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UWB Processing Applied to Multifrequency Radar
Sounders: The Case of MARSIS and
Comparison With SHARAD

L. Gambacorta™, M. C. Raguso™, M. Mastrogiuseppe ~, and R. Seu

Abstract— We readapt ultrawideband (UWB) processing to
enhance the range resolution of the Mars Advanced Radar for
Subsurface and Ionosphere Sounding (MARSIS) up to a factor
of 6 (25 m). The technique provides for the estimation of radar
signature over a wider spectrum via the application of well-
known super-resolution (SR) techniques to adjoining subbands.
The measured spectra are first interpolated and then extrapolated
outside the original bands. The revised algorithm includes the
estimation and removal of ionospheric effects impacting the
two signals. Because the processing requires the realignment of
the echoes at different frequencies, we derived the maximum
tolerable retracking error to obtain reliable super-resolved range
profiles. This condition is fulfilled by low-roughness areas com-
pared to MARSIS wavelength, which proves to be suitable for the
application of our processing. Examples of super-resolved exper-
imental products over different geological scenarios show the
detection of shallow dielectric interfaces not visible from original
MARSIS products. Our results are validated by comparison with
the Shallow Radar (SHARAD) data acquired at the crossovers,
demonstrating the potential of the method to provide enhanced
imaging capabilities.

Index Terms— Autoregressive (AR) models, bandwidth extrap-
olation (BWE), bandwidth interpolation (BWI), ground pene-
trating radar (GPR), ionosphere effects, radar sounder, surface
roughness.

I. INTRODUCTION

ROUND penetrating radars (GPRs) from orbit, also
Gcalled sounders, have gained popularity in recent years
as geophysical imaging tools oriented to acquire information
about the crustal composition, subsurface topography, and
morphology of planets and moons. The Mars Advanced Radar
for Subsurface and Ionosphere Sounding (MARSIS) [1] and
the Shallow Radar (SHARAD) [2], currently employed in
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Mars exploration, are today the only instruments aimed to
perform remote geological investigations in the upper portions
of Martian crust down to a few kilometers’ depth [3].

Sounders usually adopt wideband electromagnetic (EM)
signals operating in the high-frequency (HF) or very HF
(VHF) band. For subsurface sounding (SS) exploration, the
design of the operative frequency represents a tradeoff between
penetration depth, resolution capabilities, and ionospheric con-
dition, which distorts and attenuates signals close or below the
plasma frequency [4]. In standard sounder imaging process-
ing, the range resolution is limited by Rayleigh’ criterion,
which poses as technological limit the transmitted radar
bandwidth.

Efforts to improve imaging capabilities of radar data have
been done during the 1990s by the Radar Imaging Techniques
Group at Lincoln Laboratory. They developed a robust signal
processing technique called bandwidth extrapolation (BWE)
demonstrating the potentials of autoregressive (AR) models in
enhancing range resolution and supporting scientific analysis
of radar imagery from satellites and aircraft [5]. In 1997, the
same concepts were proposed by Thomas G. Moore in order to
fill the missing samples in the range-compressed spectrum of
multiband radars. The method, also known as bandwidth inter-
polation (BWI) technique, involved the extrapolation of the
two subbands followed by a weighted sum of the samples to
reconstruct the missing portion between the available spectra
[6]. Few years later, the same method was revisited by Cuomo
et al. [7], where they addressed the possibility to overcome
resolution limitations by proposing an ultrawideband (UWB)
coherent processing to extrapolate radar signature of a target
by using sparse subbands and accurately estimate targets range
profiles with higher resolution. Originally designed for radar
tracking systems, these techniques have been recently tested
and validated on experimental data acquired by planetary
radars, such as SHARAD [8], MARSIS [9], the Cassini Radar
[10], [11], and a prototype of the GPR WISDOM onboard
of the future ExoMars mission [12]. A single BWE has been
successfully exploited to both enhance data range resolution
and suppress EM interferences (EMIs) [8], [9].

Here, we exploit the potentiality of MARSIS quasi-
simultaneous data acquisition design by applying UWB tech-
niques to the signals received at two different channels. After
compensating for the ionospheric effects (e.g., time delay,
phase shift, and attenuation), we fill the missing sample
between the subbands via BWI with a result of a full 2-MHz
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band and then use BWE to synthesize the final 6-MHz
bandwidth.

With the aim of applying UWB to experimental MARSIS
data, we derive a condition for the applicability of the tech-
nique that is suitable over smooth regions where time-delay
compensation can be properly performed using retracking
algorithms. We investigate time-delay errors through ray-
traced Mars Orbiter Laser Altimeter (MOLA) simulated radar-
grams and evaluate the distortion effects given by residual
misalignment of echoes.

This article is organized as follows. In Section II, we pro-
vide the main design features of the MARSIS dataset used for
the application of our processing. In Sections III, we describe
in detail the BWE/BWI techniques based on AR models.
In Section IV, we focus on the redesigned UWB processing
for the MARSIS data and discuss the retrieval of the correction
parameters to compensate for the ionosphere effects on the
signals.

