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Abstract: The Inverse Synthetic Aperture Radar (ISAR) has been proven to be an effective tool for
space target sensing due to its capability of performing high-resolution imaging. Since the component
information of the spacecraft is key to the identification of the target and diagnosis of its status, ISAR
images with a clear and complete representation of the typical components are much desired. This
requires a selection of the imaging time, during which a certain spacecraft component has a good
projection on the ISAR image plane with the shape feature well conserved and a high resolution.
In addition, a fully automated implementation with a high computational efficiency is also highly
preferred for on-orbit operations so as to improve the intelligence level of the space-borne system. We
propose a bicriterion-based automated optimal imaging time-selection method for the space-borne
ISAR, which is seeking the slow time section of the data that result in the best image. A good image
means a high azimuth resolution and the best presentation of the solar panels. One criterion is the
Maximum Doppler Spread (MDS), which indicates the maximum Effective Rotational Velocity (ERV)
leading to high image resolution, but it is influenced by the satellite attitude. of the spacecraft. The
other is the Maximum Component Area (MCA), which is defined to indicate the completeness of the
component considered. The radar echoes are processed sequentially by way of a sliding window.
The interval with the co-maximization of the DS and CA is selected, and fine processing is performed
further to obtain the best images. The results of the simulation experiments show that the proposed
method can achieve spacecraft images with the solar panels presented the best. The computational
complexity is low.

Keywords: inverse synthetic aperture radar (ISAR) imaging; optimal time selection; space targets;
component information

1. Introduction

With the increasing human space activities, the number of on-orbit spacecrafts in-
creases significantly. To ensure the safety of the spacecraft flight, which is important for
both civil and military missions, possessing the Situational Awareness (SA) ability is crucial
for the current spacecrafts.

The ability of radars to make images regardless of weather conditions, day and night,
clearly makes the sensor important for national security concerns since the movement
of targets can be clearly seen [1]. Noticeably, space-borne radars present some relevant
advantages with respect to the ground-based ones: wider accessibility on the global scale
and not reliance on potentially vulnerable infrastructures [2]. Space-borne radar have
higher data rates, larger processing capacities, and more complex imaging algorithms
than optical remote sensing satellites [3]. As compared to the ground-based space SA
(SSA) systems, the space-borne SSA is gaining much attention since the observation time,
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range, and angles are not limited anymore, leading to a faster response time and stronger
detection ability.

The Inverse Synthetic Aperture Radar (ISAR) has the capability of performing high-
resolution imaging on non-cooperative targets [4,5]. Imaging algorithms have been deeply
investigated in the past few decades. All the time, the ISAR imaging algorithm attaches
importance to the high-resolution, multi-dimension, and intelligence capability, which
has guided the progress and development of the ISAR imaging technique. As for the
high resolution, a large observation angle is divided into several sub-apertures to obtain
the images from different perspectives, which shows that the different scatterers appear
in different sub-aperture images and demonstrates the essentiality of high-performance
space observation for space target recognition [6]. As for the multi-dimension, a promising
and reliable attempt reported is the Polarimetric Interferometry ISAR (Pol-InISAR)-based
approach that performs 3D imaging in the form of a point cloud indicating the actual shape
of the target [7], which takes full polarimetry back-scattered information into account.
As for intelligence, CNNs have been proven as useful tools in ISAR data analysis in military
applications such as automatic target recognition, classification, segmentation, and image
denoising [8].

The space-borne ISAR has been proven to be an essential part of complementing the
optical sensor in the future spacecraft SSA system. Since the component information of
the spacecraft is key to the identification of the target and diagnosis of its status, the ISAR
images with a clear and complete representation of the typical components are much
desired. The optimal time selection is necessary to reduce the waste of storage resources
and achieve a high sensing efficiency, during which the typical components of the spacecraft
have good projections and high-resolution presentations.

