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Abstract: The stripmap mode is a basic and important mode for spaceborne synthetic aperture
radars (SARs). Estimating the time-varying area observed by spaceborne SARs operating in stripmap
mode is a practical but challenging field of research. In this article, we propose a novel method that
parameterizes the time-varying area observed by the spaceborne SAR operating in the boresight
stripmap mode into a fixed antenna attitude. Based on the principle of minimizing the dihedral
angle between the plane containing the ideal estimated scatterers and the plane containing the actual
parabolic antenna edge of a spaceborne SAR, an objective function is established for estimating the
area observed by a spaceborne SAR operating in the boresight stripmap mode. Then, simulation
experiments are designed to validate the feasibility and the robustness of the proposed method. The
experimental simulation results show that the proposed method is feasible, and even under low
signal-to-noise ratio (SNR) conditions of 10 dB, the proposed method still has good robustness.

Keywords: stripmap SAR; observation area estimation; inverse synthetic aperture radar (ISAR)
imaging projection matrix; ISAR image sequence; attitude estimation

1. Introduction

A spaceborne SAR is an important space payload equipped with microwave sensors
for Earth observation and that has the advantages of wide observation coverage and the
ability to operate under all-day and all-weather conditions. Therefore, it is widely used
in strategic target surveillance, mapping, environmental monitoring, disaster monitoring,
and resource explorations [1]. In order to meet the needs of different application scenarios,
spaceborne SARs are usually configured in three basic operation modes: stripmap mode,
scan mode, and spotlight mode [2]. Among them, the stripmap mode is the most funda-
mental and popular operation mode [1,2]. In this mode, the antenna of the spaceborne
SAR points to a fixed direction with respect to the satellite body, the observation area
illuminated by the antenna beam is a strip, and the images acquired by the spaceborne
SAR are continuous, with the image resolution between the scan mode and the spotlight
mode. Therefore, it is of great research significance to estimate the area observed by space-
borne SARs operating in stripmap mode, which is conducive to predicting the observation
and detection intention and can provide prerequisite information for active defense and
decision making.

As an important piece of space surveillance equipment, inverse synthetic aperture
radars (ISARs) can obtain 2D and 3D images of space targets through ISAR imaging tech-
niques. An ISAR can be used for the identification, classification, and attitude estimation of
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space targets [3]. Therefore, ISARs can be used to obtain image sequences of spaceborne
SARs to estimate the area observed by spaceborne SARs operating in stripmap mode.

Since the area observed by the spaceborne SAR operating in stripmap mode is time-
varying, in practice, it is difficult to establish a mathematical model to directly estimate it.
Considering the characteristics of spaceborne SARs operating in stripmap mode, the time-
varying observation area can be parameterized into the fixed attitude of the spaceborne
SAR antenna. Therefore, the corresponding relation between the area observed by the
spaceborne SAR operating in the stripmap mode and the fixed attitude of the spaceborne
SAR’s antenna can be established. Then, by estimating the fixed attitude of the spaceborne
SAR’s antenna, the area observed by the spaceborne SAR in the stripmap mode can
be estimated.

Reviewing the relevant literature on the attitude estimation of space targets based
on ISAR imaging technologies, the existing research methods can be generally sorted into
the three following categories: (1) Three-dimensional structure reconstruction methods.
A ground-based radar performs ISAR imaging for space targets from multiple perspectives;
then, the relation between the observation geometry and the 3D structure of the space target
is established, and the expression of the 3D structure of the space target is derived, thereby
estimating the attitude of the space target. Drawing inspiration from the Structure From
Motion (SFM) methods in the computer vision field [4,5], the radar observation matrix of
space target scatterers can be decomposed using the Singular Value Decomposition (SVD)
algorithm. Then, the structure matrix and measurement matrix are obtained to estimate
the shape and position information of the space target in 3D space [6–8]. Interferometric
Synthetic Aperture Radar (InSAR) imaging technology can be used to acquire instantaneous
3D point cloud models of space targets [9,10]. Subsequently, the space target’s attitude can
be extracted by analyzing the 3D point cloud. However, the angular scattering phenomenon,
which exists when scatterers on the space target are observed from multiple perspectives,
affects the performance of the SVD algorithm. In addition, the phase ambiguity and
interferometric baseline configuration issues are great challenges for interferometric ISAR
imaging. The above problems cause the reconstructed 3D structure of the space target to be
less stable, thereby affecting the accuracy of the space target attitude estimation. (2) Space
target special structural feature extraction methods. In recent years, many scholars have
proposed a large number of space target attitude estimation methods based on the special
structural features of the space target body or components. The linear structural features of
space target components are used in [11–13], the rectangular structure features of the space
targets are used in [14,15], and the cuboid or cylindrical structural features of space targets
are used in [16]. This type of algorithm utilizes the special structural feature constraints of
the space targets to establish the estimation objective function, and achieves good estimation
performance under the condition of a high signal-to-noise ratio (SNR). However, these
algorithms usually require high-quality ISAR images when extracting special structural
features; that is, the SNR must be high enough. In addition, the projection of linear structure
and rectangular structure under certain observational perspectives may be a point and a
line, which leads to failure in structural feature extraction and further affects the attitude
estimation of space target. (3) Machine learning methods. With the development of artificial
intelligence technology, some scholars have applied artificial intelligence algorithms to the
attitude estimation of space targets and achieved some research results [17,18]. However,
it is difficult to establish a perfect electromagnetic simulation model for non-cooperative
space targets, so it is hard to obtain the massive set of training samples required by machine
learning algorithms, which leads to difficulties in obtaining good estimation performance
and limits the wide application of artificial intelligence technology in the field of space
target attitude estimation.