In Section V, we validate the expected resolution improve-
ment and analyze the effects of time-delay residual errors
to constrain the areas suitable for the algorithm. Finally,
Section VI presents the results of the UWB MARSIS data
processing and the comparison with SHARAD data.

II. SOUNDERS DATASET DESCRIPTION
A. MARSIS Dataset

MARSIS, onboard the European Space Agency’s Mars
Express orbiter (MEX), has been probing Mars surface since
2005, successfully acquiring SS data on more than 20000
orbits. The radar consists of a digital subsystem, transmitter,
receiver modules, and two antennas: a 40-m dipole for trans-
mit and receive and a 7-m receive-only monopole element
originally designed for clutter cancellation [1].

In its SS modes, MARSIS typically operates with two of the
four-frequency 1-MHz channels (B1, B2, B3, and B4 centered
at 1.8, 3, 4, and 5 MHz, respectively), using instantaneous
linear frequency-modulated waveforms (“chirp”) that provide
a 150-m free-space vertical range resolution. The along-track
resolution is approximately 5-9 km obtained using unfocused
synthetic aperture processing implemented onboard, while the
cross-track spatial resolution is about 10—40 km depending
on the roughness condition of the surface. Off-nadir clutter
can be modeled using MOLA topographic data [13], and
the comparison with MARSIS radargrams provides a robust
method to identify clutter echoes [14], [15].

We use SS3 data to apply our UWB processing because of
the quasi-simultaneous acquisition of the same area using a
two-frequency single-antenna mode and as providing complex
data format on the three Doppler filters. The operational bands
are selected based on the expected local ionospheric condition
that could cause the surface (and subsurface) detection to be
compromised. During nighttime, the lowest frequencies are
usually adopted, while for the dayside, the highest is preferred
[16]. Azimuth processing is performed onboard to reduce the
amount of data to be downloaded, while range compression
is performed on ground. Furthermore, unfocused synthetic
aperture radar (SAR) processing involves the coherent sum
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of a different number of pulses in the synthetic aperture to
guarantee continuity in the surface observation and the same
along-track resolution between the acquired products [4].

B. SHARAD Dataset

SHARAD, onboard the NASA orbiter Mars Reconnaissance
Orbiter (MRO), has been probing around Mars since 2008.
It is composed of two main physical elements, the SHARAD
electronics box (SEB) and a 10-m dipole antenna.

The sounder transmits signals at the 20-MHz center fre-
quency with a 10-MHz bandwidth. The synthetic aperture
processing yields an along-track resolution between 0.3 and
1 km and a cross-track resolution between 3 and 6 km, due
to the pulse-limited design [17]. The SHARAD wavelength is
greater than the ionosphere plasma frequency, allowing it to
propagate through with less distortions respect to MARSIS.
However, phase dispersion is corrected on the ground by the
phase gradient autofocus (PGA) method.

SHARAD’s operative frequency and wideband features
result in a significantly better resolution when compared to
MARSIS (15 versus 150 m), but with a reduction of penetra-
tion capabilities.

III. BWE AND BWI TECHNIQUES

The application of super-resolution (SR) on single-
bandwidth MARSIS products has already demonstrated the
possibility to obtain a resolution threefold improvement at
the single channel [8]. Here, we propose to further enhance
MARSIS range resolution (compared to the previous studies)
by processing the data by means of the UWB method. The
technique exploits both the subbands acquired by the radar
that are merged by sample interpolation and then extrapolated
by means of SR.

All these methods are based on spectral estimation theory
and make use of AR and autoregressive moving average
(ARMA) models, suitable for the application to radar data [5],
[18], [19]. In fact, the pulse-compressed radar response from
targets can be modeled in the frequency domain as a sum
of complex sinusoids, with each frequency determined by the
range delay of each scatter in the time domain [20]. The use
of this a priori information allows to use parametric methods
to pursue the spectral estimation of the sinusoids composing
the signal, enabling to achieve higher resolution compared to
a nonparametric model [21]. Based on this estimation, it is
possible to predict the signal outside the acquisition bandwidth
and after IFFT to obtain the super-resolved product in the
delay space [1].

The method we have selected for our work is the AR
model, both for BWE and BWI, which provides the solution
of a linear system to estimate the prediction coefficients. This
approach has been already successfully applied to sounder
radar data, guaranteeing a reliable solution without incurring
in unstable solution of the all-pole system [5], [18].

