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Abstract Lunar Penetrating Radar (LPR) based on the time domain-Wideband
(UWB) technique onboard China’s Chang’e-3 (CE-3) roves tie goal of inves-
tigating the lunar subsurface structure and detecting épghdof lunar regolith. An
inhomogeneous multi-layer microwave transfer inversetehc established. The di-
electric constant of the lunar regolith, the velocity of pagation, the reflection, re-
fraction and transmission at interfaces, and the resoldie discussed. The model
is further used to numerically simulate and analyze tenmp@mations in the echo
obtained from the LPR attached on CE-3’s rover, to revealdbation and structure
of lunar regolith. The thickness of the lunar regolith isccédted by a comparison be-
tween the simulated radar B-scan images based on the matitheuetected result
taken from the CE-3 lunar mission. The potential scientiittim from LPR echoes
taken from the landing region is also discussed.
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1 INTRODUCTION

Lunar regolith, as part of the lunar subsurface which is casegd of tiny, sticky particles that form
dusty material less than 1 mm in size, covers a layer on tifapf the Moon. The structure of
the debris is unconsolidated, and is mainly composed oficlesck, powder, breccia and molten
glass. The thickness of the regolith varies betwéen5 m in areas with lunar mare, and up to 20 m
for the oldest surfaces in the lunar highlands (Heiken et@0.1). Regolith is formed from the con-
stant bombardment of the lunar surface by space weathemggses, including most prominently
meteoroid impacts. Such impacts (ranging in size from rseétekilometers) pulverize and mix any
exposed rock on the surface. This process occurs at a rabmof & mm of regolith production per
million years, though it is likely that regolith productiaves faster in the past due to an increased
impactor flux. Therefore, exploring the stratigraphic aadtadnic characteristics of lunar regolith
helps researchers to better understand the formation ahatiewn of the Moon.

Radar is a very useful method that takes advantage of radsegto image the underlying
subsurface of the regolith. The first map containing infdiomabout the thickness of the regolith
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layer was obtained using radar from Arecibo with a 70 cm wavgih and a model that incorporated
multiple scattering. This model was applied to the layertmnriearside of the Moon and was used
to compare independent estimates for the thickness ofitedm}er at landing sites that were visited
in the past and other areas (Shkuratov & Bondarenko 20019e®ations with the Lunar Radar
Sounder (LRS) onboard of the Japanese Kaguya spacecrdfE(8F) found that most nearside
maria have subsurface stratifications (Ono et al. 2009; iadta et al. 2010; Kobayashi et al. 2012).
The Chang’e-1 microwave radiometer (Fa & Jin 2007) and thei{8ARs (Spudis et al. 2010)
onboard Chandrayaan-1 and Lunar Reconnaissance OrkiRe)(Nozette et al. 2010) were utilized
to study stratigraphic features in lunar subsurface stractEarly observation data have not only
been applied to investigate the local/global regolithkhess (Fa & Jin 2010a), but were also utilized
in studies of the deep subsurface tectonic structure (Oab 2009).

Ground Penetrating Radar (GPR) and the radar sounder teemivere recently employed
in the exploration of the Moon. Kobayashi et al. (2002a,ljli@gol a two-layer model to simulate
an A-scope and B-scan of LRS echoes for lunar maria and mdhlegions. Fa & Jin (2010b)
conducted a numerical simulation of radar echoes that cdrdémixing in deep lunar subsurfaces.
Many GPR data modeling codes have been developed (Bour§edimith 1996; Carcione 1996;
Rejiba et al. 2003). The GprMax suite of programs, which ipooates finite differences in time
domain modeling, is capable of simulating application sc&Es that occur almost daily in GPR
(Giannopoulos 2005; Sanintenoy et al. 2008).