The available methods for ISAR optimal time selection can be divided into two main
categories: one based on image graphical analysis [9,10] and the other based on estimating
the Doppler information [11–16]. The former estimates the motion characteristics of the
target by extracting the ISAR image features, which does not need any prior knowledge
of the target. The latter estimates the motion characteristics of the target by calculating
the Doppler Spread (DS) or Doppler center of the target. Both of them are based on the
information of Doppler frequency.

The DS of the target is related to the Effective Rotational Velocity (ERV), which deter-
mines the cross-range resolution of the image. To obtain a high-resolution and well-focused
image, a time interval in which the ERV is large and stable should be selected. The Im-
age Projection Plane (IPP) selection is also one of the tricky parts and needs attention,
which can select the image with an appropriate resolution and useful shape information
at the same time. Considering the need for subsequent identification and measurement,
the single-criterion processing of the existing methods is limited.

In this paper, we proposed a bicriterion-based imaging time-selection method. The radar
echoes during the whole observation period are processed coarsely in a sliding window
way with high efficiency, where the range alignment [17] and phase compensation [18]
are performed with conventional methods and the images are formed by using the simple
Range-Doppler method [5]. After obtaining the images, the DS value is calculated for each
image, and the satellite Component Area (CA) of the solar panels is calculated. In addition,
we employ the Constant False Alarm Rate (CFAR) to extract the target area to improve
the DS calculation accuracy and efficiency. Finally, we select the data that satisfy the co-
maximization of the DS and CA for fine motion compensation, from which we can obtain
clear and well-focused optimal ISAR imaging results.

The organization of this paper is as follows: the IPP under different relative motions
for the space-borne ISAR system are analyzed in Section 2. The optimal time-selection
method for the combined DS and CA calculation is described in Section 3. The performance
of the proposed method is evaluated by a series of simulation experiments in Section 4.
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2. Signal Model and Imaging Projection Plane Analysis
2.1. Imaging Geometry

The geometric model of a space-borne ISAR imaging system is shown in Figure 1.
The radar center A is the origin of the radar observation coordinate system Aξ1ξ2ξ3.
The coordinate of radar center A can be represented as XA = (0, 0, 0).

Figure 1. System geometry of the space-borne ISAR system.

OξXξYξZ is the target body coordinate system, which is parallel to Aξ1ξ2ξ3 initially.
The other coordinate system OXYZ is established based on the target center O. The X-axis
is the direction of the target flight and the Y-axis is along the direction of the radar Line
Of Sight (LOS). The origin Po is located at Xo = (xo, yo, zo) in the radar coordinates at the
starting time. Thus, the initial range between the radar and the target is Ro =

√
x2

o + y2
o + z2

o .
Pk = (xk, yk, zk) denotes an arbitrary k-th scatterer in the target body coordinate system
at the starting time. The initial range from the radar to Pk is expressed as RAk. The space
target is rotating around the axes X, Y, and Z. The three-dimensional (3D) (roll, pitch,
and yaw) rotation velocities can be denoted as ωroll , ωpitch, and ωyaw, respectively. In the
imaging interval, the 3D rotation angles are denoted as θroll , θpitch, and θyaw.

2.2. Signal Model

The received signal after range compression is denoted as

SA( fr, ta) = σk · sinc
[

Tp
(

fr +
2kw

c
(∆RAk(ta))

)]
· exp

[
−j4π

fc + fr

c
(∆RAk(ta))

] (1)

where sinc(·) denotes the envelope of the compressed echo, σk is the amplitude function,
ta is the slow time, Tp is the pulse width, c represents the speed of light, kw is the chirp
rate, fc is the carrier frequency, and fr is the range frequency. ∆RAk(ta) denotes the range
difference between the k-th scatterer Pk and the radar A, which can be expressed as

∆RAk(ta) = |Xk(ta)− XA| − |Xo(ta)− XA| (2)

where
Xk(ta) = Xo(ta)+ Pk(ta)

= Xo + (WΩ · PT
k )