A. AR Linear Prediction

The AR model assumes that the sum of an evenly spaced
set of signal samples x,_;, multiplied by a set of complex
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weights, or prediction coefficients a;, will predict the next
sample x,. This set of constant weights can be moved ahead
to continue the predictions and extrapolate the original data
in a forward direction. The linear-prediction coefficients can
be estimated in the frequency domain via mean-squared error
(mse) minimization between the predicted signal and the actual
measured data.
The forward prediction error can be described as follows:

El =x,— %/ (1)
forn=p+1,..., N, where x, is the nth frequency sample
and £/ is its estimate using the AR forward prediction model

P
== ax.. )
i=1
In the same way, the backward prediction error

Eb =x, —xP 3)

forn =1,...,N — p, where )25 is the estimate of the nth

spectrum sample x, using the AR backward prediction model,
is defined as follows:

P

ob

== aix. 4
i=1

where p is the order of the prediction filter, a; is the ith
predictor coefficient, a; is its complex conjugate, and N is
the total number of frequency data samples.

The total prediction error power to be minimized for a set
of a; can be defined as

I ,
E= Y [E[[ +|E 5)

n

The problems result in finding the solution of the
Yule-Walker linear system, which provides the estimation
of the prediction coefficients. Several methods have been
developed to sort it out while reducing its computational cost,
such as the covariance method, the Burg method, and the
maximum likelihood estimator (MLE) [21].

B. Bandwidth Extrapolation

The radar response of a target in the frequency domain can
be defined as

JATfR;
-

V() =) Ai(fe (6)
1
where f is the radar frequency and c is the speed of light
in vacuum. The summation is over the number of targets
associated with multiple reflections. Each scattering center is
characterized by its amplitude A; and its effective range R;.
A frequency response expressed by (6) can be approximated
by a linear-prediction AR model with a uniformly sampled
frequency spectrum, which is given by

v[n] = V(ndf) @)

where Of is the frequency step between data samples. v[n]
are used to estimate the prediction coefficients that describe
the sinusoid behavior outside the existent radar bandwidth,
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thus enabling to forward and backward extend it. A linear-
prediction model of the signal is combined with the measured
radar data to synthesize extrapolated data outside the measured
bandwidth as follows:

Jo[n — i] forward

P
- Z ali
v.[n] = i?I (8)
- Z a*[i]o[n + i] backward
i=1
where a[i] are the model coefficients and p is the model order
employed for the extrapolation.

We choose the Burg method to pursue this estimation as
most robust at different extrapolation factors, providing the
lower extrapolation error compared to the other tested methods
[22]. The algorithm has demonstrated to be well suited for
the sounder signal, computationally efficient, and yielding
to a stable linear-prediction filter due to the presence of a
constraint in the parameter estimation. Such constraint, called
the Levinson recursion, allows the unknown coefficient to be
estimated iteratively at each step due to a sequence of least-
square minimizations [21].

Extrapolation is generally performed over a portion of the
spectra where samples at the edges (about 5% on each side)
are removed to reduce spectral distortions [5].

The extrapolated spectrum yields a range resolution
enhancement up to a factor of 3.

C. Bandwidth Interpolation

BWE for single channel can be used as an interpolator
for reconstructing vacant band samples between two sparse
subbands. This technique, called BWI, aims to fill this gap
via a weighted sum of the forward and backward extrapolated
subbands [6].

Considering data missing fromn = B to n = E (see Fig.1),
respectively, for low-frequency and HF bands, the data can be
defined as follows:

v3[n] = v[n], forl <Kn < B ©)
T 0, elsewhere

for E <n <K N

(10)
0, elsewhere.

The AR methods used for BWE can also be applied to
BWI problems: the HF and low frequency are, respectively,
backward and forward extrapolated to completely fill the gap
as

Py

valnl = = aslilosln — i] (1)
i=1
Py

valn] = = ajlilosln +i] (12)
i=1

where the as3[i] and aj[i] coefficients are the Burg coefficients
and the constants p3 and ps are Burg model orders for
HF and low-frequency data, respectively. Finally, the vacant
band samples are obtained through a weighted sum of the
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Fig. 1. (Top) Representation in the Fourier domain of data acquired at
two adjoining channels with a gap in between. The two subbands show the
different effects caused by the propagation through a dispersive medium such
as the ionosphere: constant and linear phase shift (the latter corresponding to
a differential delay between the compressed signal in time domain). (Bottom)
After ionosphere compensation consisting in estimation via LSE procedure,
retracking and theoretical modeling, the UWB processing can be applied over
the spectra. The two spectra are interpolated in order to predict the spectrum
samples in the vacant band (BWI), and the samples predicted from the two
spectra and their weighted mean are used to completely fill the gap.

extrapolated data where the weights depend on the distance
from the extrapolation band

o1 (E—n n—B
b[n] = (E_B)v3[n]+ (E_B)m[n]

where ©[n] are reconstructed data and B <n < E.

13)

IV. UWB PROCESSING AND IONOSPHERE COMPENSATION

Here, we redesign the UWB method proposed by
Cuomo et al. [7] to make it suitable for MARSIS data. Since
the radar operates in the presence of the ionosphere, the
processing requires an additional step consisting in the estima-
tion and the correction of its dispersive effects on the received
signals. Any residual will cause the distortion of the main
lobe and spurious echoes after UWB. Time delay is corrected
in the delay space via a retracking procedure, while phase
offset and attenuation are in the frequency domain, exploiting
BWE and ionospheric theoretical models, respectively. After
this compensation, the spectra can be properly merged via
interpolation procedure to fill the vacancy due to spectral
distortion removal. Note that both parameter optimization and
the average of predicted samples in the interpolation procedure
cause the UWB method to act as a nonlinear filter on the input
data.