In Section 2, the performance of Lunar Penetrating RadaRJL® first introduced. Then in
Section 3, a multilayer microwave transfer inverse-modeldnar regolith is established. The ve-
locity of propagation, the reflection, refraction and tramssion coefficients at the interfaces, the
resolution and the dielectric constant of the lunar repaie also discussed. In Section 4, the model
is further used to numerically simulate and analyze vanegin echoes obtained from the LPR with
implied information about time, location and thicknesshaf tunar regolith. The thickness of lunar
regolith is calculated by comparison between the simulegddr B-scan images based on the model
and data collected with the LPR second channel during the@a&8 (CE-3) lunar mission. The po-
tential scientific return from LPR echoes taken from the iagdaite is also discussed. Discussions
are provided in Section 5 and conclusions are given in Seétio

2 LUNAR PENETRATING RADAR

The CE-3 rover is designed to explore an area of 3 Baring its 3-month lifetime, with a maximum
traveling distance of 10 km. The LPR onboard of the roverjlainto GPR, is the first instrument
to operate on the lunar surface which utilizes the Ultra-&ahd (UWB) impulse technique. This
has the goal of detecting the topography of a specific aredr@mslibsurface geological structure in
detail (Fang et al. 2014).

The LPR transmits nanosecond pulses in time domain pattétimgao carrier frequency. Echoes
will be produced at interfaces in the medium as the signgb@gates through the deep subsurface
layers of the regolith. These echoes are then received antlfied by the LPR. Based on the analysis
of radar echo signals, the thickness of regolith and subseardtructure may be obtained. Compared
to a microwave radiometer, LPR, using an active detectiothatk can identify impedance vari-
ations, which makes results about lunar subsurface imagioig intuitive. Compared to ground-
based radars and LRS, the performance of LPR directly trateshfrom the lunar surface, with less
interference from the space environment, enables greaibing depth and accuracy when measur-
ing lunar subsurface structure.

In order for LPR to detect both the thickness of regolith amel geological structure in the
subsurface of the regolith, the LPR incorporates two deteathannels: the first one is designed
to detect the structure of the shallow region of lunar crtiet;center frequency of the transmitted
unipolar pulse signal is 60 MHz. The second channel is desiga detect the thickness of lunar
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Table1l LPR Performance

Parameter Channel 1 Performance Channel 2 Performance
Transmitter Impulse Voltage (V) 1000 400
Transmitter Repetition Frequency (kHz) 0.5,1,2 5,10, 20
Transmitter Impulse Rising Time (ns) <5 <1
Receiver Working Frequency (MHz) 10 300 100~ 1000
Receiver Sample rate (MHz) 400 3200
Receiver Input Dynamic Range (dB) 90 90
Antenna Center Frequency (MHz) 60 500
Antenna Bandwidth (MHz) > 40 > 450
Antenna VSWR <3 <25
System Gain (dB) 152 133.3
Probing Depth (m) > 100 > 30
Thickness Resolution Im 30cm

regolith; the center frequency of the transmitted bipoldse signal is 500 MHz. At 500 MHz, LPR
is able to survey a depth range of 30 m in the lunar regolith @itange resolution 6f 30 cm, and

at 60 MHz, LPR can reach 100 m with a range resolutior:of m in the shallow region of lunar
crust. In this paper, the emphasis mainly focuses on shaitoveture under the lunar surface; the
second data channel at 500 MHz is applicable.

The LPR is designed to transmit pulses and receive echolsigieen the rover moves, and
the scientific data can be sent back when the rover is stayiombere are one transmitting dipole
and one receiving dipole for the first channel, which aregiifestl at the back of the rover. There are
one transmitting bow tie antenna and two receiving bow tiemmas marked A and B, which are
installed at the bottom of the rover. The main technical pesters for the LPR are listed in Table 1.

3 STRUCTURE MODEL FOR LUNAR REGOLITH
3.1 Multilayer Model to Describe Lunar Regolith

The lunar regolith layer and the sputtered layer may haverguhe superposition and dislocation
as a result of billions of years of erosion, impact, bombadiby meteoroids and effects from
radiation. The regolith structure can have inhomogenewatfiations (Heiken et al. 1991).

Figure 1 shows a simple lunar subsurface structure modé¢hémare basalt area used in this
simulation. The upper medium is the vacuum of free spacd, avipermittivity ofe, and electrical
conductivity ofo; the second layer which is assumed to be regolith has a fhitkrtess €1, o1);
the third layer is filled with ejecta from accumulations ofteréal resulting from crater sputtering
(e2, 02); and the bottom layer is bedrocks( o3). The relative magnetic permeability is assumed to
be the same for all four layers and equal to 1.