There is almost no relevant research in the existing literature that directly estimates
the time-varying area observed by spaceborne SARs operating in stripmap mode. In this
article, we parameterize the time-varying area observed by a spaceborne SAR operating in
stripmap mode into a fixed attitude of the spaceborne SAR’s antenna. Then, we construct
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an objective function by applying the principle of minimizing the dihedral angle between
the plane containing the estimated scatterers of the parabolic antenna edge and the plane
containing the actual parabolic antenna edge of the spaceborne SAR to estimate the fixed
attitude of the spaceborne SAR’s antenna. Therefore, we can estimate the area observed by
the spaceborne SAR in stripmap mode by estimating the fixed attitude of the spaceborne
SAR antenna. The innovations of this article are as follows:

(1) One-to-one correspondence is established between the time-varying area observed by
the spaceborne SAR operating in boresight stripmap mode and the look angle of the
spaceborne SAR’s antenna, which provides a new approach to estimating the time-
varying area observed by spaceborne SARs operating in boresight stripmap mode.

(2) According to the ISAR imaging model for spaceborne SAR, a concise expression of
the ISAR projection matrix is obtained via matrix derivation.

(3) The proposed algorithm has no special constraints on the antenna structure of the
spaceborne SAR, and is only based on the coplanarity of the scatterers on the parabolic
antenna edge or the panel antenna of the spaceborne SAR. In addition, an objective
function to estimate the look angle of the spaceborne SAR operating in boresight
stripmap mode is established, according to the principle of minimizing the dihedral
angle between the plane containing the ideal estimated scatterers and the plane
containing the actual parabolic antenna edge.

(4) Based on the coplanarity of the scatterers on the parabolic antenna edge of a space-
borne SAR, it is easy to obtain an accurate normal vector of the antenna edge da-
tum plane. In addition, using the dihedral angle to construct the objective func-
tion, the characteristic is obvious, the performance is stable, and the algorithm has
good robustness.

The rest of this article is organized as follows. In Section 2, the characteristics of the
spaceborne SAR operating in stripmap mode are analyzed, the model of the area observed
by the spaceborne SAR operating in boresight stripmap mode is established, and the time-
varying observation area is parameterized into a fixed look angle of the spaceborne SAR’s
antenna. In Section 3, an ISAR imaging model for spaceborne SAR is established and an
objective function to estimate the look angle of the spaceborne SAR operating in boresight
stripmap mode is constructed. In Section 4, simulation experiments are designed to validate
the feasibility and robustness of the proposed algorithm. In Section 5, some conclusions
are drawn.

2. Geometry of Stripmap SAR Observation

In this section, the characteristics of the spaceborne SAR operating in stripmap mode
are introduced, and the observation area is modeled.

2.1. Characteristics of Stripmap SAR

The most conventional imaging geometry of a spaceborne SAR operating in stripmap
mode is referred to as boresight, with the antenna beam point being perpendicular to the
flight path [2], as shown in Figure 1. The antenna beam illuminates the Earth with a fixed
look angle and remains unchanged relative to the satellite body. In addition, a spaceborne
SAR is usually equipped with an electrically scanned or mechanically scanned antenna.
When the electrically scanned antenna beam is squinted, it causes beam broadening, grating
lobe effects, and quantization effects, which lead to a decrease in imaging performance.
The mechanically scanned antenna beam points in the same direction as the normal direc-
tion of the antenna, which avoids the beam broadening effect and the grating effect [19].
In addition, most SAR processing algorithms set the ground target at the zero Doppler time;
that is, the antenna direction is perpendicular to the satellite flight path [20]. Therefore,
in this article, a spaceborne SAR operating in stripmap mode is modeled for observing the
Earth in boresight geometry; i.e., the antenna beam point is located within the zero Doppler
plane, as shown in Figure 1.
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Figure 1. Boresight imaging geometry of spaceborne SAR operating in stripmap mode.

2.2. Model of the Stripmap SAR Observation Area

As shown in Figure 2, the spaceborne SAR observes the Earth with a look angle of γ.
T1 is the intersection point of the normal line between the antenna and the ground, T11 and
T12 are the intersection points of the beam edge and the ground in the zero Doppler plane,
D is the real-time position of the spaceborne SAR, C is the sub-satellite point, and E is the
center of Earth. T1T′⊥DE is drawn through T1 and the vertical foot is T′. r and d are the
radius of the spherical circle with T′ as the center and passing through T1 and the distance
from T′ to the sphere’s center, respectively. h is the orbital height and Θ is the central angle
∠TED. Therefore, r and d are expressed as

d = cos
[

asin
(

re + h
re

sin γ

)
− γ

]
re (1)

and

r = sin
[

asin
(

re + h
re

sin γ

)
− γ

]
re. (2)

 

Figure 2. Observation geometry of spaceborne SAR operating in stripmap mode.

