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Abstract:
parameters and imaging performance due to the high cost and limited availability of real raw data

Simulated raw data have become an essential tool for testing and assessing system

from spaceborne synthetic aperture radar (SAR). However, with increasing resolution and higher orbit
altitudes, existing simulation methods fail to generate SAR simulated raw data that closely resemble
real raw data. This is due to approximations such as curved orbits, “stop-and-go” assumption,
and Earth’s rotation, among other factors. To overcome these challenges, this paper presents an
accurate range model with a “nonstop-and-go” configuration for raw data simulation based on
existing time-domain simulation methods. We model the SAR echo signal and establish a precise
space geometry for spaceborne SAR. Additionally, we precisely identify the target illumination area
based on elliptical beams through space coordinate transformation. Finally, the SAR raw data were
accurately simulated using high-precision time-domain simulation methods. The accuracy of the
proposed model was validated by comparing it with the traditional hyperbolic model and the curved
orbit model with “stop-and-go” assumption through image processing of the generated raw data.
Through the analysis of point target quality parameters, the errors of various parameters in our
distance model compared with the other two models are within 1%. Furthermore, this simulation
method can be adapted to simulate raw data of other modes and satellite orbits by adjusting beam
control and satellite orbit parameters, respectively. The proposed simulation method demonstrated
high accuracy and versatility, thereby providing a valuable contribution to the development of remote
sensing technology.

Keywords: synthetic aperture radar (SAR); raw data simulation; coordinate transformation; “stop-
and-go” assumption; “nonstop-and-go”

1. Introduction

Synthetic Aperture Radar (SAR) is a high-resolution, two-dimensional imaging tech-
nology that is not affected by adverse weather conditions such as clouds, rain, and fog,
enabling it to image all day long. It does not depend on external light sources, providing
all-weather imaging that covers a larger area and offering higher resolution and shorter
revisit periods [1]. As SAR systems continue to advance in functionality and performance,
SAR has been broadly applied to various fields, including topographic mapping, geological
exploration, marine applications, agricultural and forestry monitoring, disaster assessment,
military reconnaissance, etc. [2—4].

High resolution is one of the most crucial indicators of radar imaging quality, which
can significantly enhance the ability to recognize and extract target features. Compared to
airborne SAR, spaceborne SAR is relatively more complex and the technology is somewhat
lagging [3]. However, spaceborne SAR has gradually improved its resolution, achieving
sub-meter resolution. The United States” Lacrosse [5] and Future Imagery Architecture
(FIA) [6] satellites have achieved 0.3 m imaging resolution, while Germany’s TerraSAR-X
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works in spotlight mode to achieve 0.16 m azimuth resolution imaging [7], with its highest
azimuth resolution up to 8.3 cm [8] in wrapped staring spotlight (WSS) experimental mode.

To test and evaluate the system parameters and imaging performance of spaceborne
SAR, it is necessary to validate and test the raw data in system design and high-resolution
imaging algorithm research. However, real data acquisition is often challenging due to the
high launch cost of spaceborne SAR systems [9,10]. Therefore, generating simulated raw
data that closely resemble actual data is a crucial issue in SAR simulation [11].

The fundamental parameters involved in observing the earth’s surface using SAR sys-
tems are the backscattering coefficient ¢ of the observed area. It depends on the electrical
and physical characteristics (e.g., conductivity, permittivity, geometry, and roughness) of
the illuminated terrain, as well as the frequency, polarization, and incidence angle of the se-
lected electromagnetic wave [4]. The raw echo data from SAR contain valuable information
about the target, with the two main components being phase and amplitude [4]. Amplitude
focuses on the study of target electromagnetic scattering characteristics [12], while this
paper focuses primarily on the phase aspect. Current SAR raw data simulation meth-
ods mainly consider the processing domain, which can be categorized into time-domain
methods and frequency-domain methods.

Time-domain methods [9,13] have been proposed to simulate the raw data of SAR
systems in each azimuth and target through coherent stacking, resulting in high accuracy.
However, they have relatively low computational efficiency due to the large amount of
computation required.

In contrast, frequency-domain methods can be categorized into three groups, namely,
one-dimensional frequency-domain methods, two-dimensional frequency-domain meth-
ods, and inverse imaging processing methods. The one-dimensional frequency-domain
method [14,15] implements the convolution of the original azimuth signal and the trans-
mitting signal in the range frequency domain, and the echoes of the scatter points are
coherently stacked in the frequency domain. It improves the simulation efficiency com-
pared to time-domain methods and generates raw data by coherently stacking the echoes
of each pulse from the radar. The two-dimensional frequency-domain method [16,17] uses
the principle that the echo signal is the two-dimensional convolution of the target scattering
coefficient and SAR system impulse function to accelerate the implementation of the signal
convolution in the two-dimensional frequency domain, greatly improving the efficiency.
The inverse imaging processing method [10,18] uses any SAR image as a reflectivity map
and uses the inverse processing of the imaging algorithm to obtain SAR raw data. The
computation required in such methods is almost similar to that of SAR imaging algorithms;
however, inverse processing methods, such as SAR imaging algorithms, will introduce
similar hypotheses and approximations.

As the resolution of spaceborne SAR continues to increase, traditional simulation
methods are no longer suitable for curved orbits, “stop-and-go” assumptions, the Earth’s
rotation, atmospheric and ionospheric effects on signal propagation [7,19]. Current raw
data simulation methods for airborne SAR and low-resolution spaceborne SAR will also
become invalid, particularly frequency-domain methods. Although such methods have
high efficiency, they have limitations such as an inability to consider actual system errors,
spatial variation of echo signals, spectrum approximation introduced by hypotheses, and
the inability to simulate motion errors and terrain changes [9]. In contrast, time-domain
methods that consider the underlying principles of SAR can precisely simulate spaceborne
SAR primitive echo data [13].

This paper focuses on addressing the numerous approximations in existing spaceborne
SAR raw data simulation by examining two key parameters in the SAR echo signal model:
the echo signal delay and antenna beam pattern in azimuth direction. As aforementioned,
our contributions can be concluded as the following:

1.  We establish a precise spatial geometric model based on the two-body orbit model
and Earth ellipsoid model for spaceborne SAR.
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2. Arange model with a “nonstop-and-go” configuration is established through satellite
and ground target motion state vector analysis.

