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Scattering center modeling for low-detectable targets
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Abstract: The scattering centers (SCs) of low-detectable targets
(LDTs) have a low scattering intensity. It is difficult to build the
SC model of an LDT using the existing methods because these
methods mainly concern dominant SCs with strong scattering
contributions. This paper presents an SC modeling approach to
acquire the weak SCs of LDTs. We employ the induced currents
at the LDT to search SCs, and the joint time-frequency transform
together with the Hough transform to separate the scattering
contributions of different SCs. Particle swarm optimization (PSO)
is applied to improve the estimation results of SCs. The accuracy
of the SC model built by this approach is verified by a full-wave
numerical method. The validation results show that the SC
model of the LDT can precisely simulate the signatures of high-
resolution images, such as high-resolution range profile and
inverse synthetic aperture radar (ISAR) images.
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1. Introduction

Low-detectable targets (LDTs) have much lower radar
cross section (RCS) than general radar targets under some
of the most frequently employed observation angles,
which makes them difficult to be captured by radar. Low
scattering intensity of LDTs depend on two techniques:
stealth shape design and absorbent material coating. An
LDT with a designed stealth shape is considered in this
paper. The stealth shape makes the radar echoes from the
LDT mainly consist of weak scattering contributions,
such as diffracted waves from geometry discontinuities
and creeping or traveling waves along smooth surfaces.
More seriously, for streamlined stealth aircraft, the geo-
metric discontinuities are mainly concentrated in the lips
of the inlet and the tail nozzle, where the wings and the
fuselage are connected. Therefore, stealth aircraft com-
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monly have weak, nearly distributed scattering centers
(SCs). The locations of the SCs are difficult to be deter-
mined, and their parameters are difficult to be extracted
from the scattering field of LDTs.

SC models developed for complex targets have
attracted much attention in the field of radar detection [1].
SC models have been well demonstrated to be capable of
describing the complex scattering characteristics of a target
by using a physically relevant yet concise model [2—4].
The existing methods of SC modeling generally include
two parts: choosing suitable analytical models (with
unknowns that need to be determined) to describe the
scattering contributions of the SCs and acquiring the
parameters of the SC model from the scattered fields of
the target or the imaging results of the scattered fields.
These analytical models are generally derived from the
high-frequency approximate solutions of canonical geo-
metric structures [5—7]. High-frequency methods include
the method of physical optics (PO), the geometrical theory
of diffraction (GTD) and the method of equivalent edge
current (EEC).

The existing methods for parameter extraction include
forward methods and inverse methods. In forward me-
thods, the scattering contribution of each SC is obtained
by electromagnetic calculations, such as the method of
using high-frequency methods [8] and another that uti-
lizes equivalent currents computed by the full-wave me-
thod [9]. In inverse methods, the SC parameters are
mainly extracted from the scattering fields of the target or
the imaging results by parameter estimation, such as the
CLEAN method [10], maximum likelihood estima-
tion [11], support vector machine [12], genetic algorithm
(GA) and particle swarm optimization (PSO) [13—15].

Dominant scattering contributions, such as reflection
by a smooth surface with a large size and diffraction by a
straight or curved edge with a large curvature, can be well
described by the solutions of high-frequency methods.
However, the scattering waves of LDTs are mainly con-
tributed by weak scattering mechanisms, e.g., diffractions
by irregular geometrical discontinuities. The scatter-
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ing characteristics of irregular geometrical structures are
different from those of canonical geometric structures.
The SC models derived from canonical geometric struc-
tures cannot be directly applied to LDTs and need to be
modified according to the scattering characteristics of
LDTs. In addition, the distances among the weak SCs are
too close to be resolved in the imaging results. These rea-
sons make it difficult to obtain highly accurate SC models
by using existing parameter extraction methods.

To address this problem, this paper presents several
more suitable SC models and an improved method of SC
modeling for LDTs. The improvement includes the fol-
lowing aspects: First, the mathematical models of the
weak SCs of LDTs are modified according to their real
scattering characteristics. Second, the locations of the
weak SCs are determined by using a combined joint time-
frequency transform (JTFT), the sinusoidal Hough trans-
form, and the induced current analysis. Third, in the process
of parameter estimation, objective functions combining
root mean square error (RMSE) and image similarity are
selected to improve the estimation precision.