As shown in Figure 3, D is the real-time position of the spaceborne SAR and N is the
ascending node. T′T

′′
is drawn perpendicular to the equatorial plane through T′ and the

vertical foot is T
′′
. T
′′
F⊥EN is drawn through T

′′
and the vertical foot is F. ∠T

′′
FT′ is the

orbital inclination angle, which is denoted as i. T′, T1, and T2 are defined in Figure 2.
Therefore, T1 and T2 are the positions observed by the spaceborne SAR operating in
boresight stripmap mode with the look angle γ.
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Figure 3. Observation area of spaceborne SAR operating in stripmap mode.

Assume that the spaceborne SAR moves around the Earth from west to east. For conve-
nience, the geodetic coordinates of sub-satellite point C, that is, the longitude and latitude,
are denoted as (α0, β0). The geodetic coordinates of the area observed by the spaceborne
SAR operating in stripmap mode are denoted as (α, β). Since T1T2 ⊂ planeT′FT′′, the an-
gles of T′T2 and T′T1 with respect to the positive Z-axis direction are i and π− i, respectively.
Therefore, the following equation is obtained and expressed as

sin β = d sin β0 ± r cos i. (3)

Since the research scenario is located in the northern hemisphere, the latitude range
of the observation area is [0, π/2]. Therefore, the following equation is obtained and
expressed as

cos β =

√
1− (d sin β0 ± r cos i)2. (4)

Because of T1T2⊥T′E, the following equation is obtained and expressed as

cos(β0) cos(α0) cos(β) cos(α) + cos(β0) sin(α0) cos(β) sin(α) + sin(β0) sin(β) = d. (5)

For convenience, when the spaceborne SAR observes the left area of the flight path,
that is, the high latitude area, the geodetic coordinates of the observation area are denoted
as (αH , βH), and when the spaceborne SAR observes the right area of the flight path, that
is, the low latitude area, the geodetic coordinates of the observation area are denoted as
(αL, βL). In addition, the relative longitude from the sub-satellite point to the ascending
node is denoted as ∆Lng.

Substituting (3) and (4) into (5), when the spaceborne SAR observes the left area of the
flight path, the geodetic coordinates of the observation area are expressed as

αH = 2atan

 cos β0 sin α0

√
1− (d sin β0 + r cos i)2 ±

√
∆H

d cos2 β0 − r cos i sin β0 + cos β0 cos α0

√
1− (d sin β0 + r cos i)2


βH = asin(d sin β0+r cos i)

(6)

where ∆H = cos β2
0

[
1− (d sin β0 + r cos i)2

]
−
(
d cos2 β0 − r cos i sin β0

)2, and “±” means
that “−” is taken when ∆Lng 6 π/2, and “+” is taken when ∆Lng > π/2.
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When the spaceborne SAR observes the right area of the flight path, the geodetic
coordinates of the observation area are expressed as

αL = 2atan

 cos β0 sin α0

√
1− (d sin β0 − r cos i)2 ±

√
∆L

d cos2 β0 + r cos i sin β0 + cos β0 cos α0

√
1− (d sin β0 − r cos i)2


βL = asin(d sin β0 − r cos i)

(7)

where ∆L = cos β2
0

[
1− (d sin β0 − r cos i)2

]
−
(
d cos2 β0 + r cos i sin β0

)2, and “±” means
that “+” is taken when ∆Lng 6 π/2, and “−” is taken when ∆Lng > π/2.

Equations (6) and (7) are functions of the look angle γ of the antenna. A one-to-one
correspondence is established between the time-varying area observed by the spaceborne
SAR operating in the boresight stripmap mode and the look angle of the antenna. Therefore,
the area observed by the spaceborne SAR operating in stripmap mode can be estimated by
estimating the look angle of the antenna.

3. ISAR Imaging and Method for Estimating the Stripmap SAR Observation Area

In this section, first, the coordinate systems to describe the ISAR imaging model are
defined; then the ISAR imaging principles are derived and the ISAR imaging model for
spaceborne SAR is established. Finally, an objective function is constructed to estimate the
look angle of the spaceborne SAR antenna.

3.1. Coordinate Systems

In order to describe the model of the ground-based radar observing the spaceborne
SAR and the attitude of the space target, at least two reference coordinate systems must be
defined: the target body coordinate system and the spatial reference coordinate system [21].
In practice, some auxiliary coordinate systems are needed. In addition to the world geodetic
system (WGS), satellite body coordinates (SB), station coordinates (ENU), Earth-centered,
Earth-fixed coordinates (ECEF), and Earth-centered inertial coordinates (ECI) [22], the other
three coordinate systems are defined as follows:

(1) Component body coordinates (CB): O_XCBYCBZCB. The component coordinate system
and the satellite component are fixedly connected. When the satellite component
is not moving, the component body coordinates and the satellite body coordinates
coincide with each other. When the spaceborne SAR operating in boresight stripmap
mode observes the Earth, it is rotated around the Y-axis to obtain the satellite body
coordinates. This coordinate system is used to describe the satellite component
attitude relative to the satellite body.

