
15196 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Simulation of the Dual-Frequency Radar Image of
Asteroid 2016 HO3 and Implication for

Tianwen-2 Mission
Niutao Liu , Member, IEEE, Ya-Qiu Jin , Life Fellow, IEEE, and Feng Xu , Senior Member, IEEE

Abstract—In China’s Tianwen-2 mission, a dual-frequency
radar will be carried out to detect the asteroid 2016 HO3. The
dual-frequency radar can acquire the information of the asteroid’s
surface and internal structure. There are few studies about the
radar detection of the asteroid 2016 HO3 and it is unclear what
information can be acquired from the radar images. In this article,
the radar images of the asteroid under nadir and oblique obser-
vations are simulated with the two-scale model of the Kirchhoff
approximation/small-perturbation method. The radar images at
900 and 150 MHz are simulated to study the backscattering from
the asteroid’s surface and the detectability of the internal struc-
ture in the asteroid. The influences of the asteroid characteristics,
such as the shape, surface roughness, internally embedded object,
and the loss tangent of the media, on the radar images and the
detectability of internal structure are discussed under nadir and
oblique observations. The simulations provide a reference for fu-
ture data analysis in the Tianwen-2 mission.

Index Terms—Asteroid, imaging, radar, scattering, Tianwen-2.

I. INTRODUCTION

T IANWEN-2 (Quest for Heavenly Truth-2) satellite, which
is scheduled to launch in 2025, will carry a dual-frequency

radar to detect the asteroid 2016 HO3 [1], [2], [3]. It might reveal
the internal structure and composition of the asteroid for better
understanding the formation of the asteroid.

The 2016 HO3 is a quasi-satellite of the Earth [4] whose orbit
is in the neighborhood of the Earth–Moon system. Its diameter
is approximately in the range of 30–90 m [5], and its spin rate
is 0.47 h [6].

Space-borne and ground-based radars are widely used in
detecting other planets and asteroids. Space-borne radars of the
Moon, Venus, and Titan have been in operation for a long time
[7], [8], [9], [10]. The lunar orbiting satellites Chandrayaan-2
and Lunar Reconnaissance Orbiter carried dual-frequency syn-
thetic aperture radar to map the topography of the Moon [7],
[8]. Ground-based radars are used to acquire the radar images
of asteroids and estimate the shape of the asteroids [11], [12].
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Because the asteroid 2016 HO3 is far away from the Tianwen-
2 satellite, the radar beam can cover the whole asteroid, which
is different from the previous observations of radars onboard
rovers and satellites in Lunar and Mars detection missions [7],
[8], [13], [14], [15], [16].

The center frequencies of the Tianwen-2 radar are 900 and
150 MHz [1], [2], [3]. The radar transmits circular polarization
and receives both horizontally and vertically linear polarizations.
The high-frequency radar can map the surface topography of
the asteroid, while the low-frequency radar is able to detect the
internal structure. The radar is in operation at the altitude of
about 600 m hovering above the asteroid [1], [2], [3].

The backprojection method was used to produce the radar
image of 2016 HO3 [3]. However, speckle noise is not included
in the simulated radar image. In addition, the scatterings of
rough surface and the internal structure were not considered.
Many questions, such as what can be seen by dual-frequency
radar, if the internal structures can be detected, and what are the
main factors that will influence the radar image, remain to be
answered.

The dielectric constants of the asteroid media, especially the
loss tangent, will affect the penetration depth of the radar waves
if the internal structure can be reached. In addition, the backscat-
tering from rough surface may confuse the echoes directly from
internal structure as well. To study the influences of these factors,
3-D ellipsoids with different shapes and spin axes are modeled
for the simulation of radar images with and without internal
scatterers [17], [18]. The speckle noise is included in simulated
radar images. Based on the simulations, the influences of the
loss tangent and internal structure of the asteroid are analyzed.

The rest of this article is organized as follows. Section II intro-
duces the geometry of the asteroid, the backscattering model of
the asteroid, and the radar imaging method. Section III presents
the simulated radar image under nadir and oblique observations
at dual frequencies. The low-frequency radar images of the aster-
oid with and without internal structure are analyzed. Section IV
discusses the influence of surface roughness and loss tangent of
the media. Finally, Section V concludes this article.

