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Abstract—Combining inverse projection and vote accumulation
methods, we propose a novel 3-D geometric reconstruction method
based on inverse synthetic aperture radar image sequence for triax-
ially stabilized space targets. Considering that the translation of a
triaxially stabilized space target results in a large angular rotation
of the radar line-of-sight and an attitude adjustment rotation of the
target itself, the projection relationship between the radar imaging
plane and a triaxially stabilized space target is constructed first.
Subsequently, we perform an inverse projection on the dominant
points extracted from each imaging plane to determine the location
of the 3-D candidate scatterers and assign a voting value of 1 to
each position. By accumulating these vote values, we can obtain
the total number of votes for the candidate scatterer position. We
treat candidate 3-D scatterers with a large cumulative number
of votes as actual scatterers. Thus, the target 3-D geometry can
be obtained. Compared with the traditional matrix factorization-
based 3-D reconstruction methods, this method is more accurate
and ensures that the target pose is consistent with the actual pose.
At the same time, compared with 3-D reconstruction methods
based on the energy accumulation ideas, this method produces
fewer false scatterers and has higher credibility. The experimental
results based on the simulated point target and electromagnetic
data are presented to validate the effectiveness and robustness of
the proposed method.

Index Terms—3-D geometric reconstruction, image sequence,
inverse synthetic aperture radar (ISAR), vote accumulation.
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I. INTRODUCTION

W ITH the development of inverse synthetic aperture radar
(ISAR) application in space non-cooperative targets,

besides its all-day and all-weather operation capability, ISAR
has been widely utilized in military and civil areas [1], [2], [3],
[4]. In general, the 2-D ISAR image is the projection of the target
3-D geometry structure onto the radar imaging plane. Because
space exploration requires not only the acquisition of satellite
sizes but also the acquisition of satellite working status, space
satellite pointing, and the recovery of faulty satellites [5], [6],
[7], [8], [9]. The 3-D image contains abundant information about
the target’s structure and size. Moreover, it plays a crucial role
in automatic object classification and recognition in radar appli-
cations. Therefore, 3-D geometric reconstruction has received
significant attention in recent years [10], [11].

According to the existing algorithms, 3-D geometric recon-
struction algorithms can be roughly fallen into three categories:
interferometric ISAR(InISAR), multiple-input multiple-output
ISAR(MIMO-ISAR), and 3-D reconstruction based on monos-
tatic ISAR.

The first category is based on InISAR, which needs multiple
sensors in a special coordinate configuration to acquire 3-D
image of moving targets [12], [13], [14], [15]. In an InISAR
system, interferometry is performed by using the interferometric
phase of ISAR images from multiple sensors. In addition, the In-
ISAR system can quickly and easily obtain 3-D images without
knowing the prior motion parameters of the target. However, the
superior performance of the InISAR system comes with costly
equipment and complex configurations.

The second category is based on frequency diversity-
distributed MIMO-ISAR [16], [17], [18]. A distributed radar
consists of transmit and receive stations according to different
distributions, which can be implemented by a MIMO radar
system. MIMO-ISAR combines the features of real aperture
imaging for MIMO radar and synthetic aperture imaging for
ISAR. Therefore, MIMO-ISAR not only reduces the time for
ISAR imaging accumulation but also reduces the number of
real array elements for MIMO radar imaging. However, the
well-performing MIMO-ISAR and InISAR techniques are not
suitable for monostatic ISAR.

The third category is 3-D reconstruction based on monostatic
ISAR [19], [20], [21], [22], [23], [24]. In [19], a monostatic
ISAR approach is employed to obtain the target’s 3-D image
with sufficient measurements in three dimensions. However, this
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method has a significant drawback as it requires the target to
be stationary while the radar moves along a predetermined tra-
jectory, rendering it impractical for real-world scenarios where
such conditions cannot be met. In [20], the target’s 3-D structure
and motion are estimated from high-resolution range profiles.
Although this approach does not require any prior knowledge of
the target geometry, its effectiveness diminishes when multiple
scatterers are present and interconnected within a single range
cell. However, this issue can be resolved by utilizing ISAR
image sequences [21], [22], [23], [24], [25], [26], [27], [28],
[29]. By analyzing the projection relationship between the 2-D
image sequence and the target 3-D geometry, the target 3-D
reconstruction can be obtained via matrix factorization algo-
rithm (MFA) [28], [29]. In these methods, the first step is to
extract and associate dominant scatterers from sequential ISAR
images to form a trajectory matrix. Then, 3-D reconstruction
can be obtained by factorizing the trajectory matrix. However,
during the process, the cross-range scaling should be performed
accurately to each subimage and associating the scatterers ex-
tracted from these images, which is a time-consuming operation.
Besides, due to the anisotropy of radar cross sections, the number
of scatterers that can be associated decreases sharply with the
increase of subapertures. In [30], the target 3-D reconstruction
can be obtained based on the ISAR image sequence energy
accumulation (ISEA). This method never needs the 2-D scatterer
extraction and trajectory association. However, this approach is
highly time-consuming and requires a high signal-to-noise ratio
(SNR) as the true 3-D scatterers are obtained by searching energy
accumulation for 3-D scatterer candidates one by one.