3.2 Wave Properties

For homogeneous and isotropic materials, the propagagilmcity, v, the attenuation coefficient,
and the electromagnetic (EM) impedanZe can be expressed as (Daniels 2004)

o

V= —, (1)
7

a_@-g, (2)

z_@, 3)
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Fig.1 Simple model for the structure of the lunar subsurface.

wherec is the speed of light in a vacuumi,is the magnetic permeability,is the relative dielectric
permittivity ando is the dielectric conductivity. The depth is then deriveshir
t
d=v-— 4
veg 4)
wheret is the transit time which is spent to and from the target.

3.3 Electromagnetic Propagation at I nterfaces

The LPR antenna maintains a certain distance from the lunéace, and receives the reflected or
scattered signals from the target. The transmitted sigoralesls in a vacuum and then into the lu-
nar regolith, and the propagation of reflected signals withe Moon can be modeled as EM wave
propagation in layered media. The reflection coefficienta pfane wave at the interface between
lunar layersi andj for transverse electric (TE) and transverse magnetic (Tkl)es can be calcu-

lated from
Zjcosb; — Z;cosb;

RME = 5
K Zjcosb; + Z;cosb;’ ()
Zicosl; — Z;cosb;
RIM = 210088 — 2 €087 6
t Zicost + Zjcosb; (6)
The transmission coefficients from layigio j are

T " =1+ R.", @)

M =1+R5M. (8)

3.4 Spatial Resolution

The spatial resolution of LPR is the primary considerationdesign, and consists of two compo-
nents: the radial resolution which indicates the limitihickness of a layer and the lateral resolution
which indicates the limiting size of a target. The radiabteson derived from (Jol 2009) is

1B iL (9)
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where the pulse width is directly related to the bandwidifi, which is also related to the center
frequencyf..
The lateral resolution can be calculated from

Wor
2 b

Al > (10)

wherer is the distance to the target.

3.5 Dielectric Constant of Lunar Regolith

The dielectric constant, which is one of the most fundanieié@tromagnetic parameters, greatly
affects the interpretation of data from LPR. The range tég&m depends on the real part of the
dielectric constant and the LPR bandwidth, whereas thetpsitn depth depends on the complex
dielectric constant describing lunar subsurface mateaatl EM wave frequencies.

Wang & Yu (2010) described the bulk density of regolith atlingar surface as follows

log e,

~ log1.919° (11)

Po

wheree|, represents the dielectric constant of a vacuum. Hence, gorem depth of lunar regolith
h, the bulk density can be expressed as

11.136
p(h) = po +0.62 + TR (12)
The profile of the loss tangent of the regolith is modeled as
tan d(h) = 10(0-44p(h)—2.943) (13)

Suppose the lunar subsurface is homogeneous, then thettpgtyncoefficient can be written as
e = ¢’ 4+ £"”. The imaginary part of the permittivity coefficient is dext/from

¢’ =¢'tané. (14)

The lunar regolith is the top unconsolidated layer of fragted, fine-grained, cohesive, clastic
material. Regolith is composed of crystalline rock fragtsemineral fragments, breccia, aggregates
held together with impact glass called agglutinates ansisg& The regolith samples that were re-
turned from the US Apollo missions showed that the bulk congmd of regolith is a fine gray soll
with a density ranging from about 1.3 g cthto 1.92 g cnt?, but the regolith also includes brec-
cia and rock fragments from the local bedrock, in which tred part of the permittivity coefficient
varies from 2.3 to 3.5, and the loss tangent is in the rand®a@0.009. The permittivity coefficient
of the mare basalts can have values from of 6.6 to 8.6, and#sd¢dngent varies between 0.009 and
0.016 (Heiken et al. 1991).

Figure 2 shows depth profiles of several indices relatedearthturity of lunar regolith, which
were derived from samples returned by the Apollo missiomgdneral, the indicators of maturity
gradually increase in the in range~ 50 cm deep, and tend to have little fluctuation deeper than
100 cm.

4 SIMULATED DEMONSTRATION OF LPR ECHO

The GprMax2D software suite was adopted to simulate radag@s. We assume that the electrical
conductivity is sufficiently low and the attenuation coa#itt of the echoes is negligible in the
present analysis.
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Fig.2 The depth profiles of several maturity indices.