II. METHOD

A. Geometry of the Asteroid Model

Based on the light curve data, the asteroid 2016 HO3 is
likely to be an ellipsoid [6]. The possible axis lengths are about
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Fig. 1. Radar observation of the asteroid.

59 m × 28 m × 28 m, 66 m × 32 m × 22 m, and 89 m × 27 m
× 19 m. Fig. 1 shows the asteroid model with axis lengths of
A×B×C. The axis A is the longest axis, and the axis C is the
shortest axis. The radar will observe the equator of the asteroid
vertically and obliquely when hovering above the equator and
at the latitude of 45°N/S [1], [2], [3]. The asteroid surface is
numerically divided into small triangle meshes with a length of
0.5 m projected on the horizontal plane, as indicated in Fig. 1.
Scatterings from roughness on each mesh are calculated by the
two-scale model with the local incidence angle θ.

When the satellite hovers above the asteroid, as shown in
Fig. 1, the radar can observe the rotating asteroid. The spin axis
is the short C-axis in Fig. 1.

The radar images observed at positions 1 and 2 in Fig. 2 are
simulated. The radar observes the asteroid parallel to the B-axis
and A-axis at positions 1 and 2 in Fig. 2(a), and the spin axis is
the C-axis. In Fig. 2(b), the radar observes the asteroid parallel
to the C-axis and B-axis at positions 1 and 2 and the spin axis is
the A-axis. When the spin axis is the B-axis, the observation is
similar to Fig. 2(a), and the calculation is not repeated.

The satellite hovers about 600 m above the asteroid’s surface.
The center of the asteroid is supposed to be located at the
coordinates (0, 0, 0). The distance between the radar and the
center of the asteroid is assumed to be 625 m. As a heterogeneous
body, a small dielectric spherical object with a diameter of 4 m
is placed inside the asteroid on the line between the satellite and
the center of the asteroid in Fig. 3. The sphere is numerically
divided into small triangle meshes with a length of 0.5 m as
well. It is assumed that the distance between the center of the

Fig. 2. Observation directions. (a) Spin axis is the shortest axis C. (b) Spin
axis is the longest axis A.

Fig. 3. Observation of internal sphere. The change of the observation position
relative to the asteroid is the same as the satellite circles around the asteroid.

sphere and ellipsoid is d. When the small sphere is closer to the
radar than the center of ellipsoid, d is positive. Otherwise, d is
negative. The rotation of the asteroid is equal to that the satellite
rotates around the asteroid in opposite direction in Fig. 3.

Most of the asteroids are rocks with a dielectric constant ε′

larger than 5 [19]. The loss tangents of lunar rocks are larger than
0.001 and can reach 0.1 [19]. In the simulation, it is assumed
that ε′ of the media 1 and 2 are 5 and 10, respectively.

B. Surface Scattering Model

The Tianwen-2 radar will transmit stepped-frequency wave-
form [3]. The backscattered signals at discrete frequencies can
be received. The parameters, such as the pulsewidth and time
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window, will be determined during flight, depending on the
altitude of the orbit [2]. In the simulation, the signals at frequency
domain are simulated. The information of pulsewidth and time
window is unnecessary. The radar echoes at discrete frequency
fj and the observation angle φt, as shown in Fig. 3, can be
calculated [20]

hpq(fj , φt) =

N∑
n=1

Sn
pq exp

(
−i4πR

n(φt)

c
fj

)
(1)

whereRn is the distance between the radar and the mesh n. N is
the total number of mesh. c is the light speed in free space. The
component Sn

pq of the scattering matrix of the mesh n relies on
the area An and the reflectivity γnpq of the mesh n [20], [21]

Sn
pq = γnpq

√
An

4π
(2)

where the subscript q is the transmitted polarization and p is the
received polarization.