3. The target illumination area under elliptical beams is determined based on space
coordinate transformation.

Finally, we accurately simulate raw data in strip mode based on low earth orbit (LEO)
using time-domain simulation methods. Additionally, the raw data are processed through
chirp scaling algorithm (CSA). Through comparison with the traditional hyperbolic range
model and the curved orbit model under the “stop-and-go” assumption, the accuracy of
the proposed model was verified through image processing of the generated raw data and
analysis of point target quality parameters. It should be noted that the simulation method
is adaptable for simulating raw data of other modes and satellite orbits by adjusting the
antenna beam control and satellite orbit parameters, respectively. Although an increase
in the number of simulation points for distributed scenarios may pose a computational
challenge, advanced high-performance computing technology and parallel technology can
be used to accelerate simulation time [20-23].

The paper is organized as follows: Section 2 introduces the SAR echo signal model,
while Section 3 models spaceborne SAR spatial geometry. Section 4 outlines the key
components of spaceborne SAR raw data simulation. Section 5 analyzes the satellite’s
critical parameters and slant range error through simulation, processes raw data to verify
their correctness, and discusses point target quality parameters. Finally, the conclusion is
presented in Section 6.

2. SAR Echo Signal Model

The mathematical model of the SAR echo signal is the foundation for understanding
the working principle of SAR and the basic mathematical basis for simulating raw data.
This section introduces the mathematical model of echo signals for SAR [24].

SAR utilizes the motion of the platform to continuously emit large-time and wide-
bandwidth signals, such as pulse linear frequency modulation (LFM) signals, and then
receives the echo signals reflected by ground targets for processing. Pulse compression is
used in the range direction to obtain high-resolution range, while coherent accumulation of
echo signals is used in the azimuth direction to achieve high-resolution azimuth [25].

Figure 1 illustrates the geometric schematic diagram of SAR data acquisition. In this
paper, we assume a monostatic radar system, in which the same antenna is used for both
transmission and reception. As the radar moves along the flight path at a velocity of Vs,
the figure depicts a simplified geometric relationship between the radar’s position and the
resulting beam footprint on the Earth’s surface in strip mode. The radar is located at point
Py, as the target T, (marked by the red dot) enters the radar beam footprint, and leaves it at
point P,. The length from P; to P, represents the synthetic aperture length L of the target
T,. Here, R(17) denotes the slant range between the radar system and the target. The slant
range changes over time as the radar moves, until it reaches the minimum value known as
the range of closest approach, Ry. Furthermore, 65, denotes the squint angle and describes
the angle between the slant range vector and the zero Doppler plane.

In the range direction, the linear frequency modulation pulse emitted by the radar is

Spur(T) = w,(T) cos (anor + 7TK7T2), 1)

where T represents the range time, fj is the carrier frequency of the radar, K, represents
the frequency modulation (FM) rate of transmitted pulse chirp, and the pulse envelope
can generally be approximated as a rectangle using w,(t) = rect(7/T,), where T, is the
pulse duration.

SAR receives the backscattered echoes after transmitting the LFM signal, and the
baseband echo signal of a single point target after demodulation is as follows [26]:
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where the complex constant A includes the amplitude of the backscatter coefficient o of the
point target and the phase change of the radar signal caused by scattering process. 7 is the
azimuth time, 7. is the azimuth time when the beam center crosses, c is the speed of light,
A is the radar carrier wavelength, R(7) is the two-way slant range of the received signal of
the target at different azimuth times, and w, (-) is the azimuth antenna pattern. The first
exponential term in Equation (2) represents the phase history of the received signal, which
effectively represents the distance change between the radar and the target.

P V, Flight path

Azimuth direction

Plane of zero
Doppler

Figure 1. SAR data acquisition geometry in strip mode.

When there are multiple point targets on the ground, the echo signal is the superpo-
sition of the echoes of each target, and Equation (2) can be used to obtain the echo signal
under multiple point targets [18]:

N, M .
i) = ; ;A”wr('[_ Rnim) )wa (1 — Hen)

®)

where i and N are the discrete azimuth time and the number of azimuth time sampling
points, respectively. n is the distribution point in the scene scattering matrix, M is the
number of point targets, and 7., is the beam center crossing time of the nth target. R, (7;)
is the round-trip distance between the radar and the nth target at azimuth time #;,.

Equation (3) represents the demodulated baseband SAR signal received from all targets
in the scene, with coefficient A,. It is the signal that is usually recorded or downlinked
in a SAR system and referred to as the “raw data”, “SAR signal data”, or “SAR phase
history” [26].

In the mathematical model of SAR echo signals, the key parameters are the solutions
of w,(-) and Ry (#;). The former is related to the position of the radar beam and the target,
determining the azimuth time when the target is illuminated by the radar. The latter is
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related to the range model and determines the accuracy of range positioning and azimuth
coherent accumulation. The range is the sum of transmission range and reception range,
which are different in the “nonstop-and-go” configuration, similar to the range in the
bistatic SAR [15].

For spaceborne SAR, calculating these two parameters is relatively complex because
of factors such as the shape of the Earth, the orbit of the satellite, the spatial position of
the radar, the random variation of satellite attitude errors, and the Earth’s rotation. In
order to simulate SAR raw data that closely resemble actual data, it is crucial to estab-
lish a precise space geometry model between the satellite and the Earth to solve these
parameters correctly.

3. Space Geometric Model of Spaceborne SAR

In spaceborne SAR, high azimuth resolution is achieved by accumulating coherent
pulses in the azimuth direction through the motion of the satellite platform. The trajectory
of the platform significantly impacts the SAR echo signal model, particularly the coherence
of the azimuth pulse. Therefore, an accurate model of satellite—ground motion geometry
is crucial for the signal model. This section mainly analyzes and introduces the spatial
geometric relationship between the satellite, Earth, SAR antenna, and ground target from
the perspective of the satellite—ground space geometry model.

3.1. Two-Body Orbit Model

The motion of a satellite around the Earth is primarily governed by the mutual gravi-
tational attraction between the satellite and the Earth. The effects of other celestial bodies
such as the Sun, Moon, and planets on the orbit of the satellite are typically insignificant
and can be disregarded. As a result, a simplified two-body orbital model can be employed
to describe the orbit of the satellite [2,27]. The satellite’s orbital period can be calculated

using Kepler’s third law:
T, = 27,/ @ @)
= 7T —,
’ p

where the gravitational constant y is 3.98696 x 10'* m3/s2.
After neglecting various perturbation forces, the satellite’s orbit can be calculated
using Kepler’s three laws, and the satellite orbit equation [27] is

a(l—e?)

Ry = ——F,
* l+ecosf

©)
where g is the semi-major axis, f is the true anomaly, and e is the eccentricity.