(2) ISAR imaging coordinates system (IMG): O_XIMGYIMGZIMG. The origin O is the
centroid of the space target, the positive X-axis is the same as the radar line-of-sight,
the positive Z-axis is the same as the direction of the effective rotation vector of the
space target, and the Y-axis and the X- and Z-axes form a right-handed Cartesian
coordinate system. This coordinate system is used to describe the variations in the
scatterers on the space target relative to the ISAR imaging plane.

(3) Geocentric orbit reference coordinates (REF): E_XREFYREFZREF. The origin E is the
geocenter, the positive X-axis is the direction from the geocenter to the space target
centroid at the zenith when the ground-based radar observes the space target, the Y-
axis is in the orbital plane and perpendicular to the X-axis along the direction of
tangential velocity, and the Z-axis, X-axis, and Y-axis form a Cartesian right-handed
coordinate system. This coordinate system is used to describe the space target position.
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3.2. ISAR Imaging Principle and Model
3.2.1. ISAR Imaging Principle

The 2D ISAR image of the space target in range and Doppler dimension is essentially
the projection of the 3D scatterers of the space target on the ISAR imaging plane [23]. As
shown in Figure 4, rl is the radar line-of-sight, ζ is the angle between the space target
rotation vector ω and the radar line-of-sight direction, and rP is the position vector of the
scatterer P on the space target relative to the rotation center.

 

Figure 4. Illustration of the ISAR imaging projection principle.

The range value of scatterer P in the ISAR image is expressed as

xP = elrP (8)

where el = rl/|rl |.
The Doppler frequency shift caused by the rotation of the scatterer P is

fdP = −2ω× rP
λ

el = −
2el ×ωe f f

λ
rP (9)

where ωe f f = ω sin ζ = (rl × ṙl)/|rl |2 is the effective rotation vector of the space target.
The tangential velocity vc corresponding to the effective rotation vector is

vc =
rl × ṙl

|rl |2
× rl . (10)

From (9) and (10), the projection of the scatterer P in the direction of vc, that is,
the Doppler value of the ISAR image, is

yP = − λ fdP

2
∣∣∣ωe f f

∣∣∣ . (11)

After cross-range scaling, the Doppler value of scatterer P in the ISAR image is

yP = edrP (12)

where ed = vc/|vc|.
From (8) and (12), the 2D ISAR imaging projection matrix is expressed as

H =

[
el
ed

]
. (13)

3.2.2. ISAR Imaging Model for Spaceborne SAR

In this section, based on the defined coordinate systems and the principle of ISAR
imaging, and under the assumption of the two-body orbit model, the ISAR imaging model



Remote Sens. 2023, 15, 5484 8 of 21

for spaceborne SAR is established to derive the instantaneous ISAR imaging plane and the
ISAR imaging projection matrix.

For convenience, we made a convention for the positive rotation direction. When
rotating around a certain coordinate axis according to the right-hand rule, that is, with
counterclockwise rotation, it is noted as the positive direction; otherwise, it is the negative
direction. The coordinate transfer matrix is denoted as Rm(θ), where m = x, y, z is the
coordinate axis and θ is the rotation angle. The transfer matrix expressions are consistent
with [22].

As shown in Figure 5, S is the location of the radar station with geodetic coordinates(
RLat, RLng, RAlt

)
; D is the real-time position of the spaceborne SAR; D0 is the zenith when

the ground-based radar is observing the spaceborne SAR; J is the perigee; θG(t) is the
Greenwich hour angle; Ω is the right ascension of the ascending node; ω is the argument
of the perigee; f0 is the true anomaly at zero time, that is, the time when the ground-based
radar observes the spaceborne SAR passing the zenith; f = f0 + nst is true anomaly at time
t; and ns is the angular velocity of the spaceborne SAR.

 

Figure 5. Radar station and orbital elements of spaceborne SAR.

For convenience, assume that Earth is simplified as a standard sphere. Therefore,
the coordinates of the radar station in the Earth-centered, Earth-fixed coordinates are
expressed as

SECEF =

 (re + RAlt) cos RLat cos RLng
(re + RAlt) cos RLat sin RLng

(re + RAlt) sin RLat

. (14)

The transformation matrix from E_XECEFYECEFZECEF to E_XECIYECIZECI is expressed
as

M1(t) = Rz(−θG(t)). (15)

The transformation matrix from E_XECIYECIZECI to E_XREFYREFZREF is expressed as

M2 = Rz(u0)Rx(i)Rz(Ω). (16)

The transformation matrix and shift vector from E_XREFYREFZREF to O_XSBYSBZSB are
expressed as