The slopes of each mesh will rotate the local polarization base
and change the local incidence angles. The relationship between
the scattering matrix γ in the principal reference system and the
scattering matrix γ

′
in the local coordinate system is [17], [20]

γ = U
−1
(ψ) · γ′ · U(ψ) (3)

and

γ
′
(θ) =

[
aHH(θ) 0

0 aVV(θ)

]
· w(θ) (4)

where θ is the local incidence angle. The relative phase between
γHH

′ and γVV
′ is assumed to be 0° for surface scattering. The

rotation matrix U(ψ) is [20]

U(ψ) =

[
cosψ sinψ
− sinψ cosψ

]
(5)

where ψ is the rotation angle of the polarization base.
When the local incidence angle is small, the quasi-specular

scatterings dominate. Kirchhoff approximation (KA) is used
under small incidence angles [22]

a01pp =

√
ε0 −√

ε1√
ε0 +

√
ε1

(6)

〈
|w(θ)|2

〉
=

1

4cos4θδ21/L
2
1

exp

[
− tan2θ

4δ21/L
2
1

]
(7)

where ε0 and ε1 are the relative permittivities of the vacuum
and asteroid surface medium 1 in Fig. 3. The subscript pp
corresponds to the horizontal (HH) or vertical (VV) polarization.
L1 is the correlation length of the large-scale roughness and δ1 is
the root-mean-square height. Here, it is assumed δ1/L1 = 0.08.

When the incidence angle is large, diffuse scatterings
from small-scale roughness can be calculated with the small-
perturbation method (SPM) [22], [23]

a01HH =

√
ε0 cos θ −

√
ε1 − ε0sin

2θ
√
ε0 cos θ +

√
ε1 − ε0sin

2θ
(8)

a01VV = (ε1 − ε0)
ε0sin

2θ − ε1(1 + sin 2θ)[
ε1 cos θ + (ε1 − ε0sin

2θ)
1/2

]2 (9)

〈
|w(θ)|2

〉
= 4k4δ22cos

4θL2
2 exp

[
−(kL2 sin θ)

2
]

(10)

where w(θ) is a complex variable whose real part and imagery
part are independent Gaussian random variables with zero mean
[24]. k is the wavenumber in vacuum. L2 is the correlation length
of the small-scale roughness and δ2 is the root-mean-square
height. For SPM, it is assumed that L2= 3/k and δ2 = 0.3/k. The
correlation length and root-mean-square height were validated
with the Chandrayaan-2 synthetic aperture radar data [20]. At
small incidence angles, 〈|γ′pq|2〉 of KA is larger than that of
SPM and the scattering coefficients of KA are utilized. While
at large incidence angles, SPM is used. There are uncertainties
in the roughness because the roughness of asteroid is unknown.
The influence of roughness on scatterings will be discussed.
The relative dielectric constant of asteroid surface medium is
assumed to be 5, which is in the range of the measured values
of lunar samples [19].

C. Internal Scattering Model

For low-frequency radar, the scatterings from the internal
structure at discrete frequency fj and the observation angle φt
can be written as follows:

hin
pq(fj , φt) =

Nin∑
n=1

TpqA
n
t S

n
pq exp

(
−i4π

(
Rn

out(φt)

c
+
Rn

in(φt)

v

)
fj

)
(11)

where Tpq is the transmission coefficient. Nin is the total number
of the mesh of the internal structure. When calculating Tpq, the
surface of the asteroid is taken as a flat and smooth plane. Fresnel
transmission coefficient is used. The small sphere embedded in
the asteroid is divided into small triangle meshes with a length
of 0.5 m as well. The surface scattering component Sn

pq of the
small sphere in the asteroid can be calculated with the two-scale
rough surface model in (2)–(10) by replacing the ε0 and ε1 with
ε1 and ε2. Rn

in is the distance from mesh n of the small sphere
in the asteroid to the surface of the asteroid. Rn

out is the distance
from mesh n to the radar in the vacuum. v = c/

√
ε1 is the speed

of the radar wave in asteroid.
The attenuation coefficient is

An
t = exp (−2κaR

n
in(φ)) . (12)

The attenuation coefficient mentioned below is 20log10(At)
in unit of dB. The absorption coefficient κa of the amplitude of
the electric field is [21]

κa =
πf

√
ε′ tan δ
c

. (13)

Here, the ratio of the imaginary part ε′′ and real part ε′ of the
dielectric constant is defined as the loss tangent tan δ.