To validate this method, SC models of a stealth aircraft
are built, and the high-resolution range profile (HRRP)
and inverse synthetic aperture radar (ISAR) images simu-
lated by the SC models are compared with the image re-
sults obtained by the full-wave numerical method, i.¢., pa-
rallel-multilevel fast multiple algorithm (PMLFMA) [16].
The results show that the SC models can precisely des-
cribe the signatures of HRRP and ISAR images.

The remainder of this paper is organized as follows:
Section 2 presents the scattering characteristic analysis of
LDTs; Section 3 presents the improved parametric SC
models for weak SCs; Section 4 presents the search me-
thod for SCs that are hard to determine; Section 5
presents the improved method of parameter estimation;
Section 6 gives the validation of the built SC models; and
conclusions of this paper are drawn in Section 7 .

2. Scattering characteristics of LDTs

A stealth aircraft is investigated as an instance of an LDT.
The target, the coordinate system, and the light of sight
(LOS) of the radar used in this paper are shown in Fig. 1
(a). To clearly show the difference between an LDT and a
nonstealth target, an aircraft without a stealth shape des-
ign is also considered, as shown in Fig. 1(b).

The monostatic RCS of the stealth aircraft and that of
nonstealth aircraft under HH polarization are computed
by PMLFMA. The radar frequency is 1.5 GHz, and the
observation angle is set as follows: elevation angle 6=90°,
azimuth angle ¢ =0°—180°, with a step of 0.1°. To limit
the computational complexity of the full-wave method,
we seal the inlet with metal plates, but retain the edge
structures of the inlet lip. The time costs for the two aircraft

are 16.5 h and 13.6 h, respectively. The parameters of the
used high-performance server cluster are four 14-core 64-
bit Intel Xeon E7-4850 CPUs and 1 TB of RAM. The
results are shown in Fig. 2. We can see that the RCS of
the stealth aircraft is considerably smaller than that of the
nonstealth aircraft, especially within the range of sensitive
observation angles.

(a) Stealth aircraft

(b) Nonstealth aircraft

Fig. 1 Geometry of aircraft
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Fig. 2 RCS results of the stealth and the nonstealth aircraft

The single-frequency scattering waves of the target
collected at different aspect angles can be converted into
the time-frequency representations (TFRs) by JTFT. TFR
can show the amplitude and location dependence of an
SC on the aspect angle [17]. In addition, different types
of SCs have obvious image signatures [18]. Therefore,
we analyze the differences in scattering characteristics
between the LDT and the nonstealth target through the
TFR. The most commonly used JTFT methods in SC mo-
deling include the short-time Fourier transform (STFT),
smoothed pseudo-Wigner Ville distribution (SPWVD)
and the reassigned SPWVD (RSPWVD) [19,20].

In addition to these three methods, we also use other
methods, such as Gabor expansion [21], STFT with frac-
tional Fourier transform (FRFT) [22], continuous wavelet
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transform (CWT) [23,24], empirical wavelet transform
(EWT) [25], SPWVD with empirical mode decomposition
(EMD) [26] and Born-Jordan distribution (BJD) [27]. By
comparison, we choose SPWVD to obtain the TFR of
scattering waves for LDTs because this method has better
resolution than STFT, FRFT-STFT, CWT, and EWT, and
less distortion of cross-terms than RSPWVD, EMD-
SPWVD and BID.

The TFR images of the stealth target and the nonstealth
target under HH polarization are compared, as shown in
Fig. 3. There are four obvious differences between the
two TFR images.
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0 30! 60, 9 120 150 180
B-- C D
#/1(°)
(a) Stealth target

—500 r 30

Doppler frequency/Hz

120 4 150 180

0 300 60y 90
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(b) Nonstealth target
Fig. 3 TFRs of the stealth target and the nonstealth target by
PMLFMA

For part A: When observing the stealth target within
the range of ¢ =0°-25°, the TFR of the stealth target
shows that there are no strong SCs but multiple weak SCs.
These weak SCs are mainly induced by scattering from
the lips of the inlets and are located closely together,
which makes it difficult to distinguish them in the TFR.
The nonstealth target has only a few SCs, which can be
distinguished well. These SCs are induced by the wings
parallel to the Y-axis.

For part B: For the stealth target, the SCs of the front,
rear, and tail wings of the aircraft are distributed SCs

(DSCs) and are shown as vertical bright lines in the TFR.
They are concentrated at ¢ =42°, because the leading
edges of the inlet lip, wings and tailfins are designed in
parallel.