For SAR observation of the Earth, the satellite’s orbit is elliptical, with the eccentricity
usually between 0 and 1. Figure 2 illustrates the elliptical orbit model with the Earth located
at the focus of the elliptical orbit.

To solve the relationship between the position and time of the orbit, we introduce the
eccentric anomaly E, which can be determined through constructing an auxiliary circle
outside the ellipse. The eccentric anomaly can be calculated using Kepler’s equation [2,27]:

E—esinE—\/az(t—to), (6)

where the time of perigee passage is fp when the true anomaly f is 0.
The true anomaly f can be calculated from the eccentric anomaly E by [2,27]

f_ 1+e E
tan2 = 1_e’canz. )
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The relationship between the true anomaly f and time can be established using
Equations (6) and (7). The mean angular rate of the true anomaly, n = 27t/ T;, and the mean
anomaly, M = n(t — ty), change linearly with time. When the satellite completes one orbit,
M changes from 0 to 27r. Therefore, Kepler’s equation can be simplified as

M = E —esinE. (8)

However, Equation (8) cannot directly solve the analytical function relationship be-
tween position and time. An iterative method can be used to solve it, but its efficiency
is low. In cases where the eccentricity e < 0.6627, the Fourier series expansion can be
used to approximate the analytical expression of the eccentric anomaly by ignoring the
higher-order terms above e® [28]:

E=M —i—e(l — %62 + ﬁe‘*) sin M +e3(% - %ez) sin2M + 63(% — %ez) sin3M
+%€4 sindM + %63 sin 3M.

©)

At any time on the orbit, the true anomaly f, the eccentric anomaly E, and the mean
anomaly M have one-to-one correspondence.

Auxiliary
. ”~
urcle//
/7

-

Elliptical
orbit

Figure 2. Satellite elliptical orbit model.

The position of the satellite on its elliptical orbit can be determined by the six orbital
elements: semi-major axis a, eccentricity e, inclination i, right ascension of the ascending
node (), argument of perigee w, and true anomaly f. The semi-major axis and eccentricity
determine the size and shape of the satellite’s orbit. Meanwhile, the inclination, argument
of perigee, and right ascension of ascending node (RANN) determine the orientation of the
elliptical orbit in the orbital plane, while the true anomaly determines the instantaneous
position of the satellite on the orbit [2].

The satellite’s orbital reference frame is established within the Earth-centered inertial
coordinate system (ECI), as depicted in Figure 3, which illustrates the spatial configuration
of the spaceborne SAR. The x-axis represents the direction towards the vernal equinox,
while the xy-plane corresponds to the Earth’s equatorial plane. Furthermore, the z-axis is
oriented towards the North Pole.
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equinox

Orbital plane

Figure 3. Spatial geometry of spaceborne SAR in the ECI coordinate system.

3.2. Earth Model

Since the Earth is not a perfect ellipsoid, the WGS-84 model is commonly used to
describe the Earth’s shape and position in geodesy and satellite navigation. The WGS-84
model uses an ellipsoidal model with a semi-major axis R, of 6378.137 km and a semi-minor
axis R of 6356.752 km, which accurately describes the position on the Earth. The position
of target [x1,y,z:]" on the Earth can be determined using

2 2 2

Xt Y Z

- = (10)
2 R? R}%

3.3. Spatial Coordinate Systems and Transformation Relationships

In order to model the operational process of a spaceborne SAR, determining the
motion state of both the satellite and ground target is a critical step. However, this task
can be challenging due to the intricacies involved in managing numerous coordinates
and conversions between various coordinate systems [2]. Therefore, precise and efficient
geometric modeling is essential.

The following eight coordinate systems are primarily involved in SAR geometric
modeling: Earth-centered rotating coordinate system (ECR) Eg, Earth-centered inertial
coordinate system (ECI) E,, orbital plane coordinate system Ey, satellite platform coordinate
system E;, satellite body coordinate system E, antenna coordinate system E,, satellite scene
coordinate system E., and ground coordinate system Eg¢ [2,27,28]. The specific definitions
of these coordinate systems can be found in Table 1.

The transformation between various coordinate systems is essential in spaceborne
SAR geometry modeling. The conversion of the space coordinate system mainly involves
coordinate system translation and rotation.

Coordinate system translation occurs when two coordinate systems have different
origins but have their coordinate axes pointing in the same direction. For example, given
a point in space [X, Y, Z}T, after a coordinate system translation with a pointing vector of
[x,y, Z]T, the new coordinate of the point in the translated coordinate system becomes

[Xo, Yo, Zo]" = [X,Y,Z]" — [x,y,2]". (11)

Coordinate system rotation is the transformation of a coordinate system with the same
origin through a rotation matrix R. Similarly, suppose the coordinate of a point in space is

(XY, Z]T, and it is rotated counterclockwise by angles of ay, ay, and &, around the x-axis,
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y-axis, and z-axis, respectively. The coordinates of the points in the new coordinate system
are, respectively,

Xo X 1 0 0 71[x

Yo| =Rx(ax)|Y| = |0 cosay sinay||Y], (12)
| Zo | | Z | |0 —sinay cosay| |Z]
[ Xo] [X] [cosay, 0 —sinay,| [X]

Yo| =Ry(ay)|Y|=| 0 1 0 Y|, (13)
| Zo | 4 |sinay, 0 cosway | |Z]

X (X [ cosa, sina, 0] [X

Yo| =Rz(az) | Y| = |—sina; cosa; Of [Y]. (14)

Z 7] 0 0 1|z

If the rotation is clockwise around the coordinate axis, the inverse of the rotation
matrix can be used. Since the rotation matrix is an orthogonal matrix, its inverse matrix is
equal to its transpose matrix.

Table 1. Definition of space coordinate systems of spaceborne SAR.

Coordinate Origin x-Axis y-Axis z-Axis
Eg Earth’s center of mass Prime meridian Form right-handed system Same angular momentum
as the Earth
, . . Same angular momentum
Eo Earth’s center of mass Vernal equinox Form right-handed system as the Earth
, . . Same angular momentum
Ey Earth’s center of mass Perigee Form right-handed system as the Farth
E; Satellite’s center of mass Direction Of. satellite Form right-handed system Same angular momentum
velocity as the Earth
Ee In zero attitude, the same as the E;.
Phase center of the . Direction of the antenna Form a right-handed
Ea Same as the x-axis of Ee .
antenna beam coordinate
E. Scene center Form a rlght-handed Flight direction Normal vector points
coordinate towards the sky
E; Scene center East North Normal vector points
towards the sky

The above eight coordinate systems in Table 1 can be interconverted through rotation
and translation. Figure 4 shows the transformation relationships and transformation
matrices between the coordinate systems. Note that the translation transformation is
not included in the transformation matrix. The transformation from the orbital plane
coordinate system to the satellite platform coordinate system requires translation along the
satellite position vector, while the transformation from the satellite body coordinate system
to the antenna coordinate system requires translation along the antenna position vector.
Additionally, the transformation from the ground coordinate system to the ECR coordinate

system requires translation along the scene center position vector [2,27,28].