The proposed technique yields a maximum attainable range
resolution improvement up to a factor of 6 (25 m in free
space) with respect to the single channel (150 m) if two
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Fig. 2. Schematic of the UWB processing flow. The complex signal is
transformed into the frequency domain first, via FFT, and zero-padded. It is
transformed back in the time domain for despeckling and At estimation.
The second block represents the core of the UWB processing. It consists
of attenuation and phase offset estimation and compensation, and then, BWI
and BWE procedures are applied to merge the bands and predict the samples
outside the measured band. These operations are pursued after the removal
of weighting functions (Hanning window in the case of MARSIS) and signal
calibration. Finally, the final UWB processed product is obtained via IFFT.
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Fig. 3. (Top) lonospheric time delay as a function of equivalent plasma
frequency. The curve is obtained for different values of Leq as a numerical
solution of (15) considering the bands B2 (3 MHz) and B3 (4 MHz).
(Bottom) Ionospheric attenuation functions (dB) for expected maximum
plasma frequencies in the case of Mars.

adjoining subbands are considered (e.g., B2 and B3). In the
case of acquisitions over sparse bands (such as B2 and B4),
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Fig. 4. Results from the 6-MHz band simulator, the UWB technique is applied to simulated response of two-point scatterers placed at the resolution limit
(25 m). The method is applied to the two subbands B2 and B3 (gray line), extracted from the simulated spectrum (black dotted line). The subbands are
interpolated, and the resulting 2-MHz spectrum extrapolated. Then, the super-resolved (black line) echoes (left) and the real part of the spectra (right) are
compared to the 6-MHz original simulated signal, showing that the two echoes in the simulated response can now be detected even in the UWB processed
product. The simulation parameters (such as bandwidth and sampling frequency) are the ones of MARSIS, but the study and results have general applicability.
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Fig. 5. Results from the UWB processing for different values in Az error (taken as multiples of the SR resolution). The method is applied to a simulated
6-MHz single-point scatter, as explained in Fig. 4. Here, the gray lines refer to signals from the two subbands, while the black solid line and the dotted
line refer to the original and the UWB processed product, respectively. The resulting reflectors overlap in the case of no tracking errors while assuming
strong differences when the error increases (spurious echoes). Therefore, a limit on the maximum tolerable error is set for the application of the algorithm
corresponding to the SR resolution.

the potentialities of the algorithm could be extended, and after 2) spectra fusion via BWI;

the interpolation of a 1.1-MHz vacancy, followed by BWE, the 3) spectrum prediction via BWE.

range resolution enhancement could be further improved.
The whole process can be summarized by the following

. Al ic Time-D Estimati
steps (see Fig. 2): onospheric Time-Delay Estimation

Time delay introduced by the ionosphere can be modeled

1) ionospheric  parameters estimation and spectra through the single parameter equivalent model (SPEM) [23],
calibration; where it is assumed as a medium with constant plasma
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Region 1

~ Region 2

Fig. 6. MGS/MOLA surface elevation map depicting areas under analysis at three different roughness regimes (1: low, 2: medium, and 3: high). The black
tracks are used for the Az statistical analysis on simulated data by selecting only the frames within the white square. Instead, the white track corresponds to
the ray-traced simulation of the product ID 11264 MEX ray-traced MOLA simulation (see Fig. 8). The frames highlighted in green correspond to the UWB
processed frames presented in Fig 9. The black box on the right shows a zoom over the area of interest where the yellow and the red tracks refer to the
experimental observations from MARSIS (ID 16319) and SHARAD (ID 0771701) orbits, respectively. Orange dots at the crossover are used to underline the

UWB processed MARSIS and SHARAD frames shown in Fig. 10.

frequency f,cq along its vertical profile and with a fixed
length Lgq. Under this hypothesis, the phase distortion model
describes ionosphere dispersive effects on the received signal
as follows:

Ap =

I
~

ag+ai(f — fo) + ax(f — fo)* + as(f — fo)’
+ay(f = fo) + -

MARSIS L2 processing provides for the compensation of
the terms from the second order onward but not of the

constant and linear phase shifts, the latter causing a frequency-
dependent delay of the echo

1

(14)

70 70

‘L'fB= —_
1_ﬁ l_ﬂ
fi 15

where f4 and fp are the two carriers and 79 = 2Lgq/c is
generally set to 79 = 533 us (Lgg = 80 km) [23], [24]. The
numerical solution of (15) is shown in Fig. 2 (top) for the case
of MARSIS (f4 =3 MHz and fz = 4 MHz) and for different
Leg values.