4.1 Excitation of the Waveform

The excitation source is chosen to be a differentiated Gaugsilse, which has no DC components.
The time domain waveform of the Gaussian pulse source is

Eowt(t) = @ exp {—M] 7 (15)

T2
wheret, is the time delay and the constants the width of the pulse. Therefore, its frequency

spectrum is
gt f mf 72]

Eewt(f) = (16)

167 4
The source waveform is a Ricker wavelet centered at 500 MKzarsimulation.

exp |:—']'27Tfto —

4.2 A-Scope Echo Simulation

For comparison, simulations of the radar echo were moddadd/a cases. As shown in Figure 3
(left), Model 1 is for a multilayer regolith structure. It @¥dered from top to bottom such that the
vacuum layer has a thickness of 1 m, the regolith layer hasclrtbss of 7m and there is a 2m
thick bedrock layer with a relative dielectric permittiviéqual to 6. In addition, the regolith layer
is subdivided into seven uniform sublayers, with variagiam relative dielectric permittivity from
2.3~3.5 with an increment of 0.2 for each sublayer.

Model 2 is for three-layer regolith (Zhang et al. 2014), assirated in Figure 3 (right). The
regolith layer is modeled as a single homogeneous mediumanihickness of 7m and a relative
dielectric permittivity of 2.8. This value is chosen suclattithe time spent for the radio wave to
propagate through this layer is equal to the time that is tspeside the seven sublayers of the
regolith for Model 1. The value of relative dielectric pettiity for the bedrock layer is chosen as
6 in both cases. The mesh is set to®mm in a simulation domain of 2010 m. The computation
time step is 23.58 ps and the time widows are 120 ns.
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Fig.3 The regolith modelLeft: regolith Model 1: the multilayer modeRight: regolith Model 2:

the three-layer model.
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For the LPR discussed in this paper, there is a 20 cm differamdieight between the radar
antenna for the second channel and the surface of the tegathh a 10 cm spacing between the
transmitting antenna and receiving antenna due to theimtirogi position on the rover. Figure 4
(top) shows two simulated single traces for Model 1 and 2,hictvthe blue solid curve represents
the result from Model 1 and the red dashed curve represemtgshilt of Model 2.

There are three types of EM waves that appear in both caseb ate the direct coupled wave
caused by the downward propagation from the transmittirigrara and receiving antenna, the di-
rect wave from the interface between the vacuum and theiteguold the reflected wave from the
interface between the regolith and the bedrock. Howevergdiparing Figure 4 (bottom) with
Figure 4 (top) the transitions between sublayers in thelitagappear as six small reflections traced
by the solid blue line. These are not present in Model 2 whidly bas vacuum/regolith interfaces.
Moreover, for Model 1, the amplitude of the seventh refleci®higher than other reflections be-
cause of a major difference in the type of medium.

4.3 B-scan Simulation

Figure 5 shows the simulated results of a B-scan using LPI. i§hused to investigate the depth
as derived from the time delay of Model 1 and Model 2. It is cléwt there are more than seven
reflections in Figure 5 (left), which is also more than whatiswn in Figure 5 (right), corresponding
to the seven sublayer transitions inside the regolith laxggmg Model 1. Figure 5 (left) suggests
that there is a ramp-shaped waveform that appears in theditag range of 85105 ns, meaning
there is a fake layer arising from a wave that repeatedlyasfleetween the sublayer-interfaces.
In addition, there are wave-absorbing boundaries. Theexcfrom the bedrock are both obvious,
nevertheless the reflections in Figure 5 (right) are muchkerebecause of the small changes in
dielectric constant.

4.4 Rock in Regolith Simulation

We have simulated rock reflections in a model that incorsrathomogeneous medium, as depicted
in Figures 6 and 7. The mesh was set to 5rmm in a domain of 30 m5 m. Two cases were
considered: in Model 3, five round rocks were placed in thelitgat a depth of 3 m and the distance
between each rock is 5m. The radii of the rocks are 4, 8, 12n@d&@8a cm respectively. In Model 4,
five round rocks with the same size are placed in the regdiithfferent depths, which are 3.5, 3,
2.5, 2 and 1.5m respectively. The relative dielectric p#iwity of the regolith is equal to 2.8 and
the relative dielectric permittivity of the rocks is 7.

Figure 8 shows the simulated B-scan from regolith Model 8aft be seen that two hyperbolic
echoes emerge from the upper and lower interfaces of the @k regolith. As the spherical radius
of the rock increases, the time delay between two echoegedsiually increases. The first group of
echos from the left has just one layer, since the size of tbleisoclose to the limiting resolution of
the radar. Figure 9 shows the simulated B-scan from regaditing Model 4. It can be seen that with
spherical increases in rock depth, the width of the hypéetaaho is also gradually increasing.