A

c
At g Ag

A, A,
E . v Erl er E ae

v €
Avr Are Aea

Figure 4. Transformation relationships and transformation matrix of spatial coordinate systems.

The rotation matrix for transforming from the ECI coordinate system E, to the ECR

coordinate system Eg is

Ago = RZ(Hg)f

(15)
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which involves a counterclockwise rotation around the z-axis by a Greenwich Mean Sidereal
Time angle Hy = w,(t — tg), where e is the angular velocity of the Earth’s rotation and ¢ is
any reference time.

Similarly, the rotation matrix for converting from the ECI coordinate system E, to the
orbital plane coordinate system is given by

Ayo = Rz(w)Rx(i)Rz(Q)r (16)

where i is the inclination, () is the RAAN, and w is the argument of perigee.
To transform the orbital plane coordinate system Ey to the satellite platform coordinate
system E;, the rotation matrix is defined as

A =Ry (t/2—f—1), (17)

where 7 is the track angle, which is the angle between the position vector and the orbit
normal vector.

The rotation matrix for converting from the satellite platform coordinate system E; to
the satellite body coordinate system E, is defined as

Aer = Ry (Gp)Rz (Gy)Rx(Gr)/ (18)

where 0;, 0, and 6, are the satellite’s pitch angle, roll angle, and yaw angle, respectively.
The rotation matrix for transforming from the satellite body coordinate system E. to
the antenna coordinate system E, is defined as

Aze = Ry(es), (19)

where ¢; is the antenna’s off-nadir angle, with a positive value indicating left viewing and
a negative value indicating right viewing.

To convert from the satellite scene coordinate system E. to the ground coordinate
system Eg, the rotation matrix is defined as

Afe = Rz(lps)/ (20)

where 1p; represents the satellite heading angle, defined as the angle between the satellite’s
flight direction and the North Pole, with the clockwise direction as positive.

Finally, the rotation matrix for converting from the ground coordinate system E¢ to
the ECR coordinate system Eg is defined as

Agf = Ry (71/2+ 0100)Rx(7/2 = O1a1), @)

where 6;,, and 60),; are the geodetic longitude and latitude of the ground scene center,
respectively.

These rotation matrices play a significant role in SAR geometric modeling for gen-
erating high-quality SAR raw data. Moreover, in the analysis and parameter solving of
the spaceborne SAR geometry model, it is vital to select appropriate coordinate systems
according to various scenes, which can effectively reduce the complexity of the analysis.

3.4. Solution of the State Vector of Space-Earth Motion

To simulate the SAR raw data and solve the imaging parameters of the spaceborne
SAR, the motion state vector of the satellite and the target on the Earth during the synthetic
aperture time must be used.

The solution for the satellite’s motion vector is more conveniently obtained in the orbital
plane coordinate system E,. The true anomaly f and the orbital radius Rs, both varying with
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time, can be calculated by Equation (5) and Equation (7), respectively. Then, the position
vector Rys and velocity vector Vys of the satellite in Ey are obtained as follows [2,28]:

Rys = Rg[cos f,sin f,0]" (22)

Vys = \/E[— sin f, e + cos f,0]" (23)

When a satellite travels along an elliptical orbit, the beam of SAR scans over a larger
area on the Earth, known as the beam’s footprint. The beam intersects the ellipsoidal
surface of the Earth at a set of points, with each point being referred to as an “aiming
point” of the beam. In SAR imaging, the imaging swath’s center is determined by the
aiming points, which represent the intersection between the SAR beam’s centerline and the
Earth’s surface.

Assuming that the aiming point of the beam in the antenna coordinate system E,
has coordinates [0, y,, O}T, where y, is the distance from the satellite to the aiming point,
which is the parameter to be solved. Through the utilization of the two-body elliptical orbit
model and coordinate system transformation, the coordinates of the aiming point can be
converted into the ECR coordinate system Eg. Thereafter, by substituting the coordinates
of the aiming point within the Eg into the smooth ellipsoidal Earth model, an analytical
value can be determined [2,13]. Let the position vector of the antenna phase center in the
satellite body coordinate system Ee be Reg; then, the position vector of the aiming point in
the antenna coordinate system [13] is

Rga = AgoAov (AvrAre(Acal0,y0,0]" + Rea) + Rys ). 24)

By solving Equation (10) with the obtained position vector Rga, the value of y, should
be the minimum of the two solutions. If the solution is a complex number, it indicates that
the centerline of the beam has deviated from the Earth.

The motion vector of the target on the Earth is more convenient to solve in the ECR
coordinate system Eg. In SAR raw data simulation, the position of the target point is
generally represented in the satellite scene coordinate system E., whose origin is the scene
center. To simulate the SAR imaging process and generate realistic raw data, it is necessary
to determine the position of the scene center.

Typically, SAR systems will consider the aiming point of the beam at the imaging center
time as the scene center, which is also the center of the imaging swath. This point serves as
the reference point for the scene coordinate system. After obtaining the coordinates of the
center in the ECR coordinate system by Equation (24), the coordinates of other targets in
the scene can be transformed into Eg using the transformation matrices A¢. and Ags. The
transformation relationship is

Rgt = AgfAgcRet + Rgao, (25)

where Rt is the position vector of other targets in the satellite scene coordinate system and
Rga is the position vector of the beam’s aiming point in the ECR coordinate system at the
imaging center time.

In the ECR coordinate system Eg, the position vector of all targets on the ground
remains unchanged and their velocity vector is Vgt = 0.

4. Spaceborne SAR Raw Data Simulation

Spaceborne SAR systems can operate in different modes, including stripmap mode,
spotlight mode, sliding spotlight mode, scanning mode, etc. The main difference among
these modes is the variation in beam control, while the echo models are fundamentally
similar. This paper mainly focuses on the stripmap mode to introduce raw data simulation.
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4.1. Accurate Range Model with “Nonstop-and-Go” Configuration

The “stop-and-go” assumption is the foundation of the SAR signal theoretical model,
which assumes that the radar platform remains stationary during the transmission and
reception of the backscattered echoes. Consequently, the echo delay is simplified as twice
the slant range at the time of signal transmission. However, this assumption neglects
the motion of the radar platform during signal transmission, propagation, and reception,
resulting in two types of errors: one related to the slant range caused by the motion of the
radar platform during transmission and reception, and the other relating to the slant range
caused by the motion of the radar platform during signal transmission [7,29].

