in areas of rough to-
pography [i.e., between 20 and 45 s in Fig. 6(a)] similar to what is
observed in mDD-SAR focusing with the shortest aperture [see
Fig. 3(b)]. Even though the Italian RDR surface definition along
orbit 10589 is similar to that of 5 km aperture mDD-SAR result,
the modified delay Doppler performs much better at recovering
deeper subsurface reflections from within the NPLD. In terms
of SHARAD orbit 10798, the 5 km-long aperture mDD-SAR
radargram slightly outperforms the Italian RDR data product in
terms of surface definition [compare Figs. 4(b) and 6(b) between
35 and 60 s], but overall, the results are fairly similar.

B. Quantitative Quality Control

In space-borne planetary radar sounding data, how to quantify
the effects of SAR focusing with different parameters is not
straightforward. SAR focusing is designed to re-organize energy
in 2-D (both in slow-time and in fast-time) and the unfocused

and focused radargrams will have a different number of range
lines. Therefore, whatever metric is used for quantitative quality
control of the focused results must be capable of highlighting
the restructuring of energy but be insensitive to changes in the
slow-time discretization of the radargram. Here, we use the pixel
power probability metric originally introduced in [28].

The pixel power probability quality control metric is used to
quantify how power levels vary for individual fast-time pixels
as well as an average pixel as a function of data processing.
To isolate the effects of SAR focusing, similar to [28] we
normalize pixel power probabilities to those observed in the
input range compressed and ionosphere corrected radargram.
The results for SHARAD orbits 10589 and 10798 are presented
in Figs. 7 and 8, respectively. Figs. 7(a) and 8(a) present the
likelihood that a specific fast-time pixel exhibits a specific power
in the input, unfocused radargram, while Fig. 7(b)–(d) and Fig.
8(b)–(d) present the changes in individual fast-time pixel power
likelihood after mDD-SAR focusing with the different aperture
lengths. Finally, Figs. 7(e) and 8(e) present the mean change in
power likelihood and standard deviation for an arbitrary pixel
[fast-time average of Fig. 7(b)–(d) and Fig. 8(b)–(d)].

The main features of mDD-SAR focusing that are highlighted
by the pixel power probability metric are similar for both
SHARAD orbits [see Figs. 7 and 8]. First there is the increased
likelihood of low power pixels (near 53 dB for orbit 10589 and
52 dB for orbit 10798) that corresponds to a decrease in the noise
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Fig. 8. Pixel power probability quality control results for SHARAD orbit 10798. (a) Probability of fast-time pixel powers in the range compressed and ionosphere-
corrected radargram, the change in fast-time pixel power probabilities after mDD-SAR focusing with a (b) 5 km, (c) 15 km, and (d) 30 km aperture, and (e) the
change in pixel power probability for an arbitrary pixel. The vertical red bands in (b), (c), and (d) effectively represent the noise floor.

floor. Second, there is the decreased likelihood of intermediate
power pixels (across a band centered on 59 dB for orbit 10589
and 57 dB for orbit 10798) that implies SAR focusing is moving
energy out of this power range (either towards the noise floor
or to enhance signal). Finally, there is an increased likelihood
of high power pixels associated with surface and subsurface
echoes, which represents the SAR gain. The cumulative impact
of these features are then focused radargrams with a greater
separation between the noise floor and the strengths of the
reflections of interest, leading to a higher signal-to-noise ratio
(SNR). The patterns associated with the decrease in the noise
floor as well as the reduction in pixels of intermediate power are
similar for both orbits, while where and how the SAR gain is
realized is dramatically different. This is a direct consequence
of how the unique structure in each location is being amplified
by SAR focusing and not an indication that mDD-SAR focusing
performs better on one orbit compared to another.

