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Abstract: Accurate relative permittivity is essential to the further analysis of lunar regolith. The tra-
ditional hyperbola fitting method for the relative permittivity estimation using the lunar penetrating
radar generally ignored the effect of the position and geometry of antennas. This paper proposed a
new approach considering the antenna mounting height and spacing in more detail. The proposed
method is verified by numerical simulations of the regolith models. Hence the relative permittivity
of the lunar regolith is calculated using the latest high-frequency radar image obtained by the Yutu-2
rover within the first 24 lunar days. The simulation results show that the relative permittivity is un-
derestimated when derived by the traditional method, especially at the shallow depth. The proposed
method has improved the accuracy of the estimated lunar regolith relative permittivity at a depth
of 0–3 m, 3–6 m, and 6–10 m by 35%, 14%, and 9%, respectively. The thickness of the lunar regolith
at the Chang’E 4 landing site is reappraised to be 11.1 m, which improved by ~8% compared with
previous studies.

Keywords: moon; Chang’E 4 mission; relative permittivity; lunar regolith; lunar penetrating radar

1. Introduction

The airless Moon is the closest extraterrestrial object to the Earth. It is also the most
frequently explored planetary body with 129 exploration missions completed so far [1].
On 3 January 2019, China’s Chang’E-4 spacecraft successfully landed in the Von Karmen
crater within the South Pole-Aitken basin (SPA) on the far side of the Moon [2]. It is the
first in situ exploration for human beings on the far side of the Moon, which is conducive
to unveiling the mystery of the lunar subsurface structures [3].

The lunar regolith is the transitional zone between the solid Moon and the free
space, which contains essential information about the geological evolution of the Moon [4].
The study of lunar regolith is critical to better understand the origin and evolution of the
lunar surface activities. Relative permittivity describes the ability of dielectric materials
to store and release energy. It is an important electromagnetic property, which is closely
related to electromagnetic (EM) wave velocity, bulk density, and loss tangent of lunar mate-
rials [4]. Therefore, the accurate measurement and estimation of the relative permittivity
are very important for lunar radar observations [5]. There are three methods to estimate
the relative permittivity of the lunar materials: laboratory sample measurement, remote
sensing, and in situ detection [6–11]. As to sample measurement, it is the most accurate
and direct method compared with the other two methods. Laboratory measurements of
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Apollo samples show that the relative permittivity of lunar regolith has a broad range from
2.3 to 6.5 [4], with a typical value of 2.7 [12,13]. However, only the dielectric properties of
the sampling position around the Apollo landing sites can be tested, and the number of
sample collection sites is limited. The laboratory environment is quite different from that
of the Moon. The moisture and temperature in the laboratory environment probably affect
the accuracy of the relative permittivity test [6]. For radar remote sensing measurement of
the dielectric properties of the lunar surface [7,14], the relative permittivity can be obtained
by combining the time delay and layer thickness measured by other methods like laser
altimetry [15–17]. The advantage of orbiting and ground-based radar can be used to detect
the dielectric properties over large areas. However, the spatial resolution of this method
is not as good as that of in situ detection. For example, the ALSE (Apollo lunar sounder
experiment) onboard Apollo 17 had a resolution of 300 m in free space, while the Chang’E-3
(CE-3) radar has a range resolution of meters level [18,19].

