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Abstract—In a recent study, a two-dimensional (2-D) Pseu-
dospectral Time-Domain (PSTD) full-wave simulator was devel-
oped and demonstrated to be capable of efficiently solving large-
scale low-frequency (e.g. HF) electromagnetic scattering problems
e.g. on the application of radar sounding simulations of planetary
clutter and subsurfaces. In this paper, the 2-D PSTD simulator is
applied to simulate a domain as large as 4000 λ (along-track) ×
1666.67 λ (cross-track) × 33.33 λ (depth) with λ = 15 m at HF
frequency of 20 MHz. To accomplish the goal, the simulator is
further improved to efficiently model/simulate large cross-track
slices of dielectric scenes by allowing nonuniform grid sampling
in horizontal (lateral) and vertical directions, and the cross-
track results are then stitched together along the track to form
the simulated radargram. By combining the SHAllow RADar
(SHARAD) viewing geometry and Mars Orbital Laser Altimeter
(MOLA) Digital Elevation Model (DEM), we simulate SHARAD
returns at three different sites on Mars: one at the North Pole
and two at Oxia Planum. At all three sites, the PSTD simulated
radargrams are compared with measured SHARAD radargrams.
Through power level calibration and reference time adjustment,
the PSTD simulated power estimates are further validated by
comparing with real power observations from SHARAD with a
5 dB uncertainty and Pearson correlation coefficient of 0.3-0.4
(p-value on the order of 10−9), which justifies the use of the
2-D PSTD simulator for emulating surface clutter in planetary
radar sounding. This simulator is open source and can be easily
modified to support radar sounding simulations in support of
other planetary missions with radar sounding instruments.

Index Terms—Pseudospectral Time domain (PSTD), electro-
magnetic scattering, radar, sounding, SHARAD, clutter, MOLA,
DEM, Mars, North Pole, Oxia Planum.

I. INTRODUCTION

FOR planetary missions with radar sounding instruments,
such as MARSIS (Mars Advanced Radar for Subsurface

and Ionosphere Sounding), SHARAD (SHAllow RADar),
LRS (Lunar Radar Sounder), REASON (Radar for Europa
Assessment and Sounding: Ocean to Near-surface; on NASA’s
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Europa Clipper mission) and RIME (Radar for Icy Moon Ex-
ploration; on ESA’s JUICE mission) [1]–[6], a surface clutter
and volume scattering simulator is useful not only in providing
insights about what the expected radar echoes or radargrams
look like for discriminating clutter signals from subsurfaces,
but also in aiding to develop and validate new parameter
inversion algorithms [7], [8] as well as advanced processing
techniques for radar sounding (e.g. clutter suppression [9] and
super resolution [10], [11]).

Due to the large-scale electromagnetic scattering problems,
a planetary radar sounding simulator predominantly adopts the
ray tracing or facet method for the sake of efficiency, which
is used to simulate cross-track clutter signals that are apparent
in radargrams [3], [7], [8], [12]–[17]. Time-domain full-wave
method such as Finite-Difference Time-Domain (FDTD) is an
alternative for simulating subsurface and heterogenous volume
scattering [18], [19]. Compared to frequency-domain methods
(e.g. facet method), however, traditional FDTD is much less
efficient thus not suitable for large domain sounding simulation
(requiring ≥ 20 grid cells per wavelength).

In a previous study, [20] we demonstrated a novel time-
domain full-wave radar sounding simulator that utilizes the
Pseudospectral Time-Domain (PSTD) method [21]–[23]. The
PSTD approach only requires that the grid sampling satisfies
the Nyquist sampling criterion (2 grid cells per wavelength
for the highest frequency). A two-dimensional (2-D) PSTD
radar sounding simulator1 was developed by using new half-
space domain designs that are specifically applicable to radar
sounding (e.g. oblique incidence from arbitrary wave sources).
The simulator was validated by performing radar power simu-
lations and comparing with theoretical electromagnetic (EM)
scattering solutions, as well as performing Synthetic Aperture
Radar (SAR) focusing for both point and distributed targets.
A simple synthetic radar sounding example was shown using
this 2-D simulator to emulate three-dimensional (3-D) large-
scale radar sounding returns with cross-track surface/clutter
and subsurface scattering.

In this work, we extend the synthetic sounding example
from [20] to emulate and compare against real Martian sound-
ing observations from the SHARAD instrument. Because only
the surface topography is known, the best we can do is
to validate the PSTD in a surface-clutter simulation mode.
To this end we extract cross-track elevation profiles from

1Downloadable from the link: https://github.com/leiyangleon/PSTD
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the Mars Orbital Laser Altimeter (MOLA) Digital Elevation
Model (DEM). The elevation profiles are used to create the
upper boundary of 2-D homogenous dielectric half space
from which we simulate cross-track echoes in the SHARAD
viewing geometry using the volumetric PSTD. In doing so
we validate the use of a cross-track 2-D full-wave volumetric
simulator to accurately predict surface echoes in sounding
geometries. The accuracy of the volumetric scattering was
tested and shown to be internally consistent in [20]. From
here we can begin simulating complex heterogenous domains
with some confidence.

A validated 2-D full-wave simulator has several benefits
to existing and future radar sounding instruments, such as
SHARAD, REASON and RIME. As was done for SHARAD,
the use of focused or unfocused SAR to filter along-track
scatterers means that it is not always necessary to simulate
the entire radar processing chain to create representative
simulations where post-focused 2-D cross-track simulations
may suffice. In addition, 2-D cross-track simulations are much
faster than 3-D (full-wave simulations of large 3-D domains at
VHF frequencies are still beyond the capabilities of existing
computers). This means we can use a 2-D method to at least
emulate volume slices either over entire orbital tracks, in the
case of SHARAD or RIME, [3], [4], or entire flybys, in
the case of REASON, [1], [5]. The ability to emulate the
entire subsurface will be important for any future subsurface
inversion method that requires creating or iterating multiple
scenes or tracking subsurface features. Third, sounding is
inherently volumetric and having even limited capability to
simulate volume scattering with the 2-D PSTD can be im-
portant. Finally, a validated simulator is broadly useful for
instrument analysis, system engineering, and the development
of future instruments.