M3(t) = Rz( f − f0) (17)

and
A(t) = [R(t), 0, 0]T (18)

where R(t) = a
(
1− e2)/(1 + e cos f ), a is semi-major axis, and e is the eccentricity. Since

a spaceborne SAR is generally a low-Earth satellite with a nearly circular orbit, R(t) is
approximately equal to a.
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In (14)–(18), the radar line-of-sight vector is expressed as

p(t) = A(t)−M3(t)M2M1(t)SECEF. (19)

In (10), the tangential velocity of radar line-of-sight vector is expressed as

vc(t) =
p(t)× ṗ(t)

|p(t)|2
× p(t). (20)

In (13), (19), and (20), the real-time 2D ISAR imaging projection matrix is expressed as

H(t) =
[

el(t)
ed(t)

]
(21)

where el(t) = p(t)/|p(t)| and ed(t) = vc(t)/|vc(t)|. Therefore, the location of the radar
station and the orbital elements of the spaceborne SAR determine the 2D ISAR imaging
plane, which describes the projection from the satellite body coordinate system to the ISAR
imaging coordinate system.

3.3. Method for Estimating the Stripmap SAR Observation Area

A spaceborne SAR is generally configured with a parabolic antenna or a panel phased
array antenna, both of which have very distinctive edges. Cross-polarization ISAR images
are very sensitive to the edges and corners of the target [24,25]. Therefore, based on the
above characteristics, the scatterers on the space target components with edge features are
easy to associate and extract from the ISAR image sequence. Without a loss of generality,
in this article, a spaceborne SAR with a parabolic antenna is used as a typical research
object, and its 3D model is shown in Figure 6. In addition, it is assumed that the main body
of the spaceborne SAR is three-axis-stabilized and Earth-oriented, which is a relatively
common satellite attitude control method [26,27].

Figure 6. Three-dimensional model of the spaceborne SAR.

As shown in Figure 7, for a spaceborne SAR operating in boresight stripmap mode,
the component coordinate system is rotated around the Y-axis by a Euler angle ϕ to obtain
the satellite body coordinate system. When the spaceborne SAR observes the left and right
sides of the flight path, the corresponding Euler rotation angles are

ϕ = −γ (22)



Remote Sens. 2023, 15, 5484 10 of 21

and
ϕ = γ (23)

where γ is the look angle of the antenna when the spaceborne SAR operating in boresight
stripmap mode observes the Earth.

 

Figure 7. Component coordinate system and satellite body coordinate system.

For any scatterer Pq on the edge of the spaceborne SAR antenna, its position vector in
the component body coordinate system is denoted as Pq. In (21), (22), and (23), the range
and Doppler in the SAR image at time t are expressed as[

Rq(t)
Dq(t)

]
=

[
el(t)
ed(t)

]
Ry(ϕ)Pq. (24)

For convenience, the range and Doppler values of the ISAR image of the scatterer Pq
at time tm are denoted as Rqm and Dqm, respectively, and the projection vector in the range
and Doppler dimension are denoted as elm and edm, respectively.

Therefore, the observation equation system constructed by the range and Doppler
values of the ISAR image sequence of the scatterer Pq at time t1, t2, · · · , tm is expressed as

Wq = KqPq (25)

where Wq =


Rq1 − Dq1
Rq2 − Dq2

...
Rqm − Dqm

, Kq =


el1 − ed1
el2 − ed2

...
elm − edm

Ry(ϕ) and Pq =
[
Pqx, Pqy, Pqz

]T .

When the number of ISAR imaging moments m > 3, (25) is an overdetermined
equation system, and its least square solution is expressed as

P̂q =
(

Kq
TKq

)−1
Kq

TWq. (26)

Assume that the range and Doppler values of n scatterers on the parabolic antenna
edge at m moments are extracted from the ISAR image sequence. Therefore, the position
vectors of these n scatterers in the component body coordinate system can be obtained
from (25), which are expressed as

P̂j =
(

Kj
TKj

)−1
Kj

TW j, j = 1, 2, · · · , n. (27)
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For a spaceborne SAR with a parabolic antenna, the scatterers on the parabolic antenna
edge are all located in the same plane. The unit normal vector of this plane in the component
body coordinate system is expressed as

n0 = (1, 0, 0)T (28)

For convenience, the number of combinations of M elements selected from N elements
is denoted as CM

N . A plane can be constructed using any three scatterers, P̂j, P̂k, and P̂l , on
the parabolic antenna edge in (25), and the corresponding normal vector is expressed as

n̂ =

(
P̂j − P̂k

)
×
(

P̂j − P̂l

)
∣∣∣(P̂j − P̂k

)
×
(

P̂j − P̂l

)∣∣∣ (29)

Therefore, by selecting any three scatterers from the n scatterers on the parabolic
antenna edge solved in (27), a total of CM

N planes can be constructed, and the corresponding
normal vectors, as in (29), can be obtained, which are denoted as n̂j, where j = 1, 2, · · · , C3

n.
In (28) and (29), the mean value of the dihedral angles between the C3

n planes con-
structed by the n scatterers on the parabolic antenna edge in (27) and the plane containing
the actual parabolic antenna edge of the spaceborne SAR is expressed as

fDA =
∑

C3
n

j=1 a cos
(
|n0.nj|

)
C3

n
. (30)

Equation (30) is a function of the look angle γ when the spaceborne SAR operating in
boresight stripmap mode observes the Earth. When the estimated area observed by the
spaceborne SAR is operating in boresight stripmap mode, that is, the estimated look angle
γ is ideal, (30) is approximately zero or the global minimum.