Even though mDD-SAR focusing consistently succeeds in
separating signal from noise, the degree of separation (i.e., the
SNR) decreases for longer apertures. For orbit 10798 (see Fig. 8),
the SNR decrease is marginal and the majority can be attributed
to the small (1 to 1.5 dB) increase in the noise floor at longer (15
and 30 km) apertures. The SAR gain is relatively constant (pixel

power probabilities in the 60 to 70 dB range exhibit only minor
variation). However, for orbit 10589 (see Fig. 7), in addition
to the same small increase in the noise floor there are also
significant reductions in SAR gain as the aperture is lengthened.
For example, consider the portion of the orbit 10589 results
near fast-time sample 550, where the SAR gain decreases from
approximately 13 dB at 5 km [see Fig. 7(b)], to 8.5 dB at 15
km [see Fig. 7(c)], and to finally 6 dB at 30 km [see Fig. 7(d)].
An equivalent decrease in mean peak signal power with aperture
length can also be observed in the general fast-time pixel power
probability results [see Fig. 7(e)]. Similar to observations made
during qualitative comparison, the decrease in SAR gain with
increasing aperture length is due to the majority of orbit 10589
reflections being associated with flat and planar features as
opposed to discrete point targets [9].

When applied across the entire radargram (as is done for
Figs. 7 and 8), the pixel power probability metric yields a holistic
view of mDD-SAR focusing and, as has been observed, the
results are highly dependent on the nature of the target being
imaged for that particular orbit (i.e., are there subsurface layers
present, is the surface flat or dipping, etc.). However, a subtle
yet important implication of this observation is that where there
is strong variability in the nature of the target along an orbit,
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local pixel power probability analyses may appear dramatically
different compared to the holistic result.

It is not difficult to imagine such a scenario for orbit 10589
(see Fig. 3). If the same pixel power probability analysis were
performed but considering only the portions of the radargrams
between 65 and 90 s, quantitative patterns in SNR and SAR gain
would likely be similar to those observed for the full radargram
(i.e., SNR and SAR gain decrease with increasing aperture).
In contrast, a pixel power probability analysis between 20 and
50 s would yield the opposite pattern of increasing SNR with
aperture length. Because the nature of the radar reflectors imaged
during orbit 10798 is more consistent (see Fig. 4), the pixel
power probability metric is unlikely to present with the same
spatial variability. Taken together, spatial variability in the pixel
power probability results can be used to infer local scale changes
in the radar scattering behavior of the target.

IV. SUITABILITY OF MODIFICATIONS FOR REASON DATA

IDIOSYNCRASIES

Section II introduced the modifications made to the standard
SHARAD delay Doppler algorithm in order to account for id-
iosyncrasies in REASON data and Section III demonstrated that
the modified approach can be used to produce useful scientific
results. However, the SHARAD data used for demonstration
in Section III does not contain the same idiosyncrasies as fu-
ture REASON data, and therefore, the appropriateness of the
modifications has yet to be fully demonstrated. This section
investigates the suitability of each modification using either
existing or modified space-borne radar sounding datasets that
mimic the behavior implicit in future REASON data.

A. Doppler Centroid Estimation

As MRO orbits Mars at approximately a 300 km altitude
[17], the minimum distance between MRO and the mid-aperture
nadir surface within a SHARAD synthetic aperture typically
occurs at the mid-point of that aperture. This limits the ability
to directly test the Doppler centroid estimation step in the
mDD-SAR approach with SHARAD. Fortunately, the Mars
Express spacecraft carries the MARSIS instrument and travels
in a more elliptical orbit compared to MRO [14], [15]. MARSIS
radar measurements are typically downlinked after significant
on-board processing including range compression, ionospheric
correction and Doppler filtering [15], which makes the major-
ity of downlinked data ill-suited to the task of demonstrating
the Doppler centroid estimation. However, limited lengths of
unprocessed data have been downlinked and are available for
download from the ESA. It is these data that are used to demon-
strate the Doppler centroid estimation step in the mDD-SAR
method.