The lunar penetrating radar (LPR) onboard the CE-3 mission made the first in situ
radar survey of the subsurface structures of the Moon [19]. The Chang’E 4 (CE-4) space-
craft is a backup of the CE-3, so that the scientific instruments are almost the same [20].
The LPR consists of two channels, namely low- and high-frequency channels [21]. The
low-frequency channel operates at 60 MHz, with a bandwidth of 40 MHz to 80 MHz, and a
range resolution of meters level. The high-frequency channel has a center frequency of
500 MHz, and its bandwidth ranges from 250 MHz to 750 MHz [21]. The range resolution
of the high-frequency channel is better than 0.3 m [19]. The relative permittivity can be
derived by several different methods using the LPR, e.g., the method of the surface reflec-
tion [11], the dual-antenna inversion [22], and the hyperbola fitting [10,23–26]. The surface
reflection method is affected by the direct coupling wave, ground reflection, the lunar
surface roughness, which can only estimate the relative permittivity of the shallowest layer
of the lunar regolith. The surface relative permittivity is estimated to be ~2.9 and ~2.91 at
CE-3 and Chang’4 landing sites, respectively [11,27]. Ding et al. [28] assumed a dichotomy
boundary presence at a rocky hill region detected by the Yutu-1 rover. The relative permit-
tivity is derived by comparing the subsurface radar reflectors with the actual interpolation
depth, and the result is ~9 [28]. Zhang et al. [22] used the LPR dual high-frequency data to
inverse the relative permittivity of lunar regolith at the CE-3 landing site. Dong et al. [29]
estimated the wave velocity and the relative permittivity of the CE-4 landing site by the 3D
velocity spectrum method.

The hyperbola fitting method has been widely applied to relative permittivity esti-
mation both in Ground Penetrating Radar (GPR) and the LPR field. The average relative
permittivity of the lunar regolith at the CE-3 landing site is estimated to be ~3.2 based
on the high-frequency LPR radar image [10]. Three layers at the CE-3 landing site can be
recognized by the relative permittivity distribution [23,24], and the error analysis between
different hyperbolic shape recognitions is discussed [26]. The relative permittivity of lunar
materials is deduced to be 3.5 on average within the depth range of ~12 m at the CE-4
landing site [2]. However, in previous works on LPR [2,10,22–25], the traditional hyperbola
fitting method assumes that antennas are close to the surface. It is not the case for the
LPR antenna system, which has an antenna height of 0.3 m, and spacing of 0.16 m [21].
The uncertainty of relative permittivity estimation caused by the antenna position and
geometry has not been assessed and evaluated by the previous works.

In this paper, a new EM wave spreading model and the relative permittivity calculation
algorithm are proposed, considering the influence of the antenna height and spacing.
To verify the performance of the new approach, we used the finite-difference time-domain
(FDTD) method to simulate the EM response of various models, including homogeneous
models and stochastic models. We analyzed the effects of antenna height and spacing.
Meanwhile, we calculated and compared the relative permittivity of the lunar regolith by
both traditional and new methods.
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2. Geological Background, Data Collections, and Methodology
2.1. Geological Context of the CE-4 Landing Site

The Chinese CE-4 spacecraft has successfully landed on the floor of the Von Karman
Crater in the South Pole–Aitken basin (SPA; Figure 1a). The SPA is the largest basin
discovered in the solar system, and the age is estimated to be 4.2 Ga [30]. The materials
from the upper layer of the lunar mantle to the depth of ~100 km might be excavated
to the surface, including olivine and low-calcium pyroxene in the SPA [1,31]. The Von
Karman crater was formed in the SPA, and the age is dated to ~3.6 Ga [32]. The CE-4
landing site is located on the ejecta ray of the Finsen crater, which contributes an ejecta
deposit of ~7 m calculated by the model proposed by Pike et al. [33]. The thickness of
the lunar regolith is estimated to be ~12 m by the LPR, which is thicker than that of the
CE-3 landing site [2,34–36]. The loss tangent of lunar materials is estimated to be ~0.005,
which is close to that of typical lunar regolith [2,35]. It shows that the EM attenuation
rate at CE-4 is less than that of regolith at the CE-3 landing site [37]. The origin of those
regolith developed on the ejecta materials source from nearby craters (e.g., Finsen, Alder,
Von Karman L, and L’ [2]).
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2.2. LPR Data Collections and Processing 
The Yutu-2 rover has walked for 589.6 m during the first 24 lunar days (Figure 1b). 

The LPR obtains 266,073 and 48,282 traces of high-frequency data (antenna 2B) and low-
frequency data, respectively. In LPR data collection, 1-bit quantization and non-uniform 
sampling methods were adopted [21]. A variable gain method is used to compress the 
strong signals and amplify the weak signals. Besides, to improve the signal-to-noise ratio, 
each trace of LPR data results from the accumulation of multiple measurements. Thus, it 
is necessary to pre-process the raw data to recover the actual LPR signal [19]. 