The first type of error can generally be ignored in SAR systems. For the second type of
error, it can be ignored in airborne SAR and low-resolution spaceborne SAR; however, for
high-resolution spaceborne SAR, medium-to-high orbit SAR, and geosynchronous orbit
SAR, the error will seriously affect the focusing effect [30].

Therefore, in spaceborne SAR raw data simulation, it is necessary to establish a real
motion model with the configuration of “nonstop-and-go” according to the geometric
relationship between the satellite and the target, and calculate the true slant range of each
scattering point. By choosing to analyze in the ECR coordinate system, the calculation
complexity can be simplified. In this coordinate system, only the satellite is in motion,
while the target is relatively stationary.

With the configuration of “nonstop-and-go”, the spatial geometry between the satellite
and the target can be shown as in Figure 5. The radar travels along the orbit at a velocity
of Vg, constantly emitting electromagnetic waves and receiving echoes from the target.
Assuming that the radar emits electromagnetic waves at time #;, the distance between
the target and the radar at this moment is R;. When the electromagnetic wave reaches
the target and reflects back to be received by the radar, the radar has moved to time 7#,,,
corresponding to a distance of R,,. In the configuration of “nonstop-and-go”, R; and R,
are different.

. \Y% n Ty
Orbital '8 % n,

——e—e—.
_—— ——e.
.

Prime
meridian

Figure 5. The spatial geometry between the satellite and the target in the ECR coordinate system.

The actual slant range of the echo signal consists of two parts: the transmission range
and the reception range. At a certain azimuth moment, the radar first sends a pulse signal to
the target and the transmission range can be obtained by calculating the distance between
the satellite and the target at this time. Then, while the radar platform is moving, it waits
for the echo signal reflected by the target. However, the reception time cannot be directly
solved because of the relative motion between the two. This means that the position of the
satellite cannot be obtained and, therefore, the reception range cannot be determined. Since
there is no analytic solution for the echo delay calculation, an iterative method is needed to
solve it [31]. The process of the iterative solution is as follows:

1.  Ata certain azimuth moment 7;, the radar transmits a pulse signal towards the target
and calculates the position of the satellite and the transmission range R¢;
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2. By iterating to solve the azimuth moment of receiving the echo signal from the target
1y, let n = 0, and set its initial value to #,, = 1; +2R:/c;

3. After niterations, calculate the position of the satellite when the echo signal is received
at the azimuth time 7,,. Then, calculate the reception range R;, of the echo signal at
this time;

4.  Calculate the iteration error A = (R + Ry,) — (1, — ¢ )c. If it is less than the preset
accuracy, the iteration is completed, and the final reception range of the target echo
signal is Ry,. Otherwise, setn = n+1, #1,,,, = #r, + [(Re + Ry,.) /¢ — (41, — 11t)],
and continue to iterate in step 3 until the required accuracy is met. Generally, the
error tolerance can be set to one-quarter of the wavelength to meet the precision
requirements.

The slant range obtained by iterative solution has high accuracy and eliminates the
slant range error caused by the traditional “stop-and-go” assumption. It can be used for
modeling the distance of any spaceborne SAR at any orbit altitude.

4.2. Determination of Beam Illumination Area

The positions of target objects in simulated terrain scenes are located in the satellite
scene coordinate system, with the scene center as the origin. During SAR raw data sim-
ulation, the scene plane coordinate system is assumed to align with the local horizontal
plane of the ground point where the scene center is located. As the satellite moves, the SAR
beam scans the ground and only those scattering units within the beam illumination area
are considered. The schematic diagram of the target scene area illuminated by spaceborne
SAR is shown in Figure 6.
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o
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Figure 6. The target scene illuminated by the beam of spaceborne SAR.

As the radar beam moves, the scattering units of a scene reflect radar echoes that
undergo continuous changes. Therefore, it is important to determine whether each target
point within the scene falls within the beam illumination area at each moment in azimuth.
When the length of the antenna in both the azimuth and elevation directions are equal, the
angle formed between the target and the radar line-of-sight vector can be compared with
the beam width during each azimuth moment to determine whether a particular target
falls within the beam illumination range [9].

However, in practical applications of SAR, such as strip mode, the shorter the length of
the elevation antenna, the wider the beam illumination area, and the shorter the length of
the azimuth antenna, the higher the azimuth resolution. Furthermore, due to constraints on
the antenna’s minimum area, weight, and volume, the azimuth dimension of spaceborne
SAR antennas is generally larger than that of the elevation dimension. Therefore, the above
judgment method may not be applicable.
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This paper proposes an effective method for judging the elliptical beam illumination
area when the widths of the antenna’s azimuth and elevation beams differ. The specific
steps are as follows:

First, the target’s position vector in the antenna coordinate system is calculated for
each azimuth moment using

(%at, Yat, Zat)T = AerAry (AvvogRgt - Rvs) — AzeRea, (26)

where Rg; represents the target’s position vector in the Eg. Equation (26) mainly completes
the transformation of the target position vector from the ECR coordinate system Eg to the
antenna coordinate system E,. More detailed information on coordinate transformation
can be found in Section 3.3. Since the y-axis of the antenna coordinate system coincides
with the centerline of the beam, its coordinate value y,; represents the distance from the
target to the center of the antenna.

Then, the projection of the 3 dB beamwidth [26] of the radar on the azimuth and
elevation directions is calculated separately for the corresponding distance v/

L, = 0.886 A,/ Dy, (27)

L, = 0.886 A yat/ Dy, (28)

where D, and D, correspond to the lengths of the antenna’s azimuth and elevation direc-
tions, respectively, and L, and L, correspond to the widths of the beam coverage area in the
azimuth and elevation directions, respectively, which correspond to the major and minor
axes of elliptical beam cross section.

Finally, whether the target will reflect echo signals at the current azimuth moment is
determined by judging whether the target is within the elliptical beam region determined
by L, and L,. The judgment criteria are as follows:

(2xa1/La)* + (2zar/L)* < 1 (29)

With this method, the elliptical beam illumination range can be determined accurately
even when the antenna’s azimuth and elevation widths differ.