T (3)

where WΩ is the rotation matrix

WΩ =

W11 W12 W13
W21 W22 W23
W31 W32 W33

 (4)
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where 

W11 = cos(θpitch)cos(θyaw),
W12 = −cos(θpitch)sin(θyaw),
W13 = sin(θpitch),
W21 = sin(θroll)sin(θpitch)cos(θyaw) + cos(θroll)sin(θyaw),
W22 = −sin(θroll)sin(θpitch)sin(θyaw) + cos(θroll)cos(θyaw),
W23 = −sin(θroll)cos(θpitch),
W31 = −cos(θroll)sin(θpitch)cos(θyaw) + sin(θroll)sin(θyaw),
W32 = cos(θroll)sin(θpitch)sin(θyaw) + sin(θroll)cos(θyaw),
W33 = cos(θroll)cos(θpitch)

(5)

2.3. Analysis of IPP

The ISAR image is a projection of the target onto the IPP, which is composed of a
range dimension and cross-range dimension. The range dimension is defined by radar
LOS, and the cross-range dimension is perpendicular to the direction of both the ERV and
radar LOS [5].

According to the orbit altitude, targets can be divided into Low Earth Orbit (LEO)
targets, Medium Earth Orbit (MEO) targets, and High Earth Orbit (HEO) targets. Accord-
ing to the target altitude, targets can be divided into high-speed spin targets, three-axis
stabilized targets, and slow-tumbling targets with uncontrolled altitudes.

For the target in the altitude adjustment state or out of control, the three rotation
components (ωroll , ωpitch, and ωyaw) cause the satellite to rotate relative to the radar center.
The geometry of the target relative to the radar is as shown in Figure 2, in which the pitch
angle is small. In addition, OξXξYξZ coincides with OXYZ, which is parallel to Aξ1ξ2ξ3.
As defined in Section II-A, the radar LOS is along the Y-axis. In this scenario, the angle
of rotation of the target with respect to the radar is generated by a combination of orbit
motion and its own rotation. When ωroll is far bigger than ωyaw, the ISAR image with the
target’s side view is obtained as shown in plane B in Figure 2. Otherwise, the ISAR image
presents a hybrid view of the target.

For the three-axis stabilized target, the rotation angle with respect to the radar is
generated by the combination of the orbital motions of the radar and the target. When the
radar and the target are in the same orbit plane such as the scenario in Figure 2, the pitch
angle of the target relative to the radar is small. In this case, the top view of the target is
usually obtained as shown in plane A in Figure 2. Otherwise, a mixed view consisting of
the top view and front view is usually obtained.

Figure 2. IPPs under different rotation conditions.

3. Bicriteria-Based Optimal Time Selection

The “optimal imaging” in our proposed method is referred to as the complete rep-
resentation of a certain key component and high image resolution. Figure 3 presents the
flowchart of our proposed method. Firstly, the radar echoes are processed in a sliding
window way, during which the motion compensation and FFT are performed in the cross-
range to obtain a sequence of coarsely focused images of the target. Secondly, the DS
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and CA curve is obtained by the improved DS calculation and proposed CA calculation.
The extreme points at which the synthetic DS-CA has relatively large values are determined
and selected as the optimal imaging time instants. At last, the data around the selected
imaging time are processed by finer motion compensation than those used for the initial
sliding window processing, and images are formed by using PFA-LPFT [19]. The details of
each step are given below.

Figure 3. The flowchart of the proposed optimal space-borne ISAR imaging method.

3.1. Problem Statement

The DS of the target is related to the ERV, which determines the azimuth resolution of
the image. One of the selection conditions for the optimal imaging time is selecting the time
when the ERV of the target is maximum and stable. From the relationship between the ERV
and Doppler frequency, the problem can be equated to solving for the time when the target
DS is maximum and stable. The root-mean-square deviation from the mean value where
the amplitude at each Doppler frequency is normalized to a probability density function
can be used to measure the degree of deviation of a random variable from its mathematical
expectation. Thus, the root-mean-square deviation serves as a measure of the mean DS of
the target.