Figure 1. The landing site of the CE-4 and the traveling route of the Yutu-2 rover within the first 24 lunar days. (a)
Geological background of the CE-4 landing area. The base map is obtained by Chang’E 2 camera. The image IDs in-
clude CE2_GRAS_DOM_07m_J240_38S175E_A, CE2_GRAS_DOM_07m_J201_38S175W_A, CE2_GRAS_DOM_07m_
K101_45S175W_A, CE2_GRAS_DOM_07m_K136_45S175E_A. (b) The traveling path of Yutu-2 rover (red line). The base
map is obtained by an LRO camera. The image ID is LRO_M1303619844. The green crosses both in (a,b) indicate the CE-4
lander. The red dots mark the navigation points of the rover.

2.2. LPR Data Collections and Processing

The Yutu-2 rover has walked for 589.6 m during the first 24 lunar days (Figure 1b).
The LPR obtains 266,073 and 48,282 traces of high-frequency data (antenna 2B) and low-
frequency data, respectively. In LPR data collection, 1-bit quantization and non-uniform
sampling methods were adopted [21]. A variable gain method is used to compress the
strong signals and amplify the weak signals. Besides, to improve the signal-to-noise ratio,
each trace of LPR data results from the accumulation of multiple measurements. Thus, it is
necessary to pre-process the raw data to recover the actual LPR signal [19].

The flow of data processing of the LPR starts from level 2B data. The processes in this
study mainly include trace editing, band-pass filtering, background removal, time delay
adjustment, and spherical and exponential compensation (SEC) gain setting [2].
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2.3. Traditional Hyperbolic Fitting Method

The hyperbola fitting method has been widely used in the GPR field [38]. It is based
on the assumption that the depth of reflectors is much greater than the height and spacing
of the GPR antenna so that the geometry and position of the antenna can be ignored.
The buried reflector within the lunar regolith forms a hyperbola curve in the radar im-
age [38]. The relative permittivity of the lunar regolith above the reflector is closely related
to the hyperbolic curve pattern, which can be obtained by the hyperbolic fitting method.
The velocity of the LPR radar pulse in the lunar regolith can be described as

v =
c

√
εrµr

(1)

where µr is the relative permeability of the medium; εr is the relative permittivity of
the lunar materials; c is the speed of the EM wave in the free space (here we suppose
c = 0.3 m/ns). Generally, the relative permeability of the lunar regolith is approximately
close to 1 [6], so that Equation (1) can be rewritten as follows

εr =
( c

v

)2
(2)

The time delay of the reflected echo can be described as

t =
2
√

H2 + (x− x0)
2

v
(3)

where (x, 0), (x0, −H) are the position of the Yutu-2 rover and the reflector (as shown in
Figures 2 and 3). The variables t and x can be obtained from the hyperbolic curve in the
radar image. H, v, and x0 can be derived by the hyperbola fitting. Once the v is derived,
the relative permittivity of the lunar material can be simply calculated by the Equation (2).
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Remote Sens. 2021, 13, 3679 5 of 14

Remote Sens. 2021, 13, x FOR PEER REVIEW 5 of 15 
 

 

surface. The antenna height and spacing are ~0.3 m and 0.16 m, respectively [21]. A new 
method considering antenna height and spacing is required. 

 

 
Figure 3. Schematic diagram of the propagation routine of electromagnetic waves. (a,b) Schematic 
diagram of Yutu-2 rover, regolith, and rocks. The rock is horizontally far away from the rover in 
(a) and is horizontally in the middle of the rover in (b–d) illustrates the signal propagation routine 
of (a) and (b), respectively. The antenna height and spacing are L and h, respectively. The red 
points in (c,d) are the transmitting antenna and the receiving antenna, the blue point is the middle 
of the antenna, representing the position of the rover. 

According to Snell’s law, the following equations can be derived. 