Equation (30) is a highly nonlinear function of the look angle γ. Based on (30),
algorithms such as pattern search algorithms, swarm optimization algorithms, and linear
search algorithms can be used to estimate the area observed by the spaceborne SAR
operating in boresight stripmap mode.

Since the area observed by the spaceborne SAR operating in boresight stripmap mode
is parameterized into a look angle of the antenna, the linear search algorithm can meet
the requirements of parameter estimation. The flow of the proposed method is as follows:
(1) Set the range of the look angle, generally 15° to 55° [28], and set the search step length
∆la to obtain the search set. (2) For each element in the search set, according to (26) and (27),
the estimated coordinates in the component body coordinate system of the scatterers on
the parabolic antenna edge are obtained. (3) For each element in the search set, from (30),
the mean value of dihedral angles between the plane constructed by estimated scatterers
and the plane containing actual parabolic antenna edge of the spaceborne SAR is obtained.
(4) The look angle in the search set corresponding to the minimum dihedral angle is the
estimated look angle.

4. Simulation Experiments

In this section, the method of generating experimental data is given. Then, methodolo-
gies for the feasibility verification experiment and robustness validation experiment are
designed.

4.1. Experimental Data Generation

Due to the confidentiality of the measured data, simulation data were used to verify
and analyze the proposed method. Therefore, first, the parameters for ISAR imaging the
spaceborne SAR were set. The orbital elements of spaceborne SAR are shown in Table 1.
The ground-based radar parameters were consistent with the Tracking and Imaging Radar
(TIRA) space observation radar [28], and the detailed parameters are shown in Table 2.
The 3D model of the spaceborne SAR is shown in Figure 6. The diameter of the parabolic
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antenna was 6 m and the focal ratio was 0.4. The radar station location parameters are
shown in Table 3.

Table 1. Orbital parameters of the spaceborne SAR.

Orbital Elements Values

Semimajor axis 6946.615 km
Eccentricity 0.00048
Inclination 36.93◦

Right ascension of ascending node 334.87◦

Argument of perigee 63.81◦

True anomaly 296.05◦

Epoch time 22,191.71487269

Table 2. Ground-based radar parameters.

Radar Parameters Values

Waveform LFM
Center frequency 16.8 GHz
Bandwidth 1 GHz
Pulse repetition frequency 50 Hz
Sampling frequency 1.5 GHz
Image resolution cells 15 × 15 cm

Table 3. Radar station location.

Location Parameters Values

Latitude 41◦ N
Longitude 86.8◦ E
Altitude 0 km

Since the spaceborne SAR is a low-Earth satellite, its movement adopts a two-body
orbit model. Considering the commonly used satellite attitude control methods, it is
assumed that the main body of the spaceborne SAR is three-axis-stabilized and Earth-
oriented. In addition, since the satellite’s attitude control system has high precision [29,30],
the impact of the orbit attitude on the estimation accuracy of the proposed method can be
ignored in this article. According to the satellite visibility method, within 24 h from the
spaceborne SAR orbit epoch time, the ground-based radar observes a total of five visible
arcs of the spaceborne SAR. The main information of the visible arcs is shown in Table 4.
Without a loss of generality, the visible arc, Arc-1, with a low elevation angle, and the visible
arc, Arc-3, with a high elevation angle, are selected as typical research representatives in
this experiment; they are denoted as LowEleArc and HighEleArc, respectively.

Table 4. Visible arc information of ground-based radar observing spaceborne SAR.

Visible Arcs Duration (s) Maximum Elevation Angle (◦)

Arc-1 501 11.70
Arc-2 654 31.94
Arc-3 681 48.50
Arc-4 662 35.20
Arc-5 539 14.04
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According to the ISAR imaging projection principle and the ISAR imaging model
for spaceborne SAR, the 2D ISAR image sequence of the ISAR imaging the spaceborne
SAR within the LowEleArc and HighEleArc can be generated as experimental observation
data. As shown in Figure 8, the range and Doppler values of the scatterers on the parabolic
antenna edge can be extracted from the ISAR image sequence to estimate the area observed
by the spaceborne SAR operating in boresight stripmap mode.

Figure 8. Three-dimensional model of the spaceborne SAR parabolic antenna.

4.2. Feasibility Verification Experimental Methodology

In order to validate the feasibility of the proposed method and evaluate the impact
of the quantification error of the search scope on the estimation accuracy, the range and
Doppler values of the scatterers on the parabolic antenna edge extracted from the ISAR
image sequence are error-free in the feasibility verification experiment.