The step of the existing optimal imaging time method based on DS is as follows: Firstly,
the range-compressed echo data are used for motion compensation, and the compensated
data are divided into consecutive sub-intervals. Then, each piece of sub-interval data is
summed in the azimuth dimension to obtain a one-dimensional range envelope, and the
range cell with the largest amplitude is found. Additionally, a part of the range cell is
selected near the range cell with the largest amplitude. Finally, this part of the data is
summed in the range direction to obtain a one-dimensional azimuth envelope, and the DS
of the image is calculated according to the standard deviation.

The existing DS method still has limitations. Firstly, the range cell with the maximum
value of the amplitude may exist far from the center of the target image, and selecting the
distance gate around the maximum value of the amplitude to calculate the DS will result
in the loss of range cells that contain a large amount of target information. Summing the
selected data in the distance direction to obtain a one-dimensional azimuth envelope yields
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the DS instead of the DS of the entire target, leading to inaccurate results. Secondly, when
the azimuth envelope of the target is closer to the impulse function, the DS is higher.

Thus, target detection is necessary to select the data containing the target. DS cal-
culations are more accurate when using the selected data. The Cell Averaging Constant
False Alarm Rate (CA-CFAR) algorithm realized the optimal detection in a uniform en-
vironment. The core of the Mean Level (ML) CFAR algorithm is to calculate the mean
value of the reference cells on both sides of the detection cell as the power estimate of the
background clutter [20]. To avoid the problem of power leakage, the protection cells are
left between the reference cells and the detection cells, as shown in Figure 4. The CA-CFAR
algorithm calculates the background clutter power estimate by averaging the reference
cells on both sides.

Figure 4. CFAR Detection reference window.

Xi at the front edge of the protection cells and Yi at the back edge of the protection cells
are reference cells, and n is the number of reference cells on one side. Z is the estimated
background clutter power, which can be expressed as

Z =
1

2n

(
n

∑
i=1

Xi +
n

∑
i=1

Yi

)
(6)

T is the detection threshold, which can be expressed as

T = αZ =
α

2n

(
n

∑
i=1

Xi +
n

∑
i=1

Yi

)
(7)

where α is the threshold factor.
The probability density function (PDF) of each reference cell is

fD(x) =
1
λ

exp
(
− x

λ

)
, x ≥ 0 (8)

where λ is the power of each cell and x is the amplitude. Substituting Zi = α · (Xi + Yi)/2n
into Equations (7) and (8), the PDF of Zi can be expressed as

fz(Zi) =
2n
αλ

exp
(
−2n · Zi

αλ

)
(9)

The PDF of the detection threshold T is

fT(T) =
1

(2n − 1)!

(
2n

α · λ

)2n
T2n−1 exp

(
−2n · T

α · λ

)
(10)
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Thus, the false alarm rate Pf a is obtained by

Pf a =
(

1 +
α

2n

)−2n
(11)

Once the false alarm rate Pf ar is known, the threshold factor can be obtained

α = 2n
(

P− 1
2n

f a − 1
)

(12)

In order to verify the performance of the CA-CFAR algorithm, we experiment with
the algorithm under different SNRs when Pf a = 1e−2 and n = 16. The results of the CFAR
under different SNRs are shown in Figure 5. As expected, the obtained results have shown
that the CA-CFAR detector has good performance in homogeneous backgrounds under
different SNRs, which provides the basis for subsequent DSs.

(a) (b)

(c) (d)

(e) (f)

Figure 5. Results of CFAR under different SNR. (a) ISAR image. (b) Result of CFAR. (c) ISAR image
under SNR = −5 dB. (d) Result of CFAR under SNR = −5 dB. (e) ISAR image under SNR = −10 dB.
(f) Result of CFAR under SNR = −10 dB.
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3.2. CFAR-Based DS Calculation

