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Abstract: Ground-based radar has been used for Moon imaging for more than 60 years. Five-
hundred-meter Aperture Spherical radio Telescope (FAST), as the largest radio telescope on Earth,
holds significant potential for celestial imaging missions with its exceptional sensitivity. A bistatic
Synthetic Aperture Radar (SAR) Moon imaging model that incorporates FAST and other transmitting
radars is presented. The objective of this paper is to design the imaging parameters of this bistatic
configuration based on the required resolution, and to estimate the resolution performance based on
a given bistatic system capability. Considering the ultra-far range and the ultra-long observation time
between the radars and the Moon, the geometric relationship involved in this bistatic configuration is
significantly distinct from the bistatic configuration of airborne and spaceborne radars. Therefore,
this paper accurately derives the two-dimensional resolution on the Moon’s surface. First of all, the
models of the Earth’s surface and the Moon’s surface, and the celestial motion of the Earth and Moon
are established using WGS-84 and JPL-DE421, given by STK. Secondly, the bistatic range history
within the observation time is calculated in terms of continuous celestial motion instead of the popular
‘stop-and-go’ assumption. Thirdly, no approximation is used in the resolution derivation process, and,
in addition to the two-dimensional resolutions, the incident angle and the included angle are also
given to describe the imaging performance. This method can also be extended to other bistatic-station
and single-station celestial imaging, providing support for radar location and parameters design,
for observation time span selection, for observation area selection, and for imaging performance
estimation. The echo generation and imaging for point targets set on the Moon are shown. The
simulation results prove the validity and accuracy of the proposed method in the paper.

Keywords: moon imaging; bistatic synthetic aperture radar (SAR); resolution analysis; back projection
(BP) algorithm

1. Introduction

Ground-based radar detection technology is an important method for remote sensing
detection of celestial bodies in the Solar System. Due to the detection method of actively
transmitting radio waves and receiving the reflected echo of the target, radar microwave
detection can detect the areas that are not illuminated by visible light. By measuring the
time delay, Doppler and polarization information of the echo signal, this method has the
ability to image the remote target with high resolution.

The Moon is the closest celestial body to the Earth and thus is the preferred target for
the ground-based synthetic aperture radar (SAR) space exploration technique. In the 1960s,
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synthetic aperture radar (SAR) technology began to be applied to ground-based radar
detection of the Moon [1], followed by a series of experiments at Arecibo Observatory and
Haystack Observatory with numerous results obtained at wavelengths of 7.5 m, 70 cm and
3.8 cm [2–4]. In the following decades, many scientists devoted themselves to the study of
ground-based radar imaging of the Moon, constantly improving the imaging quality [5–7].
After 2000, Campell et al. [8] employed a SAR patch-focusing reduction technique to obtain
new radar images of the Moon at a wavelength of 70 cm. Resolutions of these images
are 320–450 m, which was a mark of great progress, compared with the previous results.
Campbell et al. updated their results in 2014, achieving a range resolution of 200–250 m
using the 70 cm wavelength [9]. Additionally, wavelengths of 32 cm and 6 m have been
utilized for Moon imaging [10,11]. Between 2020 and 2021, Green Bank Telescope and Very
Long Baseline Array (VLBA) imaged the Tycho crater [12], obtaining 5 m resolution images
of the Moon’s surface. These images of the Moon are the highest-resolution images ever
taken from the ground.

Taking the Moon as an object of observation has the following two meanings. Firstly,
as the most studied celestial body, building an imaging system for the Moon can provide
experience for exploring other celestial bodies, such as Mars, Mercury and some aster-
oids [13–15]. Moreover, with the deepening of research on Moon-based SAR observation
platforms [16–18], which has advantages in overall and high-frequency monitoring of
large-scale Earth science phenomena, ground-based SAR imaging technology can pro-
vide validation for the research of Moon-based SAR, including changes in the Earth’s
ionosphere [19] and the solid tide [20].