At = TfA — (15)

The UWB processing provides that time-delay offset recov-
ery is performed via echo retracking. In our work, we found
that the offset center of gravity (OCOG) [25] is the one that
provides the best results for our purposes among the tested
algorithms and is thus selected to be implemented in the
processing.

Time offset estimation between the two subbands can be
challenging due to topographic effects that produce errors in
the surface tracking. Such errors are due to the decorrelation
of the speckle of echoes acquired at different frequencies.
These effects have been mitigated by processing MARSIS data
using a delay Doppler algorithm [26], which is based on the
incoherent summation of the superimposed filters acquired at
different synthetic apertures.

B. Ionospheric Attenuation Compensation

The two-way total attenuation [29] caused by the ionosphere
can be expressed in the frequency domain as

a(f) g = 9.2 x 10* /0 (%(9@))

v(2)

@ f)? +12(@)
(16)
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Fig. 7.

(Top) At error estimation from the ID 11264 ray-traced MOLA simulation acquired on channels B2 and B3. Black dots highlight the frames where

the processing is expected to be successful as the Az error between the echoes lies between the limit obtained in Section IV (+Rsgr in black horizontal
lines). The flat section in between the vertical lines (which we refer to as end and start ROI, from —3° to 8° of latitude) corresponds to the green orbit
section highlighted in Fig. 6. (Bottom) Roughness metrics, o, and rms slope, calculated from the same track. These metrics are computed frame-by-frame
over MARSIS footprint. The comparison between the two plots shows that in the case of a low-roughness regime area, the Az error is expected to guarantee

the successful application of the processing.

that depends on the plasma frequency profile f),(z) and the
electron’s collision frequency v.

To compute a( f), we exploit the Gamma parametric model,
which describes the distribution of plasma frequency as a
function of the ionosphere height [26]

Z—ho

b

1— <l
e~

Jp(@) = fp.max d-1(z — ho) a7

where f), max is the maximum plasma frequency referred to the
ionosphere vertical profile, & is the topside ionosphere layer
height, and b is the shape factor. Based on [28], we set the
altitude of the ionosphere at 1y = 120 km reducing the model
to two parameters: the maximum plasma frequency f}, max
and the shape factor b. The resulting dispersive attenuation
is shown in Fig. 3 for different f, nax values [28], [29].
As fpmax and b are unknown quantities, we expressed the
model as a function of f), .q and L¢q by means of the following
relationships [30]:

(18)
19)

fp,max = 1~2fp,eq
b =0.37Leg

where f, oq is obtained from (15).
The main steps for ionosphere attenuation correction
exploited in the UWB processing are summarized as follows:

1) equivalent plasma frequency estimation from the time
delay;
conversion of the SPEM into the Gamma model;

computation of the attenuation function through f, max.

2)
3)

C. Phase Offset Estimation

Phase offset is generated by the propagation of the signal
through ionosphere (represented by the constant term in the
SPEM model). We pursue its estimation by the least-squared
estimation (LSE) approach using the signal subbands. Both
the complex components of the lower and higher spectra are
forward and backward extrapolated to completely overlay. The
selected phase offset correction is the one that minimizes the
mse between the measured and the extrapolated samples.

V. RESULTS FROM SIMULATED DATA

Here, we apply the processing to MARSIS-simulated data.
Specifically, we use a point-scatter simulator to both validate
the sixfold improvement in resolution and evaluate the tolera-
ble time-delay error for ensuring the correct application of the
method. Instead, ray-traced MOLA simulations are employed
for preselecting the areas that fulfill this condition.

A. Point-Scatter Simulator

For the purpose of verifying the resolution enhancement,
the UWB technique is applied to the simulated response of
two-point scatterers placed at the resolution limit. Specifically,
Fig. 4 (right) shows the real part of the simulated full 6-MHz
bandwidth (black dotted line) and the UWB processed spec-
trum (black solid line), obtained from the 1-MHz subbands
at +0.5 MHz (gray line). After fast Fourier transform (FFT),
we obtain the responses in Fig. 4 (left), where the two echoes,
previously unresolved, can now be easily identified.

Another crucial aspect to constrain the applicability of
the algorithm is the analysis of surface topographic effect.
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Fig. 8.

Application of the UWB processing at the ray-traced MOLA simulated product ID 11264. (Top) Simulated product on band B3. (Bottom) Its UWB

processed version. The red vertical lines specify the beginning and the end of the ROI (Elysium Planitia) where the processing is expected to be successful.
Instead, the green lines refer to frames 309, 389, and 449. (Bottom) The frame-by-frame comparison is done considering two cases: At retracker estimation
and correction (black solid line) and no At correction, representing the ideal case (black dot line). As selected within a flat regime area, frames 309 and
389 are characterized by the successful application of the processing: the two SR echoes are essentially indistinguishable. This is not verified by frame 409 that
shows two different super-resolved echoes for the two Az corrections. In fact, in the case of e, = 0, we obtain a waveform with features we attribute to
off-nadir clutter, while in another case, the processing results in the arising of spurious echoes due to the use of an inaccurate time correction to the two

subbands.