The DS is the bandwidth of the Doppler spectrum. The DS of the scatterer on the
target depends on the ERV. The larger the ERV is, the higher the Doppler frequency results,
leading to a larger DS value of the target image. In fact, the accuracy of the DS calculation
depends on the range bins of the target. A certain number of range bins on the two sides of
the strongest scattering center are used in the existing DS methods, which may be away
from the real target center in the range dimension. The CFAR is a commonly used target-
detection method, which detects the target signal in the background. We employ the CFAR
to extract the target area to improve the DS calculation accuracy and efficiency, which is
described as follows:

Step 1: For each image obtained by way of the sliding window, we perform a pro-
jection along the cross-range and obtain an average range profile, which is expressed
as Equation (13). In Equation (13), Fn(r, n)(n = 1, .., Na; r = 1, .., Nr) represents the ampli-
tude of the range-compressed pulses, Na is the number of processed pulses, and Nr is the
number of range bins:

Srange(r) =
Na

∑
n=1

Fn(r, n) (13)

Step 2: the data are selected by the CFAR after the smoothing processing is performed,
which is expressed as

rse = {r|SA(r) > T} (14)

Step 3: The synthesized range envelope is shown in Figure 6a, which can be used to
extract the target area by utilizing the CFAR. rse represents the region of SA(r) greater than
the threshold, which is selected to obtain the range bins occupied by the target, as shown
in Figure 6b. Only the range bins in the range gate are summed up to obtain a cross-range
profile for the DS calculation. Figure 6c shows the smoothed curve of Figure 6b.

(a) (b) (c)

Figure 6. Schematic diagram of the region growth method (a) target area detection (b) target area
extraction (c) smoothed curve.

Step 4: The standard deviation of the envelope amplitude is employed to estimate the
DS value [14], which is written as

SD =

√
Na/2−1

∑
n=−Na/2

(n −
Na/2−1

∑
n=−Na/2

npn)2 pn

pn = Fn(rse, n)
/

Na/2−1
∑

n=−Na/2
Fn(rse, n)

(15)

The DS is expressed as

fDS =
PRF
Na

· SD (16)

3.3. CA Calculation for IPP Selection

Except for the inaccurate DS value of the existing method, we cannot select the IPP of
the image at the same time. The selection of the IPP is the key to obtaining information



Remote Sens. 2024, 16, 1037 9 of 17

about the component. The solar panel is an important structure in a spacecraft with more
typical features and is a key component used for identification and measurement. Therefore,
in addition to the DS calculation, we need to calculate the Component Area of the solar
panel and combine the DS value to determine the optimal imaging time.

The DS change indicates the ERV variation when the IPP does not change. The IPP
determines the presentation of the target in the ISAR image. IPP selection is crucial to
obtain the component information. Solar panels are key components of a spacecraft, which
provide the power of the whole system and have typical rectangular features in their shape.
We define the area of the solar panels in the IPP as the CA, which represents the projections
of typical components. A larger CA means that more information on the solar panels
is presented.

This step needs to calculate the area of the solar panel after obtaining the coarse
imaging results, which requires image segmentation, i.e., separating the solar panel from
the main body of the satellite, and then calculating the area of the solar panel separately.
Region growth is a common image-segmentation method [21]. There are generally two
ways to perform this method, one is to give a small block or seed region within the target
object to be segmented in the image and then keep adding the pixels around it with certain
rules based on the seed region, which achieves the purpose of finally combining all the
pixels representing the object into a region. The other is to split the image into a lot of
strong consistencies, such as the same gray value of the pixels within the region. Then, the
image is split into several small regions by certain rules, such as the same gray value of the
pixels in the region. Finally, fuse the small regions into a large region according to certain
rules to achieve the purpose of segmenting the image.

Region growth is the process of aggregating pixels or sub-regions into larger regions
according to predefined criteria. The basic idea is to start with a set of growth points (the
growth point can be a single pixel or a small region) and merge neighboring pixels or
regions with similar properties to the growth point with the growth point. These new
pixels are then treated as new growth points, and the process is repeated until there are
no pixels that fulfill the conditions to be included, at which point the growth point is no
longer able to grow so that a region is grown. The similarity between the growth point
and the similar region can be based on the gray value, texture, color, and other image
information. The schematic diagram of the region growth method is shown in Figure 7.
The CA calculation is described as follows:

Figure 7. Step of the region growth method.