5 COMPARATIVE ANALY SIS AND DISCUSSION

CE-3 was launched on 2013 December 2 and it successfullgtaod the Moon. The landing place
is at 44.1260N, 19.5014W in Mare Imbrium, as shown in Figreabout 40 km south of the crater
Laplace F (Zhao et al. 2014). The Yutu rover was succesdielbfoyed from the lander and touched
the lunar surface on 2013 December 14 (Ip et al. 2014).

Figure 11 shows simulated images of the B-scan for the detemute which was produced
by echo signals from LPR observation data received at thiaeifrom distinct points N105 to
N208 collected during several normal working periods ofrineer (Su et al. 2014). It can be seen



1650 S. Dai et al.

0 0
20
40
80

100 - 100

Anlena Position (m Antena Position (m)

1000

t(ns)
3

t(ns)

o

-500

Fig.5 The simulated B-scan from the regolith modasdft: The simulated B-scan of Model Right:
The simulated B-scan of Model 2.

5 f — 5r 1
0 0
B £
= £
’a_ o
& a
5 5
101 1 101 7
5 10 15 20 25 30 5 10 15 20 25 30
Antena Position(m) Antena Position(m)

Fig.6 The regolith as determined with Model 3. Fig.7 The regolith as determined with Model 4.

0
10
20
Zs
40
50 ’ )

Antena Posmon (m Antena Posmon m)

Fig.8 The simulated B-scan from the regolithas Fig.9 The simulated B-scan from the regolith as
determined with Model 3. determined with Model 4.



Fig.10 Location of the CE-3 landing sitélop: Location of the CE-3 landing site within Mare

Echo Simulation of Lunar Penetrating Radar

b Ve
). Sinus Iridum’ LaplicgEF”_ iy
Topiace FA -3 landing site
40°N
Mare Imbrium N
Aristillus
30°N ; /
Archimedes
20°N
“ Copernicus
10°N it g
320°E 330°E 340°E 350°E 10°E

Chang’@8 Landing Site

Lunar Reconnaissance Orbiter Camera

1651

Imbrium (Zhao et al. 2014)Bottom: A photo of the CE-3 landing site taken by a camera mounted

on the LRO.

[

Time delay/ns

0
NO105

Track number

Distance/m
0 5 1

&‘00 500 600 700 800 300 1000 1100 1200 1300
NO107  NO0201 NO202 ~ N0203 N0204 N0205
Level

Fig.11 The B-scan images of LPR.

2

w/yydag

1400 1500 170
N0206 N0208

127 -128



1652 S. Dai et al.

that many reflections took place with a range of time delayaéen 0-80 ns. There are relatively
obvious boundaries found at about 50 ns, which indicatettteae are many layers present in the
regolith. This is consistent with the simulation presernite8ection 4. In that simulation, the dielec-
tric permittivity of the regolith was set to be 2.5 and thekmiess was calculated to be 4.74m. The
calculated result is roughly in accordance with values ighbd in previous studies (Heiken et al.
1991; Shkuratov & Bondarenko 2001; Kobayashi et al. 2012)listinct 2-layer hyperbolic echo
appears at 40ns in region N20RI203 as marked in the figure. The time delay between the upper
and lower echo is approximately 5 ns, and the width of the &hbout 3 m. By comparing with the
simulated radar B-scan images based on the model, it carfdrecid that there may exist a rock at
a depth of 3m in that region, with a radius of about 15 cm. Materpretation of this image will be
presented in another paper.

6 CONCLUSIONS

A simple lunar subsurface structure model for an area of finasalt is established according to the
principle of LPR, and a description of preliminary lunardamgs and photographic investigations are
presented. The model includes a vacuum, regolith layettesjedl layer and bedrock. The dielectric
constant of lunar regolith, the velocity of propagatiore tieflection, refraction and transmission
at interfaces, the resolution and the scattering attemwiaie discussed. The A-scope and B-scan
images based on a typical vacuum-regolith-bedrock modetlae multilayer model are simulated.
The influences of separate rocks placed in the model on theaB-at different positions and sizes
are also analyzed. The actual thickness of regolith for tairedetection route around the landing
site of CE-3 is estimated to be about@m which is consistent with previous research. This should
help specialists in this field better understand the nattitesoMoon.
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