Since perfect imaging results have already been obtained through Arecibo Observa-
tory, Haystack Observatory, Green Bank and VLBA, why still study the Moon-imaging
performance of the Five-hundred-meter Aperture Spherical radio Telescope (FAST)? First,
the detection capability of the radar follows the radar equation, and echo signals of the
targets are usually very weak. Antenna gain of FAST is greater than 65 dB, compensating
for the small aperture of the transmitting antenna [21]. Due to the 300m effective aperture
and high gain, FAST is suitable for radar astronomy. Moreover, the FAST L-band array of
19-beams (FLAN) can receive signals between 1.05 GHz and 1.45 GHz [21]. In the future,
six more single-beam receivers will be added to cover a 70 MHz–3 GHz band [22,23], which
means FAST will be able to work with many high-power transmitting radars, such as
Sanya Incoherent Scatter Radar [24]. Another strong point is that the detection capability
of FAST reaches a zenith angle of 40 degrees, which is twice that of Arecibo [23]. Wider
coverage of the sky means that FAST can observe the moon for longer periods of time.
Compared to Very-long-baseline interferometry (VLBI), FAST has a larger single aperture
and higher sensitivity and is more efficient in data acquisition. However, VLBI achieves
the highest space resolution, which is determined by the maximum separation between
the telescopes [25]. So, results obtained by Green Bank and VLBA are better than that
of Arecibo. Meanwhile, the FAST VLBI system has been established [26]. In the future,
the system will be used to obtain better images of the Moon.

Due to its inability to actively emit signals, FAST has not imaged the Moon previously.
In this paper, we analyze the Moon imaging performance of FAST in bistatic configuration
with other radars. We propose a Moon imaging model for bistatic SAR configuration,
to assist in estimating the resolution for the given radar parameters, and to assist in
setting radar parameters based on the given resolution requirements, including location of
observation area, imaging time period, signal bandwidth, synthetic aperture time, and so on.
We first established a unified coordinate system for the Earth and the Moon. This is called
the Moon-local Cartesian coordinate system. Then, we conducted theoretical derivations of
the iso-range and iso-Doppler resolution of the bistatic SAR configuration on the Moon’s
surface. Next, in order to improve the slant-range accuracy, we revised the ‘stop-and-go’
assumption that is often used to describe the relative motion between radars and the Moon
within one pulse process. Next, in terms of the resolution derivations, we analyzed the
relationship of spatial–temporal variation and resolution on the Moon’s surface. Finally,



Remote Sens. 2023, 15, 4045 3 of 20

we validated the accuracy of the method given in this paper with simulation results.
In the future, with any selected transmitting radar, we will be able to use the analytical
methods described in this paper to determine the parameters for achieving the desired
imaging resolution.

2. The Reference Coordinate System

In order to calculate the range resolution and Doppler resolution of ground-based
bistatic SAR imaging of the Moon, it is necessary to normalized the ground-based radar
and the Moon target to the same coordinate system to obtain motion information. In this
section, the transformation relation among several coordinate systems and the unified
coordinate system is given to describe the motion state of the radar and the Moon target.

We use the geocentric mean equator coordinate system for epoch J2000.0 (geocentric
mean J2000 system) to give the Moon target position and two ground-based radar positions,
which are shown in Figure 1. To derive three positions, three coordinate systems are
needed:

(1) Geographic coordinate system, an inertial reference system that describes the position
through longitude, latitude and altitude;

(a) World Geodetic System-1984 (WGS84), giving the longitude, latitude and altitude
of the ground-based bistatic SAR;

(b) Moon geographic coordinate system, giving the longitude, latitude and altitude
of the Moon target;

(2) Fixed coordinate system, an inertial reference system that describes the position with
(x, y, z);

(a) Earth-Centered Earth-Fixed system (ECEF), with the z-axis from the center of the
Earth’s mass to the north pole and the x-axis point to the intersection of the prime
meridian and the equator;

(b) Moon-fixed system, with the z-axis from the center of the Moon’s mass to the
north pole and the x-axis points to the longitude origin in the equatorial plane;

(3) Local Cartesian coordinate system, an inertial reference system that describes the
position with (x, y, z) centered on the observation point;

Figure 1. Earth-Centered Earth-Fixed system (ECEF) and geocentric mean equator coordinate system
for epoch J2000.0 (geocentric mean J2000 system). (xF, yF, zF) represents ECEF and (xJ , yJ , zJ)
represents geocentric mean J2000 system. Point P represents the Moon target, point R and T represent
the receiving radar and the transmitting radar, RT(η) and RR(η) represent the slant ranges between
SAR and the Moon target at time t = η.
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The original coordinates of the target point and the two radars will be given in the
form of (α, β, h), where α, β and h are longitude, latitude and altitude.