In this paper, we validate the PSTD simulator on surface
clutter simulations, which serves as an important step for
validating this simulator even though it is not the actual unique
strength of it. Subsurface validation, albeit very important
and the actual strength for utilizing this type of simulator,
is out of the scope of this particular work, and has been under
investigation, thus to be presented in a separate future work.

We introduce the basics of the PSTD simulator and the
particular simulation setup for radar sounding (Section II-A-
II-C). Then we improve the simulator by allowing nonuniform
grid sampling in horizontal (lateral) and vertical directions
so that cross-track slices of dielectric scenes can be more
efficiently modeled and simulated (Section II-D-II-F), where
a comprehensive runtime analysis is also performed. Valida-
tions of the PSTD-simulated radargrams against SHARAD-
measured real radargrams are demonstrated at three sites on
Mars followed by a quantitative assessment of simulated vs.
observed radar power values (Section IV). Finally, the paper
concludes with Section V, where the limitations and future
work are discussed.

II. PSTD RADAR SOUNDING SIMULATOR

This section provides an overview of the PSTD radar
sounding simulator, and describes the simulation domain setup

for sounding examples, as well as the improvement technique
for efficiently modeling/simulating cross-track slices.

A. Simulator Overview

As comprehensively described in [20], the PSTD radar
sounding simulator solves the spatial derivatives of the time-
domain Maxwell’s equations using the Fast Fourier Trans-
form (FFT), which is inherited from the original PSTD tech-
nique [22]. For solving large-scale half-space EM scattering
(e.g. radar sounding) problems, a half-space simulation domain
design was developed. This half-space domain design is effec-
tive for radar sounding simulations because it allows oblique
incidence of EM waves from arbitrary wave sources onto semi-
infinite media. The simulator uses a few other techniques
for better performance of the large-scale/half-space PSTD
approach by mitigating FFT-related problems (e.g. Gibbs
phenomenon, edge effect), e.g. Generalized Perfectly Matched
Layer (GPML; [24]), Connecting-Region method [25] in the
Total-field/Scattered-field (TF/SF) formulation, and the combi-
native Near-to-far-field (NTFF) transformation [20]. The simu-
lator was further calibrated with theoretical power calculations
of Radar Cross Width (RCW; 2-D scattering equivalent of
Radar Cross Section or RCS) and phase calculations in passive
SAR focusing for both point targets and distributed targets
(such as dielectric cylinder, random rough surfaces and random
dielectric volume). Finally, a synthetic radar sounding example
was demonstrated in [20] to apply this 2-D simulator for
simulating 3-D large-scale radar sounding results with cross-
track surface/clutter and subsurface scattering.

B. Simulation Domain Setup

In this section, we adapt the simulation domain setup as
used in [20] and apply the 2-D PSTD simulator to emulate
3-D scattering problems in SHARAD’s radar sounding obser-
vations [3].

As illustrated in Fig. 1a and discussed in [20], SAR focusing
(or doppler filtering) is always performed in the along-track
direction to create radar sounding images (or radargrams).
Therefore, the resulting radargram after SAR focusing shows
the sounding returns from 2-D cross-track slice of the un-
derlying dielectric scene below each radar location. After
simulating the scattered fields from these cross-track slices and
stitching the 2-D scattering responses together in the along-
track direction, we can obtain the final SAR-focused radargram
that is highly representative of a real 3-D scattering scenario.

As shown in Fig. 1a, we simulate a 3-D domain with
dimensions of 60 km (along track; 4000λc) × 25 km (cross
track; 1666.67λc) × 500 m (depth; 33.33λc) at SHARAD’s
center frequency of 20 MHz (λc = 15 m). Along each
SHARAD track, the spacing between adjacent cross-track
slices is set to 300 m, which corresponds to the real along-
track sampling of SHARAD SAR-focused data product.

In Fig. 1b, we show the simulation domain setup for each
cross-track slice of dielectric scene, which uses the novel
half-space domain design as described in [20]. The thickness
of the PML/GPML layers correspond to 40 grid cells and
the connecting region is 10 grid cells thick. The readers are
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Fig. 1. 3-D and 2-D radar sounding geometry: (a) the simulation is done for a 3-D domain of 60 km (along track) × 25 km (cross track) × 500 m (depth),
and (b) the simulation domain setup for the 2-D cross-track slice of (a).

referred to [20] for the comprehensive details of the half-space
domain design.

As shown in Fig. 1b, the size of the cross-track simulation
domain is 25 km in width with 500 m in depth. The distance
between the PML’s top boundary and the connecting region’s
bottom boundary (where the origin of the Cartesian coordinate
system is referenced) is set to 80 m, and the distance between
the PML’s top boundary and the Huygens’ contour is chosen
as 62.5 m. These distance measures are specified relative to
SHARAD’s center frequency of 20 MHz (λc = 15 m) and
bandwidth of 10 MHz, which is explained as follows.

According to [20], the GPML needs to be as thick as 40
grid cells. Given the dielectric constant of 3 and coarsest grid
sampling of λmin/4.6 considered in this paper, the grid cell
spacing is at most 3×108/(20+10/2)/106/

√
3/4.6 = 1.5 m.

Therefore the Huygen’s contour has to be at least 40×1.5 = 60
m below the top boundary of the simulation domain, which
justifies the number of 62.5 m selected in this work. Further,
as detailed in [20], the TF/SF connecting region needs to be
10 grid cell thick that is at most 10 × 1.5 = 15 m. Hence,
setting the connecting region’s bottom boundary at 60 +2.5 +
2.5 + 15 = 80 m below the domain’s top boundary allows
a buffer of 2.5 m (> 1 grid cell) both above and below the
Huygen’s contour (see Fig. 1b), i.e., 2.5 m between GPML
and Huygen’s contour and 2.5 m between Huygen’s contour
and TF/SF’s connecting region.

The SHARAD radar sounder’s orbit is roughly 300 km
above the surface of Mars. The orbit information of each
SHARAD track is used to align the vertical displacement in the
lateral profile of the ground topography being simulated. For
each cross-track slice, the origin of the Cartesian coordinates
(denoted as “O” in Fig. 1b) is automatically assigned in the
radar nadir and just above the maximum elevation of the lateral
topographic profile. To mimic the instrument parameters of
SHARAD’s radar [3], we use the Hanning pulse as the incident
field with center frequency of 20 MHz and bandwidth of 10
MHz. The transmit power is set to 10 watts from a spherical
wave source. Given that the highest frequency being simulated
is 20 + 5 = 25 MHz for the transmitted Hanning pulse, the
minimum wavelength inside the dielectric medium with a di-
electric constant of 3 is λmin = 3×108/(25×106 ·

√
3) = 6.93

m. Instead of exactly using the Nyquist sampling criterion of
λmin/2, we used a grid sampling resolution of λmin/4.6 = 1.5
m in [20]. While this spatial sampling rate is higher than strict
Nyquist (i.e, an oversampling factor of 2.3), it is much more
efficient than the equivalent FDTD sampling.