For part C: The SC of the nose of the stealth target is a
sliding SC (SSC), which is shown as a curve in TFR due
to the double-curved surface of the nose. While the nose
of the nonstealth target is cone-shaped, the SC of the nose
is a DSC; therefore, it appears as a vertical bright line.

For part D: For the stealth target, there are no obvious
DSCs on the fuselage, as the nose, the fuselage and wings
of the stealth aircraft are designed as a whole streamlined
surface. For the nonstealth target, however, the DSC on
the cylindrical fuselage and the DSC on the vertical tail
are obviously shown at ¢ =90°.

The dominant signatures in the TFR when ¢>90° are
mainly attributed to scattering from the discontinuity of
the tail nozzle. The aspect angle ranges of this paper are 6=
85°-95°, p=—70°-70°, therefore these SCs on the discon-
tinuities of the tail nozzle are not considered in the fol-
lowing SC modeling.

According to the above analysis, we know that the SCs
of the stealth target that appear within the observation
angles of interest for the stealth target are weakly localized
SCs (LSCs) on inlet lips and the discontinuities of wings
and fuselage, DSCs on the front and rear edges of wings,
and SSCs on the nose.

For non-stealth targets mainly composed of planes, the
main scattering centers have strong amplitudes and are
far apart, so they are easy to determine. For example, the
position of the SC can be automatically detected by the
ray tracing method [8], or manually marked by observing
the computer aided design model [28]. Due to the com-
plexity of the geometrical structures of the stealth target,
the locations of these SCs are difficult to determine by
using the traditional methods above. The whole computa-
tion time is too long to be realized.

In this paper, we use a series of improved methods to
acquire the locations of the SCs of the stealth aircraft. No
more computations than the traditional methods are
involved. In addition, to acquire high-precision SC
parameters, further improvements of the parameter esti-
mation method is introduced in Section 5.

3. Improved SC models for the LDT

The following types of SCs exist for the stealth aircraft
within the aspect angle range of interest: LSCs induced
by diffraction from vertexes and the intersection points of
the edge and surface (denoted by LSC-V and LSC-I),
SSCs induced by diffraction of irregular curved edges
formed by the intersection of surfaces (SSC-E) and
reflection of streamlined surfaces (SSC-S), DSCs induced
by diffraction from straight edges and the rounded leading
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edges of the wings (denoted by DSC-D), and DSCs
induced by reflection from single-curved surfaces of the
fuselage (denoted by DSC-R).

DSC-Rs commonly have stronger scattering amplitudes
than other types of SCs, but their amount is less in stealth
aircraft. Therefore, the main SC types that determine the
scattering characteristics of stealth aircraft are LSCs, SSC-
Es, and DSC-Ds. For LSCs and SSC-Es, there are no
closed-form solutions for the diffraction of these irregular
discontinuities. Therefore, we extract the mathematical
model of the weak SCs, through fitting the scattering
field data. For DSC-Ds, we modify the commonly used
DSC model to make it more suitable for the scattering
mechanism of the leading edges.

To obtain the 3D SC model, we first estimate the
parameters of the SC model at a given elevation angle of
6,, within the range of 85°-95° and the changed azimuth
angle of ¢ =—70°-70°. Then we obtain the parameters
under other elevation angles with the same process.

3.1 LSC

For the LSCs, the commonly used SC model [7] is as fol-
lows:
Evsc(f,9) =A(Jff

c

) exp(-in(o - )

exXp (jZkr' . i'los) (1)

where A is a complex constant and o is the frequency
dependence factor, which is an integer multiple of 1/2,
and the value of a is related to the geometry that forms
the SC [6]; k is the wavenumber; 7’ is the location vector
of the SC; 7, is the unit vector of LOS of the radar and it
changes in 8, and ¢. There are three unknown parame-
ters in the LSC expression that need to be estimated: 4,4,
and y.

For the stealth aircraft, there are two types of LSCs,
namely, LSC-V and LSC-I, as illustrated in Fig. 4 in red
dots and yellow stars, respectively. The scattering fields
of the LSCs are computed by the currents near the vertex
and interaction points [9], as shown in Fig. 5. We can see
that the scattering amplitude of LSC-V hardly changes
with the elevation angle and decreases monotonically
with the elevation angle, which agrees with the form of
the exponential function in (1). However, unlike LSC-V,
the scattering amplitude of LSC-I changes in both the ele-
vation angle and the azimuth angle.