To relax the strict condition of multiview continuous matching
of scatterers and the influence of low SNR, this article proposes
a novel 3-D reconstruction for triaxially stabilized space targets.
Triaxially stabilized space targets with stable orbits generally
undergo steady motion. Therefore, ISAR can obtain long-time,
wide-angle target echoes. We first generate high-resolution im-
age sequence by dividing echo data into overlapped subapertures
and obtain high-resolution 2-D images [30], [31], [32], [33].
Then, driven by the fact that the projected position of a real
scatterer will yield higher energy in the 2-D image than a fake
scatterer induced by noise or energy leakage. Moreover, it is
unlikely that the noise appears continuously at the corresponding
positions of the sequence. Occasionally, certain images exhibit
exceptionally high noise intensity, surpassing that of weak real
scatterers and resulting in a considerable accumulation of en-
ergy from this noise. Such noise can create significant clutter
in energy-based 3-D reconstructions. Conversely, the voting
method has proven effective in reducing noise interference and
relaxing the rigorous requirements of sequence alignment.

Based on the above analysis, we detect and extract features
from 2-D images. The extracted scatterers are the projected
positions of the candidate scatterers, and their corresponding
votes are set as one. We can analyze the score distribution of
a sequence of ISAR images and accumulate votes along the
projected position of a 3-D scatterer candidate. As a result,
the vote score of the real 3-D scatterers will be considerably
larger than the fake ones. The projection relation is the same
for the projected positions from the same imaging plane. The

Fig. 1. Radar observation model of the satellite in orbit.

3-D positions of all target scatterers can be computed at once
by backprojection. In the article, the accuracy of the 3-D re-
construction and the validity of the reconstructed structures are
evaluated using the methods of minimum mean square error,
false possible rate, and false negative rate. These evaluation
results fully demonstrate the robustness and effectiveness of the
proposed algorithm.

The rest of this article is organized as follows. In Section II,
we first give a detailed introduction to the projective theory of
space targets. In Section III, the vote accumulation method is
introduced to achieve the matching of multiple incomplete point
groups. Section IV compares and analyzes the results of the
experiments. Three 3-D reconstruction methods are used to val-
idate the effectiveness and superiority of the proposed method.
Section V gives a summary and analysis. Finally, Section VI
concludes this article.

II. SPACE TARGET OBSERVATION AND ISAR IMAGING MODEL

In ISAR imaging, space targets are non-cooperative targets.
Therefore, the motion features are unknown in advance. How-
ever, for triaxially stabilized space targets, the attitude remains
stationary with respect to the orbital coordinate system. Since
the attitude of the triaxially stabilized space target remains fixed
with respect to the orbital coordinate system, we assume that the
satellite is continuously facing the Earth at some point during the
observation. When a satellite appears on the radar line-of-sight
(LOS) and is within range of the radar, the radar starts tracking
and observing the satellite until the satellite is out of the radar
field of view, as shown in Fig. 1. Here, we can see three co-
ordinates’ systems, namely, the satellite orbital coordinate sys-
tem, the geocentric coordinate system, and the radar coordinate
system. O −XY Z represents the satellite orbital coordinate
system, where O is the target center and the OZ coordinates
are oriented from the target center to the Earth center. The target
orbital plane is formulated in terms of the OZ coordinates and
the direction of the target motion. In the same direction, the
OX-axis lies in the orbital plane and is perpendicular to the
OZ-axis. The OY -axis is determined by the right-hand rule.
O1 −X1Y1Z1 denotes the Earth-centered Earth-fixed (ECEF)
coordinate system, where O1 is the Earth center and O1Z1
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Fig. 2. Relation between the radar coordinate system and the ECEF coordinate
system.

is oriented toward the north pole. The O1X1-axis lies in the
plane of the equator and points toward the equinox. The O1Y1

is determined by the right-hand rule. O2 − UNE is the radar
coordinate system, which is set in conjunction with the location
of the radar transceiver antenna. O2 represents the origin of the
radar coordinate system. The plane formed by O2E and O2N is
tangent to the Earth surface. The O2E axis is oriented eastward
along the latitude. The O2N axis is oriented north along the
longitude. The O2U is determined by the right-hand rule.

By analyzing the relative relationship among the moving
space target, the Earth, and the radar, we conclude that the
rotation of the space target with respect to the radar consists of
two parts, namely the orbit motion and the attitude adjustment
motion. The orbital motion angle of the satellite with respect to
the radar varies by more than 90°. At the same time, the Earth’s
rotation is negligible compared to it, at about 1°. Generally,
the orbital motion is reflected in the shift of radar LOS. The
instantaneous LOS can be described by observation angles,
shown as follows:

lob (t) = [cosϕr(t) cos θr(t), sinϕr(t) cos θr(t), sin θr(t)]
T

(1)
where t is the observation time, and θr(t) and ϕr(t) denote the
instantaneous elevation angle and azimuth angle, respectively.
The position of the satellite in the radar coordinate system can
be represented as