The scatterings from particles depend on the size of particles
and the wavelength. For particles whose sizes are in the range
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of lunar soils, the scatterings can be ignored compared with the
surface scattering [23]. So, the volume scatterings from particles
are not included here.

D. Imaging Method

When the asteroid spins, the radar can detect the asteroid from
varied incidence angles. The change of the observation position
relative to the asteroid is the same as the satellite circles around
the asteroid in Fig. 3. The received echoes at discrete frequency
fj and the observation angle φt can be simulated. By applying
the 2-D inverse Fourier transform to the simulated echoes, the
radar image Ipq can be produced [25]. The Hamming window is
applied to suppress sidelobes when producing the radar image.
The range resolution rg and azimuth resolution ra are as follows
[18]:

rg =
c

2Bw
(14a)

ra =
λ0

2φw
(14b)

where c is the speed of light in vacuum. Bw is the bandwidth.
λ0 is the center wavelength. φw is the span of the spin angle in
Fig. 3.

For the high-frequency radar, the frequency ranges from
300 MHz to 1.5 GHz [1], [2], [3]. In simulation, the radar echoes
from 825 to 975 MHz are simulated. The bandwidth is 150 MHz.
The resolution in range direction is 1 m/pixel. The span angleφw
of the observation is set to be 9.55°. The resolution in azimuth
is 1 m/pixel as well.

For the low-frequency radar of Tianwen-2, the frequency is
from 130 to 170 MHz [1], [2], [3]. The bandwidth is 40 MHz.
In the simulation, the bandwidth is 40 MHz as well. The span
angle φw is assumed to be 15.28°. The resolutions in range and
azimuth are both 3.75 m/pixel.

To illustrate how the speckle noise is included in the simula-
tion, the analytical expression of the responses of each pixel in
radar image is derived. When the distance between the radar and
target is large enough, the incident wave can be taken as plane
wave. Equation (1) can be approximated as follows:

hpq(fj , φt) =

N∑
n=1

Sn
pq exp

(
−i4πfj

c
k̂tRn

)
(15)

where the unit vector of the incidence k̂t is

k̂t = sinφtŷ − cosφtẑ (16)

ŷ and ẑ are the unit vectors in Fig. 3. When the angle φt
approaches 0°, there is sinφt ≈ φt and cosφt ≈ 1. The vector
from the radar to the mesh n is

Rn = R0k̂t + rn (17a)

rn = rxnx̂+ rynŷ + rznẑ. (17b)

R0 is the distance between the radar and the center of the
asteroid. rn is the vector from the center of the asteroid to the
mesh n. By applying discrete inverse Fourier transformation to

(15), the response of each pixel can be written as follows:

Ipq (mp, np) =
1

MpNp

Mp−1∑
j=0

Np−1∑
t=0

hpq (fj , φt) exp

(
i2πnp
Np

t

)
exp

(
i2πmp

Mp
j

)
. (18)

For meshes around the pixel (mp, np) and for a narrow
bandwidth, the response can be approximated as follows [25]:

Ipq(mp, np) =

N∑
n=1

Sn
pq exp

{
− i4πfc

c
(rynφc − (rzn −R0))

+ iπ(mp + np)}

· sinc

{
π

[
2Bw(rzn −R0)

c
+mp

]}

· sinc

[
π

(−2fcrynφw
c

+ np

)]
. (19)

Here, φc is the center observation angle and fc is the center
frequency. Speckle noise is caused by the coherent summation
of the random scattering fields. The random scattering fields
from each mesh are modeled with the complex Gaussian random
variable w(θ). The simulated responses at each pixel are the
summation of the random scattering fields from meshes around
each pixel. So, the speckle noise is included in the simulation.
The strong backscattering from meshes near the nadir point will
enhance the amplitude of the responses in the neighboring pixels,
resulting in cross bright spot.