Fig. 4 Location of the main LSCs of the stealth target
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Fig. 5 Change in the scattering amplitude of LSC-V and LSC-1
with aspect angle

Considering the aspect dependence of the LSC-I, we
use the following 3D model to describe the scattering
characteristics:

ELSC(f7 9m¢) = As(%) W(¢ - én) :
exp (—yn sin (¢ — ,,) )exp (2kr" - i'los)’ ?)
Cy, for LSC-V
Aﬁ = ’ (3)

C,sin (C,0, + C3), for LSC-I

where W is the Hamming window function. 6, is the nth
elevation angle; C,, C,, C,, Cs, ¢,, and y, are the parame-
ters under a given 6,. They are invariant with ¢ and need

to be estimated.
3.2 SSC

The SSCs of the stealth aircraft under the given aspect
angle are illustrated in Fig. 6 as red lines. Among them,
the SSC-E formed by the reflection of the rounded curved
edge on the nose shows an obvious feature in the TFR as



CHEN Yanxi et al.: Scattering center modeling for low-detectable targets 515

shown in Fig. 3(a) (part C). It is the most important SSC
of the streamlined target; it appears at ¢ =0°—70°, and
slides on the edge with the change in the LOS of the
radar.

“ 7

SSC-E
Fig. 6 Location of the main SSCs of the stealth target

According to the geometry of the nose, we easily
extract the location of the SSC-E according to the normal
direction of the surface. After obtaining the position func-
tion, the scattering amplitude can be extracted from the
TFR if the image signature of the SSC-E is distinguish-
able. The amplitude function extracted directly from the
TFR is given in Fig. 7.

Amplitude
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—— The amplitude curve extracted from TFR;

------ : Two Gauss functions.

Fig. 7 Amplitude curve of the SSC on the head of the stealth target

We can see that the change in amplitude can be divided
into two sections. We apply the sum of two simple Gauss
functions to describe the change in amplitude, which can
be given by

Eqic (f.60.0) = 45 (9) (Jfl) -

exXp (_]Zk(r, (9,,, ¢) : i'los)) > (4)

Cy, for SSC-S with small visible angle
AS (¢) = { Cyexp(a;(sin(¢ - B1)))+ )]
C, exp(a,(sin(¢ — B8,))%), for SSC-E

where A? (¢) is a function of amplitude; C,, C,, C,, a,, a,
), and B, are parameters that need to be estimated;

ri(6,,¢) describes the position vector of the SSC, which
changes with 6, and ¢. This model is more concise than
the commonly used rational polynomial function [29],
so it is more conducive to the subsequent parameter esti-
mation.

3.3 DSC

For the DSCs, the commonly used 2D DSC model is
derived from the PO solution of the planar surface [7],
which can be expressed as follows:
N
Epsc (f,¢) =A ? sinc (kLsin (¢ — ¢))-

c

exXp GZkl" . i‘los) (6)

where L is the distribution length of the DSC.

The DSCs of the stealth aircraft are mainly located at
the edges of the wings and fuselage, as shown in Fig. 8.
These edges are actually cylindrical or conical surfaces
with a certain curvature radius. For example, the curvature
radius of the leading edge of the side wing is approximately
22 mm. Therefore, we modify (6) according to the scat-
tering by a conical surface.

Fig. 8 Location of the main DSCs of the stealth target

According to the PO solution of the conical surface,
the model for this DSC-D is expressed as follows:

Epscp(f50,,9) = An(Jflc) cos (¢ —¢,)-
sinc (kLsin (¢ — ¢,)) exp (j2kr’ - Fios) 7)

where L is invariant with 6,, because the length of the
leading edge is invariant; 4,, ¢, are parameters need to be
estimated. In (7), the leading edge is with the XOY plane,
therefore the scattering amplitude changes in azimuth
angle with the forms of sinc and cos functions [28,30].

Due to the artificial plugging of the cavity at the inlets,
there is a DSC-R generated by plane reflection, which
can be expressed by the SC formula of an arbitrary polygon
plate in [31]. This DSC is artificial, which does not truly
exist. Other DSC-Rs generated by the approximate plane
are not visible in the observation angles, therefore they
are not the focus of this paper.