Pradar(t) = r0(t)lob (t) (2)

where r0(t) is the distance from the satellite to the radar.
As shown in Fig. 2, assume that the latitude and longitude of

the radar position are α and β, respectively, where O1L is the
projection of the longitude of the radar position in the equatorial
plane. Then, the location of the radar in the Earth’s coordinate
system is

r = Re[cosβ cosα, cosβ sinα, sinβ]T (3)

where Re denotes the radius of the Earth. Then, the instanta-
neous position of the space target in the Earth-centered inertial

Fig. 3. Attitude of space target in the ECEF coordinate system.

coordinate system can be expressed as

Pearth (t) = T1 ·Pradar (t) + r = [Xearth(t), Yearth(t), Zearth(t)]
(4)

where T1 denotes the transformation from the radar coordinate
system to the ECEF coordinate system, expressed as

T1 =

⎡
⎣sinα − cosα sinβ cosα sinβ
cosα sinα sinβ − sinα cosβ
0 cosβ sinβ

⎤
⎦ . (5)

The triaxially stabilized space target is fixed in the orbit
coordinate system. Considering that the OZ-axis always points to
the center of the Earth, the attitude changes of the space target in
the ECEF coordinate system are exactly opposite to the position
change in the ECEF coordinate system, as shown in Fig. 3. The
variation of scattering points on the satellite relative to the ECEF
coordinate system can be expressed using azimuth angle η(t)
and elevation angle γ(t), which are described as follows:

η (t) =

⎧⎪⎪⎨
⎪⎪⎩
arccos

(
Xearth(t)√

(Xearth(t)+Yearth(t))
2

)
, Yearth (t) > 0

2π − arccos

(
Xearth(t)√

(Xearth(t)+Yearth(t))
2

)
, Yearth (t) < 0

(6)

γ (t) = arctan

⎛
⎝ Zearth (t)√

(Xearth (t) + Yearth (t))
2

⎞
⎠ ,

γ (t) ∈ (−π/2, π/2) . (7)

The rotation matrix due to the space target attitude adjustment
in the ECEF coordinate system can be acquired as

T2(t) = A−1
t ·A0 (8)
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where A−1
t and A0 denote the attitude changes of space target

in the ECEF coordinate system, denoted as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A−1
t =

⎡
⎣1 0 0
0 cos (γ (t)) sin (γ (t))
0 − sin (γ (t)) cos (γ (t))

⎤
⎦

·
⎡
⎣ cos (η (t)) sin (η (t)) 0
− sin (η (t)) cos (η (t)) 0

0 0 1

⎤
⎦

A0 =

⎡
⎣cos (η (0)) − sin (η (0)) 0
sin (η (0)) cos (η (0)) 0

0 0 1

⎤
⎦

·
⎡
⎣1 0 0
0 cos (γ (0)) − sin (γ (0))
0 sin (γ (0)) cos (γ (0))

⎤
⎦ .

(9)

Suppose that a point on the target is denoted by p0n =
[xn, yn, zn]

T at initial time. After compensating for translation,
taking into account both orbital motion and attitude adjustment,
the displacement of the scatterer with respect to the radar is
denoted by

pn (t) = T−1
1 ·T2 (t) ·T1 · p0n. (10)

Therefore, the instantaneous absolute LOS can be expressed
as

le(t) = T1
T ·T2

T (t) · (T−1
1

)T
lob (t) . (11)

Combining (10) and (11), the projected position of p0n along
the instantaneous absolute LOS can be obtained as

rn(t) = p0n · le(t). (12)

The cross-range coordinate of the scatterer can be expressed
as

fn(t) = −2

λ
· ∂rn(t)

∂t
(13)

where λ is the wavelength.
During long-duration, large-angle satellite observations, the

radar imaging plane undergoes changes. To simplify the imaging
plane, subview division is adopted to split the original large
rotation angle into multiple small subviews. Within each small
subview, the imaging plane can be approximately considered
as constant, as shown in Fig. 4. Supposing long-time ISAR
echo is divided into K overlapped subapertures, the image
projection plane of the kth subaperture can be defined by the
range projection vector rk and the Doppler projection vector
fa,k, expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

rk = [cosϕ(tk) cos θ(tk), sinϕ(tk) cos θ(tk), sinθ(tk)]
T

fa,k = 2
λ
·

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

�
θ(tk) cosϕ(tk) sin θ(tk)

+
�

ϕ(tk) sinϕ(tk) cos θ(tk)
�

θ(tk) sinϕ(tk) sin θ(tk)

−
�

ϕ(tk) cosϕ(tk) cos θ(tk)

−
�

θ(tk) cos θ(tk)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(14)

Fig. 4. Variation curve of the LOS.

where tk is the intermediate time of the kth subaperture, and
�

θ(tk) and
�

ϕ(tk) are the first-order derivatives of θ(tk) andϕ(tk),
respectively. Then, the scatterers of the space target project on
the kth image plane can be represented as

P̂k = Γk · p0n (15)

where P̂k is the coordinate of the projection scatterers on the kth
image plane, and Γk denotes the projection matrix, which can
be expressed as

Γk = [rk, fa,k]
T . (16)

III. THREE-DIMENSIONAL GEOMETRY RECONSTRUCTION

WITH VOTE SCORING

As discussed in Section II, the long-time echoes should be
divided into overlapped subapertures. Based on [34] and [35], we
can obtain high-resolution ISAR image sequences. From these
subimages, we need to select those with less clutter, obtaining
more target information, and good focus for further processing.
Due to the differences in target pose relative to radar, there may
be rotation, scaling, and other phenomena among the subimages,
which can be corrected through image matching. After correc-
tion, scatterers are extracted from the images and associated
based on voting accumulation. The associated scatterers are then
filtered and backprojected to achieve a 3-D reconstruction of the
target. The overall process is illustrated in Fig. 5.