The coordinates of the ground-based radars can be transformed from (α, β, h) to the
fixed coordinate system (xE, yE, zE), using the following formulas

xE = (N + h) cos(β) cos(α) (1)

yE = (N + h) cos(β) sin(α) (2)

zE = (N(1− e2) + h) sin(β) (3)

where N and e are the radius of the curvature in prime vertical and eccentricity of the Earth,
given by

N =
a√

1− e2sin2(β)
(4)

e =

√
1− b2

a2 (5)

where a and b are the semi-major axis and semi-minor axis of the Earth ellipsoid.
Meanwhile, the coordinates of the Moon targets can be transformed from (α, β, h) to

the fixed coordinate system (xL, yL, zL) more easily for the reason that the Moon is assumed
to be a sphere, which takes the form of

xL = (R + h) cos(β) cos(α) (6)

yL = (R + h) cos(β) sin(α) (7)

zL = (R + h) sin(β) (8)

where R is the radius of the Moon.
Then, the transformation matrix of the fixed coordinate system to the geocentric mean

J2000 system is fitted with the aid of JPL-DE421 [27]. Because geocentric mean J2000
coordinates vary over time, we fit 3 × 3 transformation matrices, TE

JF and TL
JF, for each

required moment with the help of ephemeris. Note that the coordinates of the Moon targets
are first transformed to the Moon-centric mean equator coordinate system for epoch J2000.0.
Consequently, the geocentric mean J2000 coordinates of the Moon’s center of mass need to
be added, which takes the form of x J

E
yJ

E
zJ

E

 = TE
JF

 xE
yE
zE

 (9)

 x J
L

yJ
L

zJ
L

 = TL
JF

 xL
yL
zL

+

 x J
LC

yJ
LC

zJ
LC

 (10)

where (x J
E, yJ

E, zJ
E), (x J

L, yJ
L, zJ

L), (x J
LC, yJ

LC, zJ
LC) are geocentric mean J2000 coordinates of the

ground-based radars, Moon targets and the Moon’s center of mass.
For a more concise representation of the target area grid on the Moon’s surface, the

local Cartesian coordinate system is needed, which is a target-centric reference frame,
shown in Figure 2. The z-axis coincides with the normal at the target and points in the
opposite direction of the Moon’s center of mass and the x-axis points to the east of the
Moon in the tangent plane.
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Moon-centered fixed coordinates (xL, yL, zL) can be transformed to local Cartesian
coordinates (xlocal , ylocal , zlocal), using the following matrix

Tlocal =
[

X Y Z
]T (11)

X =
[
− sin(α) cos(α) 0

]T (11a)

Z =
[xL yL zL]

T√
x2

L + y2
L + z2

L

(11b)

Y = Z× X (11c)

Figure 2. Moon-local Cartesian coordinate system. (xF, yF, zF) represents the Moon-fixed system and
(xlocal , ylocal , zlocal) represents the Moon-local Cartesian coordinate system. Point P represents the
Moon target and point O represents the Moon’s center of mass.

3. The Image Resolution of Ground-Based Bistatic SAR

Spatial resolution is the most important performance index of SAR. Bistatic SAR has
complex geometry. The definition of range and azimuth direction is more complicated and
the resolution calculation is more difficult because of two separate radars. This section refers
to the gradient method [28] in order to derive the iso-range resolution and iso-Doppler
resolution of the ground-based bistatic SAR.

3.1. Range Resolution

Firstly, we convert the geocentric mean J2000 system to the Moon-local Cartesian coor-
dinate system, so the tangent plane of the Moon’s surface at the target point is equivalent
to the ground, which can provide a simpler geometry. Without loss of generality, at time
t = η, the coordinates of transmitting SAR are (xT , yT , zT), the coordinates of the receiving
SAR are (xR, yR, zR) and the coordinates of the Moon target are (xP, yP, zP). The two-way
slant range is expressed as

Rbi =

√
(xP − xT)

2 + (yP − yT)
2 + (zP − zT)

2 +

√
(xP − xR)

2 + (yP − yR)
2 + (zP − zR)

2 (12)

which can also represent the intersecting line of the ellipsoid and the ground.
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In a small area, the curvature of the Moon’s surface can be ignored and the ground is
assumed to be flat. The gradient at point (xP, yP) on the intersecting line is given by

Gr =
∂R
∂xP

ix +
∂R
∂yP

iy =

(
xP − xT

RT
+

xP − xR
RR

)
ix +

(
yP − yT

RT
+

yP − yR
RR

)
iy (13)

RT =

√
(xP − xT)

2 + (yP − yT)
2 + (zP − zT)

2 (13a)

RR =

√
(xP − xR)

2 + (yP − yR)
2 + (zP − zR)

2 (13b)

The range resolution along the gradient direction is obtained by [29]

ρr =
0.886c
B|Gr |

(14)

where c is the speed of light and B is the bandwidth of the signal.