4. Search method for hard-to-find SCs
In the TFR, the SCs formed by different scattering mecha-
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nisms have different image signatures [18]. A DSC
appears as a bright vertical line, an SSC (on a smooth sur-
face with a large curvature radius) appears as a highlighted
curve and an LSC appears as a sinusoidal line. These fea-
tures are easily identified in TFR. However, for LSCs that
are close to each other, it is difficult to identify them
directly from TFR due to image feature aliasing. In addi-
tion, for the SCs formed by irregular structures, the image
features are also irregular, which makes it difficult to re-
cognize them from TFR. Therefore, in addition to using
JTFT, the methods are needed to identify SCs that are not
easily identified.

4.1 Search for hard-to-find LSCs

For stealth targets, the SCs that can be observed are
mainly LSCs. As shown in Fig. 5, the number of geome-
tric discontinuities for the aircraft is enormous. It is
impossible to set an LSC at every discontinuity, which
will result in redundancy parameters to be estimated,;
therefore we need to search which LSCs are visible to
reduce the difficulty of parameter estimation. In addition,
the LSCs of stealth aircraft are close to each other, which
results in serious image feature aliasing and cross-terms,
which make them hard to identify. To address this, we
apply a sinusoidal Hough transform to search the LSCs
from TFR by using their sinusoidal Doppler frequency
features.

In the TFR image, the relationship between the
Doppler frequency and the location of the SC can be
expressed as

fo= 2 A (8)
where r’ is a constant vector and the Euler angle is (6,,
@,). If we let 7., uniformly rotate in the XOY plane (¢=wt,
6=90°), then we can rewrite r’ - f,,; as x' cos(¢ — ¢,) +’
sin (¢ — ¢, ). Therefore, the Doppler frequency can be
expressed as

Jo = Fo(=x'sin(¢— o) + cos (¢ —¢o)) )

2w .
where F, = 7; (x', y") represents the coordinate value of

the LSC on the XOY plane.

The Hough transform is used to detect geometric features
such as circles or lines in images. Its principle is to trans-
form the problem of image detection into the problem of
the maximum value in Hough parameter space by using
the duality of image and parameter space. The sinusoidal
Hough transform is used to detect sinusoidal features in
images. Equation (9) is used for mapping. Each feature
point in the image corresponds to a group of (x',y") in the
parameter space. After all mapping is completed, the

parameter values with high votes are selected.

All geometric discontinuities in the 3D model of the
stealth aircraft are detected, and a database is constructed
using these location data. We can apply the sinusoidal
Hough transform to search (xy’) from the database of
geometrical discontinuities. This method facilitates the
automated modeling of SCs. The search process includes
the following steps:

(1) Using the SPWVD method, a TFR image of the
stealth target in the angle ranges of §=90° and ¢=0°—70°
under HH polarization is obtained, as shown in Fig. 9(a).
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Fig. 9 Search process for observable LSCs

(i1) To facilitate the search for sinusoidal features, the
TFR image is binarized. The whole image is divided into
several small areas appropriately, and a threshold ¢, is set
to select valid pixels. The values of points greater than ¢,
are considered to be 1, otherwise, they are assumed to
be 0. #,= u + 0,0, where u is the mean value of all points
in the area; o is the standard deviation of points; and J, is
a constant [32].

(iii) Through the sinusoidal Hough transform, the bina-
rized TFR image is converted into the parameter space, as
shown in Fig. 9(b). The highlighted area in the figure
indicates that there is a possible LSC.

(iv) The real locations of all geometric discontinuities
are compared with the highlighted areas, and a threshold
t, is set to select the potential LSCs. If the number of
votes in the area around an LSC is greater than ¢,, it is
considered an observable LSC, as displayed with red dots
in Fig. 9(c).

In Fig. 9(c), it can be noted that except for all the LSCs
from geometric discontinuities, there are more highlig-
hted regions in the parameter space, indicating that there
are LSCs but not from geometric discontinuities on the
target surface. Based on this, we find two LSCs generated
by multiple reflections from the wings of the aircraft. The
actual positions are shown by blue triangles in Fig. 5, and
their positions in parameter space are shown in Fig. 9(d).

4.2 Determining SCs of small irregular structures

In addition to obvious SCs, there are still some irregular
image signatures in the TFR, as shown in Fig. 9(a). They
correspond to the scattering from irregular geometrical
structures. To search for the hard-to-find geometrical
structures that may contribute to the total fields under the
observation angles of interest, we apply the induced cur-
rents method.