These cause the tracker to make errors in the time-delay
estimation when tracking the surface at different frequencies
ek = ATpeq — Atyy.

In Fig. 5, we show the comparison between the simulated
full 6-MHz bandwidth point-scatter response (dotted line)
and the reconstructed signal after UWB (black solid line)
at varying egc (multiple of Rsg, the expected theoretical
range resolution after UWB processing) and after Hanning
weighting.

In the case of perfect alignment, the simulated and the super-
resolved echoes almost overlay. This condition is not verified

for increasing error values: the final products show signs of
evident echo distortions such as the arising of spurious echoes
and losses in resolution that becomes more relevant as the
misalignment increases. For the case of MARSIS, we consider
the value of —22 dB as a limit for the required signal dynamic
after Hanning weighting [1] that corresponds to a maximum
tolerable time-delay error equal to eyx = Rsg. As MARSIS
design range resolution is about R, = 1 us, Rsg = R, /6 value
is expected to be equal to 0.166 us.

Note that the simulations presented in this section employ
MARSIS design parameters. However, this analysis can be
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Fig. 9. Application of UWB processing to ID 11264 MARSIS experimental
and ray-traced simulated products acquired over Elysium Planitia (green line
in Fig. 5). The middle and bottom refer to the experimental and simulated
UWB processed products, respectively. The enhancement in terms of range
resolution highlights several features (at ~0°N and ~5°N) previously not
clearly visible. As these features do not appear in the simulated radargram,
we attribute them to shallow interfaces.

easily generalized and carried out on multifrequency radar
systems with different characteristics.

B. Response From Facets Simulator

With the aim to derive the conditions for the applicability
of the algorithm in relation to Mars topography, time-delay,
and phase offset estimation is pursued on coherent simulated
data on three Doppler filters. The simulator employs the facet
method applied to MOLA data to determine Mars surface radar
response as described in [15].

We applied the processing to the ray-traced
MARSIS-simulated product ID 11264 (see Fig. 6 with
a white-green line) consisting of acquisitions over several
areas at different roughness regimes.

Fig. 7 (top) and (bottom) shows the along track eqx obtained
from the difference of the tracking algorithm applied to the
same product at the two bands B2 and B3. In the top, the gray
line indicates ey as a function of latitude, while the black
dots highlight the frames where the applicability condition
(represented by two horizontal black lines) of the algorithm
is fulfilled. The bottom shows the root-mean-square (rms)
height (o,) and the rms slope calculated along the ground
track using MOLA MEGDRs data. The on-ground illuminated
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area is computed using the along-track (considering the three
Doppler filters) and cross-track resolution (the pulse-limited
diameter). In particular, rms height is calculated after removing
the 2-D mean slope through a linear regression model. The
graphs show that the region characterized by low-roughness
level (see latitudes between —3° and 8°) fulfills the criterion
on eqk. This area, identified as Elysium Planitia, is known for
its flat topography and thus selected as region of interest (ROI)
for testing our algorithm. We found that o, is less than 4/16
when compared to the wavelength of MARSIS, meaning a low
regime roughness and thus a dominant presence of coherent
scattering.

With the aim to evaluate the time offset errors, a statistical
analysis is performed over three areas of different roughness
regimes (see Fig. 5).

Region 1: Smooth area between —2° and 8°N and 164° and
170°E (3763 frames and 36 orbits).

Region 2: Moderate rough area between —3° and —13°N
and 164° and —170°E (3319 frames and 35 orbits).

Region 3: Rough region between —17° and —30°N and 128°
and —138°E (8110 frames and 64 orbits).

We selected all the currently available acquisitions (at B2
and B3 bands) and found that most of the echoes acquired
in region 1 satisfy the condition on of ey (nearly 99%).
As expected, ey increases for regions 2 and 3 causing a lower
success percentage of the algorithm in fulfilling the above-
mentioned limit. This consideration confirms that the UWB
processing can be successfully applied on smooth surfaces
where the constraint on time offset is satisfied, thus yielding
more accurate results.

Fig. 8 shows the ray-traced MOLA simulation ID
11264 and, from left to right, a comparison between the frames
309 and 389 acquired within the ROI and frame 449 from a
rougher region before (dark and light blue lines for B2 and
B3, respectively). The picture displays both the original (top)
and the processed product (middle).

Since simulations do not include ionospheric distortion,
we evaluated the tracking errors on data with no time offset.
Two cases are considered: no time offset realignment, corre-
sponding to the case of ey = 0, thus yielding the ideal super-
resolved waveform (black dotted line) and after Az retracking
process (black solid line).

Note that the retracking algorithm does not introduce sig-
nificant errors when considering echoes acquired over a flat
region as the resulting responses overlay. On the other hand,
the results from frame 449 show clear differences between
the two waveforms, pointing out the failure of the processing.
In particular, the ideal super-resolved product is characterized
by what we consider unresolved off-nadir clutter.