3.2. Doppler Resolution

In order to simplify the formula, we use a vector to express the coordinates and
velocity, and give the calculation method of Doppler resolution. According to [28,30],
the Doppler frequency is given by

f (η) = − 1
λ

dR(η)
dη

= − 1
λ

[
vT · (rT − rP)

|rT − rP|
− vR · (rR − rP)

|rR − rP|

]
(15)

R(η) = |rT − rP|+ |rR − rP| (15a)

where vT and vR are velocity vectors of the radars, rP, rT and rR are position vectors of the
Moon target and radars. Note that R(η) is the two-way slant range at time t = η.

The gradient of the Doppler isoline at point (xP, yP) is written as

Gd =
∂ f

∂xP
ix +

∂ f
∂yP

iy =
1
λ

[
vTxy − (vT · iTP)iTPxy

|rT − rP|
+

vRxy − (vR · iRP)iRPxy

|rT − rP|

]
(16)

where vTxy and vRxy are projections of vT and vR on the (xP, yP) plane, iTP and iRP are unit
vectors of rT -vP and rR-rP, iTPxy and iRPxy are projections of iTP and iRP on the (xP, yP)
plane.

The Doppler resolution along the gradient direction is obtained by [29]

ρd =
0.886

Ta|Gd|
(17)

where Ta is the synthetic aperture time.

3.3. Iso-Range Resolution and Iso-Doppler Resolution

The angle between the range and the Doppler direction of the mono SAR is usually
90◦, making the imaging unit rectangular, which ensures the imaging quality [30]. How-
ever, unlike the mono SAR, the range direction and Doppler direction of the bistatic SAR
are not always vertical. The imaging quality is poor even with high resolution due to the
angle between two directions. So, iso-range resolution and iso-Doppler resolution are used.

The Iso-range direction is vertical to the direction of the range gradient Gr and the
Iso-Doppler direction is vertical to the direction of the Doppler gradient Gd. The point
target simulation result in Figure 3 shows the iso-range and iso-Doppler directions, which
are parallel to the envelope of the result. Therefore, iso-range resolution and iso-Doppler
resolution are more suitable for evaluating imaging quality than Doppler resolution and
range resolution.
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Pir is the projection of Doppler gradient in the iso-range direction, which is given by

Pir =
Gd ·Gr⊥
|Gr⊥|

=
xdyr − xryd√

x2
r + y2

r
(18)

where Gd = (xd, yd) is the Doppler gradient vector, Gr = (xr, yr) is the range gradient
vector and Gr⊥ is the vector vertical to Gr .

Figure 3. Point target simulation result marked with iso-range and iso-Doppler direction.

In the same way, Pid is given by

Pid =
Gr ·Gd⊥
|Gd⊥|

=
xryd − xdyr√

x2
d + y2

d

(19)

where Gd⊥ is the vector vertical to Gd.
Then, the iso-range resolution ρir and the iso-Doppler resolution ρid is obtained by

ρir =
0.886
Ta|Pir|

(20)

ρid =
0.886c
B|Pid|

(21)

We use ρir to measure Doppler resolution and ρid to measure range resolution in the
following sections.

4. The Slant Range of Ground-Based Bistatic SAR

In previous imaging experiments, the calculation of the slant-range has often been
simplified, especially for mono SAR, by multiplying a one-way slant-range value by two to
estimate the two-way slant range [31].

However, when it comes to ground-based SAR imaging of the Moon, the substantial
distance between the Moon and the Earth causes the radars and the target to no longer
remain relatively static during the transmission and reception of pulse signals. This
renders the ‘stop-and-go’ assumption invalid. With an average distance of 384,000 km
between the Moon and the Earth, the interval between signal transmission and reception is
approximately 2.5 s, resulting in a position change of the receiving radar exceeding 1 km.
Consequently, an accurate calculation method for the slant range becomes imperative.
To begin with, a model should be utilized to accurately fit the curved trajectories of the
Moon target and the ground-based radars.
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4.1. Curve Trajectory Fitting Model

Due to the intricate motion of the Earth and the Moon, which encompasses rotation,
revolution, nutation, and precession [32], the conventional models of linear motion and
uniform acceleration curve motion fail to accurately depict the trajectories of the target and
radars. In order to overcome this limitation, we expand the curve equation to fifth-order
polynomials, enabling us to capture the intricate dynamics and complexities involved in
the motion.