Under the far-field condition, the incident wave can be
regarded as a cluster of parallel rays. The induced current

intensity of each facet of the target is positively corre-
lated with the area being irradiated. Thus the intensity can
be described by the absolute value of the dot product
between the incident direction and the normal vector of
the lighting area. The induced current intensities of the
stealth target under two cases of incident angles (6=90°,
#=0°; 6=90°, ¢=42.5°) are shown in Fig. 10. The redder
color indicates a higher intensity. According to the dis-
tribution of the induced current intensity, we can deter-
mine the geometrical structures where SCs are easy to be
ignored.
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Fig. 10 Induced current intensity on the LDT under different
incident angles

For the first case, the main geometrical structures have
much weaker induced current intensities, which confirms
that the stealth design of this target is effective under the
given observation angle. Only the front edges of wings
and tails, the regions of inlets, the vertex of the nose and
the part of the cabin are much redder than other structures.
For the second case, we can see that some of redder areas
are distributed on small, irregular geometrical structures,
such as the actuator fairing under the wing and the inter-
section of the cabin and the nose. The strong scattering
areas caused by small irregular structures are shown in
Fig. 11.

The scattering sources of the air intake port and the
actuator fairing are confirmed by the following numerical
results, which show that they have a relative strong scat-
tering contribution that needs to be considered in SC
modeling. Their corresponding signatures in the TFR are
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illustrated in Fig. 12. The scattering characteristics of
area A come from the air intake port, and area B come
from the actuator fairing. Through observation, these two
structures are small-curved surfaces, so they are regarded
as two SSCs, which are added to the SC model of the
stealth aircraft.

In summary, the complete flow chart of the SC modeling
process is shown in Fig. 13.

&

(a) Air intake port

(b) Actuator fairing

Fig. 11 Location of the small structures that produce strong
scattering
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Fig. 12 TFR image results of PMLFMA and the SC model

Fig. 13 Flow chart of SC modeling

5. Improved SC parameter estimation
method

A large number of parameter optimization methods are
currently used to solve engineering problems. The SC
model of the stealth aircraft has a large number of param-
eters that need to be estimated. Therefore, choosing a
suitable parameter estimation method and formulating a
suitable parameter estimation strategy can improve the
modeling efficiency.

Firstly, three representative and commonly used
parameter estimation methods are selected for testing:
GA, simulated annealing (SA) algorithm, and PSO algo-
rithm. When there are five unknown parameters, the
results of GA and PSO are not very different. When there
are 100 unknown parameters, the performance of the PSO
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algorithm is obviously better, and the performance of the
SA algorithm is significantly worse than that of the other
two methods. Therefore, the PSO algorithm is chosen to
estimate the SC parameters in order to save time when
there are many unknowns.

Secondly, when the estimated parameters are too large,
the number of iterations of the PSO algorithm greatly
increases, and the solution is easily trapped by local opti-
mizations. Therefore, we propose an improved parameter
estimation process, which includes three steps:

(1) Through time-frequency analysis, SCs that do not
overlap with other SCs can be extracted. The unknown
parameters of these SCs can be determined by the linear
relationship between the amplitude of the TFR image fea-
tures and the amplitude of the electric field. By this step,
the number of parameters can be reduced afterwards.

(i) According to the amplitude range of the target’s
RCS, the upper and lower limits can be determined for
the values of the remaining unknown parameters.

(ii1) The fitness function of PSO is set to the combination
of the TFR image similarity and the RMSE of the RCS
when estimating.

To verify the validity of the first and second steps, the
parameter estimation of the stealth target SC model is
taken as an example, and the TFR image similarity is
taken as the fitness function. The comparison results of
the estimated time and precision are given in Table 1. The
results show that the estimation accuracy is improved and
the estimated time is reduced by 64% compared with the
case without using the first and second steps.

