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Surface Permittivity Estimation of Southern Utopia
Planitia by High Frequency RoPeR in Tianwen-1
Mars Exploration

Lilong Zou, Senior Member, IEEE, Hai Liu, Senior Member, [EEE, Amir M. Alani and Guangyou Fang

Abstract—China's Tianwen-1 successfully landed in the
southern Utopian Planitia of the Martian surface on
15 May 2021. The Zhurong Rover, equipped with a high
frequency full polarimetric Rover Penetrating Radar (RoPeR),
travelled 1,921 m to investigate the shallow geological structure
and material composition of the Martian weathered layer. In this
study, we propose a new processing strategy to estimate surface
relative permittivity using the HH and VV reflections of the high
frequency RoPeR data. This new strategy is based on the induced
field rotation effect, which occurs when orthogonally-polarised
electromagnetic waves propagate into an uneven surface with
incident angles. 3D time-domain finite-difference simulations
were performed using random surfaces with various relative
permittivities under the same geometry as the Zhurong Rover.
Polarimetric alpha angle versus relative permittivity was then
calculated based on the simulation results. At the same time,
direct coupling removal, band-pass filtering and channel
calibration were performed on the real RoPeR data and clear
surface reflections were extracted. The surface reflection
amplitudes of the HH and VV were then obtained and the
polarimetric alpha angle calculated. Finally, relative permittivity
was estimated through the relationship obtained from the
simulation results. The average value of the relative permittivity
estimated by the proposed approach is 3.292, with a standard
deviation of 0.235. This result is consistent with that obtained by
orbiting Radar Systems and the low frequency RoPeR system.
This study will contribute to the further signal processing and
accurate interpretation of real radar data captured by way of
RoPeR on Mars.

Index Terms—Mars soil, Rover Penetrating Radar (RoPeR),
Tianwen-1, Zhurong Rover, relative permittivity, polarimetric
alpha angle
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[. INTRODUCTION

ARS is one of the four Earth-like planets in our

solar system. Because the inclination of its rotation

axis and its rotation period are similar to those of
Earth, it is the most likely planet for human migration in the
future. Mars is also located in the habitable zone of the solar
system, and much evidence proves that it once had an
environment similar to that of Earth. This, coupled with its
abundance of resources, has made Mars a major focus of
research for various countries [1]. On 15 May 2021, China's
Tianwen-1 (TW-1) lander, carrying the Zhurong Rover,
successfully landed in the southern Utopia Planitia in the
northern lowlands of Mars (109.925° E, 25.066° N). The
Zhurong Rover was successfully deployed onto the planet’s
surface on 22 May 2021. The rover carries six scientific
instruments: the Mars Rover Penetrating Radar (RoPeR), Mars
Rover Magnetometer (ROMAG), Mars Climate
Station (MCS), Mars Surface Compound
Detector (MarSCoDe), Multispectral Camera (MSCam) and
Navigation and Topography Cameras (NaTeCam) [2][3]. To
date, the Zhurong Rover has travelled 1,921 m along the
ancient land-sea interface to the south of the Utopian Plains.
Unfortunately, although the Zhurong Rover has exceeded its
initial expectations, it can no longer be activated.

The Utopia Plain is a large plain within Utopia. It is
recognised as the largest impact basin on Mars and, indeed, in
the solar system, having an estimated diameter of 3,300 km.
Certain areas of the surface of the Utopia Plain exhibit a fan-
shaped topography, with a surface that appears to have been
carved from ice cream scoops. The topography is thought to
have been formed by the degradation of ice-rich permafrost.
The fan-shaped depressions are believed to have been formed
by the removal of subsurface material by way of sublimation
(possibly interstitial ice), and this process may still be
occurring [4]. On 22 November 2016, NASA reported the
discovery of a large amount of subsurface ice in the Utopia
Plains region. It is estimated that the amount of water detected
is equivalent to the volume of Lake Superior [5][6].