L(η) = L0 + L1η + L2η2 + L3η3 + L4η4 + L5η5 + O
(

η6
)

(22)

With the assistance of JPL-DE421, we provide a set of geocentric mean J2000 coordi-
nates for the Moon target and ground-based radars every 3 s over a span of 40 min. Figure 4
illustrates the variation of the fitting residual L2-norm for polynomials of different orders.
To enhance the visibility of the changes, we employ a logarithmic coordinate axis. As the
polynomial order increases, the residual diminishes rapidly, eventually reaching a plateau
after the fifth order. Consequently, the fifth-order polynomial proves to be effective in terms
of fitting error.

Moreover, we conduct a numerical simulation using the parameters outlined in Table 1
to assess the reliability of the fitting model in Moon imaging. The simulation is based on
a central time of 20:11:42 on 31 December 2022, with a synthetic aperture time of 2400 s,
fulfilling the resolution requirements of 50 m.

(a) (b)

(c)

Figure 4. In the order of first to seventh, (a) the residual L2-norm of the polynomial fitting the
trajectory of the receiving SAR, (b) the transmitting SAR and (c) the trajectory of the Moon target.
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Table 1. Simulation parameters.

Parameter Symbol Quantity Unit

System bandwidth B 15 MHz
System wavelength λ 0.24 m
Emission frequency f 0.2 MHz

Speed of light c 299792458 m/s
Position of Moon target P 1.1 W, 8.9 N degree

Position of transmitting SAR T 80.3 E, 40.6 N degree
Position of receiving SAR R 106.9 E, 25.7 N degree

Moon radius RL 1737400 m
WGS84 Earth radius RE 6378137 m

Figure 5 depicts the phase errors of polynomials of different orders at each time within
the synthetic aperture period. Evidently, when the order exceeds four, the polynomial
model adequately satisfies the imaging criteria, and the phase accuracy of the fourth, fifth,
sixth, and seventh-order polynomial models appears comparable.

Figure 5. Relationship between the phase error and synthetic aperture time caused by different orders
of polynomial model.

The Doppler frequency modulation rate is given by [30]

Ka(η) =
1
λ

d2R(η)
dη2 =

1
λ

d2(|LT(η)− LP(η)|+|LR(η)− LP(η)|)
dη2 (23)

where LT , LR and LP are the coordinates of the SARs and the Moon target in the vector
form.

Next, we proceed to compare the Doppler frequency and Doppler frequency modu-
lation rate among the fourth, fifth, sixth, and seventh-order polynomial models. Figure 6
highlights part of the result to showcase the distinctions. Over a duration of 2400 s,
the Doppler frequency ranges from −9.078 to −521.895, with a maximum difference of
4.978 × 10−4. Meanwhile, the Doppler frequency modulation rate varies between 0.212
and 0.214, with a maximum difference of 4.806 × 10−6. These small errors between these
models have minimal impact on the imaging focusing.
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(a) (b)

Figure 6. (a) Doppler frequency and (b) Doppler frequency modulation rate of fourth, fifth, sixth and
seventh-order polynomial models in a short time.

4.2. Revising ‘Stop-and-Go’ Assumption

According to ‘stop-and-go’ assumption, the two-way slant range of the bistatic SAR is
calculated by

RD = RT(η) + RR(η) (24)

where RT(η) and RR(η) represent the slant ranges between the ground-based radars and
the Moon target at time t = η.

However, the position of the receiving radar undergoes changes as the backscattered
signal travels between the Moon and the Earth. To rectify this error, we employ the model
depicted in Figure 7. The two-way slant range is approximated by [33]

RD = RT(η) + RR(η + τT + τR) (25)

where τT is the time it takes for the transmitted signal to get to the Moon target, which can
be calculated accurately by

|LT(η)− LP(η + τT)| = cτT (26)

where c is the speed of light, LT and LP are coordinates of the transmitting SAR and the
Moon target in vector form, which are given by

LT(η) = L10 + L11η + L12η2 + L13η3 + L14η4 + L15η5 (26a)

LP(η + τT) = L20 + L21(η + τT) + L22(η + τT)
2 + L23(η + τT)

3

+ L24(η + τT)
4 + L25(η + τT)

5
(26b)

τR is the received time of the backscattered signal, which can be calculated by

|LR(η + τT + τR)− LP(η + τT)| = cτR (27)

where LR is the coordinate of the receiving SAR, which is given by

LP(η + τT + τR) = L30 + L31(η + τT + τR) + L32(η + τT + τR)
2 + L33(η + τT + τR)

3

+ L34(η + τT + τR)
4 + L35(η + τT + τR)

5
(27a)

Then, the two-way slant range can be expressed as

RD = c(τT + τR) (28)
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This calculation method for the slant range yields an accurate solution for high-order
equations without resorting to mathematical approximations. Moreover, during the deriva-
tion of the two-way slant range, the motion trajectories are not simplified or constrained;
instead, they are fitted with high-order polynomials. As a result, the slant range obtained
through this method is more precise.