After the scattered near fields are recorded along the Huy-
gens’ contour, a combinative NTFF is carried out as described
in [20] to get a 1D time-domain signal. By stitching these
1D signals along the radar track, we have the final simulated
radargram for the cross-track slices of the underlying dielectric
scenes, which is representative of the real radargram product
observed by the radar sounder. Due to the 2-D nature of the
simulator, the absolute power level in the simulated product
does not necessarily correspond to the actual power in the
native 3-D scattering scenario, which is highly dependent on
the geometric term of the radar equation for nadir-looking
sounders [26]. This can be achieved by extending to a 3-
D simulator with real SAR focusing, so that more of the
realistic aspects of the radar (e.g. chirped pulse, polarization
and antenna pattern) can be incorporated to simulate the
absolute power in the apparent radargram. However, the 2-
D simulator is an efficient approximation to study the relative
power levels, where the simulated power can be related to
the real power by using a power calibration factor (as will be
shown below in Section IV).

C. Grid Sampling Resolution

In practice, the Nyquist sampling criterion of the transmitted
EM signal (λmin/2) does not always guarantee there is no
spectrum aliasing (i.e., Gibbs phenomenon [27]) for PSTD ap-
proaches. In contrast, the spatial spectrum in the entire domain
needs to be considered (e.g. medium’s contrast in permittivity
and conductivity as well as incident field injection), although
the spectrum of the transmitted EM signal is a significant
component of the spectrum of the entire domain. Therefore,
as long as the grid sampling ∆s (where s = x, y) satisfies
the Nyquist criterion for the spatial spectrum of the entire
domain, i.e., |ks|≤ π/∆s, spectrum aliasing can be avoided.
For this reason, the actual grid sampling resolution is usually
smaller than λmin/2. For the flat dielectric surface example
in [20], λmin/4.6 is shown to be sufficient. As will be shown
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later, when the curvature in the surface topography increases,
this grid sampling is no longer sufficient and a higher grid
sampling resolution must be exploited.

Nonuniform (multidomain) grid sampling [23], [28]–[30]
has been proposed which first partitions the simulation domain
to spatial segments (multiple sub-domains) and then assigns
different grid sampling to individual segments. In this paper,
the uniform sampling (∆x = ∆y) as adopted in [20] is
first used by examining a few choices of grid sampling
resolution versus accuracy. Then, we extend it to a nonuniform
sampling by allowing ∆x 6= ∆y for the entire domain
and show the enhancement of computational efficiency. We
will also demonstrate how to choose the smallest number
of grid cells per minimum wavelength with tolerable error
when specifically simulating SHARAD radargrams, which is
useful for future analysis of SHARAD data. Once the spatial
sampling is chosen, the time step ∆t is determined by using
the equality of the Courant–Friedrichs–Lewy (CFL) numerical
stability condition [22]:

c∆t

min(∆x,∆y)
≤ 1√

Dα
(1)

where c is the speed of light, D is the dimensionality of the
problem (D = 2 for 2-D), and α = 1 for FDTD while α =
π/2 for PSTD.

D. Uniform Grid Sampling (∆x = ∆y)

For a flat surface in the radar sounding example of [20],
the time-domain radar echo is illustrated in Fig. 2, which
is simulated by using the uniform grid sampling of ∆x =
∆y = λmin/4.6. We note the pulse width of the main lobe,
as measured from Fig. 2 corresponds to a range resolution of
21.27 m (3-dB) and 24.65 m (4-dB), which are consistent with
the number of 24 m (4-dB) reported in [3] with the Hanning
window applied (the theoretical limit of 3×108/(2·10×106) =
15 m is only obtained without applying any window function).
The side lobes are at least 30 dB below the peak power of the
main lobe. This justifies that the uniform grid sampling of
λmin/4.6 is sufficient for flat surfaces without large curvature.
Note in this paper the dB metric represents the logarithm of
the uncalibrated power of the radar echo (i.e., squared far-field
amplitude).

In general, real topographic profiles may have sharp curva-
ture. For example, the topographic relief of the Martian surface
elevation as measured from MOLA is around 30 km [31]. An
example of 65 km-long MOLA lateral profile is illustrated in
Fig. 3, which is extracted from the SHARAD track 0557202
with echo index of 7894 at our North Pole test site (see
Section III-C1). For efficiency without loss of accuracy, we
only simulate the central 25 km in this paper unless otherwise
specified.

To investigate whether the uniform grid sampling of
λmin/4.6 is sufficient, we increase the grid sampling resolution
(λmin/7.4, λmin/14.8 and λmin/29.6) and examine the effects
on the discretized lateral profile and the simulated time-domain
radar echo. First, Fig. 4 demonstrates the discretized lateral
topographic profile by using different uniform grid sampling
resolution. It can be seen that λmin/4.6 fails to model the

Fig. 2. Simulated radar echo from a flat surface. SHARAD radar instrument
parameters are used in the simulation.