4.3. Raw Data Simulation Based on Time-Domain Method

Time-domain raw data simulation is considered the most classical and precise method
for generating SAR raw data. The process involves the transmission of LFM pulse signals
during the motion of the radar platform, followed by the reception of echoes from targets
located within the beam illumination area. The raw echo data are obtained through
recursive coherent summing [13]. In this paper, we present the specific steps for conducting
time-domain raw data simulation:

1. Initialize the system parameters, including satellite orbit and attitude parameters,
Earth model parameters, SAR working parameters, simulation scene parameters,
coordinate transformation matrices, etc.

2. Calculate the position coordinates of the scene center in the ECR coordinate sys-
tem based on the space geometry model of the spaceborne SAR and calculate the
coordinates of other targets in the scene based on the scene coordinate transformation.

3.  Compute the orbital parameters, coordinate transformation matrices, and satellite
position at a certain azimuth moment.

4.  Transform the coordinates of each target in the scene to the antenna coordinate system
and judge whether they are within the beam illumination area according to the theory
introduced in Section 4.2.

5. Compute the transmission distance and reception range for each target within the
beam illumination area, sum them up as the propagation distance of the signal, and
calculate the target’s echo signal.
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6.  Coherently accumulate the echoes of all targets at this azimuth moment, calculate the
next azimuth moment, and continue until all azimuth moments have been traversed.

7. Finally, simulated echo data of the targets are obtained; details of the echo simulation
flow are illustrated in the Figure 7.

In general, this method of raw data simulation provides high-precision spaceborne
SAR data that can be used for a variety of working modes and even for SAR at a higher
orbit altitude.

Parameters initialization

s the target within the beam
illumination area?

A 4

Calculate the position of scene
center in the ECR

A 4

Calculate the reception range R,

Calculate the positions of targets

in the ECR i
Calculate the echo signal and coherent
@ v accumulation

Select a certain azimuth time

\ 4 Traverse all targets?

Update parameters

A 4

Calculate the transmission range R,

Select a certain target — SAR raw data

Y

Figure 7. Flowchart of SAR raw data simulation. (@ represents the execution node position corre-
sponding to the program’s conditional branch, and ®) is the same).

5. Simulation Results and Analysis

In this section, the raw data of SAR in strip mode based on a low earth orbit (LEO)
satellite are generated and analyzed through focusing imaging. Firstly, the key parameter
analysis results of satellite spatial geometry modeling based on the two-body orbit model
are presented. Then, point target scene simulation analysis is carried out by setting system
simulation input parameters as shown in Table 2.

Table 2. Input parameters of spaceborne SAR echo data simulation.

Item Parameters Value Unit
Semimajor axis 7071.004 km
Inclination 97 deg
. . Eccentricity 0.0011
Satellite orbit Longitude ascending node 0 deg
Argument of perigee 0 deg
Center time location Ts/8 S

Earth Earth Model WGS-84
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Table 2. Cont.

Item Parameters Value Unit
Antenna’s azimuth diameter 10 m
Radar Antenna’s elevation diameter 2 m
Looking angle (right-looking) —45 deg
Azimuth angle 0 deg
Carrier frequency 9.6 GHz
Pulse duration 40 us
Waveform Chirp bandwidth 50 MHz
Sampling frequency 60 MHz
Pulse repetition frequency 2000 Hz

5.1. Simulation of Satellite Key Parameters

According to the two-body orbit model introduced in Section 3.1, the satellite’s motion
trajectory for one orbit period was simulated first. The satellite’s motion trajectory in the
ECI coordinate system is shown in Figure 8a, where the red curve represents the satellite’s
motion trajectory, the black line represents the direction of the vernal equinox, and the
green plane represents the equatorial plane. It can be seen that due to the small eccentricity
of the elliptical orbit, the orbit is approximately circular. As shown in Figure 8b, the shape
of the nadir track is influenced by various factors, including satellite orbit height, orbit
inclination, and the Earth’s rotation. The discontinuities presented in the figure are caused
by the Earth’s rotation. While the satellite is moving, the Earth is also rotating around its
axis and the interaction between these two movements affects the shape of the nadir track,
resulting in the discontinuities observed in the middle part of the figure.
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Figure 8. (a) Satellite motion trajectory in the ECI coordinate system. (b) Nadir track of the satellite.

For the spaceborne SAR, the geometric relationship is more complex than that of
the airborne SAR since both the orbit and the Earth’s surface are curved, and the Earth
rotates independently of the satellite’s orbit. The platform velocity V; of the satellite and
the ground forward speed V; of the beam coverage area differ significantly and vary with
the orbit position. The variations of V; and V, with true anomaly angle f within one
orbit period are shown in Figure 9a and Figure 9b, respectively. It can be seen that both
velocities change differently at different positions within the orbit, which means that they
are range-variant in the azimuth direction.

In the case of the airborne SAR, because the platform velocity and the ground speed
along the beam coverage area are consistent, and the flight path can be equivalent to a
straight line, the range equation in the SAR model is a hyperbolic model. However, for
the spaceborne SAR, due to the difference in spatial geometry, it is generally necessary to
assume that the orbit is locally linear and the Earth is locally flat without rotation to make
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the range equation equivalent to the hyperbolic model. To achieve this, the effective radar
velocity V, and the effective squint angle 8,. at the scene center moment are introduced.
We provide an investigation of the variations of V; and 6,, with the true anomaly within

one orbit, which are presented in Figure 10a and Figure 10b, respectively.
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Figure 9. (a) Platform velocity Vs of the satellite. (b) Ground forward velocity Vg of the beam

coverage area.
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Figure 10. (a) Effective radar velocity V;. (b) Effective squint angle 6.

The effective radar velocity and the effective squint angle are analyzed based on the
accurate geometric model of the spaceborne SAR and obtained by solving the Doppler
parameters. It can be seen that even in the case of broadside, the squint angle of the
spaceborne SAR is not zero due to the Earth’s curvature and rotation. The maximum
squint angle occurs near the equator while the minimum occurs at the poles. It is evident
that simulating raw data for spaceborne SAR is more complex than for airborne SAR.
Establishing an accurate space geometry model for spaceborne SAR is crucial to develop
an accurate range model.

5.2. Simulation of Slant Range with “Nonstop-and-Go” Configuration

Simulating spaceborne SAR presents a challenge due to the significant signal prop-
agation time and high satellite speed. Therefore, we perform simulations using both
“stop-and-go” assumption and “nonstop-and-go” configuration with the geometric model
and iterative solution method introduced in Section 4.1.