The flowchart of the feasibility verification experiment is shown in Figure 9. Step 1:
Set the ISAR imaging parameters. Set the search scope of the look angle to 15–55◦. Set the
actual look angle of the spaceborne SAR antenna to 35◦. Step 2: Obtain all the visible arcs
when the ground-based radar observes spaceborne SAR, within 24 h from the spaceborne
SAR orbit epoch time, and select the LowEleArc and HighEleArc as experimental arcs.
Step 3: According to the sliding window shown in Figure 10, obtain an experimental arc
segment. Step 4: Generate the ISAR image of spaceborne SAR during the experimental arc
segment. Step 5: Extract the range and Doppler values of the scatterers on the parabolic
antenna edge. Step 6: Obtain the position vectors of scatterers on the parabolic antenna
edge using (27). Step 7: Randomly generate the search step between 0.02◦ and 0.029◦

and quantify the search scope according to the search step length to obtain a search set.
Step 8: Calculate the values of the objective function (30) in the search set. Step 9: Find the
minimum value of the the objective function (30) to obtain the estimated look angle. Step 10:
If the sliding window process has not ended, go to Step 3; otherwise, the experiment ends
and all the estimated look angles are obtained.
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Figure 9. Flowchart of the feasibility verification experiment.

 

Figure 10. Illustration of the sliding window within the visible arc.

4.3. Robustness Validation Experimental Methodology

In order to evaluate the robustness of the method proposed, arc segments in LowEleArc
and HighEleArc, shown in Figure 11, were selected as experimental objects. Gaussian
noise conditions of 10 dB, 15 dB, and 20 dB were added to the ISAR image sequence,
respectively, and under each noise condition, 100 Monte Carlo experiments were performed
for each experimental arc segment to evaluate the robustness of the proposed method in
the robustness validation experiment.

The flowchart of the robustness validation experiment is shown in Figure 12. Step 1:
Set the ISAR imaging parameters. Set the search scope of the look angle to 15–55◦. Set
the search step length to 0.026◦. Set the random noise conditions to 10 dB, 15 dB, and
20 dB. Set the number of Monte Carlo experiments to 100. Set the actual look angle of the
spaceborne SAR antenna to 35◦. Step 2: Obtain all the visible arcs when the ground-based
radar observes spaceborne SAR, within 24 h from the spaceborne SAR orbit epoch time,
and select the LowEleArc and HighEleArc as experimental arcs. Step 3: According to the
sliding window shown in Figure 11, obtain two experimental arc segments. Step 4: Obtain
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the random noise parameters. Step 5: Generate the ISAR image of spaceborne SAR during
the experimental arc segment. Step 6: Extract the range and Doppler values of the scatterers
on the parabolic antenna edge. Step 7: Obtain the position vectors of scatterers on the
parabolic antenna edge using (27). Step 8: Quantify the search scope according to the search
step length to obtain a search set. Step 9 : Calculate the values of the objective function (30)
in the search set. Step 10: Find the minimum value of the the objective function (30) to
obtain the estimated look angle. Step 11: If the Monte Carlo experiment has not ended,
go to Step 5 ; otherwise, if the traversal of different noise conditions has not ended, go to
Step 4; otherwise, the experiment ends and all the estimated look angles are obtained.
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Figure 11. Arc segments used for Monte Carlo experiments in the low and high elevation arcs.
LowEleArc: low elevation arc. HighEleArc: High elevation arc.

 

Figure 12. Flowchart of the robustness validation experiment.
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5. Experimental Results and Analysis

In this section, the results of the feasibility verification experiment are shown and ana-
lyzed. Then, the results of the robustness validation experiment are shown and analyzed.

5.1. Feasibility Results and Analysis of the Algorithm for Minimizing the Dihedral Angle between
the Estimated Plane and Actual Plane

Figure 13 shows the geometrical relation between the plane containing the scatterers
estimated using (27) on the parabolic antenna edge, under the condition of a non-ideal
look angle, and the plane containing the actual parabolic antenna edge of spaceborne SAR.
There is a very obvious dihedral angle between the two planes. Therefore, it is feasible to
construct the objective function in (30). Although the spaceborne SAR model in this article
is based on the assumption that the spaceborne SAR has a parabolic antenna, it is still
applicable for electronically scanned phased array panel antennas because the proposed
method is based on the coplanarity of the scatterers of the spaceborne SAR antenna, which
is not limited to a paraboloidal shape or a rectangular shape.

Figure 13. The plane containing the scatterers of the parabolic antenna edge vs. the plane containing
the estimated scatterers under the non-ideal look angle.

Figures 14 and 15 show the estimation error distributions of the antenna look angle
when the spaceborne SAR is operating in boresight stripmap mode using low-elevation
arc segments and high-elevation arc segments. It is obvious that, for all the estimated
arc segments, the estimation errors of the look angle are within the quantization unit of
the search scope, and the proposed method has high accuracy and good performance.
Therefore, the feasibility of the method proposed in this article is validated.

Although, in this experiment, based on the advantages of a spaceborne SAR operat-
ing in boresight stripmap mode and the common practice in the industry, the model is
performed under the assumption that the spaceborne SAR operates in boresight stripmap
mode, the method proposed in this article is still applicable for scenarios in which the
spaceborne SAR operates in squinted mode. In the squinted case, it is only necessary to
assume that the antenna component performs yaw and roll rotation relative to the satellite
body, and then perform the two-dimensional search.