A. Conversion of Images With Different Subapertures

After splitting, we can obtain the overlapped subapertures.
The high-resolution ISAR image sequences can be obtained with
imaging processing [34], [35], such as keystone and autofocus.
However, these algorithms also introduce random phases, re-
sulting in a random translation of the ISAR image for each sub-
aperture. Therefore, image correlation of the sequential ISAR
is necessary before trajectory association. Moreover, the over-
lapped subapertures result in redundant information. Therefore,
to improve the processing accuracy and speed, the image with
fewer stray points and good focus should be selected. In addition,
such image distribution should cover all views as evenly as
possible.
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Fig. 5. Overall flowchart of the proposed 3-D reconstruction algorithm.

After selection, the selected ISAR image should be trans-
formed into a scatterer set via scatterer center extraction. There
are two commonly used methods to extract the scattering center,
namely the orthogonal matching pursuit method and the peak
extraction method. The total number of selected ISAR images
is assumed to be K. After signal processing, the image from kth
subaperture can be expressed as

Ik (r, fa; tk) =
N∑

n=1

σk,nsinc

(
2B

C
(r − rk · pn −Δrk)

)

· sinc

(
1

PRF
(fa − fa,k · pn −Δfa,k)

)
(17)

whereΔrk andΔfa,k represent the image displacements caused
by phase compensation in the kth subaperture. After scatterers
extraction, the scatterers set can be represented as

Ŝk =

[
r̂k,1 . . .

f̂a,k,1 . . .

r̂k,n . . .

f̂a,k,n . . .

r̂k,N
f̂a,k,N

]
, k = 1, 2, . . . ,K (18)

where{
r̂k,n = rk · pn +Δrk
f̂a,k,n = fa,k · pn +Δfa,k

, n = 1, 2, . . . , N. (19)

By combining (14)–(16), we can conclude that the scatterer
position of the kth subaperture should be

Ŝk = Γk · p0n + [Δrk,Δfa,k]
T . (20)

It follows that the projection of the scatterer of the kth image
onto the gth image can be expressed as

Ŝk|g=Γg ·Γk
† · Ŝk+[Δrg,Δfa,g]

T−Γg ·Γk
† ·[Δrk,Δfa,k]

T

(21)

where [·]† denotes the pseudoinverses of the matrix. Δrg and
Δfa,g represent the image displacements caused by phase com-
pensation in the gth subaperture.

B. Scatterer Sets Matching by ISAR Image Sequence Vote
Accumulation

After the image registration in Section III-A, it is possible to
obtain a general relation for the set of scatterers of two adjacent

Fig. 6. Schematic diagram of the SISVA.

images. In this section, to implement multiple subapertures
matching, the anisotropy of electromagnetic scattering and the
occlusion between different scatterers should be considered. As
a result, some scatterers may be detected in several consecutive
images. The alternative case is when the extracted scatterer is
composed of noise, which can only be detected in one or two
images. Therefore, it would have a considerably smaller score
than that of the true scatterer vote accumulation.

Motivated by this idea, we propose an original technique for 3-
D reconstruction by using a scatterer from ISAR image sequence
vote accumulation (SISVA). First, we project the 2-D sequential
scatterer set into a 3-D space for processing. If multiple sequen-
tial scatterers are projected onto the same spatial position, the
scatterer score increases. If there are no close scatterers, it is
considered that there is no match. Unmatched scatterers are also
added to the set of scatterers as a new reference for matching.
Finally, 3-D reconstructions can be obtained from high-scoring
scatterers. The detailed procedure is shown in Fig. 6.

For example, p2, σ2, s2 = 3, p2 means that the spatial posi-
tion of the second scatterer of the target and the energy history
is σ2. s2 = 3 means that three subapertures are visible, and
the index of their associated subviews is recorded. Suppose
K represents the number of 2-D scatterer sets, SISVA can be
outlined as follows.

Step 1. Initialization. Let k = 2, the reference scatterer set
Sbase = S1, where S1 is the scatterer set of the first sub-
aperture. The reference scatterer set is intended to be aligned
with the kth image scatterer set, and it will dynamically ex-
pand during the matching process. In initial some variations,
Mr = [v, c]T , where v denotes the index of subaperture, and c
denotes the index of scatterer in the vth subaperture. Initialize
the score set s and Mr as follows:⎧⎪⎨

⎪⎩
sbase = [1 1 . . . 1]

1×M

Mrbase =
{
[v, 1]T , [v, 2]T , . . . , [v,M ]T

}
v = 1

(22)

whereM is the number of scatterers inSbase, and {·}T denotes
the transpose of matrix.