Table 1 Comparison of parameter estimation efficiency under
different conditions

Similarity of ~ Number of Time

Condition TFR iterations that tend cost/
images/% to converge min
N 1 limit
o upper and lower limits, 0 7 1008
estimate all parameters
With d1 limit
i flpper and lower limits, g4 30 420
estimate all parameters
With upper and lower limits,
exclude partially identifiable 84 24 360

parameters

To verify the validity of the third step, a comparison of
the results using different fitness functions to estimate the
parameters is given in Table 2. If the combination of the
normalized TFR image similarity and the RMSE of RCS
is selected as the fitness function, the estimation result is
better than the case in which only the RMSE of the RCS
is optimized. If the weight of the TFR image similarity is
set to two or three times the RMSE of RCS in the fitness
function, the number of iterations that tend to converge is
further reduced. This is because if only the RMSE of the
RCS is optimized, the amplitude parameters of the SCs
that overlap satisfy the minimum error but do not conform

to the actual amplitude relationship reflected in the TFR
image.

Table 2 Comparison of parameter estimation results under
different objective functions

Objective function ~ Similarity of RMSE Number of iterations

used (normalized) TFR images/% of RCS that tend to converge

A: Similarity of TFR

. 84 475 24
images

B: RMSE of RCS 79 442 18

AxB 83 4.58 27

A+B 82 442 25

2xA+B 82 4.43 20

3xA+B 82 4.44 18

In addition, we compare the performance when using
TER images obtained by different JTFT methods to esti-
mate parameters. Through comparison, it is found that the
estimation result of the SPWVD method is better than
other methods, and the RMSE of RCS is 0.5-3 dB lower.

6. Validation of the SC model by
imaging simulation

For the stealth target, 28 SCs (12 DSCs, 12 LSCs, and
four SSCs) are used to describe the monostatic scattering
waves. According to the above section, the parameters of
the SC model are estimated based on the combined objec-
tive functions of the RMSE of the RCS and the simila-
rity of the TFR. A comparison of the TFR image between
the SC model and the PMLFMA is presented in Fig. 12,
and the TFR image similarity between the two is 83%.
This section further verifies the precision of the built SC
model by the signatures of the HRRP image and the
ISAR image.

The HRRP simulated by the model under HH polariza-
tion is calculated when 6=90°, $=42°, and the frequency
bandwidth is 1 — 1.8 GHz. The comparison of the results
of the SC model with the PMLFMA is given in Fig. 14.
The HRRP similarity of the two is 98%.

1.2

1.0

0.8

0.6

E((V-m)

1

-10 -5 0 5 10
Range/m

—— : SC model; e : PMLFMA.

Fig. 14  Results of the HRRP image of the SC model and the
PMLFMA under HH polarization

A comparison of the ISAR image results of the
PMLFMA and the SC model is shown in Fig. 15. The
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calculation parameters of the ISAR image are: f=1 — 2.5
GHz, with a step of 3 MHz, where §=90° and ¢=0°-90°,
with a step of 0.18°. The ISAR under the wide observation
angle range shows the complete contour of the front of
the target. The similarity between the ISAR image of the
SC model and the full-wave method is 81%, and the contour
is basically consistent with the real geometry of the tar-
get.

x/m
(a) PMLFMA

x/m
(b) SC model

Fig. 15 Results of ISAR image of PMLFMA and SC model

The SC model is built using only scattering fields
under a single frequency. If the high resolution HRRP/
ISAR image is obtained by scattering fields under a wide
frequency, the SC model can be further improved. In
order to further optimize the unknown parameters of the
SC model, we use the HRRP results under ¢=0°, 42°, and
70° to estimate the parameters, the objective function is
the sum of the three HRRP image similarities. The ISAR
image of the SC model with improved parameters is pre-
sented in Fig. 16, and the similarity between the ISAR
image of the improved SC model and the full-wave
method is 85%.

x/m

Fig. 16
parameters

Results of ISAR image of SC model with improved

7. Conclusions

Taking the typical stealth target as an example, this paper
analyzes the differences in the scattering characteristics
between the LDT and a nonstealth target. The visible SC
of stealth aircraft under a sensitive observation angle is
usually weak and tightly distributed, which makes it diffi-
cult to locate the SCs and extract their parameters from
the scattering field. To address this, this paper presents
improved SC models according to the scattering charac-
teristics of LDTs. The high-precision SC model is estab-
lished by employing the induced current intensity distri-
bution combined with joint time-frequency analysis and
the improved parameter estimation method.

Although the SC model is established from a scattered
field collected at a single frequency, it can be employed
to simulate broadband radar imaging. It is confirmed that
the signatures in the HRRP and ISAR images simulated
by the SC model agree well with those simulated by the
full-wave method. The improved SC model of the LTDs
can provide support for radar identification and tracking
of stealth targets.
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