The suitability of the Doppler centroid estimation procedure is
demonstrated in Fig. 9 using an unprocessed section of MARSIS
orbit 02665 acquired using the 4 MHz center frequency band.
MARSIS orbit 02665 covers a topographically smooth portion
of the Martian Southern Polar layered deposits and this lack
of topography leads to an absence of diffraction hyperbola
in the unfocused radargram. Fig. 9(a) presents the MARSIS

radargram after range compression and range line alignment. No
ionospheric correction is performed as the data were acquired
during the Martian night when ionospheric activity is minimal
[29], [30].

The mDD-SAR R(t) curve calculated for all range lines
within the first synthetic aperture [dashed red lines in Fig. 9(a)
and (d)] and is presented in Fig. 9(b). At this point in orbit
02665, Mars Express is shown to be consistently moving away
from Mars as R(t) increases across the aperture. The tangent
to the R(t) curve at the mid-aperture position is defined and
its slope is used to estimate the expected Doppler centroid (3).
Single-look data at the estimated Doppler centroid (−17.64
Hz) are then extracted after range and azimuth migration [see
Fig. 9(c)] to complete delay Doppler SAR focusing for that
synthetic aperture. It is clear from Fig. 9(c) that extracting
focused data assuming a Doppler centroid of 0 Hz would not
yield a correct result. The single-look focused 4 MHz radargram
for this portion of MARSIS orbit 02665 is presented in Fig.
9(d) and is generated using a 30 km aperture, no range line
interpolation and a unit SAR focusing interval (i.e., each range
line is focused). As expected, there is a clear increase in signal
strength after SAR focusing associated with the SAR gain.

As an alternative to the telemetry-based approach adopted
in this article, the position of the Doppler centroid can also be
derived from the radar sounding data themselves [31]. Data-
derived Doppler centroids are used by the Italian SHARAD data
processing team as an input into their chirp scaling SAR focusing
algorithm [26], [27]. For Italian SHARAD data processing, the
Doppler centroid is assumed to be the frequency that divides
the Doppler energy spectra in two equivalent halves [32]. While
this may be an appropriate assumption for SHARAD, which
is in a near-circular orbit around Mars, the results observed
in Fig. 9 suggest a more complicated situation when the radar
acquires data along a more elliptical (e.g., MARSIS) or flyby
(e.g., REASON) trajectory. Nonetheless, Fig. 10(a) presents a
comparison of the telemetry-based estimates of the Doppler
centroid used in this article (black points) to those reported
in the Italian SHARAD RDR data products (the solid gray
line) for SHARAD orbit 10589 [see Fig. 6(a)]. There is a very
good agreement between the Doppler centroids derived from
the spacecraft telemetry and those derived from the data as part
of Italian SHARAD data processing. Along-track variability in
the Italian data-derived Doppler centroids is a result of them
being estimated only once in 20 s long data blocks while also
attempting to account for variations in nadir Martian surface
slopes [26], [27]. Similar results are also observed for SHARAD
orbit 10798.

As discussed in [31], Doppler centroid estimation based on
spacecraft telemetry will be subject to uncertainties in space-
craft position. Fig. 10(a) also presents the variability in the
estimated Doppler centroids considering different uncertainty
functions overlain onto the SHARAD 10589 spacecraft radius
vector telemetry data. Uncertainties in spacecraft radius vector
are assumed to vary linearly across the orbit (both upward
and downward) and three different maximum uncertainty mag-
nitudes are considered (50, 100, and 150 m). The modified
spacecraft radius vector data are presented in Fig. 10(b) along
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Fig. 9. Demonstration of Doppler centroid estimation step using an unprocessed MARSIS orbit 02665. (a) Range compressed and fast-time aligned radargram
with the limits of the first synthetic aperture defined by vertical red lines. (b) Fitting a tangent to the R(t) curve for the first aperture at the mid-aperture position
to estimate the Doppler centroid. (c) Extraction of the focused data at the estimated Doppler centroid position. (d) The final single look modified delay Doppler
focused radargram for all synthetic apertures. Results demonstrate the ability of the modified delay Doppler algorithm to handle radar sounding datasets acquired
following an elliptical trajectory.

with the unmodified original. The addition of linearly varying
uncertainties in spacecraft radial position introduces a bulk
shift in the telemetry-estimated estimated Doppler centroids;
with larger shifts being observed for larger uncertainty mag-
nitudes. Note that even for the highest uncertainty magnitude
(150 m), the telemetry-based estimate of the Doppler centroid
does not significantly vary outside the range of data-derived
Doppler centroids reported in the Italian SHARAD RDR data
products.