Step 2. Scatterer matching. To align the reference scatterer set
Sbase with the scatterer set Sk from the kth image, we correct
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Sk to form Skc. Subsequently, we perform matching between
Sbase andSkc. For each successfully matched scatterer inSbase,
we increment its score by 1, update score and matched pairs
as{
sbase(matchbase) = sbase(matchbase) + 1

Mrbase {matchbase} =
[
Mrbase {matchbase} ; [k,matchk]

T
]

(23)

where matchbase is the index of successfully matched scatterer
inSbase, and matchk is the index of successfully matched scat-
terer in Sk. The elements of Sbase(matchbase) and Sk(matchk)
have a one-to-one correspondence.

Step 3. 3-D reconstruction. Based on the matched scatterers, 3-D
reconstruction with the least square method can be achieved
by

U3-D = (ΓT
base,kΓbase,k)

−1
ΓT

base,kSc (24)

Γbase,k =

[
Γbase

Γk

]
4×3

(25)

whereΓbase andΓk are the projection matrices of the reference
scatterer set and the kth subaperture,U3-D is the 3-D position,
and Sc represents the matrix composed of matched scatterers.
Assuming that N scattering points are successfully matched,
Sc is represented as

Sc=

[
Sbase (matchbase (1)) . . . . . . Sbase (matchbase (N))

Sk (matchk (1)) . . . . . . Sk (matchk (N))

]
4×N

.

(26)

Step 4. Update the matched scatterer set. The 3-D scatterers
U3-D are projected onto the kth subaperture to obtain the
reconstruction scatterers Smatch in the kth subaperture

Smatch = ΓkU3−D. (27)

Step 5. Update the reference scatterer set. For the matched
scatterers in Sbase, let Sbase(matchbase) = Smatch. Let misbase

denotes the index of mismatched scatterers in Sbase, then

Sbase (misbase) = ΓkΓbase
−1Sbase (misbase) . (28)

Suppose misk denotes the index of mismatched scatterers in Sk,
the total misk is L, then⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

sbase =
[
sbase, [1, 1, . . . , 1]1×L

]
Mrbase =

{
Mrbase, [k,misk(1)]

T ,

[k,misk(2)]
T , . . . , [k,misk(L)]

T
}

Sbase = [Sbase, Sk (misk(1)) ,

Sk (misk(2)) , . . . , Sk (misk(L))]

Γbase = Γk.

(29)

Finally, update k = k + 1.
Step 6. Update k = k + 1, repeat step 2 to step 4 until k > K,

and the score matrix sbase and scatterer matching chainMrbase

can be obtained.

After obtaining the scatterer matching chain, the true and
false scatterers can be distinguished based on the score of the
matching chain and the scatterer energy. A chain satisfying the
threshold condition is a true scatterer.

C. Analysis of 3-D Reconstruction Based on SISVA

In the scatterer matching procedure, all possible combinations
are matched. Therefore, in this section, we set a minimum score
threshold and reconstruct the scatterers with scores greater than
this threshold. Finally, all reconstruction results are integrated
to obtain the target 3-D reconstructed set of scatterers.

Assume that the projection matrix and projection position of
K images are known, then the nth 3-D scatterers can be obtained
by

pn =
(
ΓTΓ

)−1
ΓT sn (30)

where sn denotes the matched 2-D scatterers position, pn is
the 3-D scatterers’ positions, and Γ is the projection matrix,
represented as Γ = [Γ1,Γ2,Γ3, . . . ,ΓK ]T 2K×3.

After SISVA, there are
∑K

k=2 C
k
K combinations, and k is the

scoring time. The greater the scoring times, the more matched
images of the corresponding combination. Let the minimum
score threshold be Kt, then all match combinations with scores
less than Kt will be discarded. In general, raising the score
threshold results in a reduction in the number of clutterers
within the reconstructed outcome. However, it compromises the
structural integrity. Conversely, lowering the threshold enhances
structural integrity but enhances the occurrence of clutterers.

D. Performance Evaluation Method

To better evaluate the quality of a 3-D reconstruction al-
gorithm, we believe that there are three main criteria: first,
the widely recognized root-mean-square error (RMSE), which
represents the accuracy of the reconstruction; second, we have
devised the false positive ratio (FPR) and the false negative ratio
(FNR) to reflect the proportion of scatterers that do not belong to
the target after 3-D reconstruction and the probability of missing
real scatterers, respectively. A high number of reconstructed
scatterers does not necessarily indicate a low number of esti-
mated real scatterers, and vice-versa. Therefore, while FPR and
FNR may seem conflicting, they cannot replace each other.