With the simulation of full-polarized scattering components,
the compact polarized components can be derived. Assuming
that the radar transmits left-circular polarization, the received
horizontal and vertical polarization can be written as follows
[17], [18]:

IHL = (−iIHH + IHV) /
√
2 (20a)

IVL = (−iIVH + IVV) /
√
2. (20b)

The first Stokes parameter, which is the total backscattering
power, can be written as follows [17]:

S1 =
〈
|IHL|2 + |IVL|2

〉
. (21)

All the radar images simulated in this article are 10log10(S1)
data.

III. RESULTS

A. Nadir Observation at 900 MHz

The penetration depth of radar can be written as follows:

dp =
c

2πf tan δ
√
ε′
. (22)

The penetration depth at 900 MHz is 0.2 m when the loss
tangent of medium 1 is as high as 0.1. The small penetration
depth may exclude the scatterings from embedded objects. At
900 MHz, the scatterings from embedded objects are not in-
cluded.
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Fig. 4. Radar images of the asteroid with size of 59 m × 28 m × 28 m under
nadir observation at 900 MHz. rg and ra are both 1 m/pixel. (a) Radar is at
position 1. (b) Radar is at position 2. The spin axis of (a) and (b) is A. (c) Radar
is at position 1. (d) Radar is at position 2. The spin axis of (c) and (d) is C.

Fig. 4(a)–(d) presents the simulated radar image of the aster-
oid with the size 59 m × 28 m × 28 m. The range resolution and
azimuth resolution are both 1 m/pixel. In Fig. 4(a) and (b), the
spin axis is the longest A-axis. The radar observes the asteroid at
positions 1 and 2 in Fig. 2(b). The nadir point has the strongest
backscattering in Fig. 4(a). When the range direction is about
15 m in Fig. 4(a), the backscattering is low because the incidence
angle becomes large. The other side of the ellipsoid is shaded. As
a result, the simulated radar image is a semicircle in Fig. 4(a) and
(b). The scattering from two sides of the imaging plane in Fig. 1
will overlap in the radar image because the range and azimuth
distances are the same [11], [12]. Two sides of the asteroid are
difficult to be distinguished. Because of the coherent summation
of random scattering fields around each pixel, there is speckle
noise in the simulated images in Fig. 4, which is also found in
the Earth-based radar image of asteroids [11], [12].

Fig. 4(c) and (d) shows the radar image observed from posi-
tions 1 and 2 in Fig. 2(a). The spin axis is the shortest axis C.
In Fig. 4(c), the length of the longest A-axis, which is 59 m, can
be observed in the azimuth direction. In Fig. 4(d), the longest
axis is in range direction. Regions with large incidence angle
have low backscattering at a distance of about 20 m in range in
Fig. 4(d).

Figs. 5 and 6 present the radar image of asteroid with sizes
of 66 m × 32 m × 22 m and 89 m × 27 m × 19 m. The spin
axis is the shortest axis in Figs. 5(a) and (b), and 6(a) and (b).
The spin axis is the longest axis in Figs. 5(c) and (d), and 6(c)
and (d). The main difference between Figs. 5 and 6 is the shape
and the size of the asteroid in radar images. The shapes of the
radar images are consistent with the cross section of the ellipsoid
on the illumination plane. The backscattering is strongest at the
nadir point with a minimum incidence angle. The case when the

Fig. 5. Radar images of the asteroid with size of 66 m × 32 m × 22 m under
nadir observation at 900 MHz. rg and ra are both 1 m/pixel. (a) Radar is at
position 1. (b) Radar is at position 2. The spin axis of (a) and (b) is A. (c) Radar
is at position 1. (d) Radar is at position 2. The spin axis of (c) and (d) is C.

Fig. 6. Radar images of the asteroid with size of 89 m × 27 m × 19 m under
nadir observation at 900 MHz. rg and ra are both 1 m/pixel. (a) Radar is at
position 1. (b) Radar is at position 2. The spin axis of (a) and (b) is A. (c) Radar
is at position 1. (d) Radar is at position 2. The spin axis of (c) and (d) is C.

spin axis is B is close to that of short axis C since the length
of B is close to C. The radar images with spin axis of B are not
presented here.