Fig. 11 presents the portion of the mDD-SAR focused
SHARAD 10589 radargram between 0 and 35 s as an RGB image
where each channel presents a defined level of radial position
uncertainty (R: −150 m to +150 m, G: unmodified, B: +150
m to −150 m). The focusing parameters used to generate the
individual radargrams represented in Fig. 11 are the same as

those used to generate Fig. 3(d) and nongrayscale colors repre-
sent differences between the resulting SAR-focused radargrams.
It is clear that the addition of radial positional uncertainty has
minimal effect on the ability of the mDD-SAR focuser to recover
overall topography and there are only minor highly localized
variations in echo power at the edges of some reflectors. Even
though smooth radial position uncertainties across an orbit do
not appear to degrade the SHARAD focusing results, the effects
over a Europa Clipper flyby that exhibits a greater change in
spacecraft altitude warrants further consideration.

B. Range Line Interpolation

Even though MARSIS data can be used to demonstrate the
suitability of the Doppler centroid estimation modification,
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Fig. 10. Alongtrack variability in (a) telemetry-based (dots; some of which overlap and merge together into lines) and data-derived (gray line; as reported in
Italian RDR) estimates of Doppler centroids and (b) spacecraft radius vector as a function of radial spacecraft positional uncertainty for SHARAD orbit 10589.
Linearly-varying uncertainties in radial spacecraft position introduce bulk shifts in the telemetry-based estimates of the Doppler centroid, with larger shifts observed
for larger uncertainty magnitudes. Even for the largest uncertainty magnitude (150 m), the telemetry-based estimates of the Doppler centroid do not significantly
vary from the range of data-derived Doppler centroids.

Fig. 11. RGB image of portion of the mDD-SAR focused SHARAD orbit 10589 radargram (0 to 35 s) where different channels consider different levels of
linearly varying radial positional uncertainty (R: −150 m to +150 m, G: no modification, B: +150 m to −150 m). Deviations from grayscale then represent
differences introduced by positional uncertainty. Overall surface topography is not affected by positional uncertainty with only minor variations in observed echo
strengths.
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Fig. 12. Europa clipper (a) altitude and (b) instantaneous REASON PRF profiles for flybys 1 and 5 of the 17F12v2 trajectory.

neither MARSIS nor SHARAD directly mimics REASON’s
variable PRF. As such, unedited data from either instrument
cannot be used to evaluate the suitability of the range line
interpolation modification. The approach adopted for this article
is therefore to construct facsimiles of REASON PRF profiles
and interpolate SHARAD orbit 10589 telemetry and radar data
onto sections of that PRF profile prior to SAR focusing. This
alters the timing of SHARAD data collection such that it is more
representative of REASON data acquisition. Robustness in this
portion of the mDD-SAR approach is assessed by comparing
the focused results after interpolation onto the REASON PRF
facsimiles and the focused results when the constant SHARAD
PRF is unaltered using the quality control framework introduced
in Section III-B. Data from SHARAD orbit 10589 are used
instead of those from MARSIS orbit 02665 because the dataset
is longer (95 versus 25 s) and will cover a wider variation in
PRF, and contains a greater topographic variability.