1) Root-Mean-Square Error: The RMSE is defined as

ERMSE =

√√√√ 1

N

N∑
n=1

(
popt
n − pn

)2

. (31)

When the true positions of the scatterers are known, we
can assess the performance of the algorithm by calculating the
RMSE, where N denotes the number of scatterers on the target,
popt
n represents the 3-D coordinated of the nth reconstructed

scatterer, and pn is the real 3-D position of the nth scatterer.
RMSE is the accurate criterion for a simple target with a few
scatterers. However, when the true positions of the scatterers are
unavailable, we can utilize the RMSE to evaluate the consistency
between the inverted target size and the actual target size, thereby
indirectly assessing the accuracy of the proposed algorithm. In
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TABLE I
RADAR SYSTEM PARAMETERS

this case, popt
n represents the estimated size of the target. pn

denotes the real size of the target, and N denotes the number of
size parameters.

2) False Positive Ratio: For 3-D reconstruction, the accuracy
of the reconstructed scatterer is important. Meanwhile, it is
also important that the reconstructed scatterers belong to the
true scatterers of the target. The 3-D reconstruction can also be
viewed as a binary hypothesis detection problem, depending on
whether the reconstructed scatterer is the true scatterer or not.
Thus, the FPR can be expressed as

PFPR = P (H0 |(H0 +H1) ) (32)

where H1 denotes the real scatterer, and H0 denotes the noise
and clutter. Therefore, PFPR denotes the ratio of false scatterers
in all the reconstructed scatterers. The higher the FPR, the more
chaotic the reconstructed 3-D structure.

3) False Negative Ratio: The evaluation of the 3-D recon-
struction performance can also be based on the true scatterers
obtained by the reconstruction less than the number of target
real scatterers. Thus, the FNR can be expressed as

PFNR = P ((H2 −H1) |H2 ) (33)

where H2 denotes the real scatterers, and H1 denotes the esti-
mated true scatterers. If the estimated true scatterer falls short
of its real scatterers associated with the target, it indicates that
the reconstructed structure fails to accurately capture the full
essence of the true target structure.

IV. EXPERIMENTAL ANALYSIS

A. Experiment Based on a Simple Point Model

It is widely acknowledged that the number of subviews and
SNR play crucial roles in influencing the 3-D reconstruction
process. To investigate the impact of each factor on the 3-D
reconstruction algorithm, a series of comparison experiments
were conducted on a simulated scatterer model consisting of
20 scatterers. Table I provides the introduction of the radar
system parameters. The simulated radar is located at (107.4E,
41.68N, 6371 km) and works at X-band. The transmitted signal
bandwidth is 1 GHz. The variation of pitch and azimuthal angles
is shown in Fig. 7. In the simulation, we received 7560 echoes
total and divided them into 48 subapertures. The total relative

Fig. 7. Variation of pitch and azimuthal angle for simulation. (a) Variation of
pitch. (b) Variation of azimuth.

Fig. 8. Partial ISAR image results with SNR = −10 dB. (a) 1st ISAR image.
(b) 20th ISAR image.

rotation angle is 134.7°. Subsequently, the radar echo is divided
into multiple subviews every 3.5°. Therefore, the pulse number
of subview changes with the relative rotation angle.

In this simulation, the SNR is −10 dB, achieved by utilizing
the awgn function in MATLAB to add noise to the radar image,
obtaining high-quality ISAR images using existing algorithms.
Partial ISAR image sequence is shown in Fig. 8(a) and (b), which
are the results of the 1st and 20th frames, respectively.

According to the radar measurement information, the pro-
jection vectors of each subaperture can be obtained. Then, the
proposed method is performed on the image sequence. The
3-D reconstruction results based on MFA, ISEA, and SISVA
are presented in Fig. 9(a)–(c), respectively. Fig. 9 shows the
comparison between the reconstructed scatterers and the real
ones. The black points denote the reconstructed scatterers, and
the red circles represent the real ones. To better evaluate the 3-D
reconstruction methods, we can compute the RMSE, which is
0.96 m, 0.24 m, and 0.21 m, respectively. Although the ISEA
achieves the accurate 3-D reconstruction, it often results in a
higher number of spurious points due to factors, such as noise
and sidelobes.

B. Experiment Based on a Complex Point Model

In this section, we need to conduct simulation experiments
on more complex targets to verify the practical performance
of the algorithm. The experimental conditions are consistent
with Section IV-A. Fig. 10 depicts the 3-D reconstruction results
obtained from ten subviews using three different algorithms at an
SNR of 10 dB. Upon examination of the three orthogonal views,
it becomes evident that the ISEA algorithm produces numerous
spurious points in the reconstructed 3-D structure.
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Fig. 9. Results of 3-D reconstruction of 20 scatterers according to different
methods with SNR = −10 dB. (a) Three-dimensional results based on MFA.
(b) Three-dimensional results based on ISEA. (d) Three-dimensional results
based on SISVA.

To demonstrate the performance of these 3-D reconstruction
algorithms more comprehensively, we conduct 50 Monte Carlo
experiments with different perspectives and different SNRs.
Fig. 11 shows the 3-D reconstruction results for 50 Monte
Carlo experiments with different numbers of perspectives. After
observation, we can find that the 3-D reconstruction perfor-
mance of MFA exhibits significant fluctuations as the number
of perspectives varies. Meanwhile, SISVA and ISEA gradually
improve their metrics as the number of perspectives increases.