Soil structure research and water ice prospecting in the
southern Utopia Plain constitute two of the scientific missions
of the Zhurong Rover. The interior structure, density and
water/ice content of the widespread Martian weathering layer
can be revealed with the aid of the RoPeR mounted on the
Zhurong Rover. The findings will improve our understanding
of climatic history, geological origin, habitability and resource
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exploration, and enhance our ability to support human
settlement. It will also assist in the selection of sampling sites
for the investigation of potential ancient lifeforms that may
have existed on Mars [7][8].

Prior to in-situ investigations, the structure of the Martian
subsurface was investigated by Shallow Radar (SHARAD)
and Mars Advanced Radar for Subsurface and lonospheric
Sounding (MARSIS) orbiting radar systems. The
permittivities of strata beneath the polar ice caps, hidden ice
deposits across Mars and dry rocky materials such as lava
flows and pyroclastic deposits have been estimated based on
SHARAD (20 MHz centre frequency) and MARSIS (1.8, 3, 4
and 5 MHz sounding modes) [9]-[12]. Due to the low working
frequency and orbit altitude, orbiting radar systems were
unable to provide detailed information on the structure of the
subsurface. In contrast, RoPeR operates on the surface and can
provide higher resolution information for the inspection of the
shallow surface. The ground penetrating radar (GPR)
operating in Chang'E-3, Chang'E-4 and Chang'E-5 on the
lunar surface is effective in revealing the underlying strata to
within a few hundred metres, providing information on high-
resolution images of underground structures, estimating
relative permittivity to further analyse the composition of
lunar soil, and so on [13]-[17].

Extensive use of GPR technology has been realized on
Earth, including applications in landmine detection,
archaeological research, pavement analysis, and civil and
environmental engineering [18]-[20]. Using electromagnetic
(EM) waves, GPR produces high-resolution subsurface
images. The relative permittivity of the material determines
the EM propagation speed. Various methods can be employed
to measure relative permittivity, such as depth-to-velocity
conversion, hyperbolic fitting, common middle points, direct
sampling and full-waveform inversion. Due to the special
nature of planetary exploration, the hyperbolic method is
widely used in the relative permittivity estimation of the rover
mounted GPR data. Researchers have utilised this method to
calculate relative permittivity for the Martian Rover radar
data, including “RIMFAX”, the GPR carried by the
Perseverance Rover [21]-[23] and the RoPeR mounted on the
Zhurong Rover [24][25].

Based on the ray tracing theory of EM wave propagation
into the subsurface during GPR survey, the reflection from a
single target at a certain depth appears as a hyperbola shape in
the B-scan. By fitting to the hyperbola response, the relative
permittivity of the background material can be estimated.
Therefore, accurate estimation requires a smooth interface,
uniform material and small target size. However, due to target
shape, antenna offset, surface topography and non-
homogeneous background material, this method typically
provides imprecise results [16]. Various methods have been
proposed to increase the accuracy of the relative permittivity
estimation of rover mounted GPR data. In the Chang'E-4
mission, a spherical target is assumed in the hyperbolic fitting
of Lunar Penetrating Radar data, to obtain relative permittivity
[26]. In the Chang'E-3 mission, the height of the radar antenna
is considered to enhance dielectric constant inversing

technique accuracy [27]. Based on this, antenna spacing is
considered to further increase estimation accuracy [28].
Further, hyperbolic fitting requires a certain burial depth of the
target. Estimated relative permittivity is the value of material
around the target. The common approach to estimating surface
relative permittivity is to assume that the background material
is homogeneous or interpolated from the background material
relative permittivity. It is obvious that surface relative
permittivity cannot be precisely estimated for planetary
exploration in this way. In the Chang'E-5 mission, the first
antenna-array GPR has deployed for the investigation of lunar
subsurface  structures. By considering the antenna
configuration and interface reflection point relationship, the
velocity spectrum of a subsurface structure can be estimated
and thereby predict relative permittivity. The array GPR can
provide accurate subsurface relative permittivity but multiple
sets of antennas mean an increase in the payload of the
spacecraft.