Fig. 3. Typical 65 km MOLA lateral topographic profile. The profile is
extracted for the SHARAD track 0557202 with echo index of 7894 at the
North Pole site. The red rectangle marks the central 25 km portion for the
simulation in this paper.

sharp curvature in the MOLA topography with maximum
deviation of 0.8 m, while higher-resolution sampling such as
λmin/7.4 (maximum deviation of 0.5 m), λmin/14.8 (maximum
deviation of 0.3 m), and λmin/29.6 (maximum deviation of 0.1
m) provide better results as they converge to the continuous
curve of MOLA DEM. Note the continuous vertical variation
of the MOLA lateral profile shown in Fig. 4 is due to
interpolation using the cubic spline method (piecewise cubic
function) to the grid cell spacing of ∆x = λmin/4.6 = 1.5 m
in horizontal direction. This can also be observed by looking
at the simulated time-domain radar echo, which is shown in
Fig. 5. From Fig. 5, the radar echo using λmin/4.6 is not
accurate in power values (with 2-4 dB deviation around the
first two power peaks and maximum deviation as large as ∼ 15
dB) compared to the others. The power values converge by
continuing to increase the grid sampling resolution to λmin/7.4
and then comparing with the higher-resolution nonuniform
grid sampling results. Note simulations using the uniform grid
sampling of λmin/14.8 and λmin/29.6 take extremely large
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Fig. 4. Discretized lateral topographic profile in Fig. 3 using uniform versus nonuniform grid sampling. (a) shows the full 25 km width of simulation domain,
where the closeup of the small red rectangle at the maximum elevation is shown in (b). The closeup of the red rectangle in (b) is in turn shown in (c).

computing power and memory, which crashed the MATLAB
instances on a 2.9 GHz Intel Core i7 processor with 8
cores and 16-GB memory. Therefore, only the uniform grid
sampling result of λmin/7.4 is illustrated in Fig. 5.

Fig. 5. Simulated time-domain radar echo from the discretized profiles
in Fig. 4 using uniform versus nonuniform grid sampling. SHARAD radar
instrument parameters are used in the simulation.

E. Nonuniform Grid Sampling (∆x 6= ∆y)

Because the horizontal (lateral) sampling resolution for the
MOLA lateral topographic profiles (e.g. Fig. 3) is 300 m,
which is comparable to the entire topographic relief of the
elevation (∼ 200 m), the horizontal variation of the lateral
profiles is much slower than the vertical. This justifies the
use of a coarser grid sampling resolution for the horizontal
direction (∆x). Therefore, we extend the PSTD simulator to

allow nonuniform grid sampling, which is realized by gridding
the simulation domain using different ∆x and ∆y (where
∆x 6= ∆y) and performing the FFT-related operations based
on the separate grid sampling resolution in each direction.
Similar to Section II-D but with a nonuniform grid sampling,
below we show the results by fixing ∆x = λmin/4.6 and
only allowing ∆y to vary. Hence, with the nonuniform grid
sampling, Fig. 4 also illustrates the discretized topographic
lateral profile for different nonuniform grid sampling resolu-
tion. Each profile of the nonuniform grid sampling is almost
indistinguishable (with ≤ 1 m difference in both lateral and
vertical directions at the sharp curvature and no difference
for the rest) when compared to the uniform grid sampling
counterpart, e.g. the nonuniform grid sampling profile with
∆x = λmin/4.6 and ∆y = λmin/7.4 is very close to the
uniform grid sampling profile with ∆x = ∆y = λmin/7.4 and
similarly for λmin/14.8 and λmin/29.6. This is also revealed by
checking the simulated time-domain radar echo for λmin/7.4
in Fig. 5, where the simulated radar echo with nonuniform grid
sampling is close to the corresponding uniform one (only with
some difference at the trailing edge of the subpeaks). However,
there is a big improvement of computational efficiency by
using the nonuniform grid sampling, i.e., an improvement
factor of 45% as shown in Table I, also with a memory use
improvement of 38%.

Next, by fixing ∆x = λmin/4.6, we will use this compu-
tationally efficient PSTD simulator to determine the optimal
grid sampling resolution in vertical direction (∆y) as a tradeoff
between efficiency and accuracy for simulating SHARAD
radar echoes. Users can apply the same approach shown here
to figure out the optimal grid sampling for other radar sounding
missions. As illustrated in Fig. 5, we used a set of grid
sampling resolution in vertical direction, i.e., ∆y = λmin/7.4,
∆y = λmin/14.8 and ∆y = λmin/29.6, and found out that
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TABLE I
RUNTIME COMPARISON FOR SIMULATING THE RADAR ECHOES IN FIG. 5

FOR DIFFERENT UNIFORM VERSUS NONUNIFORM GRID SAMPLING.
[LATERAL WIDTH: 25 KM, DOMAIN DEPTH: 500 M AND SIMULATION TIME

LENGTH: 2.0µS.]

Grid Sampling Runtime [mins]
∆x = ∆y = λmin/4.6 21.2
∆x = ∆y = λmin/7.4 110.4

∆x = λmin/4.6,∆y = λmin/7.4 67.8
∆x = λmin/4.6,∆y = λmin/14.8 318.9
∆x = λmin/4.6,∆y = λmin/29.6 1383.8

the nonuniform grid sampling of ∆y = λmin/7.4 with ∆x =
λmin/4.6 is the optimal one with negligible error (maximum
deviation of ∼ 7 dB from the converged solution; only occurs
at the trailing edge almost -20 dB below the peak power) but
4.7 times faster (79% improvement; Table I) compared to the
slightly more accurate one (∆x = λmin/4.6,∆y = λmin/14.8)
that seems to converge.

F. Runtime Analysis of Simulation Domain

Next, we will investigate the runtime of simulating various
sizes of the simulation domain by using the above com-
putationally efficient PSTD simulator (with nonuniform grid
sampling of ∆x = λmin/4.6,∆y = λmin/7.4). Since the
MOLA lateral topographic profile (as illustrated in Fig. 3)
is 65 km long, we investigate the runtime for a variety of
simulation domain widths: 25 km, 30 km, 35 km, 40 km, 45
km and 50 km, where the domain of 35 km and 50 km are
illustrated in Fig. 6a. With wider lateral profiles, the spherical
radar wave has the capability of sensing targets at larger off-
nadir angles, which appear at larger apparent depths and also
increases the total roundtrip travel time that must be simulated.
The simulation domain depth is thus represented as Eq. 2
which includes 1) the boundary distance between PML and
the TF/SF connecting region D0, 2) half of the dynamic range
of the surface topography, ∆H , as well as 3) the equivalent
surface clutter depth as appeared in the radargram (referenced
to the mean surface topography; “red” dotted line in Fig. 6b).