As observed in Fig. 11(a), SISVA and ISEA both achieve high
accuracy in scatterer estimation, with SISVA having slightly
better estimation accuracy than ISEA.

An additional observation of Fig. 11(b) and (c) reveals that, al-
though ISEA performs better in terms of FNR, with an accuracy
of approximately 0.22, SISVAs FNR exceeds 0.42. However,
ISEA has a higher FPR of approximately 0.39, while SISVA
has an FPR of approximately 0.13.

Fig. 12 shows the results of 50 Monte Carlo experiments
with different SNRs. The performance of MFA-based 3-D re-
construction gradually improves in three metrics. This indicates
that the performance of 3-D reconstruction gradually improves
with increasing SNR.

Compared with MFA, the ISEA algorithm performs robustly
on all three metrics, is not affected by SNR, and has higher
accuracy than MFA with the lowest FNP but more ghosting. As
for the proposed SISVA algorithm, its performance at −5 dB is
not excellent. However, when the SNR is above −5 dB, all three
metrics are essentially unaffected by the SNR. The accuracy
is slightly better than the ISEA algorithm and the ghost rate is
significantly lower. Figs. 11(c) and 12(c) reveal that the proposed
method does not perform well as ISEA. This can be attributed
to several factors inherent in the proposed methodology.

First, the proposed method involves the extraction and tra-
jectory association of scatterers. However, when dealing with
dense scatterer models, the projection process can suffer from
insufficient resolution. This leads to an inability to distinguish
between closely spaced scatterers, resulting in fewer scatterers
reconstructed.

Second, the proposed method has a higher threshold for
recognizing and reconstructing scattering points. It requires a
certain number of subviews for a scatterer to be considered real
and reconstructed in three dimensions. In contrast, ISEA, which
relies on energy accumulation, is more adept at reconstructing
low-energy scattering points that appear in only a few subviews.
This is also the reason why ISEA has a high FPR.

Consequently, the FNR metric for the proposed method is
higher than that of the ISEA algorithm. While this metric may
not demonstrate the superiority of the proposed algorithm in
this particular aspect, it nonetheless provides a comprehensive
assessment of the overall performance of the 3-D reconstruction
algorithm.

On the other hand, SISVA and ISEA share a similarity in
which they do not require the reconstructed scatterers to be
present in all perspectives. In other words, they do not require
continuity of scatterer trajectories, which is a requirement of
MFA. Since ISEA cannot determine which perspective each
scatter comes from, it cannot assess the effect of a change in
the minimum number of matched perspectives when the total
number of perspectives remains constant. However, SISVA can
achieve this. The following 50 Monte Carlo experiments are
conducted for the minimum matching number ranging from 3 to
25, and the experimental results are presented in Fig. 13, which
shows the results of how the 3-D reconstruction performance
of the SISVA algorithm varies with the minimum number of
matched perspectives, for a total of 25 perspectives with an SNR
of 10 dB. In this experiment, the actual number of scatterers
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Fig. 10. Performance evaluation of three 3-D reconstruction algorithms with varying SNR with 11 viewing angles. (a) Results of RMSE. (b) Results of FPR.
(c) Results of FNR.

Fig. 11. Performance evaluation of three 3-D reconstruction algorithms with varying perspectives when SNR is 10 dB. (a) Results of RMSE. (b) Results of FPR.
(c) Results of FNR.

on the target is 475. As can be seen in Fig. 13(a), with the
change in the minimum number of matching perspectives, the
number of scatterers obtained through SISVA exhibits a trend
of rapid decline followed by slow decline. At least, 3 of the
25 perspectives need to be matched to obtain approximately
600 scatterers, which is reduced to approximately 270 scatterers
when the number of perspectives is up to 25. Fig. 13(b) shows
the 3-D reconstruction accuracy, RMSE, which is approximately
0.7 m, then gradually decreases to approximately 0.61 m. In
Fig. 13(c), the black solid line represents FNR, while the red

dashed line represents FPR. As shown in Fig. 13(c), with the
increase in the minimum number of matching perspectives for
scatterers, SISVAs FPR rapidly decreases, while FNR rapidly
increases. When the minimum number of matched perspectives
for scatterers is approximately 7, the FPR and FNR of SISVA
are equal and both are approximately 0.3. This means that
approximately 30% of the true scatterers are not reconstructed in
3-D. At the same time, approximately 30% of the reconstructed
scatterers do not correspond to the true scatterers, which is
considered a “ghost” phenomenon.
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Fig. 12. Performance evaluation of three 3-D reconstruction algorithms with varying SNR with 11 viewing angles. (a) Results of RMSE. (b) Results of FPR.
(c) Results of FNR.

Fig. 13. When considering a total of 25 perspectives with an SNR of 10 dB, the 3-D reconstruction performance of the SISVA algorithm varies with the minimum
number of matched perspectives. (a) Number of scatterers reconstructed. (b) Results of RMSE. (c) Results of FPR and FNR.

Fig. 14. Partial ISAR image results and the obtained trajectory of the third experiment. (a) 1st ISAR image. (b) 3rd ISAR image. (c) 13th ISAR image.
(d) Obtained trajectory of scatterers.