ε
θ
θ

θ
θ ==

2

1

2

1

sin
sin

sin
sin

u

u

d

d  (4)

where, 1uθ , 2uθ , 1dθ  and 2dθ  are the incident angle and the refraction angle of the up-go-
ing wave and the downward-going wave, respectively. According to the geometric rela-
tionship, as shown in Figure 3a,c, the following equations can be derived. 

2
1

2

1

1

)
2

(

2sin
xLxh

xLx
d

−−+

−−
=θ

 
(5)

2
10

2

10
2 )(

sin
xxH

xx
d −+

−
=θ  (6)

2
20

2

20
1 )(

sin
xxH

xx
u −+

−
=θ  (7)

2
2

2

2

2

)
2

(

2sin
xLxh

xLx
u

−++

−+
=θ

 
(8)

Figure 3. Schematic diagram of the propagation routine of electromagnetic waves. (a,b) Schematic
diagram of Yutu-2 rover, regolith, and rocks. The rock is horizontally far away from the rover in (a)
and is horizontally in the middle of the rover in (b–d) illustrates the signal propagation routine of (a)
and (b), respectively. The antenna height and spacing are L and h, respectively. The red points in (c,d)
are the transmitting antenna and the receiving antenna, the blue point is the middle of the antenna,
representing the position of the rover.

2.4. New Method

The hyperbola fitting method has good performance in the GPR field. However, this is
not the case for LPR as shown in Figures 2 and 3. The layout of the LPR antennas is quite
special. The transmitting and receiving antennas are allocated at the bottom of the Yutu-2
rover, and it has to be lifted to avoid obstacles while the LPR travels on the lunar surface.
The antenna height and spacing are ~0.3 m and 0.16 m, respectively [21]. A new method
considering antenna height and spacing is required.

According to Snell’s law, the following equations can be derived.

sin θd1
sin θd2

=
sin θu1

sin θu2
=
√

ε (4)

where,θu1, θu2, θd1 and θd2 are the incident angle and the refraction angle of the up-going
wave and the downward-going wave, respectively. According to the geometric relationship,
as shown in Figure 3a,c, the following equations can be derived.

sin θd1 =

∣∣∣x− L
2 − x1

∣∣∣√
h2 + (x− L

2 − x1)
2

(5)

sin θd2 =
|x0 − x1|√

H2 + (x0 − x1)
2

(6)

sin θu1 =
|x0 − x2|√

H2 + (x0 − x2)
2

(7)
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sin θu2 =

∣∣∣x + L
2 − x2

∣∣∣√
h2 + (x + L

2 − x2)
2

(8)

where h and L are the antenna height and antenna spacing, respectively. The position
of the echo reflector, the transmitting and receiving antenna are (x0, −H), (x0 − L/2, h),
(x0 + L/2,h), respectively. The position of the incident and emission points are (x1, 0) and
(x2, 0), respectively. Assuming the propagation distances in the free space and lunar
material are l1 and l2, respectively. Hence, the two-way travel time t can be re-described as

t =
l1
c
+

l2
v

(9)

where l1 and l2 can be expressed as

l1 =

√
h2 + (x− L

2
− x1)

2
+

√
h2 + (x +

L
2
− x2)

2
(10)

l2 =

√
H2 + (x0 − x1)

2 +

√
H2 + (x0 − x2)

2 (11)

Suppose the reflector is horizontally in the middle of the transmitting antenna and the
receiving antenna as shown in Figure 3b,d. The incident angle and the refraction angles are
θ1 and θ2, respectively. The propagation distances of the radar pulse in free space and lunar
material are l01 and l02, respectively. t0 is the time delay of the reflected echo. According to
the geometric relationship, the following equations can be derived

h · tan θ1 + H · tan θ2 =
L
2

(12)

t0 =
l01

c
+

l02

v
(13)

l01 =
2h

cos θ1
(14)

l02 =
2H

cos θ2
(15)

Suppose θ = θ2, Equations (12)–(15) can be combined as

h
√

ε sin θ√
1− ε sin2 θ

+ H tan θ =
L
2

(16)

h√
1− ε sin2 θ

+ H
√

ε

cos θ
=

t0

2
c (17)

Combining the Equations (4)–(8), (16)–(17), we can obtain a group of equations as
Equation (18). In Equation (18), x1, x2, ε, H, θ, t0, and x0 are unknown variables, x, t, h, L,
and c are the known variables. The number of equations is smaller than those of unknown
variables. To calculate these equations, we have to obtain at least two unknown variables
by other methods to constrain the solution of the above equations.