The distance that the satellite platform moves during signal transmission, propagation,
and reception is shown in Figure 11a. It can be seen that if we adopt the “stop-and-
go” assumption and assume that the position of the radar platform during the signal
transmission, propagation, and reception is stationary, a position deviation of more than
50 meters will occur. The slant range errors with both “stop-and-go” assumption and
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“nonstop-and-go” configuration are shown in Figure 11b. The results highlight that the slant
range error produced by the “stop-and-go” assumption exceeds one-quarter of the signal
wavelength, leading to considerable errors in the raw data simulation of spaceborne SAR.
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Figure 11. (a) The distance that the satellite platform moves during signal transmission, propaga-
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tion, and reception. (b) Slant range errors with “stop-and-go” assumption and “nonstop-and-go”
configuration.

The findings emphasize the vital role of considering the motion of the satellite during
signal transmission when conducting simulations for spaceborne SAR. Establishing a pre-
cise space geometry model is crucial in developing an accurate range model for simulating
raw data in spaceborne SAR. These insights are essential for researchers working towards
developing reliable SAR models, highlighting the need to account for the effects of satellite
motion in simulations.

5.3. Raw Data Simulation and Imaging Analysis

In this subsection, the time-domain raw data simulation method is used to simulate
and generate point target raw data, which are then focused on and analyzed. The position
distribution of the point targets in the scene is given in the satellite scene coordinate system,
as shown in Figure 12. There were 25 targets in total, and target 13 was located at the center
of the scene. The vertical and horizontal intervals between each target were both 3 km.
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Figure 12. Target distribution in the satellite scene coordinate system.

Figure 13a and Figure 13b, respectively, show the amplitude values of the two-dimensional
time-domain and frequency-domain of the acquired raw data from the simulated point target
scene. These figures were obtained by setting parameters according to Table 2.
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Figure 13. Simulated radar signal (raw) data with 25 targets in Figure 12. (a) Two-dimensional
time-domain magnitude of the raw data and (b) two-dimensional frequency-domain magnitude of
the raw data.

In Figure 13a, it can be seen that the targets at the edge of the scene have shorter
azimuth echo durations relative to the central target due to the antenna’s elliptical beam.
This is because the targets deviated from the beam center are illuminated for a shorter time,
resulting in a shorter synthetic aperture length of the target. The simulation of a target
scene was performed with the assumption that all targets have identical reflectivity, and
factors such as propagation attenuation were not considered. Therefore, the amplitude
of the echo signal (yellow area) at each azimuthal moment for all targets is the same. In
Figure 13b, there are gaps (dark blue areas) in both the azimuth and range directions in
the two-dimensional frequency domain due to oversampling. The squint angle causes the
azimuth spectrum gap to be not in the middle and there is a frequency tilt.

The chirp scaling algorithm (CSA) [26,32] was employed to process the raw data,
which is an accurate imaging algorithm with high precision and can meet the imaging
requirements of SAR systems with large squint angle. CSA utilizes the LFM characteristics
of the transmitted signal for accurate range cell migration correction (RCMC), completely
avoiding interpolation operation. Imaging can be achieved through complex multiplication,
fast Fourier transform (FFT), and inverse FFT (IFFT). Furthermore, the CSA algorithm can
maintain good phase accuracy.

The contour images of typical targets 3, 5, 13, 15, 23, and 25 are shown in Figure 14.
Each target was sliced into a 32 x 32 image with peak value as the center and upsampled
by 8 times.

From Figure 14, it can be seen that each target had symmetrical sidelobes, indicating
that the targets were well focused and the sidelobe tilt was caused by non-zero squint angle.

With the same simulation parameters, we conducted a comparative study on the
imaging positions of selected targets under different models that simulate raw data of
the LEO SAR. Specifically, we compared the traditional hyperbolic range model, which
assumes constant-speed linear motion of the radar platform and is based on the “stop-and-
go” assumption (the simulation parameters for the equivalent radar velocity and equivalent
squint angle are selected at the azimuth center moment in Section 5.1), with a curved orbit
model, which considers the Earth’s elliptical shape and rotation, and with the accurate
range model with “nonstop-and-go” configuration presented in this paper. Table 3 provides
the imaging positions of selected targets under the above models.

From Table 3, it is evident that the imaging position of the target is more consistent
with the theoretical value for the traditional hyperbolic range model. However, the other
two models showed deviations from the range direction (except for the scene center)
and azimuth direction due to the inclusion of additional factors such as curved orbits,
the elliptical shape of the Earth, and the Earth’s rotation. These deviations often require
subsequent geocoding processing [1]. Because the synthetic aperture time is short and
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the imaging resolution is relatively low, the “stop-and-go” assumption-based model only
causes offset variation in the azimuth direction; there are seven sample points with azimuth
offset observed from Table 3.
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Figure 14. Contour images of point target imaging results focused by CSA. (a—f) Correspond to
targets 3, 13, 23, 5, 15, and 25, respectively.

Table 3. The imaging location of selected targets based on raw data generated from different models.

Target 3 Target 13 Target 23 Target 5 Target 15 Target 25

Traditional hyperbolic range model

Location (samples)

(range/azimuth)

2415/4374 4097 /4374 5778/4374 2415/6077 4097/6077 5778/6077

Curved orbit with “stop-and-go” assumption

Location (samples)

(range/azimuth)

2922 /4401 4709/4374 6496/4346 2956/6289 4743/6262 6530/6234

Proposed accurate range model

Location (samples)

(range/azimuth)

2915/4401 4702/4374 6489/4346 2949/6289 4736/6262 6523/6234

To more accurately measure the imaging quality of the raw data, the quality parameters
of the point targets were measured, including impulse response width (IRW), peak sidelobe
ratio (PSLR), and integrated sidelobe ratio (ISLR) [26]. Firstly, the point target imaging
result was rotated so that most of the sidelobes aligned with the horizontal or vertical axis;
then, the range and azimuth envelopes at the target peak were extracted separately; finally,
the three quality parameters were measured. No weighting processing was used in the
azimuth and range directions during imaging. Based on the processed raw data generated
by the three models presented in Table 3, the quality parameters of the selected target
points were measured and the results are shown in Table 4.

The IRW refers to the 3 dB main lobe width of the impulse response, which is also
known as the image resolution in SAR processing. The theoretical range resolution is
0.886¢/(2B;) = 2.66 m [26]. It can be observed from Table 4 that the results obtained
from all three models are generally consistent with the theoretical values. For the tradi-
tional hyperbolic model, the theoretical azimuth resolution is D, /2 = 5.00 m. However,
for the model based on elliptical orbit, the azimuth resolution should be calculated as
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(Da/2)Vg/Vs = 4.48 m [26]. Due to the antenna elliptical beam, the time for far targets
from the beam center to be illuminated is relatively shortened, resulting in a shorter syn-
thetic aperture length, thus reducing the azimuth resolution. Therefore, targets 5, 15, and
25 have lower azimuth resolutions than those of targets 3, 13, and 23.