B. Oblique Observation at 900 MHz

When the satellite is above 45°N/S, the radar observes the
equator obliquely, as shown in Fig. 1. The direction of the
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Fig. 7. Radar images of the asteroid with size of 59 m × 28 m × 28 m under
oblique observation at 900 MHz. rg and ra are both 1 m/pixel. (a) Radar is at
position 1. (b) Radar is at position 2. The spin axis of (a) and (b) is A. (c) Radar
is at position 1. (d) Radar is at position 2. The spin axis of (c) and (d) is C.

imaging plane is different from that of nadir observation.
Fig. 7 presents the radar images of the ellipsoid with size of
59 m × 28 m × 28 m under oblique observation. Half part
of the ellipsoid is illuminated and the simulated radar image
is semicircular. The maximum backscattering is from the nadir
point. Radar images can indicate the shape of the asteroid at
other latitudes under oblique observation.

C. Nadir Observations at 150 MHz

The low-frequency radar is designed to detect the internal
structure with depth larger than 50 m for loss tangent of 0.01 [2].
For low-frequency radar, the scattering from internal structure
should be considered. As a comparison, Fig. 8 shows the radar
images of the asteroid with size of 59 m × 28 m × 28 m
where the internal scatterings are not included. The resolution
is 3.75 m/pixel in both azimuth and range direction. Half part of
the ellipsoid is shaded and the radar images are semicircles. The
strongest scattering is from the nadir point. The length of short
axis is less than ten pixels. The surface scattering is likely to
overlap the scatterings from internal structure at shadow layer.

Fig. 9(a)–(f) presents the radar images of the internal sphere
in Fig. 3 and the radar images of the total scattering. The spin
axes are A and C. The image of internal sphere can be produced
by applying a 2-D inverse Fourier transform to the hin

pq in (11).
The radar image of the total scattering is produced by applying
a 2-D inverse Fourier transform to the hin

pq + hpq in (1) and (11).
The loss tangent of medium 1 is set at 0.01 in Fig. 3 [2].

In Fig. 9(a), the spin axis is the longest axis A and the radar
locates at position 2 in Fig. 2(b). The internal sphere locates at
about 30 m in azimuth and 50 m in range direction. Fig. 9(b)
presents the radar image of the total scattering. The position of

Fig. 8. Radar images of the asteroid with size of 59 m × 28 m × 28 m under
nadir observation at 150 MHz. rg and ra are both 3.75 m/pixel. (a) Radar is at
position 2. The spin axis is A. (b) Radar is at position 1. (c) Radar is at position
2. The spin axis of (b) and (c) is C.

the internal sphere is about 30 m away from the nadir surface
point with the strongest scattering. But in the real model, the
sphere is about 14 m away from the nadir surface point. The
difference between the position of the sphere in radar image and
the real position in physical model is caused by the propagation
speed in medium 1. In (11), the speed c is

√
ε1 times of the

speed v in medium 1. The propagation time of the radar wave
for distance ofRn

in in medium 1 is
√
ε1 times of propagating the

same distance in vacuum. In radar image in Fig. 9(b), (d), and (f),
the position of internal sphere is

√
ε1 times of the true position

of the sphere from the nadir surface point on the ellipsoid. Here,
ε1 is 5. The distance in radar image is about 2.2 times of the real
distance (14 m).

In Fig. 9(f), the azimuth position of the internal sphere is
not the same as the nadir surface point (with the strongest
backscattering) because the observation angle φ ranges from
1° to 16.28°, instead of around 0°.

The position of the internal sphere will affect the detectabil-
ity. Fig. 10(a) and (b) presents the radar image of the in-
ternal sphere and the total scattering when d = 10 m. The
center of the sphere is about 4 m away from the nadir sur-
face point. The loss tangent is 0.01 as well. The scattering
of the internal sphere is about −30 dB in Fig. 10(a). But
in Fig. 10(b), it is difficult to distinguish the signal of the
internal sphere from the surface scatterings. The signal of
the sphere overlaps with the backscattering from asteroid sur-
faces. Consequently, for the internal structure that is close
to the illuminated surface, the signal of the internal structure
might be difficult to distinguish in radar image because of the
overlapping.
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Fig. 9. Radar images of the asteroid with size of 59 m × 28 m × 28 m under
nadir observation at 150 MHz. The loss tangent is 0.01 and d = 0 m. rg and
ra are both 3.75 m/pixel. (a) Internal sphere. (b) Total scattering. The spin axis
is A for (a) and (b) and the radar is at position 2. (c) Internal sphere. (d) Total
scattering. The spin axis is C for (c) and (d) and the radar is at position 1.
(e) Internal sphere. (f) Total scattering. The spin axis is C for (c) and (d) and the
radar is at position 2.