Figure 7. Transceiver separation slant-range model. Ln
T , Ln

R and Ln
P represent coordinates of trans-

mitting SAR, receiving SAR and Moon target at different time n.

4.3. Changes in Imaging Quality

According to the transceiver separation slant-range model, RT and RR are expressed as

RT(η) = |LT(η)− LP(η + τT)| (29)

RR(η) = |LR(η + τT + τR)− LP(η + τT)| (30)

The two-way delay is

τ =
RT(η) + RR(η)

c
(31)

Compared to the ‘stop-and-go’ assumption, the transceiver separation slant-range
model offers greater accuracy. To illustrate the disparity between them, we conducted simu-
lations using the parameters listed in Table 1. In Figure 8, we observe that the ‘stop-and-go’
assumption introduces a small two-way delay error. Within the synthetic aperture time,
the maximum error exceeds 1.1× 10−7, which is substantial enough to cause image shift
when employing the BP algorithm with a bandwidth of 15 MHz. Additionally, the variation
in the Doppler frequency and Doppler frequency modulation rate is not significant, indicat-
ing that the ‘stop-and-go’ assumption has minimal impact on the resolution calculation.
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(a) (b)

(c) (d)

Figure 8. Variation between the transceiver separation slant-range model and the model with ‘stop-
and-go’ assumption. (a) two-way delay; (b) magnitude of two-way delay error; (c) Doppler frequency;
(d) Doppler frequency modulation rate. The superscript TS represents the transceiver separation
slant-range model.

To further investigate the influence of the ‘stop-and-go’ assumption on resolution
calculations, we computed the resolution of the target point using different slant-range
models over a 2400-s interval centered at 20:11:42. Figure 9 illustrates the iso-doppler and
iso-range resolutions at each time point. The ‘stop-and-go’ assumption has minimal impact
on these resolutions due to the small errors in slant range and vector, which are insignificant
compared to the distance between the Earth and the Moon. Consequently, the gradients of
the range and Doppler, as described by Equations (13) and (16), remain almost unchanged.

(a) (b)

Figure 9. (a) Iso-Doppler resolution and (b) iso-range resolution of different slant-range models at
each time. Note that the synthetic aperture time is set to 2400 s when we calculate the iso-range
resolution.
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5. Imaging Ability Analysis of Ground-Based Bistatic SAR

In this section, we present a comprehensive analysis of the imaging capabilities of
ground-based bistatic SAR for Moon imaging. We begin by analyzing the effective imaging
time of the system. Although the orbital period of the Moon is 27.32166 days, it is important
to consider the radar’s look angles and the angle between the iso-range gradient and
iso-Doppler gradient, as these factors restrict the ability to image the Moon continuously.
Next, we investigate the imaging resolution of targets located at various positions on the
Moon’s surface within effective imaging time.

5.1. Effective Imaging Time Analysis

To determine whether a Moon imaging experiment can be conducted at a specific
time, two conditions must be validated. The first condition pertains to signal accessibility,
which ensures that the transmitted signal can reach the target position and the reflected
signal can be received by FAST. Figure 10 illustrates the vector relationship between the
transmitting and receiving signal paths, along with the definition of four vector angles.
Signal accessibility necessitates that all four angles satisfy the following condition:

θ1 < γT , θ2 < γR, θ3 < 90◦, θ4 < 90◦ (32)

where γT and γR represent the maximum look angles of the transmitting radar and the
receiving radar.

Figure 10. Vector analysis of signal accessibility. EC and MC represent the Earth’s center of mass and
the Moon’s center of mass. θ1, θ2, θ3 and θ4 represent the vector angles.

The second condition pertains to ensuring the quality of the imaging. Bistatic SAR
imaging differs from monostatic SAR imaging due to the utilization of separate transmit-
ting and receiving radars, resulting in more intricate ground resolution characteristics.
Unlike monostatic SAR, the iso-range direction and iso-Doppler direction in bistatic SAR
imaging are not necessarily perpendicular to each other. When the angle between these
two directions is either too small or too large, the desired imaging effect cannot be achieved.
Therefore, it is crucial to select an imaging moment when the angle is close to 90◦ in order
to attain optimal imaging results.