The hyperbolic echo pattern of the buried object has a symmetrical feature with the
peak. Thus, x0 can be obtained by the hyperbolic fitting method, and t0 can be obtained by
finding the peak of the hyperbola from the radar image. Therefore, the unknown variables
that remained are x1, x2, ε, H, and θ. Equation (18) can be used to calculate these five
unknown variables so that relative permittivity can be obtained.

Specifically, as for a certain point (x, t) on the hyperbola curve, once the peak of the
corresponding hyperbola curve (x0, t0) is determined, one relative permittivity ε can be
obtained by combining (x, t), (x0, t0), and Equation (18). In other words, one relative
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permittivity can be derived by one point on the hyperbola curve. For a hyperbola curve on
the radar image, the relative permittivity of the new method is the average of all calculated
relative permittivities.

|x− L
2−x1|√

h2+(x− L
2−x1)

2
−
√

ε |x0−x1|√
H2+(x0−x1)

2 = 0

|x+ L
2−x2|√

h2+(x+ L
2−x2)

2
−
√

ε |x0−x2|√
H2+(x0−x2)

2 = 0

√
h2+(x− L

2−x1)
2
+

√
h2+(x+ L

2−x2)
2

c +

√
H2+(x0−x1)

2+
√

H2+(x0−x2)
2

c√
ε

= t

h
√

ε sin θ√
1−ε sin2 θ

+ H tan θ = L
2

h√
1−ε sin2 θ

+ H
√

ε
cos θ = t0

2 c

(18)

2.5. Regolith Modeling and Numerical Simulation
2.5.1. Simplified Modeling

Homogeneous models are the most ideal model, of which the relative permittivity is
set to be the same both in the horizontal and the vertical direction (as shown in Figure 4a).
Besides, previous studies on the CE-4 landing site and the Apollo sample measurement
have indicated that the lunar regolith is not vertically homogeneous, and the relative
permittivity increases with the depth. Therefore, we also established the regolith model
with the relative permittivity increasing from 2 to 4 (as shown in Figure 4b).
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2.5. Regolith Modeling and Numerical Simulation 
2.5.1. Simplified Modeling 

Homogeneous models are the most ideal model, of which the relative permittivity is 
set to be the same both in the horizontal and the vertical direction (as shown in Figure 4a). 
Besides, previous studies on the CE-4 landing site and the Apollo sample measurement 
have indicated that the lunar regolith is not vertically homogeneous, and the relative per-
mittivity increases with the depth. Therefore, we also established the regolith model with 
the relative permittivity increasing from 2 to 4 (as shown in Figure 4b). 

 
Figure 4. The established regolith model and simulation results. (a–d) Simulation models, representing the homogeneous 
model, the vertically increasing model, the stochastic model with fewer horizontal disturbances and the stochastic model 
with more horizontal disturbances; (e–h) indicate the calculated relative permittivity by the four models, respectively; (i–
l) represent the derived depth of reflectors in the four models, respectively. The red dash line indicates the error of ±5%. 
Besides the relative permittivity, the rock depth is another important parameter for geological interpretation, it can be 

Figure 4. The established regolith model and simulation results. (a–d) Simulation models, representing the homogeneous
model, the vertically increasing model, the stochastic model with fewer horizontal disturbances and the stochastic model
with more horizontal disturbances; (e–h) indicate the calculated relative permittivity by the four models, respectively; (i–l)
represent the derived depth of reflectors in the four models, respectively. The red dash line indicates the error of ±5%.
Besides the relative permittivity, the rock depth is another important parameter for geological interpretation, it can be
calculated by the two methods and can be used to compare the two methods. Therefore, we showed the estimated rock
depth along with the dielectric constant.