The high frequency RoPeR system mounted on the Zhurong
Rover is a full-polarimetric GPR system. It has two
orthogonalised oriented transmitting antenna elements and two
orthogonalised oriented receiving antenna elements. The
transmitting  antenna  transmits two  orthogonalized
polarimetric EM waves (H and V) parallel to the surface, and
the receiving antenna receives the reflected orthogonalized
polarimetric EM waves (H and V), respectively. Therefore, the
system can simultaneously acquire HH, HV, VH and VV
reflections from the subsurface. According to the classic
Fresnel formula, when two orthogonal EM waves occur on an
uneven surface at a certain angle, the direction of the EM
wave will alter after transmission into subsurface due to
different transmission coefficients. This effect — known as
induced field rotation (IFR) — interferes with the reflected
energy of the different acquisition modes (HH, HV, VH and
VV) [29][30]. However, the influence of this effect becomes
complex [31], with regard to roughness and near-field
inspection.

In this work, we propose a new approach that considers the
IFR effects of orthogonal EM waves and surface roughness,
and accurately provides the surface relative permittivity of the
southern Utopia Plains on Mars. Surface roughness is
modelled based on colour images captured by the MSCam on
the Zhurong Rover. Then, a 3D finite-difference time-domain
(FDTD) simulation is carried out with the high frequency
RoPeR geometry to simulate the IFR effects of different
relative permittivities. The relationship of polarimetric alpha
angle versus relative permittivity is performed for real data
estimation. In the meantime, signal processing on the real
dataset is performed to obtain clean surface reflections from
the southern Utopia Plains. Finally, using the simulated
relationship between the polarimetric alpha angle and relative
permittivity, the real value is estimated. This study will
contribute to further signal processing, accurate interpretation
and precise soil structure research of real radar data from the
RoPeR on Mars.

This article is organized as follows. Section II describes the
Zhurong Rover high frequency RoPeR system and landing
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site. The generated rough surface, 3D simulation and
relationship between the polarimetric alpha angle and relative
permittivity are also described in this section. In Section III,
the real data processing procedure, including antenna coupling
removal, band-pass filtering, channel calibration and surface
relativity permittivity estimation, are presented. Results and
discussions are conducted in Section IV and conclusions
follow in Section IV.

II. METHODOLOGY AND MATERIALS

A. Dataset

In this work, we mainly employed high frequency RoPeR
and NaTeCam data, recorded by the Zhurong Rover, which
are available from China's Lunar and Planetary Data
System (CLPDS) (https://moon.bao.ac.cn).

B. High frequency RoPeR and TW-1 landing region

The main scientific objective of the RoPeR is to
characterise the thickness and sub-layer distribution of the
Martian soil [32]. RoPeR utilises two channels: a high
frequency channel that runs between 0.45 and 2.15 GHz and a
low frequency channel that runs between 15 and 95 MHz. The
high frequency channel has a range resolution of a few
centimetres, while the low frequency channel has a range
resolution of several metres. The high frequency data of the
RoPeR are used in this work. The transmitting and receiving
antenna components are installed at the front of the Zhurong
Rover, but positioned at different heights, as shown in Fig. |
(a). The heights of the transmitting and receiving antennas are
0.345 m and 0.306 m, respectively. The offset of the antenna
is 0.42 m. In contrast to the Lunar Penetrating Radar of
Chang'E-3/4, RoPeR uses a Linear Frequency Modulation
(LFM) technique to circumvent the necessity of a high-voltage
source [8]. The space sampling interval of high frequency
RoPeR data is 0.05 m. Each high frequency RoPeR trace
consists of 2,048 data points with a time window of 235 ns.