In addition, the proposed method has no constraints on whether the antenna compo-
nent of the spaceborne SAR can move relative to the main body of the spaceborne SAR,
because this article only uses the relative positional relation between the main body of
the spaceborne SAR and the antenna component. Even if the antenna of the spaceborne
SAR is fixed, it can still be assumed that the antenna of the spaceborne SAR reaches the
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actual attitude by rotating in the yaw and roll directions relative to the main body of the
spaceborne SAR.
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Figure 14. Look angle estimation errors in the experimental arc segments of LowEleArc. LowEleArc:
low elevation arc.
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Figure 15. Look angle estimation errors in the experimental arc segments of HighEleArc. HighEleArc:
High elevation arc.

5.2. Robustness Results and Analysis of the Algorithm for Minimizing the Dihedral Angle between
the Estimated Plane and Actual Plane

Figures 16 and 17 show the estimation error distributions of 100 Monte Carlo experi-
ments using the experimental arc segments of LowEleArc and HighEleArc to estimate the
look angle of the antenna when the spaceborne SAR is operating in boresight stripmap
mode, respectively. Whether the LowEleArc experimental arc segment or the HighEleArc
experimental arc segment is used, the estimation accuracy of the look angle increases
with the increase in the SNR. In addition, the estimation accuracy using the HighEleArc
arc segment is higher than that using the LowEleArc arc segment. Table 5 shows the
statistical eigenvalues of the estimation errors of the antenna look angle of the spaceborne
SAR operating in boresight stripmap mode obtained after 100 Monte Carlo experiments
using the LowEleArc and HighEleArc experimental arc segments. The experimental results
show that the method proposed in this article has high accuracy, good estimation perfor-
mance, and high confidence in the estimation results. Even under the low SNR condition
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of 10 dB, the mean value of the look angle estimation errors using the LowEleArc arc
segment is 0.0156°, and the variance is 0.1487°; the mean value of the look angle estimation
errors using the HighEleArc arc segment is 0.0031°, and the variance is 0.0337°. Therefore,
the performance of the proposed method is still good.
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Figure 16. The look angle estimation errors with the LowEleArc segment under the Gaussian noise
conditions of 10 dB, 15 dB, and 20 dB. LowEleArc: low elevation arc.
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Figure 17. The look angle estimation errors with the HighEleArc segment under the Gaussian noise
conditions of 10 dB, 15 dB, and 20 dB. HighEleArc: High elevation arc.

Based on the above experimental results, the method proposed in this article has good
robustness. Therefore, the robustness of the proposed method in this article is validated.

The proposed method has good robustness because the coplanarity of the scatterers
on the antenna component of the spaceborne SAR is easily satisfied, and the normal vector
of the selected antenna datum plane is easy to obtain and very accurate. In addition,
the normal vector of the datum plane of the selected spaceborne SAR antenna is not
necessarily along the positive direction of the X-axis, as chosen in this article. It can be
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selected as needed according to the definition of the satellite body coordinate system and
the component body coordinate system.

Table 5. Eigenvalue statistics for the look angle estimation in the low and high elevation arc segments.

Arc Segment SNR µ σ

LowEleArc
10 dB 0.0156° 0.1487°
15 dB 0.0026° 0.1063°
20 dB 0.0057° 0.0545°

HighEleArc
10 dB 0.0031° 0.0337°
15 dB 0.0041° 0.0202°
20 dB 0.0008° 0.0131°

6. Conclusions

In this article, we propose a novel method for estimating the area observed by space-
borne SARs operating in boresight stripmap mode. We establish the corresponding relation
between the observation area and the fixed attitude of the spaceborne SAR antenna, and pa-
rameterize the time-varying area observed by the spaceborne SAR into a fixed look angle
of the spaceborne SAR antenna. Based on the coplanarity of the scatterers on the parabolic
antenna edge of the spaceborne SAR and the principle of minimizing the dihedral angle
between the plane containing the ideal estimated scatterers and the plane containing the
actual parabolic antenna edge of the spaceborne SAR, an objective function is established
and a linear search algorithm is used to estimate the look angle of the spaceborne SAR
antenna. Then, experiments are designed to validate the feasibility and robustness of the
proposed method. Under the assumption of no errors in the range and Doppler values
of the scatterers on the parabolic antenna edge extracted from the ISAR image sequence,
the estimation errors of the proposed method are within the quantization unit of the search
scope. Therefore, the feasibility of the proposed method is validated. Under the Gaussian
noise conditions of 10 dB, 15 dB, and 20 dB in the ISAR image sequence, the estimation per-
formance of the proposed method is greatly superior, and even under a low SNR condition
of 10 dB, the performance of the proposed method is still good. Therefore, the robustness
of the proposed method is validated in this article.
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Abbreviations

The following abbreviations are used in this manuscript:
SAR Synthetic aperture radar
ISAR Inverse synthetic aperture radar
TIRA Tracking and imaging radar
SFM Structure from motion
SVD Singular value decomposition
InSAR Interferometric synthetic aperture radar
SNR Signal-to-noise ratio
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