Facsimiles of REASON PRF profiles are constructed from
SPICE data [33], [34] for two Europa flybys (flybys 1 and 5) in
the Europa clipper mission 17F12v2 trajectory. Two flybys are
considered as the distance of closet approach between Europa
Clipper and Europa is not constant and therefore the required
PRF profile differs for individual flybys. Fig. 12(a) presents
the altitude profiles for Flybys 1 and 5. The closest approach
distance varies from 100 km in flyby 1 to 25 km in flyby 5, but the
maximum altitude considered for both cases is 1000 km. From
the altitude profiles, the instantaneous PRF required to maintain
the requisite Doppler bandwidth in order to discriminate an
alongtrack surface target with a slant range equivalent to 3 km
depth in Europa’s ice shell is calculated [see Fig. 12(b)] [19].
There is a substantial (∼400 Hz) difference in the PRF required
for closest approach distances of 100 and 25 km.

Instantaneous PRF [see Fig. 12(b)] is constantly varying as it
is a direct response to a constantly varying platform altitude [see
Fig. 12(a)]. However, it is anticipated that a constantly changing
PRF will be difficult to achieve in practice with REASON.
In response, a concept similar to MARSIS frames is overlain
onto the instantaneous REASON PRF profiles. In the context

of MARSIS, a frame is a length of time during which the data
acquisition parameters (i.e., PRF, receive window opening times
etc.) are fixed [15]. In this analysis, the instantaneous REASON
PRF profiles [see Fig. 12(b)] are partitioned into 1200 frames,
each roughly 0.8 s long with a fixed PRF. As high operational
altitudes are involved, there will be situations where, in order to
maintain PRF, signal transmission is required before echoes of
the previous transmission are recorded. The transition to a new
frame then cannot occur before all planned transmissions within
the current frame are completed. In order to account for this in
the facsimile REASON PRF profiles, for every frame except the
first, the first two pulse repetition intervals (PRIs) of the new
frame are dropped in order to allow all echoes from the previous
frame to be recorded. This mode of operation will introduce
time gaps in the datasets that appear as a reduced PRF between
frames.

The results of partitioning the instantaneous REASON flyby
1 PRF profile according to the previously described procedures
are presented as Fig. 13. This partitioned PRF profile represents
the facsimile onto which SHARAD data will be interpolated.
In Fig. 13(a), while the constant PRF within each partitioned
frame is difficult to see, the substantial reductions in PRF asso-
ciated with the PRI gaps between frames are clear. Successful
partitioning of the instantaneous PRF profile to a constant PRF
within each of the frames is shown in Fig. 13(b). An equivalent
partitioned PRF profile is generated for flyby 5 but with different
absolute PRF values due to the different flyby geometry.

After using the partitioned REASON PRF profiles for flybys
1 and 5 to define the timing associate with each simulated
REASON range line, the SHARAD orbit 10589 unfocused radar
and telemetry data are linearly interpolated onto that same timing
profile. Four different interpolations (Trials) of the SHARAD
orbit 10589 data onto 95 s long portions of the REASON PRF
profile are performed for flyby 1 [see Fig. 14(a)] and three for
flyby 5 PRF [see Fig. 14(b)]. Trial positions are selected such that
they cover the critical portions of the flyby including where the
PRF is maximal (around closest approach) as well as where the
PRF is most quickly varying (approximately halfway between
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Fig. 13. Results of REASON flyby 1 PRF profile partitioning for (a) the
complete flyby and (b) a zoomed-in section. Low PRFs at the bottom of the
plot correspond to the gaps between frames.

1000 km and closest approach). These edited SHARAD data
are then SAR focused using a 10 m ground track interpolation
interval, a five sample SAR focusing interval, a 30 km aperture,
and are multi-looked to a 400 m ground track range line interval
(8 looks).