Two orthogonally oriented Vivaldi antennas are chosen for
use with the RoPeR because of their ultra-wideband property
and light weight [33]. The transmitting antenna transmits two
orthogonal EM waves parallel to the surface, and the receiving
antenna receives the reflected orthogonal EM wave,
respectively. Therefore, this method can simultaneously
acquire HH, HV, VH and VYV reflections from the subsurface.
Using this combination, it is feasible to obtain rich
information of subsurface target reflections. Polarised
orientation calibration, signal processing strategies and
discrimination between dry and water ice when utilising high
frequency full polarimetric RoPeR data have been studied and
provide a valuable direction for future research [34][35].

To date, the Zhurong Rover has travelled 1,921 m along the
ancient land-sea interface to the south of the Utopian Plains, as
shown in Fig. 1 (b). Along its pathway, the Zhurong Rover
passed a number of dunes, highly deteriorated craters and tiny
pebbles. The region is relatively flat. The Zhurong Rover is
designed to select a flat route, to prevent it from rolling over,

and the image at Fig. 1 (b) shows no obvious bumps or
obstacles present on the surface of the traversed path.

109°5520"E 109°55'40"E

@ (®)
Fig. 1. (a): Photo of Zhurong Rover; (b) full traversed path.

C. Generating surface roughness

Considering the climatic and environmental conditions on
Mars, we use the random Gaussian rough surfaces function to
describe the stochastic surface in this paper. Using a random
number generator and a Gaussian filter to produce correlation,
it is possible to create Gaussian statistics from an uncorrelated
distribution of surface points [36]. The surface features a
Gaussian  height distribution function and Gaussian
autocovariance functions (in x and y). Let us assume that
there are N, and N, points in the x and y directions,
respectively, and that the corresponding lengths are denoted as
Ly and L, . Generating the random surface with Gaussian
distribution and then scaling using rms height value (h;,s),
the matrix K is given by:

K = Ry - rand (N, Ny). (1)

The parameter h,,,¢ indicated the root mean square of the
height distribution, which is identical to the standard deviation
of random surface (expect value is E[H] = 0). In order to
meet the Nyquist theorem in the spatial domain, the number of
points per unit length must be more than twice the inversion of
the correlation length:

max (Ny,Ny) 2

min (LyLy) ~ cl’ )
where cl indicates the correlation length, which defined the
frequency of spatial variations allowed over the surface.
Thereafter, the Gaussian filter with low pass frequency is
required to produce the spatially correlated surface, and is
given by:

G =exp [— 2(x2+y2)]. 3)

cl?
The final surface I' is given as a convolution of auxiliary
surface K and Gaussian filter G. Therefore, an inverse Fourier
transform of a multiplication between K and G is performed in
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the spectral domain to produce I, and is expressed as:
__ 2L-FFT[FFT(K)-FFT(G)]
r= Vamax (Ny,Ny)cl )
Figure 2 presents the NaTeCam photographs captured
during the traversing of the Zhurong Rover [37]. The red bar
scale in the picture measures 2 cm. As shown in the figure, the
size of the soil clods is approximately 1-2 cm. The southern
Utopia Planitia is relatively flat, and the Zhurong Rover
avoids gravel areas while travelling. Therefore, the roughness
of the surface inspected by RoPeR mainly arises from the soil
clods. Based on this, rms height h,,s =0.5cm and

correlation length cl = 1 c¢m are given to generate the surface
roughness for simulation. The stochastic surface generated by
equation (4) is shown in Fig. 3. The random surface has a
horizontal correlation length of 1-2 cm and a height of 0.5-1
cm, which match the size of the soil clods, as shown in Fig.2.

Fig. 2. Colour images captured by MSCam on Zhurong Rover
[37].

Z[m]

02 - ~

i \\\ //’ 0.2
Y [m] - 01 X [m]
0 o

[ s N

Fig. 3. Generated 3D stochastic surface with 0.5 cm rms
height value and 1 cm correlation length for simulation.

D. Simulation and polarimetric alpha angle
In order to investigate the various HH and V'V reflections of

different relative permittivities under southern Utopia Planitia
surface conditions, a 3D FDTD simulation has been adopted

using the same transmitter and receiver positions as the RoPeR
[38]. The input waveform precisely matches the linearly
varying FMCW, with the same start angular frequency,
bandwidth and sweep length as the high frequency RoPeR [8].