D = D0 +
∆H

2
+
(√

R2 + (W/2)2 −R
)

(2)

where R is the distance between the radar and the nadir-
looking mean surface topography, and W is the width of
the surface clutter being simulated. Given the determined
simulation domain depth, the roundtrip travel time is simply
equal to twice the domain depth divided by the speed of light,
c. Note the above domain depth definition does not consider
wave propagation through subsurface layers (where travel time
relates to travel distance divided by the square root of dielectric
constant), that is out of the scope of this paper which is
primarily focused on surface clutter validation, and serves as
important future work (i.e., on subsurface layer validation) all
by itself. Therefore, both the domain depth and total simulation
time length will be increased as the lateral profile width gets
larger. These results are tabulated in Table II and the runtime
variation with respect to domain width is illustrated in Fig. 7.

These runtime estimates are based on a single MATLAB
instance on a 2.9 GHz Intel Core i7 processor with 8 cores

(a)

(b)

Fig. 6. (a) Illustration of simulation domain size with the dielectric scene.
Both the lateral width of 35 km and 50 km are displayed. The same MOLA
profile as in Fig. 3 is used. (b) Calculation of the simulation domain depth,
D, given the lateral width, W , of surface clutter that is desired to appear
in the radargram, where the “red” dotted line represents the mean surface
topography.

TABLE II
RUNTIME COMPARISON FOR SIMULATING THE RADAR ECHO FROM THE

MOLA LATERAL TOPOGRAPHIC PROFILE IN FIG. 3 FOR DIFFERENT
DOMAIN SIZES. THE ORBIT HEIGHT OF SHARAD IS CONSIDERED

(R = 300 KM) WITH A DIELECTRIC CONSTANT OF 3.

Lateral profile
width [km]

Domain
depth [m]

Simulation time
length [µs] Runtime [hr]

25 500 3.3 1.79
30 600 4.0 3.95
35 700 4.6 5.45
40 850 5.6 9.23
45 1050 7.0 20.46
50 1200 8.0 56.24

and 16-GB memory. With 4 MATLAB instances on a desktop
computer (Dell Precision 7910 Workstation) with two Intel
Xeon E5-2643v4 processor (each has 6 cores running at 3.4
GHz or 3.7 GHz Turbo) and 16-GB memory, there is a
speedup factor of 7, which will be exploited to run all of the
simulations for comparing with real SHARAD radar sounding
data (Section IV).

From Fig. 7, it can be seen that the runtime increases
almost linearly up to 40 km lateral profile width, and then
started growing exponentially. In this paper, unless mentioned
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Fig. 7. Runtime comparison as a function of simulation domain width. The
MOLA lateral topographic profile in Fig. 3 is used. Green and red squares
correspond to the corresponding color windows in Fig. 6.

otherwise, we will only simulate the central 25 km portion
of the MOLA profile (as illustrated in Fig. 3) for efficiency
without much loss of accuracy. When much wider (e.g. 50 km)
profiles need to be simulated, parallel computing with multiple
processors and/or MATLAB instances needs to be used.

III. DATASET AND STUDY AREA

A. SHARAD Mission Overview

SHARAD is a sub-surface sounding radar built by the
Italian Space Agency (ASI) as a facility instrument to NASA’s
2005 Mars Reconnaissance Orbiter (MRO) in order to inves-
tigate the Martian subsurface. It is a wideband radar sounder
transmitting a central frequency of 20 MHz with the bandwidth
of the radar pulse being 10 MHz [3], [32]. The primary
objective of the SHARAD investigation is to map, in selected
locales, dielectric interfaces to depths of up to one kilometer
in the Martian subsurface and to interpret these interfaces in
terms of the occurrence and distribution of expected materials,
including rock, regolith and water-ice.

SHARAD transmits a 10 W, 85 µs chirped signal emitted
from a 10-m dipole antenna that is used for both transmitting
and receiving. The 20 MHz center frequency corresponds to
a wavelength of 15 m in free space. The sounder’s low-
frequency and wideband features give the opportunity to
achieve a theoretical vertical resolution of 15 m in free space
after pulse compression that scales with the inverse of the
square root of the dielectric constant of the typical geological
material being sounded on Mars, e.g. ∼8.4 m in materials
with a dielectric constant of 3.15 (i.e. water ice or loose dust),
and close to ∼5 m in dense basaltic rock with a dielectric
constant of 8. The instrument has a cross-track pulse-limited
resolution between 3 and 6 km and an along-track resolution
of 0.3–1.0 km, depending on spacecraft altitude and terrain
roughness, which is achieved using synthetic aperture pro-
cessing techniques [3]. Expected penetration depends on the
dielectric properties of subsurface materials, and is estimated

from several hundred meters up to 1 km for the range of
dielectric properties of expected Martian rocks [33], as well
as more than 3 km in the deepest portion of the basal unit at
the northern polar cap. Data are displayed as radargrams, with
either time delay or modeled depth on the vertical axis and
distance along track on the horizontal axis.

During 15 years of operations (2006-2021), SHARAD col-
lected more than one hundred terabytes of data and until
summer 2020 collected more than 25,000 total observations,
allowing a dense coverage of Mars. The latest percentages of
coverage as of September 9th, 2021 are the following: 91.7%
at the Northern Latitudes, 45.46% Mid-Latitudes and 86.64%
at the Southern Latitudes.

B. SHARAD Real Data

For this study we used the Reduced Data Record (RDR)
delivered by the SHARAD Italian Science Team to the Plan-
etary Data System (PDS) Node 2. This differs from the pulse-
compressed SHARAD data developed at NASA’s Jet Propul-
sion Laboratory in a few processing aspects, e.g., the along-
track synthetic aperture length and the ionospheric correction
applied. The synthetic aperture length is 8.77 seconds and 7
number of looks for the US processor while 1-2 seconds and
1 number of looks for the Italian one. As for the ionospheric
compensation, the US product uses an empirically derived
function that is linear in the total electron content (TEC) [34],
[35] while the Italian product uses an algorithm typically used
for ionospheric compensation named Phase Gradient Algo-
rithm (PGA), with a specified upper limit on the order of the
phase distortion in frequency [36]. In this work, we compared
the simulated results with real data from both processors
and did not notice significant difference between processors.
Therefore, only data processed by the Italian processor is used
here.

The on-board data processing of SHARAD was limited in
order to simplify instrument operations, and primarily consists
of a coherent pre-summing of the received echoes, where a
detailed description can be found in [37].