Table 4. Measured parameters of the selected targets based on raw data generated from different models.

Target 3 Target 13 Target 23 Target 5 Target 15 Target 25

Traditional hyperbolic range model

PSLR (dB)
(range/azimuth)
ISLR (dB)
(range/azimuth)
IRW (m)
(range/azimuth)

—-13.19/-13.23 -13.18/-13.33 —13.19/-1324 —-13.18/-13.23 —13.16/—-13.31 —13.18/-13.23
-10.20/-10.39 -10.17/-1043 -10.20/-10.39 —-10.23/-10.38 —10.21/-10.42 —10.23/-10.38

2.67/5.01 2.67/4.97 2.67/5.01 2.66/ 4.99 2.66/4.95 2.66/4.99

Curved orbit with “stop-and-go” assumption

PSLR (dB)
(range/azimuth)
ISLR (dB)
(range/azimuth)
IRW (m)
(range/azimuth)

-13.20/-13.26 —13.20/-13.29 —-13.19/-1334 —13.20/-13.27 —13.17/-13.26 —13.08/—13.30
-10.23/-10.34 -10.18/-10.37 —-10.20/-10.38 —10.20/-10.46 —10.23 /-10.49 —10.19/-10.46

2.67/4.47 2.67/4.46 2.66/4.45 2.67/5.21 2.67/5.22 2.67/ 517

Proposed accurate range model

PSLR (dB)
(range/azimuth)
ISLR (dB)
(range/azimuth)
IRW (m)
(range/azimuth)

-13.21/-13.26 —-13.20/-1325 —-1325/-13.32 -13.19/-1326 —13.16/—-13.26 —13.09/—-13.29
-10.24/-10.33 -10.23/-10.37 -10.20/-10.37 —10.20/-10.45 —-10.20/-10.49 —10.19/-10.47

2.66/4.47 2.67/4.50 2.66/4.46 2.67/522 2.66/5.22 2.67/ 517

The PSLR determines the resolution of the SAR and the ISLR is related to the image
contrast. Since no windowing function was used during imaging, the PSLR and ISLR of the
sinc function were both ideal values, which were —13.26 dB and —10.16 dB, respectively.
Due to the relatively low resolution, CSA can be used to perform good focus processing. As
shown in Table 4, the measurement results of the three models for the targets are generally
close to the theoretical values, indicating that the point targets are well focused and the
precision of the raw data simulation.

The point target imaging quality parameters obtained from the raw data using our
proposed accurate model were compared with those obtained from two commonly used
models, namely, the hyperbolic range model and the “stop-and-go” assumption-based
model. The percentage errors for each parameter are presented in Figure 15a and Figure 15b,
where the subscripts ‘r” and ‘a” indicate range and azimuth parameters, respectively. It is
worth noting that the azimuth resolution of the traditional hyperbolic range model is not
compared in Figure 15a, as its formula is not applicable to spaceborne SAR. The results
demonstrate that our proposed method has an imaging error of less than 1% compared to
the other two ideal models, indicating its high accuracy. Moreover, our model performs
better in representing realistic spaceborne SAR scenarios than the other two models, thus
showing its superiority.

After analyzing the imaging processing of SAR raw data generated by three models,
we concluded that utilizing a precise slant range model based on the space geometry of
satellite-borne SAR, as implemented in this study, produces raw data that more closely
resembles real SAR data than the other two models. Without considering the effects of
atmospheric and ionospheric influences as well as perturbations caused by other celestial
bodies, our model remains accurate and can serve as a reference benchmark for other meth-
ods. Currently limited to simulating strip mode with low resolution, future simulations
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using beam mode can be conducted to validate high-resolution and ultra-high-resolution

imaging algorithms.
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Figure 15. The percentage error of point target quality parameters. (a) Comparison between our
model and the hyperbolic range model. (b) Comparison between our model and the “stop-and-
go” assumption-based model. (The different colors in the figure represent grouping of different
parameters).

6. Conclusions

After identifying the many approximation problems in the existing simulation of raw
data for spaceborne SAR, this paper has successfully proposed a more accurate method
for simulating raw data. By analyzing the motion state vectors of the satellite and ground
targets, we were able to model the space geometry of spaceborne SAR. Based on the two-
body orbit model and the Earth ellipsoid model, we established a precise slant range model
with a “nonstop-and-go” configuration and determined the target illumination area under
the elliptical beam through spatial coordinate transformation. The raw data of the LEO
SAR with strip mode were accurately simulated using the time-domain simulation method,
and the data were imaged processed using the CSA. To evaluate the accuracy of the SAR
raw data simulation method using our proposed accurate range model, we compared its
imaging results with raw data generated by the hyperbolic range model and the curved
orbit model based on the “stop-and-go” assumption. By analyzing the point target quality
parameters, we found that the errors in our range model were within 1% when compared
with the other two ideal models. Our proposed model demonstrated higher effectiveness
in simulating SAR raw data, yielding simulated data that more closely approximates real
SAR data than the other models. Furthermore, this method can be used to simulate raw
data with other modes of SAR by using antenna beam control. It is also universal for
spaceborne SAR raw data simulation at higher orbits. However, it is important to note that
the influence of atmospheric transmission delay and dispersion caused by the ionosphere
on the echo signals must be considered in future work. Additionally, as the number of
targets in the simulation scene increases, improving the simulation speed while ensuring
accuracy will be a challenging problem. Overall, this paper has significantly improved the
accuracy of raw data simulation for spaceborne SAR and provides a valuable contribution
to the development of remote sensing technology.
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Abbreviations

The following abbreviations are used in this manuscript:

CSA chirp scaling algorithm

ECI ECI (coordinate system)

ECR ECR (coordinate system)

FFT fast Fourier transform

M frequency modulation

IFFT inverse FFT

IRW impulse response width (resolution)
ISLR integrated sidelobe ratio

LEO low earth orbit

LFEM linear frequency modulation

PRF pulse repetition frequency

PSLR peak sidelobe ratio (ratio to main lobe)

RAAN  right ascension of the ascending node
RCMC  range cell migration correction

SAR synthetic aperture radar
WGS-84  World Geodetic System defined in 1984
WSS wrapped staring spotlight
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