The stochastic surface model shown in Fig. 3 is used for
simulation. The relative permittivity of the surface varies
according to the following sequence: 1.001, 1.01, 1.1 to 1.5
with a 0.1 step and 1.5 to 35 with a 0.5 step. Figure 4 shows
HH and VV reflections versus the relative permittivity of the
stochastic surface. The reflected energy grows as the relative
permittivity increases.

0 HH 1 0 hA 1
b 0.8 i 0.8
2F oL | —
e ———————
0.4 0.4
3 02 _& 02
2 Z
= &
%:4 0 E4 0
a 02 B 0.2
5 : 5B
0.4 0.4
6 6
0.6 0.6
7 0.8 7 0.8
: : i 8 ; . .
10 20 30 10 20 30

Relative Permittivity Relative Permittivity
Fig. 4. Simulated HH and VV reflections versus relative

permittivity of stochastic surface.

o
T

Alpha Angle [deg.]

| | |
0 5 10 15 20 25 30 35
Relative Permittivity

Fig. 5. Simulated relationship of polarimetric alpha angle
versus relative permittivity under high frequency RoPeR
investigation of Zhurong Rover.

0 I I 1

The polarimetric alpha angle is a term commonly used in
radar polarimetry, especially in Synthetic Aperture Radar
(SAR) polarimetry. The polarimetric alpha angle is used to
characterise the scattering mechanism of a given radar target.
Specifically, it provides information concerning the type of
dominant scattering mechanism exhibited by a particular
target [39]-[40]. Based on the Bragg scattering theory, the
polarimetric alpha angle is a function of target relative
permittivity and the incident angle of the random surface.
Therefore, the polarimetric alpha angle is a univariate function
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of target relative permittivity with a particular incident angle
(e.g., the high frequency RoPeR of the Zhurong Rover). In this
paper, we use this relationship to estimate the surface
permittivity of the southern Utopia Planitia. The polarimetric
alpha angle can be calculated by [41]:

SVV_SHH’ (5)
Syv+SHH

where Syy and Syy indicate the scattering coefficients of the
VV and HH reflections, respectively. Employing the simulated
data shown in Fig. 4, the polarimetric alpha angle versus the
relative permittivity of the Zhurong high frequency RoPeR
can be calculated and is shown in Fig. 5. The polarimetric
alpha angle enlarges as the relative permittivity increases, but
it is not a linear relationship. The polarimetric alpha angle
changes rapidly when the relative permittivity is small.
Although the relative permittivity becomes large, the
polarimetric alpha angle changes smoothly.

tana =

III. DATA PROCESSING AND RESULTS

A series of signal processing procedures, including direct
coupling (DC) removal, band-pass filtering and channel
calibration, were applied to obtain clear, precise surface
reflections from the southern Utopia Plains.

A. Antenna coupling removal

Due to the high frequency RoPeR system working
frequency bandwidth and the positioning of the transmitter
and receiver antennas, the reflection from the surface
overlapped with the DC. Removal of the DC is therefore
required in order to acquire a clear surface reflection. DC is
the wave that directly transmits from the transmitter antenna to
the receiver antenna through the air. Therefore, DC is a
constant value between different measurement conditions. In
this paper, we used the DC as measured in the laboratory of
the Chinese Academy of Sciences. The purpose of the indoor
test is to confirm the functionality of the device and assess the
effectiveness of the rover and radar.

The laboratory indoor measurement was performed using a
large metal plate facing towards the RoPeR system. A test
pool of 7 m in length, 3 m in breadth and 2.5 m in height
makes up the experimental devices [8]. After a metal plate was
placed in the pool, the rover was moved from one side to the
other to acquire the radar profiles. Figure 6 shows the
reflections from the HH and VV channels of the high
frequency RoPeR system. The reflections between 10 ns and
20 ns relate to the DC and will be used to subtract the DC
from the B-scan acquired on Mars.