The main objective of the on-ground signal processing, both
in range and along the ground track, is to achieve the spatial
resolution as it has been theoretically planned for SHARAD,
which is 15 m in range (free space) and 300-1000 m in
azimuth, respectively. For that purpose, the ground processing
includes the SAR focusing using the Chirp Scaling Algorithm
(CSA), followed by the ionosphere correction using the PGA
algorithm [36] and the echo timing alignment for matching the
resulting radargrams with the real variations of the topography.

A processing tool developed specifically for SHARAD radar
data gives as an output PDS compliant products, which are
defined as Level 1B data. The Level 1B (L1B) Tool is the
SHARAD Ground Data System software that is committed to
perform range and azimuth SAR processing and produce the
RDR data products that contain the instrument parameters and
a sequence of processed radar echoes [37]. In this work we
use L1B radar products available at the PDS node.

2http://pds-geosciences.wustl.edu/missions/mro/sharad.htm
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Fig. 8. MOLA DEM at the three test sites: (a) Martian map overview of the North Pole site (SHARAD ID: 0557202), (b) 3-D MOLA DEM of the North
Pole site (SHARAD ID: 0557202), (c) Martian map overview of the Oxia Planum site (SHARAD ID: 2503801), (d) 3-D MOLA DEM of the Oxia Planum
site (SHARAD ID: 2503801), (e) Martian map overview of the Oxia Planum site (SHARAD ID: 0616902), (f) 3-D MOLA DEM of the Oxia Planum site
(SHARAD ID: 0616902). The white dashed lines in (a), (c) and (e) represent the SHARAD tracks. The spacing of the MOLA DEM is 300 m for both
along-track and cross-track. For each site, 200 cross-track lateral profiles (65 km wide) that are stitched along the track are selected with only the central 25
km of each profile being simulated.

C. Study Area
We validate the proposed method with real and simulated

data of SHARAD in selected areas of Mars, where different

clutter sources have been identified from MOLA. The Martian
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map overview along with the 3-D MOLA DEMs are illustrated
in Fig. 8. Note the MOLA DEM has a latitude/longitude
angular grid resolution of 1/128◦ [38], i.e., 463 m at the
equator. For our PSTD simulation results, we performed an
oversampling of the MOLA DEM to the resolution of 300
m both in along-track and cross-track directions. The reason
is that our 2-D PSTD simulator is only applied to simulate
the radar returns of 2-D cross-track dielectric scenes, which
approximates the SHARAD radargram after SAR focusing.
Since SHARAD’s along-track resolution of the SAR-focused
radargram is 300 m [3], to better mimic the SHARAD real
dataset, we interpolated the MOLA DEM to the 300 m grid
spacing.

1) North Polar Layered Deposits: The first region of in-
terest for our work is located at the South-East border of the
North Polar Layered Deposit (NPLD), over the circumpolar
plains units also called Vastitas Borealis interior unit. The
plains lie 4-5 km below the mean radius of the planet, and
is centered at 87.73◦N, 32.53◦E. The region is characterized
by vast, moderately cratered plains-forming deposits and in-
cludes cone-like features typically tens to hundreds of meters
across and tens to more than 100 m high, as well as rippled
and bumpy mantle material commonly found between and
surrounding dunes [39]. For the investigation in this work,
we selected the SHARAD track with Product ID 0557202,
because the track crosses one of those features located at
75◦N, 69.11◦E producing off-nadir returns to the radar clearly
identifiable on the radargram.

2) Oxia Planum: We selected two SHARAD tracks with
Product ID: 0616902 and 2503801 collected over the ESA-
Roscosmos ExoMars rover mission’s landing site Oxia
Planum. The Oxia Planum site (18.20◦N, 335.45◦E) lies a few
hundred kilometers to the south west of Mawrth Vallis and to
the east of the Chryse Planitia lowlands. The age of the region
was calculated to be 3.6-4 billion years old [40]. It contains
one of the largest exposures of iron-magnesium rich clays
rocks on Mars [41], indicating that water once played an im-
portant role here. The site sits in an area of valley systems with
exposed rocks exhibiting different compositions, indicating a
variety of deposition and its abundance of hydrated minerals.
For our work we chose this site because of its relatively smooth
topography and the presence of variegated sources of isolated
clutter. Furthermore, this area is of great interest as the best
candidate landing site for the next ExoMars 2022 mission.

IV. VALIDATION WITH SHARAD RADAR SOUNDING DATA

As mentioned in Section II-F, because there is a speedup
factor of 7 by using 4 MATLAB instances on the desktop
computer (compared to the single MATLAB instance on the
single Intel processor), we ran the following validation results
only on this computer.

For each of the three test sites, we show the validation
results of the PSTD radar sounding simulator against the real
SHARAD radar sounding data.

A. Test site: North Pole (Product ID: 0557202)
The 200 lateral profiles from the MOLA DEM (Fig. 8b) at

the North Pole site are selected from the SHARAD Product ID

0557202 with echo index running from 7800 to 7999. Using
the simulation setup as defined in Section II-B, the PSTD
simulated radargram along with the SHARAD real radargram
are illustrated in Fig. 9a-b with the same range (6 µs) in
time axes, where Fig. 9c shows the pseudo-color composite
of the PSTD and the real results with two complimentary
colors: cyan and red. The time axis labels are different due to
different definitions in reference time and the absolute power
level in dB is not comparable due to different assumptions
made in scattering calculation. However it can be seen that
the surface-clutter pattern in the real and PSTD radargrams
(Fig. 9a and Fig. 9b) look alike visually and there is power
calibration factor of ∼110 dB for bringing the PSTD power
levels to match those of the real. In Fig. 9c, the overlapping
pixels in the real and PSTD radargrams show bright white
color around the top surface scattering as well as the clutter
from the nearby crater (around echo index 7850), which can
also be seen from the MOLA DEM in Fig. 8a-b.