Remote Sens. 2021, 13, 3679 8 of 14

2.5.2. Stochastic Modeling

The interior structure of the lunar regolith is rather complicated, which includes
numerous buried rock fragments of different sizes [4,39,40]. The relative permittivity
distribution of lunar regolith is not homogeneous, which exists stochastic disturbances in
general [4]. In some places, the disturbance is uniform both vertically and horizontally,
while in some other places, obvious horizontal disturbance can be seen [9]. Thus, we
established two different stochastic models with fewer and more horizontal disturbances,
respectively, as shown in Figure 4c,d. Here, we applied the stochastic modeling method
to simulate the lunar regolith, which is closer to the real situation according to the statis-
tic [22,41]. Previous works have applied this method both in the GPR and LPR numerical
simulations [41–43]. In addition to the simulation method, the effectiveness of the new
method can also be verified by laboratory experiments.

2.5.3. FDTD Simulation

Once the regolith models are established. The numerical simulation of LPR is per-
formed by using the two-dimensional gprMax software to obtain the simulated radar
images [44,45]. The established regolith models include the homogeneous model, relative
permittivity linearly increasing model, and the stochastic model. The input source is the
Ricker wavelet, and the center frequency is set as 500 MHz, which is the same as that of the
high-frequency LPR [21]. The size of the models is set to 12 × 10 m, the grid size is set to
0.01 m, and the time window is 140 ns. The rock is set horizontally in the middle of the
model, with the depth ranging from 1 m to 10 m.

3. Results

As shown in Figure 4a–d, to verify the accuracy of the proposed method, we estab-
lished four types of simulation models, including the homogeneous model, the vertically
increasing model, the stochastic model with fewer horizontal disturbances, and the stochas-
tic model with more horizontal disturbances. We calculated the relative permittivity by
the traditional hyperbola fitting method and the new method and compared the estimated
value with the real value set in the simulation model.

3.1. Numerical Simulation Result
3.1.1. Simulations for Different Models

The estimation results of the simplified models and the stochastic models are shown
in Figure 4e–l. Figure 4e–h and 4i–l, respectively show the relative error of the estimated
relative permittivity and the depth, respectively. The estimated results show that the
accuracy of the traditional method depends on the depth of the reflector (blue dots).
The result of the new method (red dots) has less dependency on depth and shows good
robustness compared with the hyperbola fitting method. Compared with the results of the
simplified models, there exists disturbance in the estimated relative permittivity for the
stochastic models.

3.1.2. The Influence of Antenna Height and Spacing on Both Methods

The traditional hyperbola fitting method ignores the antenna height and spacing,
which causes errors for dielectric constant estimation, especially at the shallow depth. As
shown in Figure 4, the estimation accuracy of the hyperbola fitting method increases with
the decrease in depth. In particular, the error is intensely upheaved at the shallow depth.
To further study the influence of antenna height, we established several homogeneous
models with different antenna heights and spacings. The influence of antenna height on
the accuracy of both methods is illustrated in Figure 5. The antenna heights are set to be
0.2 m, 0.25 m, 0.3 m, and 0.35 m, respectively. The rock depths are set to be 1 m, 2 m, 3 m,
5 m, 7 m, and 10 m. The results show that the accuracy of the hyperbola fitting method
has a significant dependency on the depth of the reflector, especially at the shallow depth.
The new method has less dependency on the depth of the reflector compared with the
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traditional method (Figure 5e–h). Most of the relative errors are within ±5%, and all of the
relative errors are within ±10% for the new method. Although subtle discrepancy occurs
at a depth less than 2 m for the new method, the results of the new method are barely
influenced by the antenna height (red results of Figure 5).

Remote Sens. 2021, 13, x FOR PEER REVIEW 9 of 15 
 

 

0.2 m, 0.25 m, 0.3 m, and 0.35 m, respectively. The rock depths are set to be 1 m, 2 m, 3 m, 
5 m, 7 m, and 10 m. The results show that the accuracy of the hyperbola fitting method 
has a significant dependency on the depth of the reflector, especially at the shallow depth. 
The new method has less dependency on the depth of the reflector compared with the 
traditional method (Figure 5e–h). Most of the relative errors are within ±5%, and all of the 
relative errors are within ±10% for the new method. Although subtle discrepancy occurs 
at a depth less than 2 m for the new method, the results of the new method are barely 
influenced by the antenna height (red results of Figure 5). 