Using the parameters provided in Tables 1 and 2, we conducted simulations to de-
termine the effective imaging time for ground-based bistatic SAR between 8 November
and 7 December 2022. The simulation results indicate that within these 30 days, the effec-
tive imaging time amounts to 878,241 s (equivalent to 10.16 days). Figure 11a,b illustrate
that the iso-range direction remains relatively stable, changing within 20◦ during short
time intervals. However, the iso-Doppler direction exhibits significant fluctuations, with a
maximum difference of 90◦. Consequently, the angle between the iso-range direction and
the iso-Doppler direction undergoes sharp changes in Figure 11c, rendering certain time
periods unsuitable for imaging, even if the Moon target is observable.
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Figure 11. Changes of (a) range direction and (b) Doppler direction.(c) Changes of angle between
two directions and effective imaging time.

Figure 11. Changes of (a) range direction and (b) Doppler direction. (c) Changes of angle between
two directions and effective imaging time.
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Table 2. Simulation parameters-2.

Parameter Symbol Quantity Unit

Look angle of transmitting SAR γT ±90 degree
Look angle of receiving SAR γR ±90 degree
Angle between two direction φ 60–120 degree

Synthetic aperture time Ta 2400 second

During the simulation, we did not impose any restrictions on the radar’s look angle
and had lenient requirements for the angle between the iso-range direction and the iso-
Doppler direction. However, it is important to note that if the look angles of the radars are
constrained or higher imaging quality is desired, the effective imaging time will be reduced.

5.2. Imaging Resolution Analysis

After determining the effective imaging time, it becomes necessary to analyze the
iso-range resolution and iso-Doppler resolution of the target point. The two-dimensional
resolution of the same target varies at different times, and imaging different targets at the
same time also yields varying two-dimensional resolutions.

To begin, we select a fixed target point and examine the changes in two-dimensional
resolution over a period. Utilizing the parameters provided in Tables 1 and 2, we simulate
the change of two-dimensional resolution of a target point at (8.9◦N, 1.1◦W), which is near
the center of the Moon disk.

Figure 12a,b depict the alterations in iso-Doppler resolution over the course of a 30-day
period. The changes in iso-Doppler resolution during each short period of effective imaging
time are generally small, typically less than 1 m. However, the iso-Doppler resolution
exhibits significant variations across different effective time periods, indicating differences
of over 150 m when observing the same target point on different days.

Figure 12c,d showcase the variation in iso-range resolution. In contrast to the iso-
Doppler resolution, the iso-range resolution demonstrates significant fluctuations within
each effective time period, over 100 m even within the span of a single day. However,
the performance of iso-range resolution is similar across different effective time periods.

Therefore, in the actual imaging experiment, it becomes crucial to choose the appropri-
ate time window based on the iso-Doppler resolution. Subsequently, within this effective
time period, the optimal imaging time is selected based on the iso-range resolution.

Secondly, the influence of the longitude and latitude of the Moon target on the imaging
resolution is studied. We select 25 Moon targets with a latitude of −60◦, −30◦, 0◦, 30◦,
60◦ and longitude of −60◦, −30◦, 0◦, 30◦, 60◦ to calculate the mean value of iso-Doppler
resolution and iso-range resolution in the effective time. The theoretically calculated
resolutions are listed in Tables 3 and 4.

From the results in Table 3, we can find that, with the increase of longitude and latitude,
iso-Doppler resolution improves. Figure 13a shows the distance contour on the surface
of the Moon. Due to the movement of the Moon and the Earth, the sub-radar points of
transmitting SAR and receiving SAR move periodically between ±10◦ longitude and ±10◦

latitude. The distribution of distance contour is dense far from the sub-radar points and
sparse near it, which means as the distance to the sub-radar points increases, Gr increases,
Pid increases and iso-Doppler resolution ρid improves.

Figure 13b shows the Doppler frequency contour on the surface of the Moon. The dis-
tribution of Doppler frequency contour with position is opposite to that of distance contour,
but the change is much smaller. So, at the edge of the Moon disk, Gd decreases, Pir decreases
and iso-range resolution ρir becomes worse. The results in Table 4 reflect the trend.
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(a) (b)

(c) (d)

Figure 12. Changes of (a,b) iso-Doppler resolution and (c,d) iso-range resolution. (b,d) shows the
mean, minimum and maximum resolutions for each effective time period.

(a) (b)

Figure 13. (a) Distance contour and (b) Doppler frequency contour on the Moon’s surface. They
cover the area of 60◦W to 60◦E and 60◦N to 60◦S, including most of the visible region of the Moon.