VI. RESULTS FROM EXPERIMENTAL MARSIS DATA

We applied the algorithm to data acquired over differ-
ent areas of Mars, each characterized by a low-roughness
regime, thus fulfilling the time-delay realignment condition.
Selected products are acquired under nighttime conditions
(solar zenith angle (SZA) > 90°), as ionosphere effects do
not degrade the full-band estimation on relatively smooth
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Fig. 10. Comparison between SHARAD product ID 07701701 and MARSIS product ID 16319 acquired over Elysium Planitia (acquired at the crossover in
Fig. 6). Ground tracks are shown in red and in green solid lines in Fig. 6. (Top) Frame-by-frame comparison between the MARSIS (gray line) and SHARAD
(blue line) standard products and the UWB MARSIS product (black line). (Middle) SHARAD and MARSIS standard products. The lower MARSIS resolution
(150 m in free space) does not allow the detection of the subsurface layer, which appears unresolved if compared to the SHARAD product. (Bottom) Averaged
version of the SHARAD data product in order to maintain the same along-track resolution of MARSIS is compared with the UWB MARSIS product. Note
that the same shallow interface detected from SHARAD data now arises in the UWB processed product.

surfaces, unless in the case of low SNR, when a fine retracking
procedure is not achievable.

We present the results from the equatorial region Elysium
Planitia and from three different areas at the south polar
layered deposits (SPLD): Planum Australe, Promethei Lingula,
and the so-called radar unit reflection-free zones (RFZs).

A. Elysium Planitia

Elysium Planitia is a multilayer volcanic plain, characterized
by basaltic flow complex stratigraphy, whose layers’ thick-
nesses range from 16 to 50 m [31]. The entire area in the past

years has been targeted with the aim of searching for buried
ice resources.

The top in Fig. 9 shows the original B3 radargrams,
while the middle and bottom ones show the super-resolved
experimental and simulated products, respectively. As we
can see, there is evident mismatch between both the sur-
face topography obtained from experimental radargrams and
simulated data. We attribute such mismatch to the time
delay introduced by the ionosphere. As a consequence, this
effect is also present on the super-resolved product where
the surface follows B3 product topography as the UWB
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Comparison (left) between MARSIS product ID 10646 and SHARAD product ID 3320701 and (right) between MARSIS product ID 2978 and

SHARAD product ID 537120 acquired over Promethei Lingula. The top and middle refer to the B3 MARSIS original and the UWB processed product,
respectively, while the bottom refers to the SHARAD along-track averaged product. The four graphs in the bottom represent a frame-by-frame comparison
between the three abovementioned data. We observe the detection of two packets of reflectors, at nearly 121°-126°E (red arrows) and 128°-130° (blue arrows).
These structures are detected even by SHARAD. Moreover, a feature previously under standard resolution (orange arrow) is now visible from the data.

processing provides for the time alignment of the B2 over the
B3 echoes.

After processing, MARSIS super-resolved product shows
the presence of a secondary signature previously not evident
in the original product due to the limited range resolution.
From inspection of the super-resolved simulated product,
we identified these reflections, as subsurface shallow structures
located at latitudes around 0°, 5.5°, and 7°N.

To further validate our results, we selected several MRO
and MEX orbital crossovers acquired over the same ROI
and compared super-resolved MARSIS products with original
SHARAD ones.

In Fig. 10, we plot a MARSIS waveform (product ID 16319)
after UWB, with SHARAD (product ID 07701701) echoes
collected at the same location on Mars (around 5.5°N-166°E),
as shown in Fig. 5. To have a direct comparison between data
acquired by the two sounders, we averaged several frames of
the SHARAD radargram to obtain a similar along-track resolu-
tion compared to MARSIS products. Now, after UWB process-
ing, the subsurface returns observed in SHARAD are also
clearly visible in the UWB MARSIS product. Furthermore,
the processed radargrams show a more accurate estimation of

the shallow reflector depth, previously appearing right shifted
due to the weak resolution, and now almost aligned with the
subsurface SHARAD echo.

B. South Polar Layered Deposits

SPLDs are the largest reservoir of water ice on Mars. They
are predominantly composed by dusty ice with a perennial
cap of CO, ice and on top of it a thin layer of seasonal CO,
frost that condensates and sublimates during every Martian
year. Under the residual cap, a massive deposit of buried CO,
ice also called “reflection-free zone three” (RFZ3) has been
mapped in detail by SHARAD [32]. Hundreds of kilometers
southward, a plain called Planum Australe has been probed by
MARSIS several times frequently showing strong reflections
from subsurface structures [33].

Here, we present the application of UWB processing over
three different regions that characterize the SPLD.

Fig. 11 (left) and (right) shows two different prod-
ucts acquired over Promethei Lingula (124°E-82.5°S) before
and after UWB processing (top and middle). As we can
see, the processing enables to detect the same subsurface
stratigraphy outlined by the data from SHARAD orbital

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on March 27,2023 at 09:53:05 UTC from IEEE Xplore. Restrictions apply.