In Fig. 10, we show the quantitative comparison of the
echoes in the real and PSTD simulated radargrams along
both the vertical time axis (the time-domain echo as in
Fig. 5) and the horizontal axis of along-track echo index. In
Fig. 10a, by applying a power calibration factor of 114 dB
and adjusting the reference time, the PSTD simulated echo
matches those surface-clutter peaks and subpeaks in the real
SHARAD product with typically < 5 dB deviation for the
dominating peak signals. Note the PSTD simulation does not
incorporate the galactic/thermal noise as the real one does, so
the echo comparison is only meaningful for the dominating
peak signals above the noise level, which is calculated using
the in-air pixels of the real SHARAD radargrams. Also, by
the time writing this paper, we noticed a systematic shift in
along track between the echo index in the SHARAD products
and the MOLA DEM, the cause of which is still unknown and
probably related to some post-processing issues. In Fig. 10b,
by correcting for an along-track shift (of 2 echoes to the
left), we show the maximum power level along the track for
each echo index, and also applied a power calibration factor
of 114 dB to the PSTD results. Although more sophisticated
approaches can be used to determine the calibration factor, e.g.
by varying the calibration factor till the minimum Root Mean
Square Error (RMSE) is obtained, in this work we use the
mean peak power offset between the SHARAD real and PSTD
simulated products. It can be seen that the RMSE is 5.3 dB
and the Pearson correlation coefficient is 0.4 with the p-value
of 3.35×10−9 for testing the null hypothesis with significance
level of 0.05. This indicates that the probability of achieving
such a correlation value (0.4) from completely uncorrelated
PSTD and real SHARAD power levels is 3.35×10−9 � 0.05,
which means their correlation is statistically significant with
regards to the null hypothesis testing. Note the correlation is
calculated on the power in dB units since in this work we only
need a quantitative metric to represent the similarity between
the two power curves displayed in dB units (e.g. Fig. 10b).

B. Test site: Oxia Planum (Product ID: 2503801)
The 200 lateral profiles from the MOLA DEM (Fig. 8d) at

the Oxia Planum site are selected from the SHARAD Product
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Fig. 9. Validation of radargrams at the North Pole site (SHARAD ID: 0557202): (a) real SHARAD, (b) PSTD simulated, and (c) pseudo-color composite of
(a) and (b) with cyan and red (where perfect overlap gives bright white color).

Fig. 10. Quantitative comparison at the North Pole site between the real SHARAD and PSTD simulated radargrams: (a) time-domain echo comparison at
the sample echo index of 7881, (b) maximum surface-clutter power values along the track. The noise level in (a) is calculated using the in-air pixels of the
real SHARAD product in Fig. 9a.

Fig. 11. Validation of radargrams at the Oxia Planum site (SHARAD ID: 2503801): (a) real SHARAD, (b) PSTD simulated, and (c) pseudo-color composite
of (a) and (b) with cyan and red (where perfect overlap gives bright white color).

ID 2503801 with echo index running from 1800 to 1999. In
Fig. 11, we show all of the real and simulated radargrams
similarly as done for the North Pole site (Fig 9). It can also
be seen that the surface-clutter pattern in the real and PSTD
radargrams (Fig. 11a and Fig. 11b) visually look very similar
and a power calibration factor is also ∼110 dB for matching

the power values of the PSTD and the real. In the pseudo-
color composite (Fig. 11c), the overlapping pixels in the real
and PSTD radargrams show bright white color around the top
surface scattering, however, not at the long-ridge clutter around
echo index 1850, which can also be seen from the MOLA
DEM in Fig. 8c-d. This is probably because the clutter signal
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Fig. 12. Quantitative comparison at the Oxia Planum site (SHARAD ID: 2503801) between the real SHARAD and PSTD simulated radargrams: (a) time-
domain echo comparison at the sample echo index of 1852, (b) maximum surface-clutter power values along the track. The noise level in (a) is calculated
using the in-air pixels of the real SHARAD product in Fig. 11a.

Fig. 13. Validation of radargrams at the Oxia Planum site (SHARAD ID: 0616902): (a) real SHARAD, (b) PSTD simulated, and (c) pseudo-color composite
of (a) and (b) with cyan and red (where perfect overlap gives bright white color). In (b), the red dashed rectangles represent the 35 km-width setting in
Table II for simulating echoes of 650-674 and 721-750, the yellow dashed rectangles used 50 km-width setting for echoes 675-720, and the rest of the echoes
are simulated using the normal 25 km-width setting.

Fig. 14. Quantitative comparison at the Oxia Planum site (SHARAD ID: 0616902) between the real SHARAD and PSTD simulated radargrams: (a) time-
domain echo comparison at the sample echo index of 672, (b) maximum surface-clutter power values along the track. The noise level in (a) is calculated
using the in-air pixels of the real SHARAD product in Fig. 13a.

(at the summit of the ridge) of the real product is much weaker
than the PSTD-simulated one due to the contamination of the
galactic/thermal noise.

In Fig. 12, we show the quantitative comparison of the

echoes in the real and PSTD simulated radargrams. In Fig. 12a,
by applying a power calibration factor of 114 dB and adjusting
the reference time, the PSTD simulated echo matches those
surface-clutter peaks and subpeaks in the real SHARAD
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product with typically ∼ 5 dB deviation for the 3-4 dominating
peak signals. In Fig. 12b, by correcting for an along-track shift
(of 3 echoes to the right), we show the maximum power values
along the track for each echo index, where a power calibration
factor of 114 dB is applied to the PSTD results. The RMSE is
6.6 dB and the Pearson correlation coefficient is 0.4 with the p-
value of 4.45×10−9 for testing the null hypothesis, implying
a statistically significant correlation with regards to the null
hypothesis testing.

C. Test site: Oxia Planum (Product ID: 0616902)

The 200 lateral profiles from the MOLA DEM (Fig. 8f) at
the Oxia Planum site are selected from the SHARAD Product
ID 0616902 with echo index running from 620 to 819. In
Fig. 13, we show all of the real and simulated radargrams
similarly as done for the other two sites above. From Fig. 13a,
it is seen that the time range that needs to be simulated for
the central scattered clutter is 5-6 µs, which is beyond the
total simulation time length of 3.3 µs for the 25-km width
setting (see Table II). Therefore, to cover these clutter, we need
to enlarge the simulation domain by simulating wider lateral
profiles. As marked in Fig. 13b, we used the 35 km-width
setting in Table II to simulate echoes of 650-674 and 721-750
(the red dashed rectangles), and used 50 km-width setting for
echoes 675-720 (the yellow dashed rectangle), where the rest
of the echoes are simulated using the normal 25 km-width
setting as done for the other two sites above. The selection of
various lateral profile widths implies that much deeper surface
clutter targets can be noticed for echoes 675-720 (50 km lateral
width), relatively shallower targets for echoes 650-674 and
721-750 (35 km lateral width), and much fewer targets for
echoes 620-649 and 751-819 (25 km lateral width).