5.3. Point Targets Simulation

Due to the symmetry of the Moon, we have chosen nine target points with a longitude
of 0◦, 30◦, 60◦ and a latitude of 0◦, 30◦, 60◦ to carry out the point targets simulation,
generating images using the BP algorithm. Then, we measure the iso-Doppler resolution
and iso-range resolution, comparing them to the results obtained through theoretical
calculation. The central time is set at 3:37:45 on 19 November 2022. From Figure 14,
Tables 5 and 6, it is evident that the resolutions achieved through point target simulations
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are in line with the theoretically calculated values. This outcome serves as a validation of
the accuracy and reliability of both the imaging model and the resolution analysis method.

Table 3. Mean iso-Doppler resolution of simulation.

Latitude
Longitude −60◦ −30◦ 0◦ 30◦ 60◦

−60◦ 9.42 m 10.34 m 10.81 m 10.25 m 9.46 m
−30◦ 10.52 m 14.99 m 19.95 m 14.32 m 10.38 m

0◦ 10.70 m 17.57 m 84.52 m 20.09 m 10.98 m
30◦ 9.88 m 13.29 m 18.27 m 12.84 m 9.89 m
60◦ 9.31 m 10.07 m 10.53 m 10.02 m 9.30 m

Table 4. Mean iso-range resolution of simulation.

Latitude
Longitude −60◦ −30◦ 0◦ 30◦ 60◦

−60◦ 88.73 m 73.09 m 69.28 m 71.21 m 80.22 m
−30◦ 81.42 m 68.63 m 67.05 m 63.91 m 70.65 m

0◦ 87.31 m 77.14 m 59.16 m 87.78 m 88.03 m
30◦ 70.99 m 63.78 m 61.29 m 66.52 m 76.66 m
60◦ 81.35 m 71.29 m 68.88 m 70.11 m 76.55 m

Table 5. Iso-range resolution of theoretical calculation and point target simulation.

Latitude Longitude Theoretical
Calculation

Point Target
Simulation Relative Error

0◦ 0◦ 55.134 55.179 0.081%
0◦ 30◦ 77.402 77.487 0.109%
0◦ 60◦ 86.438 86.514 0.088%
30◦ 0◦ 63.642 63.723 0.127%
30◦ 30◦ 55.318 55.391 0.132%
30◦ 60◦ 58.356 58.437 0.138%
60◦ 0◦ 66.895 66.965 0.105%
60◦ 30◦ 58.604 58.688 0.143%
60◦ 60◦ 56.139 56.154 0.025%

Table 6. Iso-Doppler resolution of theoretical calculation and point target simulation.

Latitude Longitude Theoretical
Calculation

Point Target
Simulation Relative Error

0◦ 0◦ 199.285 198.423 0.434%
0◦ 30◦ 58.820 58.945 0.212%
0◦ 60◦ 32.787 32.712 0.229%
30◦ 0◦ 49.360 49.179 0.369%
30◦ 30◦ 35.109 35.192 0.237%
30◦ 60◦ 28.103 28.186 0.294%
60◦ 0◦ 30.088 30.178 0.298%
60◦ 30◦ 28.156 28.193 0.131%
60◦ 60◦ 26.753 26.831 0.290%
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Figure 14. The points simulation results of different positions on the Moon’s surface. The latitude
values are 0◦, 30◦, 60◦ from top to bottom and the longitude values are 0◦, 30◦, 60◦ from left to
right. Note that we set B = 5 MHz, Ta = 2400 s to make iso-range resolution and iso-Doppler
resolution close.

6. Conclusions

For Moon imaging missions using ground-based bistatic SAR systems such as FAST
and other active radars, the iso-Doppler and iso-range resolutions of different observation
areas exhibit significant differences at a given imaging time. Additionally, within a given
observation area, the iso-Doppler and iso-range resolutions vary significantly with different
imaging times. Hence, it becomes crucial to establish the relationship between resolution
capabilities, radar systems, and observation conditions to ensure the success of Moon
imaging missions. This paper introduces a methodology for analyzing the Moon imaging
capabilities of FAST in bistatic configurations along with other radars. The proposed
method allows us to predict imaging resolutions in advance and set appropriate parameters
based on resolution requirements, such as bandwidth, synthetic aperture time, imaging
time period, observation location, and more. This paper offers theoretical guidance for
Moon imaging missions using FAST in bistatic configurations, and the approach can
also be extended to missions involving imaging other celestial bodies or signal station
configurations.
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