The stability of the mDD-SAR focusing approach with respect
to variable REASON PRF profiles is evaluated using the pixel
power probability quality control metric. Fig. 15 presents the
mean pixel power probability results [again relative to the range
compressed and ionosphere corrected radargram; Fig. 3(a)] for
each Trial [flyby 1 in Fig. 15(a) and flyby 5 in Fig. 15(b)] as well
unaltered SHARAD data focused with the same processing pa-
rameters. There is effectively no difference in how power in the
focused radargrams is being reorganized even though the PRF
profile of each Trial is different. Some very small variations are
noticeable in the immediate vicinity of the noise floor (∼57 dB),
but in areas of higher power that correspond to the reflections
of interest (>65 dB; Fig. 3) the various Trials all agree with
the unaltered result. It is therefore possible to conclude that the
interpolation to a constant ground track interval modification
made to the SHARAD delay Doppler SAR algorithm in order to
account for both a variable PRF as well as the presence of data
gaps is both successful and robust.

V. REVISITING THE ASSUMPTION OF DEPTH-INDEPENDENT

SAR FOCUSING

Implicit in the decision to design a REASON SAR focusing
algorithm based on the SHARAD delay Doppler approach [6]
is the assumption that SAR focusing will be independent of
depth. This is in contrast to the matched filter approach taken
in LRS SAR focusing [9], which attempts to account for radar

wave refraction at interfaces between materials with different
radar propagation velocities. In order to account for the effects
of ray path refraction, LRS SAR focusing assumes that the
trajectory of the spacecraft is perpendicular to the target surface.
While this simplification is appropriate for when the platform
altitudes are small (e.g., airborne radar sounding studies of
Earth’s glaciers and ice sheets [2], [7], [8]), it will rapidly
breakdown as the platform altitude increases and the spherical
nature of the target body need be accounted for (i.e., alongtrack
distances can no longer be considered equivalent to ground track
distances). For REASON, the situation is further complicated
for Europa clipper’s flyby trajectory [see Figs. 1(b) and 12(a)]
and the fact that the only location where Europa Clipper will be
travelling tangential to Europa is at closest approach. As such
implementing a depth-dependent SAR focusing as presented in
[9] is ill-suited for REASON. The modification of the matched
filter approach for REASON geometries will be the subject of
future investigations.

That being said, it is still worthwhile to consider the sim-
plified geometry presented in [9] and assess the implications
of assuming that predicted point target responses [R(t)] used
in REASON SAR focusing are depth-independent for an aper-
ture centered on closest approach. Fig. 16(a)–(c) present the
difference in predicted end-of-aperture Doppler phase shifts for
depth-independent (mDD-SAR) and depth-dependent [9] point
target responses at three depths in Europa’s ice shell (one, two
and three kilometers; εr of 3.15) as the aperture length (between
2 and 30 km) and the REASON altitude (between 25 and 500 km)
are varied. VHF Doppler phase shifts are used for illustration as
they will be greater than those for the HF (3). Fig. 16(d)–(f)
presents the timing differences (expressed in the number REA-
SON fast-time samples using a 12 MHz sampling frequency)
between the ends of the depth-independent and depth-dependent
responses for point targets at depth in Europa’s ice shell. Fi-
nally, Fig. 16(g)–(i) present the associated SAR gain differences
(mDD-SAR relative to matched filter) assuming every sampled
point on the depth-dependent matched filter response exhibits
a unit amplitude. The SAR gain estimates are determined by
summing along the delay Doppler and matched filter responses.
Where the two predicted point target responses overlap, delay
Doppler and matched filter SAR gains both increase; however,
where the responses deviate, no additional delay Doppler SAR
gain is realized.

Based solely on the predicted point target responses, equiv-
alence between the depth-independent (mDD-SAR) and depth-
dependent [9] approaches is achieved when the two responses
are indistinguishable. As such, Fig. 16(d)–(i) demonstrates
that outside of using large apertures near closest approach,
the proposed mDD-SAR approach is expected to be success-
ful and REASON SAR focusing can be considered depth-
independent. Even for Europa Clipper’s most aggressive 25 km
closest approach [flyby 5 in Fig. 12(a)], a six kilometer aper-
ture can be used before any depth-dependent differences affect
the SAR focusing of scatterers in the upper three kilometers
of the ice shell. For a 100 km closest approach [flyby 1 in
Fig. 12(a)], this maximum aperture length increases to more than
20 km.
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Fig. 14. Sections of the flyby (a) one and (b) five REASON facsimile PRF profiles onto which data from SHARAD orbit 10589 are interpolated. The various
Trials cover the key portions of the PRF profile including the maximal PRF as well as where PRF is most rapidly varying.