Fig. 10(c) and (d) present the radar image of the internal sphere
and the total backscattering when d =−20 m. The spin axis is C
and the observation position is 2 in Fig. 2(a). The center of the
small sphere is about 49.5 m away from the nadir surface point.
In Fig. 9(e), the center of the small sphere is about 29.5 m away
from the nadir surface point. For the loss tangent of 0.01, the
absorption coefficient of the amplitude is 0.035. The attenuation
coefficients are−18 and−30 dB for penetration depth of 29.5 m
and 49.5 m in the medium 1. The attenuation coefficient of the
backscattering from the small sphere in Fig. 10(c) is lower than
that in Fig. 9(e) by 12 dB when the penetration depth increases
by 20 m.

The geometry model and the observation direction of
Fig. 10(e) and (f) are the same as Fig. 9(e) and (f). But the
loss tangent of medium 1 is set at 0.03 in Fig. 10(e) and (f),
which is in the range of loss tangents of rocks. The distance
between the center of the sphere and the nadir surface point is
29.5 m. The absorption coefficient of the amplitude is 0.105
and the attenuation coefficient is −54 dB when the center of

Fig. 10. Radar images of the asteroid with size of 59 m × 28 m × 28 m under
nadir observation at 150 MHz. rg and ra are both 3.75 m/pixel. (a) Internal
sphere. (b) Total scattering. The spin axis is C for (a) and (b) and the radar is at
position 1. The loss tangent is 0.01 and d = 10 m. (c) Internal sphere. (d) Total
scattering. The spin axis is C for (c) and (d) and the radar is at position 2. The
loss tangent is 0.01 and d =−20 m. (e) Internal sphere. (f) Total scattering. The
spin axis is C for (e) and (f) and the radar is at position 2. The loss tangent is
0.03 and d = 0 m. (g) Internal sphere. (h) Total scattering. The spin axis is C for
(g) and (h) and the radar is at position 1.

the small sphere is about 29.5 m away from the nadir surface
point. In Fig. 10(f), the attenuation of the backscattering from
the internal sphere is lower than that of the loss tangent of 0.01
in Fig. 9(e) and (f) by 36 dB and is more difficult to distinguish.
The loss tangent of 0.01 is common to see in lunar soil [13],
[19]. For the rocks with low porosity and the same mineral or
chemical components as regolith, the loss tangent will be larger.
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Fig. 11. Backscattering from rough surface.

In this circumstance, the detection of the internal structures at
deep regions will be difficult.

The geometry model and the observation direction of
Fig. 10(g) and (h) are the same as Fig. 9(c) and (d). The loss
tangent is set at 0.03. The distance between the center of the
sphere and the nadir surface point is 14 m. The attenuation
coefficient is −26 dB. In Fig. 10(g), the attenuation coefficient
from the internal sphere is larger than that in Fig. 10(e) by
about 28 dB because the propagation distance is smaller. The
signal of the internal sphere is easier to distinguish in Fig. 10(f).
Observations from position 1 in Fig. 2(a) and positions 1 and 2 in
Fig. 2(b) are more likely to distinguish the internal targets than
position 2 in Fig. 2(a) because of the small propagation distance
in medium 1. However, the cross bright spot will influence the
detection of internal structure in Fig. 10(h). Suppression of the
radar cross bright spot will be significant when processing the
radar data.

When the loss tangent is 0.1, the theoretical penetration depth
is 1.4 m according to (22). The absorption coefficient of the am-
plitude is 0.35. The attenuation coefficients are−31 and−61 dB
for the penetration depths of 5 and 10 m. Radar can hardly detect
internal objects when the loss tangent of the asteroid is 0.1.