5120014

MARSIS Band B3 - Filter 0

218

216

UWB MARSIS Processed Product

210

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 60, 2022

SHARAD along-track Averaged Product

212 214 216 218

Longitude, °

" Coordinates: -82.558° N, 211.981° E Coordinates: -82.480° N, 212.260° E

-20 [

Power |s(t)2, dB

-25

-30

J‘rh‘ll"ﬂ'ﬂ‘l\(qlv“
i

4 Coordinates: -82.403° N, 212.534° E Coordinates: -82.325° N, 212.801° E
‘ 0 A

SHARAD
UWB MARSIS
B3 MARSIS

-20

-25

r"\ "x M"AL\J;‘W Y |“'I
|

-30

-35

15 20

t, us

-35

15 20

t, us

t, us

Fig. 12. Comparison between SHARAD product ID 2719101 and MARSIS product ID 1287 acquired over the central portion of Planum Australe. (Top-Left)
B3 MARSIS original product. (Top-Center) Relative UWB processed version. (Top-Right) SHARAD along-track averaged product. (Bottom) Frame-by-frame
comparison between the three abovementioned data. Through the comparison of the UWB processed product and SHARAD, it is possible to notice the
detection of many interfaces previously not observable from the MARSIS original data: (a) very shallow reflector at the limits of the UWB resolution (at about
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detection of two deep subsurface layers at the right side previously merged in

one reflector in the original product (~5.5 us depth). Note that how the UWB MARSIS data product appears less attenuated if compared to SHARAD data

due to the difference between the two operative frequencies.
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Fig. 13. (Top) Standard MARSIS data product (ID 12875) acquired over
the RFZ3. (Middle) MARSIS product after UWB processing, note that the
enhancement in resolution enables the detection of one of the three CO, sub-
units capped by water ice. (Bottom) SHARAD product ID 3629501 acquired
over the same area. The two products have a comparable resolution (25 versus
15 m) and are able to detect the same layer at about 22.5 us.

crossover (bottom). Specifically, the UWB products highlight
two packets of reflectors, at about 121°—126°E (red arrays) and
at 129°-130° (blue arrays). Sometimes, many features visible
in SHARAD radargrams cannot be found in the MARSIS
product and vice versa. We believe that this could be due to
some possible differences in acquisition geometries or due to
subsurface structures, which appear different when observed
at different wavelengths [34], [35].

In Fig. 12, we show the results from the central area of
Planum Australe (220°E-82.5°S). Here, the processing enables
the detection of three new features: a very shallow reflector at
the limits of UWB resolution (at about 211°E, orange arrow),
two subsurface layers located around 5.5 us depth previously
merged in a single reflector (red arrows), and a shallow layer
at 3 us depth (blue arrows). These subsurface structures
recurrently appear in MARSIS super-resolved products over
this area and, furthermore, can be easily matched with the
interfaces visible from SHARAD radargrams.

Finally, Fig. 13 shows a product acquired over the CO,
deposits, located (at around 86.7°-87.2°S). This region with
reflection-free subsurface zone has been proven to be com-
posed of sequestered low-porosity carbon dioxide ice [33]. Its
boundaries, not clearly visible from the original MARSIS data,
can now be resolved due to UWB processing.

VII. CONCLUSION
In this article, we apply the UWB processing to exper-
imental MARSIS data reaching an improvement in range
resolution up to 25 m. The method, based on AR models,
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is applicable to multifrequency sounders and provides for the
fusion of the two quasi-simultaneously acquired data via BWI
and BWE to further increase signal bandwidth. To deal with
the MARSIS case, we had to address the ionospheric effects
by compensating time delay, amplitude distortions, and phase
offset of the signals received at the two channels via retracking,
ionospheric modeling, and spectral prediction.

Using point-scatter and ray-traced MOLA sounder simu-
lations, we investigated the applicability of the method and
constrained the maximum tracking error due to topography,
which allows to apply the algorithm without incurring in
evident signal distortions or formation of paired echoes.

Finally, we applied the technique to experimental data
acquired over selected low-regime roughness regions of Mars.
The processing provides enhanced imaging performances on
different scenarios: several interfaces that are not visible in
the original MARSIS data can be clearly detected after UWB
processing and confirmed by SHARAD products.

Future works aim to obtain a more accurate estimation
of Mars surface and subsurface dielectric properties via
the joint application of data inversion methodologies using
UWB processed MARSIS and SHARAD data. An improve-
ment in accuracy in the loss tangent could be achievable
due to the lower medium attenuation that affects MARSIS
data as acquired on a lower frequency with respect to
SHARAD [35], [36].

The technique here proposed has general applicability and
could be helpful for the interpretation of radar data acquired
by future planetary missions, for example, in the case of a
multifrequency radar system for the exploration of icy moons
[37] or in the context of water ice research on Mars [38].
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