Furthermore, we also considered the influence of antenna spacing on both methods. 
The various antenna height is set to be 0.1 m, 0.16 m, 0.22 m, and 0.28 m, respectively. The 
rock depths are set to be 1 m, 2 m, 3 m, 5 m, 7 m, and 10 m. The calculated results are 
shown in Figure 6a–h. Both the relative error of estimated relative permittivity and depth 
are analyzed. The results show that the accuracy caused by the antenna spacing has less 
influence on both methods compared with that of antenna height. The subtle discrepancy 
can be observed for the hyperbola fitting method at the shallow depth. In conclusion, we 
can infer that the proposed method is much more robust to calculate the relative permit-
tivity compared with the traditional method. 

 
Figure 5. The influence of antenna height on the hyperbola fitting method and the proposed method. Blue and red markers 
indicate the results of the hyperbola fitting method and the proposed method, respectively. (a–d) Represent the result of 
calculated relative permittivity for the simulation models with the relative permittivity of 2.5, 3, 3.5, and 4, respectively. 
(e–h) Represent the results of the calculated depth for the simulation models with the relative permittivity of 2.5, 3, 3.5, 
and 4, respectively. The two red dash lines indicate the ±5% error. 

Figure 5. The influence of antenna height on the hyperbola fitting method and the proposed method. Blue and red markers
indicate the results of the hyperbola fitting method and the proposed method, respectively. (a–d) Represent the result of
calculated relative permittivity for the simulation models with the relative permittivity of 2.5, 3, 3.5, and 4, respectively.
(e–h) Represent the results of the calculated depth for the simulation models with the relative permittivity of 2.5, 3, 3.5,
and 4, respectively. The two red dash lines indicate the ±5% error.

Furthermore, we also considered the influence of antenna spacing on both methods.
The various antenna height is set to be 0.1 m, 0.16 m, 0.22 m, and 0.28 m, respectively.
The rock depths are set to be 1 m, 2 m, 3 m, 5 m, 7 m, and 10 m. The calculated results are
shown in Figure 6a–h. Both the relative error of estimated relative permittivity and depth
are analyzed. The results show that the accuracy caused by the antenna spacing has less
influence on both methods compared with that of antenna height. The subtle discrepancy
can be observed for the hyperbola fitting method at the shallow depth. In conclusion,
we can infer that the proposed method is much more robust to calculate the relative
permittivity compared with the traditional method.

3.2. The high-Frequency LPR Radar Image within the First 24 Lunar Days

Eighty-three hyperbolic echo patterns are recognized in the high-frequency LPR radar
image within the first 24 lunar days (red curves in Figure 7). The radar survey distance
within the first 24 lunar days is ~589.6 m, and its routine is shown in Figure 1b.

As shown in Figure 7, only obvious hyperbola-like curves are selected in the radar
image, and some detailed hyperbola curves are plotted in Figure 8. We applied both the
hyperbola fitting method and our proposed method to calculate the relative permittivity.
The estimated results are plotted in Figure 9a. The difference of the calculated relative
permittivity by the two methods increases with the decrease in depth (Figure 9a), which is
consistent with those of the simulation results (Figure 4). The traditional method under-
estimated the relative permittivity, especially at the shallow depth. Based on the relative
permittivity calculated by the proposed method, we obtained an empirical relationship
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between the relative permittivity and two-way travel time (red line in Figure 9a), expressed
as Equation (19).