IV. DISCUSSION

A. Influence of Roughness

Because the compact polarization is composed of linear
polarizations, copolarized backscattering coefficient with the
small-scale surface parameters of L2 = 3/k and δ2 = 0.3/k and
L2 =

√
2/k and δ2 = 0.3/k are presented in Fig. 11 to analyze

the influence of surface roughness against the incidence angle.
The small-scale roughness mainly affects the backscattering at
large incidence angles. For the rough surface with small correla-
tion L2 =

√
2/k in SPM, the backscattering at large incidence

angles becomes significant in Fig. 11.
Fig. 12 presents the simulated radar image with L2 =

√
2/k.

The size of the asteroid is 59 m × 28 m × 28 m. The observation
directions, the shape of the asteroid, and other parameters are
the same as Fig. 4. Backscattering of the regions away from the
nadir surface point with large incidence angle becomes larger
than that in Fig. 4 because of the surface roughness. The echoes
from internal embedded object are more likely to be confused
by strong backscattering from rough surface.

Fig. 12. Radar images of the asteroid with size of 59 m × 28 m × 28 m under
nadir observation at 900 MHz. δ2 = 0.3/k and L2 =

√
2/k. rg and ra are both

1 m/pixel. (a) Radar is at position 1. (b) Radar is at position 2. The spin axis of
(a) and (b) is A. (c) Radar is at position 1. (d) Radar is at position 2. The spin
axis of (c) and (d) is C.

Fig. 13. Penetration depth at 150 MHz.

B. Influence of Loss Tangent

The loss tangent is one of the most significant parameters
that determine the detectability of internal structures. Fig. 13
shows the penetration depth in (22) against the loss tangent at
150 MHz. The penetration depth is inversely proportional to the
loss tangent and the square root of the real part of the permittivity.
Increase in the ε′ will decrease the penetration depth. When
ε′ = 5, the penetration depths are 142.4 m, 14.2 m, and 1.4 m
for loss tangents of 0.001, 0.01, and 0.1, respectively. When
ε′ = 10, the penetration depths are 100.6 m, 10.1 m, and 1.0 m
for loss tangents of 0.001, 0.01, and 0.1, respectively. The radar
wave can hardly penetrate into the asteroid media when the loss
tangent becomes larger than 0.1. In addition, the detectability
of the echoes from the internal structure depends on its own
scattering, which is influenced by the roughness, the shape, and
the size of the internally embedded objects or inhomogeneous
structure.
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V. CONCLUSION

In this article, the radar images of the asteroid 2016 HO3
are simulated at 900 and 150 MHz. The two-scale model is
utilized to qualitatively model the scatterings from the asteroid
surface. Scatterings from asteroid surface and internally embed-
ded sphere object are presented. It is found that the asteroid
radar image at high frequency, e.g., 900 MHz, depends on the
shape of the asteroid and the observation direction. The radar
images of the ellipsoid are semicircles. Backscattering from this
asteroid is governed by the incidence angle, surface roughness,
and the dielectric constants of the object media. The radar
images under oblique observation are similar to those under
nadir observations. Backscattering from two sides of the imaging
plane will overlay and may affect the identification of surface
topography.

The influence of the loss tangent and observation directions
on the detectability of internal objects inside the asteroid at
150 MHz is studied with simulations. Because the wavenumber
in asteroid media is larger than that of vacuum, the distance of
the internal object from the nadir surface point in radar image is
larger than the real distance. If the internal object is very close to
the nadir surface point, its echoes may overlay with the surface
scattering and cannot be identified. With the increase in the loss
tangents of the media, attenuation becomes more significant.
When the loss tangent becomes larger than 0.1, the echoes from
internal embedded objects can hardly be detected. The penetra-
tion depth and the surface roughness determine the detectability
of internally embedded objects or internal structures. In addition,
the suppression of the radar cross bright spot will be helpful for
the detection of the internal structure.

In the simulation, there is no accurate large-scale and small
topography in the model. Without undulation, there will be no
multiple scatterings for the ellipsoid. Multiple scatterings could
be considered when the data of the digital elevation model data
are available. In addition, the two-scale scattering model cannot
accurately describe the backscattering from rough surface. All of
these factors deserve further study with advanced models when
more data become available.
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