Step 1: The region growth method is used for image segmentation based on the
similarity of the image gray values. We employ the region growth method to segment solar
panels from the main body after image pre-processing. The adaptive image pre-processing
is performed, i.e., gray level transformation, median filter, erosion, expansion, and so on.

Due to the relatively strong backscattering of the spacecraft’s main body, we extract
the region of solar panels by recognizing the main body and masking it. Thus, only solar
panels remain in the ISAR image. Figure 8a,b show the two segmentation processes based
on the region growth method under different IPPs. It can be seen that our method can
extract the region of solar panels well.
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(a)

(b)

Figure 8. Segmentation result based on region growth method of (a) IPP 1. (b) IPP 2.

Step 2: Binary image expansion and hole filling are employed in the segmented solar
panels. The linked area is for subsequent area calculations.

Step 3: Computing the area of an arbitrary polygon by using the Shoelace Theorem
(ST) is popular in pure mathematics [22]. We regard the linked area of the right and left
solar panels as two arbitrary polygons, where (ai, bi), i = 1, . . . , N and (ci, di), i = 1, . . . , M
represent the vertex coordinates of two polygons. N and M are the number of vertices of
each polygon. It is noted that all vertices (ai, bi) or (ci, di) are labeled clockwise. The CA of
the solar panels is calculated as

SCA =
1
2
|

N

∑
i=1

(aibi+1 − ai+1bi)|+
1
2
|

M

∑
i=1

(cidi+1 − ci+1di)| (17)

3.4. Optimal Time Determination

In this section, we propose a bicriterion-based automated optimal imaging time-
selection method, which seeks the slow time section of the data that result in the best
image. A good image means a high azimuth resolution and the best presentation of the
solar panels, which is defined by the MDS and MCA.

Let fDS(ta) and SCA(ta) be the DS and CA curves generated by the sliding window
processing, respectively. We synthesize them by using a max operation defined as follows:

Ccomax(ta) = max
{

fDS(ta)

max{ fDS(ta)}
,

SCA(ta)

max{SCA(ta)}

}
(18)

where Ccomax(ta) denotes the new curve that indicates the maximum of both fDS and
SCA. The extreme points with the DS-CA curve are selected as the optimal imaging time.
By using this new bicriterion-based curve, not only high-resolution images but also images
with much information about the component can be obtained.

4. Experimental Analysis

In this section, we perform numerical simulations for a variety of scenarios to demon-
strate the performance of the proposed method. To better explain the authenticity of the
experiment, we verify our proposed method by using the scatterer model based on real
satellite size. We consider a satellite target that is 12 m long and 3.2 m wide modeled by
679 scatterers, as shown in Figure 9. The ISAR system parameters are listed in Table 1.
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Table 1. Parameters.

Parameters Values

Carrier frequency fc 10 GHz
Wavelength λ 0.03 m
Pulse width Tp 10 µs

PRF 1000 Hz
Bandwidth Bw 200 MHz

Figure 9. Target model.

For all experiments in this section, the target altitude in the target body coordinate
system is shown in Figure 9. The orbital motion of the radar satellite and observed satellite
is simulated by using the Satellite Tool Kit (STK) [23]. In our experiments, we assume the
radar satellite and observed satellite orbit in HEO. Figure 10a presents the 3D view of the
simulated scenario. The 2D locally enlarged view of Figure 10a is shown in Figure 10b,
where the red line represents the radar motion orbit and the yellow dashed line represents
the target motion orbit.

(a) (b)

Figure 10. (a) 3D view of the simulated scenario and (b) 2D locally enlarged view.

In experiment I, we assume that the satellite to be imaged does not have altitude
change during the radar observation, while in experiment II, the target’s altitude changes,
which correspond to the practical case where the satellite maneuvers intentionally or its
altitude is out of control. To evaluate the quality of the ISAR images quantitatively, we
use the image contrast and the Image Entropy (IE) as evaluation indexes to examine the
performance.