ε =
4.9t + 152.9

t + 67.2
(19)
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Figure 6. The influence of antenna spacing on both methods. Blue and red markers indicate the results of the hyperbola
fitting method and the proposed method, respectively. (a–d) Represent the result of the simulation models with the
relative permittivity of 2.5, 3, 3.5, and 4, respectively. (e–h) Represent the result of the simulation models with the relative
permittivity of 2.5, 3, 3.5, and 4, respectively. The two red dash lines indicate the ±5% error.
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Figure 7. The processed high-frequency LPR radar image within the first 24 lunar days. The radar image is obtained
based on the level 2B data after bandpass filter (the corresponding filtering parameters are set to 100, 250, 750, 900 MHz,
respectively), de-wow, background removal, and SEC gain. The red curves indicate the hyperbola picked in the radar image.
The data used for imaging is available on the website http://moon.bao.ac.cn/ (accessed on 10 March 2021).
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Figure 9. The calculated relative permittivities of the lunar regolith and the converted depth. (a). The calculated relative
permittivity by the two methods based on the LPR data. The red and blue dot indicates the relative permittivity calculated
by the hyperbola fitting method and the proposed method, respectively. The green and maple line represents the fitted
result of the relative permittivity estimated by the hyperbola fitting method and the proposed method, respectively. (b) The
derived depth by different relative permittivity varies with time delay. The label “Traditional” represents the relative
permittivity calculated by Li et al. [2] Constant relative permittivity is used for depth transform. The label Proposed indicates
the result of the proposed method.

Based on the fitting result, we transformed the two-way travel time versus depth for
accurate estimation of the lunar regolith thickness at the CE-4 landing site. As shown in
Figure 9b, the blue and red lines represent the depth derived by the relative permittivities
that are calculated by the traditional hyperbola fitting method and the proposed method,
respectively. The calculated regolith depths are 12 m and 11.1 m, respectively. Therefore,
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the estimated thickness of the lunar regolith at the CE-4 landing site is improved ~8%
compared with that calculated by Li et al. [2].

4. Discussion
4.1. The Comparison of the Traditional and Proposed Method

Both methods use the hyperbola curves to calculate the relative permittivity. The hy-
perbola fitting method assumes that the antenna height and spacing are zero, and only one
equivalent relative permittivity can be obtained for all selected points from a hyperbola
curve, which reflects the equivalent dielectric distribution above the reflector. In other
words, it can only obtain one relative permittivity from one hyperbola curve. As for the
proposed method, the relative permittivity is not derived from the hyperbola curve pattern
or curve fitting. Instead, once the position of the peak point of the hyperbola is determined,
each point on the hyperbola curve can calculate one relative permittivity according to the
geometric relationship. In general, a relative permittivity can be obtained at each picked
point on a specific hyperbola curve, the result of the new method is the average of all
calculated relative permittivities.

4.2. The Influence of Antenna Height and Antenna Spacing

The hyperbola curve fitting method is based on a simplified model and ignores the
antenna height and spacing. The estimation error at the shallow depth caused by the
simplified model is more obvious than that at the deep depth. This is mainly because
antenna height and spacing are comparable to the reflector depth when the reflector is at
the shallow depth, in which case the antenna height and spacing should not be ignored.
However, at the deep depth, the depth of the reflector is much smaller than the antenna
height and spacing, the influence of the antenna height and spacing on the simplified model
of the hyperbola fitting method becomes subtle. As for the proposed method, although
subtle discrepancy can be observed at the shallow depth, the estimation accuracy has less
dependence on antenna height and spacing.

5. Conclusions

The hyperbola fitting method is based on the simplified model, which ignores the
antenna height and spacing. Simulation results show that the influence of antenna height
on the traditional method increases with the decrease in depth. The previous works using
the hyperbola fitting method have underestimated the relative permittivity of the lunar
regolith, especially at the shallow depth. The proposed method has good performance at
both shallow and deep depth, and the accuracy is less dependent on the depth of reflectors.
We selected eighty-three obvious hyperbola curves in the LPR radar image and calculated
the relative permittivity both by the traditional and proposed methods. The result shows
that the proposed method improved the calculated relative permittivity at a depth of 0–3 m,
3–6 m, and 6–10 m by 35%, 14%, and 9%, respectively. Finally, the estimated thickness
of the lunar regolith at the CE-4 landing site is ~11.1 m by the proposed method, which
improved by ~8% compared with that of the traditional method.
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