C. Experiment Based on an Electromagnetic Simulation

To show the effect of the algorithm more effectively, we
carry out electromagnetic simulation experiments on the elec-
tromagnetic satellite simulation. The radar parameters in this
experiment are the same as in Section IV-A. In this experiment,
ten discontinuous subapertures are used to reconstruct the object
in three dimensions. Fig. 14 shows some of the ISAR imag-
ing results obtained with the PFA processing. It can be seen
from Fig. 14(d) that most scatterers cannot be matched in all
perspectives. Fig. 15(a) is the model used in the experiment.

Fig. 15(b) shows the 3-D reconstruction results obtained by the
MFA method. Due to the full trajectory requirement of MFA,
many noncontinuous scatterer trajectories are linearly interpo-
lated to obtain the full trajectory. Because of the requirement for
scattering points to appear and be associated across essentially
all subviews, the 3-D reconstruction obtained by MFA results
in fewer scatterers. Fig. 15(c) shows the 3-D reconstruction
result generated by the ISEA method, which evidently has
many false points. Fig. 15(d) shows the 3-D structure obtained
by SISVA method, with a clear target structure and fewer
outliers.
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Fig. 15. Three-dimensional reconstruction results of three 3-D reconstruction algorithms. (a) Target model. (b) Three-dimensional results based on MFA.
(c) Three-dimensional results based on ISEA. (d) Three-dimensional results based on SISVA.

Fig. 16. Extract the central axis of the solar panel and the main body. (a) Extract based on MFA. (b) Extract based on ISEA. (c) Extract based on SISVA.

TABLE II
LENGTH ESTIMATION OF SOLAR PANEL AND MAIN BODY

As the real scatterers are unavailable, to evaluate the accuracy
of the 3-D reconstruction algorithm, we conduct component
segmentation on the satellite 3-D reconstruction. The results
of the measurements and analysis are presented in Fig. 16 and
Table II. In Fig. 16, black dots represent the segmented solar
panels, while green dots indicate the main body of the satellite.
The red line signifies the extracted central axis of the solar
panels, and the black line represents the extracted central axis
of the satellite’s main body. The lengths of the extracted central
axes for each component are presented in Table II, indicating
that both SISVA and ISEA achieve comparable accuracy and
significantly outperform MFA.

V. SUMMARY AND ANALYSIS

In this article, we propose a 3-D reconstruction method uti-
lizing a single antenna to yield a sequence of radar images.
The performance of the three 3-D reconstruction algorithms is
thoroughly examined under various perspectives and SNRs. De-
pending on the practical considerations and specific conditions,
a suitable 3-D reconstruction algorithm can be flexibly chosen.
During the experiment, it was observed that the 3-D structure of
the target obtained by MFA has arbitrary orientations. Therefore,
in this study, the orientation correction is applied to all the 3-D
reconstruction results obtained through MFA to align them with
the actual orientation of the target for more accurate performance
evaluation. Besides, the MFA algorithm requires continuous
scatterer trajectories, a criterion that is often challenging to fulfill
in practical applications. To address this, we predict the missing

trajectories to satisfy the requirements of the MFA algorithm.
However, MFA has stringent requirements on the accuracy of
the scatterer trajectory association. The imprecise scatterer tra-
jectories can occasionally cause the 3-D reconstruction to fail,
resulting in complex 3-D positions obtained by matrix factoriza-
tion. Therefore, such cases are excluded from the experimental
performance evaluation.

In Section IV, the 3-D structure of the target obtained with
ISEA and SISVA is shown to be aligned with the original
target pose through experimental results. Meanwhile, the RMSE
accuracy of ISEA and SISVA is relatively close to and higher
than that of MFA. ISEA often leads to a large number of stray
points due to the selection of energy accumulation thresholds and
the application of 3-D space division strategies. In contrast, this
article employs a voting accumulation method that effectively
reduces the generation of stray points through the extraction
and association of scatterers. This is because scatterers caused
by noise rarely appear in the same position from multiple
subperspectives. Therefore, the accumulated votes for noise are
fewer, while the number of votes for real scatterers is higher.
Additionally, since the method presented in this article does not
require 3-D space division, it offers a reduced computational
load compared with the ISEA.

VI. CONCLUSION

For the three-axis stabilized space targets, high-resolution
2-D image sequences of the target can be obtained through
multiple observations. Since the attitude of the space target
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remains stationary in the orbital coordinate system, the relative
motion is primarily generated by changes in the radar range.
Therefore, a method is proposed to reconstruct the 3-D geomet-
ric structure of the target using voting and scoring based on the
correlation results of specific points in sequential ISAR images
at multiple perspectives. Unlike MFA, this method does not
require continuous scatterer trajectory association and the 3-D
reconstruction is aligned with the actual target pose with higher
accuracy. Compared with ISEA, this algorithm has a lower FPR
and higher reliability. The experimental results based on the
simulated data demonstrate the effectiveness and robustness of
the proposed method. However, the proposed method is not
suitable for targets with low SNR due to the inability to obtain
scatterers for matching between the two perspectives, which
limits the performance of the proposed method. Our future work
will focus on these issues.
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