4.1. Experiment I

In the simulated scenario, the observed satellite approaches the radar satellite gradu-
ally until 8 km and then departs. When the range is below 20 km, the equivalent rotation
is sufficient for forming an ISAR image. We perform the ISAR imaging in the range of
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20 km–8 km because in this period, the equivalent rotation generated by the relative orbital
motion is sufficient for imaging.

As described earlier in Figure 3, the radar echoes are processed in a sliding window
way, during which the echoes are processed every 4096 pulses in sequence with an over-
lapping of 2048 pulses. The DS and CA are calculated for each image obtained, as shown
in Figure 11. The yellow solid line shows the CA variation in the solar panels. The green
dash–dot line shows the CFAR-based DS result. The result of the DS estimated by [11]
and the proposed DS-CA method are shown by the cyan dashed line and blue dashed line,
respectively. The real ERV is shown by the red dash–dot line. As shown in Figure 11, we
also insert some of the ISAR images obtained by the sliding window operation, from which
the DS and CA are calculated. By this presentation, the reason for the DS and CA change is
visually shown.

Figure 11. Curves of DS and CA during the whole observation (The result of the DS estimated
by [11]).

As shown by the yellow solid line and green dash–dot line, the DS and CA curves
almost coincide. Thus, the synthesized DS-CA curve has almost the same variations with
both the DS and CA. In this case, the image obtained at the optimal time selected based
on the DS-CA curve has a high resolution as well as the most complete shape of the solar
panel. In addition, it can be seen that the green dash–dot line obtained by our CFAR-based
DS method fits better with the real ERV curve than the cyan dashed line curve obtained by
the DS in [11]. Among the DS calculation methods, in [11], the authors take the strongest
scattering center in the ISAR image as the target center. A certain number of range bins
on the two sides of the target center are used in the DS calculation. However, the range
bins occupied by the target determined by this means may be inaccurate since the strongest
scattering center may be away from the real target center in the range dimension leading
to the missing range bins containing much target information. Our improved DS method
extracts the target area in the image based on the CFAR, which determines the target area
more accurately than the DS method in [11].

4.2. Experiment II

In experiment I, the target has no altitude change and the orbit heights of both the
radar and target are almost the same. The generated ISAR image shows the top view
of the target. In this section, we demonstrate the performance of the proposed method
when the satellite has unknown rotations, as shown in Table 2. Scenario 1, Scenario 3,
and Scenario 4 represent the spin around the y-axis, x-axis, and z-axis at a low velocity,
respectively. And, Scenario 2 represents the three-dimensional spin at a moderate velocity.

The DS and CA are calculated for each image obtained in the four scenarios, as shown in
Figure 12a–d. In Figure 12, the comparison of the green dash–dot line with the cyan dashed
line verifies the superiority of the CFAR-based DS method. From the green dash–dot line
and yellow solid line, we see that the DS and CA curves have different variations. The co-
maximization of the DS and CA is necessary to select the optimal time in these scenarios.

Figure 12a corresponds to the IPP changing from a mixed view to a side view and then
to a mixed view, during which the ERV gradually becomes larger and then decreases, as
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shown in the red dash–dot line. According to the DS method, t2 is selected as the optimal
imaging time. The ISAR image corresponding to t2 is shown in Figure 13b, which does
not contain solar panel information. Thus, it is inadequate for subsequent identification
and measurement. The obtained synthesized DS-CA curve exhibits three obvious peaks.
We select the extreme points t1, t2, and t3 of the synthesized DS-CA curve as the optimal
imaging time. The ISAR images and solar panel area extractions corresponding to t1, t2,
and t3 are presented in Figure 13a–c and Figure 13d–f. The images obtained after the finer
motion compensation of t1, t2, and t3 are shown in Figure 13g–i. The Image Entropy (IE) is
used to evaluate the image quality.