Fig. 15. Average percent change in the likelihood of an mDD-SAR -focused SHARAD 10589 radargram pixel exhibiting a specific power relative to the range
compressed and ionosphere corrected radargram [see Fig. 3(a)] after interpolation onto REASON PRF profiles.

Implementing mDD-SAR focusing with large apertures cen-
tered on closest approach does increase the likelihood of intro-
ducing processing artefacts and misplaced reflectors in the out-
put radargram. Ultimately though, this is dependent on energy
being reflected from subsurface targets at the highest Doppler
frequencies. If no high Doppler reflections from subsurface
targets are generated (i.e., the subsurface is dominated by planar
reflectors), there will be no reflected energy to be misplaced by
a depth-independent predicted point scattering response. Under
such conditions, using progressively longer aperture in SAR

focusing will result in an SNR decrease similar to what has
been observed in Figs. 3 and 4. Features that may generate high
Doppler frequency reflections within the upper three kilometers
of the ice shell are likely to be related to corner reflectors, such
as those at the edge of eutectics [35] or the bottom of cracks [36],
[37]. However, artefacts introduced through the focusing of these
features with large apertures, if they happen to be imaged near
closest approach, can be used as an additional line of evidence
that they are indeed point targets in the subsurface and not
surface clutter.
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Fig. 16. Differences (modified delay Doppler minus matched filter) in predicted VHF Doppler phase shift [(a)–(c), in degrees], associated number of fast-time
samples (d)–(f) at the end of point target response functions, and SAR gain [(g)–(i), in dB] as the aperture length, platform altitude, and target depth [one (a), (d),
and (g), two (b), (e), and (h), and three (c), (f), and (i) kilometers] are varied. The VHF fast-time sampling frequency is defined as 12 MHz. The assumptions of
depth-independent SAR focusing is valid when there is no difference in the predicted shape of the subsurface point target response (d), (e), and (f) or SAR gain
(g), h), and (i) between the two methodologies.

VI. CONCLUSION

A flyby trajectory and desire to maintain a requisite Doppler
bandwidth introduces key characteristics that differentiate fu-
ture Europa Clipper REASON data from those produced by
existing space-borne radar sounders. These in turn require a
tailored SAR focusing methodology. Here we developed and
demonstrated a mDD-SAR focusing approach that accounts
for these idiosyncrasies by way of range line interpolation
to a constant ground track interval and Doppler centroid es-
timation based on the predicted mid-aperture surface point
target response. The mDD-SAR focusing approach, while de-
signed to address REASON data idiosyncrasies, may also be
applicable for use RIME data acquired during JUICE Europa
flybys.

The ability of the mDD-SAR approach to successfully focus
space-borne radar sounding data has been illustrated using data
from two SHARAD orbits; 10598 and 10798. A quality control
framework based on pixel power probabilities has also been
introduced in order to evaluate SAR focusing performed with
different processing parameters. This quality control framework
readily communicates the relevant quantitative effects of SAR
focusing such as SAR gain, noise floor reductions and SNR
improvements. Furthermore, as the pixel power probability
metric is highly sensitive to the nature of the target’s radar
reflectors, it can also be leveraged to assess local changes in
radar scattering behavior. Finally, the implicit assumption of
depth-independent SAR focusing has been compared with a
depth-dependent approach for the extremely simplified case of a
spacecraft travelling parallel to a flat surface. Depth independent
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SAR focusing has shown to be viable assumption except when
using long apertures at low altitudes. Overall, these results
demonstrate the mDD-SAR approach to be a viable and robust
option that is well-suited for the focusing of future REASON
data.
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