The surface-clutter pattern in the real and PSTD radargrams
(Fig. 13a and Fig. 13b) visually look very similar and a
power calibration factor is also ∼110 dB for matching the
power values of the PSTD and the real. In the pseudo-color
composite (Fig. 13c), the overlapping pixels in the real and
PSTD radargrams show bright white color around the top
surface scattering, however, not at the scattered clutter below
the top surface for echoes 650-750, which can also be seen
from the MOLA DEM in Fig. 8e-f. This is probably because
the clutter signal of the real product is much more complicated
than the PSTD-simulated one due to the variety of the clutter
scattering geometry.

In Fig. 14, we show the quantitative comparison of the
echoes in the real and PSTD simulated radargrams. In Fig. 14a,
by applying a power calibration factor of 111.5 dB and
adjusting the reference time, the PSTD simulated echo matches
those surface-clutter peaks and subpeaks in the real SHARAD
product with typically < 10 dB deviation for the 3-4 dominat-
ing peak signals as well as those clutter signals (17-20 µs). In
Fig. 14b, by correcting for an along-track shift (of 10 echoes to
the left), we show the maximum power values along the track
for each echo index, where a power calibration factor of 111.5
dB is applied to the PSTD results. The RMSE is 4.8 dB and
the Pearson correlation coefficient is 0.29 with the p-value of
4.9×10−5 for testing the null hypothesis. Since the top surface

scattering power level at this site does not vary much (like the
other two sites above) with the along-track echo index, the p-
value is not as small as that of the other two sites (e.g. 10−9).
However, it is still much smaller than the significance level
(0.05) of the null hypothesis test, thus indicating a statistically
significant correlation between the real and PSTD simulated
results with regards to the null hypothesis testing.

V. CONCLUSIONS

In this paper, we validated a 2-D PSTD full-wave simulator
from our previous work for solving large-scale low-frequency
(e.g. HF) electromagnetic scattering problems by applying it
to simulate radar sounding of surface clutter on Mars. We
provided an overview of the PSTD implementation along
with the half-space domain design that was specifically useful
for efficiently simulating 2-D distributed target scattering at
oblique incidence from arbitrary wave sources.

For validating against SHARAD radargrams on Mars, the
simulation is performed over a region with 3-D dimensions
as: 4000 λc (along-track) × 1666.67 λc (cross-track) × 33.33
λc (depth) with λc = 15 m at HF frequency of 20 MHz,
by simulating large cross-track slices of dielectric scenes and
then stitching together the results along the track to form the
simulated radargram. We also provided the specific dimensions
for various components of the cross-track domain design, e.g.,
GPML, connecting region in TF/SF formulation, combinative
NTFF.

In order to efficiently model and simulate the 25-km wide
cross-track slices of dielectric scenes, the PSTD simulator
was further improved to allow nonuniform grid sampling
in horizontal (lateral) and vertical directions. A comprehen-
sive runtime/accuracy analysis was conducted by investigat-
ing the effects of various uniform versus nonuniform grid
sampling on the discretized lateral topographic profile (from
the MOLA DEM), as well as the simulated radar echo by
using SHARAD instrument parameters and viewing geom-
etry. It was found that the nonuniform grid sampling of
∆x = λmin/4.6,∆y = λmin/7.4 provides a good tradeoff
with negligible error (maximum deviation of ∼ 7 dB from
the converged solution, which only occurs at the trailing edge
around -20 dB below the peak power) but 4.7 times faster (79%
improvement) compared to the slightly more accurate one
(∆x = λmin/4.6,∆y = λmin/14.8) that is considered as the
converged solution. Another runtime analysis was performed
for using various widths of the cross-track lateral topographic
profiles (thus various domain sizes) in the simulation.

To validate the simulator, we compared the PSTD simulated
radargrams with real SHARAD radargrams at three different
sites on Mars: one at the North Pole (Product ID: 0557202),
and two at Oxia Planum (Product ID: 2503801 and 0616902).
Due to the clutter complexity at the second Oxia Planum site,
we used two other cross-track simulation widths: 35 km and
50 km. At all three validation sites, the PSTD results visually
compare well with the real SHARAD radargrams not only
in the location where the surface/clutter appears, but also the
variation of the power level along the track. For each site,
we quantitatively compared between the PSTD simulated and
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the real SHARAD radargrams: the simulated time-domain
radar echo at a given echo index, as well as the maximum
surface backscatter power for all echoes along the track. After
applying a power calibration factor of about 110 dB and
adjusting the reference time in both results, the power level
deviation in PSTD simulated results from the real SHARAD
results is around 5 dB for dominating surface/clutter signal
peaks, and the Pearson correlation coefficient between the two
is 0.3-0.4 with the p-value of the null hypothesis test on the
order of 10−9. Although statistically significant with regards to
the null hypothesis testing, the relatively low correlation can be
due to the presence of noise (both galactic and thermal noise),
low spatial resolution of DEM, computational errors in the
simulation, 2-D representation of the real 3-D radar sounding
problem along with post-processing (e.g. SAR focusing), and
etc.

For future work, the 2-D PSTD simulator can be used for
emulating surface, clutter and/or subsurfaces in planetary radar
sounding, both on discerning between clutter and subsurfaces
and developing/testing various parameter retrieval algorithms
(that rely on the simulation accuracy in the power values). Al-
though this paper concentrates on surface clutter validation, as
already demonstrated in [20], a synthetic two-layer subsurface
problem was studied using the simulator. Hence, a direct future
work will be to test the simulator on two-layer subsurface
problems, e.g. for the Mars polar ice caps. This simulator
is open source and can be easily modified to support radar
sounding simulations at various large-scale surface/clutter and
subsurface structures in support of other planetary missions
with radar sounding instruments, such as REASON and RIME.
With the current version of the simulator, it is only realistic
to simulate 25-40 km width lateral topographic profiles as a
compromise of accuracy and efficiency, so it is important to
continue improving the computational efficiency of the soft-
ware for simulating ultra large cross-track slices of dielectric
scenes (e.g., ≥ 50 km width and/or large vertical dimension)
over other planetary sites with high topographic relief. Also,
extending this approach to 3-D scattering scenarios will enable
higher-fidelity realistic simulation (e.g. depolarization due to
scattering, absolute power level calibration) for radar sound-
ing.
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