Table 2. Rotation parameters.

Scenario Number ωroll ωpitch ωyaw
(rad/s) (rad/s) (rad/s)

Scenario 1 0 0.0022 0
Scenario 2 pi/300 pi/300 pi/300
Scenario 3 pi/300 0 0
Scenario 4 0 0 pi/300

The IPPs in Figure 12b present mixed views of the satellite, during which the image
resolution gradually increases and then decreases. According to the DS method, t2 is
selected as the optimal imaging time. As for our proposed method, the extreme points
t1, t2, and t3 of the synthesized DS-CA curve are selected as the optimal imaging time.
The images corresponding to t1, t2, and t3 are presented in Figure 14a–c. The images
obtained after fine motion compensation are presented in Figure 14d–f. The images after
fine motion compensation show that the shape of the target and the components are
much clearer. Comparing Figure 14d,f with Figure 14e, we see that the ISAR images at t1
and t3 have already presented the main feature of the solar panels, but with a lower DS
due to the altitude. Thus, more appropriate imaging intervals can be determined by our
proposed method, which can provide more images for subsequent target identification and
measurement to improve accuracy.

Figure 12c corresponds to the IPP changing from a mixed view to a side view and
then to a mixed view, during which the ERV gradually becomes larger and then decreases.
According to the DS method, t1, t2, and t3 are selected as the optimal imaging times. As for
our proposed method, the extreme point t2 of the synthesized DS-CA curve is selected as
the optimal imaging time, which reduces unnecessary storage waste. Figure 12d shows
the optimal time-selection result of Scenario 4. Under this scenario, the imaging time t1 is
selected as the optimal imaging time by using the proposed method and DS method. It
can be seen that the proposed method works well when the DS-CA is consistent with the
DS curve.

The running time for the sub-data in Scenarios 1–4 is shown in Table 3. The proposed
method still satisfies the real-time performance. By introducing the CA criterion, the selec-
tion of the optimal imaging time does not only lead to the acquirement of high-resolution
images but also the images with complete component information, the latter of which are
also much desired in real applications.
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(a)

(b)

(c)

(d)

Figure 12. Curves of DS and CA during the whole observation under (a) Scenario 1, (b) Scenario 2,
(c) Scenario 3, and (d) Scenario 4 (The result of the DS estimated by [11]).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Figure 13. Imaging result of time selection in Figure 12a, during which (a–c) Coarse imaging result of
times t1 t2 and t3, (d–f) Solar panel area calculation of times t1 t2 and t3, (g–i) fine imaging result of
times t1 t2 and t3.

(a) (b) (c)

(d) (e) (f)

Figure 14. Imaging result of time selection in Figure 12b, during which (a–c) Coarse imaging result of
times t1 t2 and t3, (d–f) fine imaging result of times t1 t2 and t3.
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Table 3. Running time.

Scenario
Running Time

DS CFAR-Based Proposed
in [11] DS Method

Scenario 1 0.0023 s 0.0032 s 0.113 s
Scenario 2 0.0067 s 0.0083 s 0.0866 s
Scenario 3 0.0035 s 0.0057 s 0.071 s
Scenario 4 0.0033 s 0.0063 s 0.0793 s

5. Conclusions

The single-criterion processing of the existing methods is limited, which cannot se-
lect the appropriate resolution and IPP at the same time. We proposed a bicriterion-based
method for selecting the optimal ISAR imaging time of a spacecraft. In this method, the area
information of the interested component is employed except for the Doppler Spread infor-
mation used in existing methods. Thus, the IPP influence on the ISAR image presentation
is taken into account in the imaging time selection, which is highly beneficial for the subse-
quent recognition task. We perform three experiments under different scenarios to verify
the effectiveness of the proposed method. The experiments showed that whether the DS
and CA curves almost coincide or the DS and CA curves exhibit different variations, our
synthesized DS-CA curve could find the optimal imaging time intervals, leading us to
obtain the high-resolution image with the most complete shape of the solar panels.
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