B. Band-pass filtering

A band-pass filter is used to remove noise and enhance data
quality. Meanwhile, filtering can also be employed to locate

hidden patterns and important information in the recorded data.

Based on the working frequency bandwidth of high frequency
RoPeR, a band-pass filter was employed with cut-off
frequencies of 0.75 GHz and 1.85 GHz, as indicated in Fig. 7.
The designed filter simultaneously removes the direct current

offset and suppresses high frequency noise.

0 5 0
4
10 10
3 _—
2 e —
20 20
1 e —

HH

[ns]

w
=
(=]
Time [ns]
w

me

T

40

'S
S

50 50

60 60

200 400 600 800 1000 200 400 600 800 1000
Points Points

Fig. 6. Laboratory indoor test performed with large metal plate
facing towards high frequency RoPeR system.

Rand

! pass Filter

Amplitude
=]
W

o I I
0.5 1 1.5 2

Frequency [GHz]
Fig. 7. Designed band-pass filter with cut-off frequencies of
0.75 GHz and 1.85 GHz.

C. Channel calibration

In practice, it is very difficult to design a polarised GPR
system with perfect channel balance. To obtain the accurate
characteristics of a target using a polarised GPR system,
calibration must be performed to remove any system-related
contamination. As only the HH and VV channels need to be
calibrated, a streamlined approach has been applied in this
study. Since the imagery section of the relative permittivity is
not studied in this paper, only the amplitude term must be
calibrated rather than the phase term. A large metal plate is an
ideal target for calibration. The relationship between the HH
and VV scattering coefficients of a metal plate is given by:

Sun = Svv- (6)

Equation (6) indicates that the HH and V'V reflections from
the metal plate have the same amplitude. The reflections at
around 30 ns, shown in Fig. 6, indicate the metal plate, using
the high frequency RoPeR system in the laboratory. Looking
at the reflection pattern in Fig. 6, it can be observed that the
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VV reflection is a little stronger than the HH channel
reflection. The entire amplitude of the reflection is calculated
through the absolute value of the waveform for calibration.
Based on (6), the calibration coefficient of the HH and VV
channel of the RoPeR system can be calculated. The
calibration coefficient was then used to the real observed data
of the Zhurong Rover on Mars. Fig. 8 shows the calibrated B-
scan of the HH and V'V channels.

D. Surface permittivity estimation

To estimate surface permittivity based on the simulated
polarimetric alpha angle described in Section II, the surface
reflection coefficients of the HH and VV channels should be
calculated. Figure 9 shows the average A-scan of the HH and
VV channels, while the B-scan is presented in Fig. 8. The
solid red line indicates the HH reflection, while the dashed
blue line indicates the V'V reflection.

The main lobe of the surface reflection waveform is located
at 19 ns. Meanwhile, for the HH reflection, a secondary main
lobe appears at 22 ns but does not appear on the VV reflection.
We believe this continuously appears reflection in HH
channel, but not in VV channel, is not surface reflection.
Therefore, this secondary main lobe appears at 22 ns should
not be used for surface reflection coefficients calculation.
Although regular movement can eliminate this, the surface
reflection will then be destroyed. In this study, a window
function between 16.4 ns and 21.1 ns is performed to avoid the

HH

0 200 400 600 800

influence of the secondary main lobe. Therefore, the surface
reflection coefficients of the HH and VV channels can be
calculated for each acquisition point. In the next step,
equation (5) is used to calculate the corresponding
polarimetric alpha angle and consequently to estimate the
relative surface permittivity.

x10°

1r Surface Reflection
0.8 -

0.6 -

Amplitude

-0.6 -

-0.8 - N

| | |
5 10 15 20 25 30 35
Time [ns]

Fig. 9. Averaged surface reflection of HH and VV channels.

IV. RESULTS AND DISCUSSIONS

Upon obtaining the polarimetric alpha angle of each
acquisition point, surface relative permittivity along the route
taken by the Zhurong Rover can be estimated through the
simulation relationship described in Fig. 5. Figure 10 presents

x10°

1000 1200 1400 1600 1800

Distance [m]

\A%

0 200 400 600 800

1600

1000 1200 1400 1800

Distance [m]

Fig. 8. High frequency RoPeR system B-scan of HH and VV channels after DC removal, band-pass filtering, and channel

calibration.
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Fig. 10. Estimated surface relative permittivity by the proposed approach.

the estimated relative surface permittivity result of whole
Zhurong Rover moving path. The estimated relative
permittivity acquired by the Zhurong high frequency RoPeR
in the southern Utopia Planitia using the proposed approach
has a mean value of 3.292 with and a standard deviation of
0.235. The highest estimated value of 3.997 appears at around
270 m, while the lowest value of 2.717 appears at
approximately 1800 m. Castaldo et al. (2017) calculated a
relative surface permittivity of about 3 to 4 for the Utopia
Planitia region, based on SHARAD data [42]. This result
obtained by the proposed approach matches the values
measured by MARSIS and SHARAD [9][11]. The estimated
relative permittivity is also consistent with the result obtained
by the low frequency RoPeR system mounted on the Zhurong
Rover [43]. From the result, we can also observe that the
relative permittivity suddenly dropped below 3 at a distance of
1,700 m from the landing site of the Zhurong Rover. Based on
research using the Lunar Penetrating Radar data of Chang'E-4
[44], this large abnormally relative permittivity is not caused
by surface topography, which means that the Zhurong Rover
may have entered a new geological zone. This large
abnormally relative permittivity will be confirmed with other
investigate data in future studies.

V. CONCLUSION

The high frequency Mars Rover Penetrating Radar (RoPeR)
on board the Zhurong Rover is the first and only full
polarimetric ground penetrating radar (GPR) to operate on
another planet. It provides not only high-resolution subsurface
profiles of the southern Utopia area, but also full information
on electromagnetic (EM) wave reflections from subsurface
targets. In this study, we propose a new processing strategy to
estimate surface relative permittivity using HH and VV
channels of high frequency RoPeR data. This strategy is based
on the induced field rotation effect, which occurs when
orthogonal EM waves propagate into an uneven surface with
incident angles. A rough surface model was produced by
employing colour images captured by the Navigation and
Topography Camera (MSCam) located on the Zhurong Rover.

Next, 3D Finite-Difference Time-Domain (FDTD) simulations
were performed using different relative permittivities and the
same geometry as the Zhurong Rover. Finally, the
polarimetric alpha angle versus relative permittivity was
calculated based on the simulation results.

The proposed method is applied to the high frequency
RoPeR data. Before applying the proposed method for relative
permittivity estimation, direct coupling removal, band-pass
filtering and channel calibration were performed to obtain a
clear and precise surface reflection. Then, the reflection
coefficients of the HH and VV channels were calculated
through the surface reflection and the polarimetric alpha angle
was obtained using the reflection coefficients. Finally, relative
permittivity was estimated through the relationship obtained
from the simulation results. The average value of relative
permittivity of the southern Utopia Planitia estimated by the
proposed approach is 3.292, with 0.235 standard deviation.
The highest estimated value is 3.997, while the lowest value is
2.717. This result is consistent with that of the orbiting Radar
Systems-Shallow Radar (SHARAD) and Mars Advanced
Radar for Subsurface and Ionospheric Sounding (MARSIS)
systems. It also matches the result obtained by the low
frequency RoPeR system mounted on the Zhurong Rover. The
relative permittivity estimated using the proposed method is
the surface permittivity, which differs at deeper depths.
Relative permittivity is expected to change with depth due to
the density increase. Thus, the proposed approach can only be
used to estimate relative permittivity for the first ~0.5 m but
can be used to extrapolate deeper depth permittivity combined
with other information (e.g., bulk intensity, empirical formula
or deeper weathering layers reflection). Therefore, this study
will contribute to the further signal processing and accurate
interpretation of real RoPeR data from RoPeR on Mars.
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